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Editorial on the Research Topic 


Marine Biotechnology, Revealing an Ocean of Opportunities



Relevance and the Main Challenges of Marine (blue) Biotechnology

The ocean, including its coastal areas and covering more than 70% of the Earth’s surface, has always represented an important environmental and economic resource. Indeed, almost 40% of the global population lives in coastal communities (United Nations, 2017). With its ecosystem services, the ocean represents a pivotal role in human society (Rayner et al., 2019). Undeniably, the ocean provides food, regulates the climate, provides oxygen and ensures economic resources through its shipping routes and tourism opportunities. Additionally, the ocean is home to organisms that have for centuries sparked the scientific interest of many research groups to uncover the biodiversity and functions of these fascinating marine ecosystems. Through their biological and chemical diversity, marine organisms synthesize unique secondary metabolites, biopolymers and enzymes produced in response to environmental stimuli. Secondary metabolites play important biological roles in improving competitiveness, providing chemical defence against predators or competitors and facilitating reproductive processes (Rotter et al.). Screening of these natural products and their producer organisms, coupled with the search of their unique biological activities that could be used in various industries, is tackled within marine (blue) biotechnology. Marine organisms and microorganisms can be investigated, and their primary and secondary metabolites, biopolymers and enzymes can be used as lead agents for nutraceutical and pharmaceutical industries to improve processes (e.g., in drug delivery) and as a source of bio-inspired materials for numerous biotechnological applications. Although this field has been appearing since the 1960s and 1970s, it is still considered an emerging field and marine biotechnology is still in its infancy (Rayner et al., 2019; Rotter et al.). This is because many marine environments are extreme ones that are either hardly accessible for sampling and harvesting and/or are home to organisms that cannot be cultured or grown in laboratory conditions. Consequently, a lot of advancement in the field of marine biotechnology was hampered until recent advances in science were achieved, including sampling methods, high-throughput methods and transdisciplinary collaborations.

Here is where the Research Topic “Marine Biotechnology, Revealing an Ocean of Opportunities” comes into play. The Research Topic was initiated to provide an overview of the current status of research activities in this exciting field, generating a compendium of processes and technologies and mapping the current scientific actors in the field of marine biotechnology. All steps of marine biotechnology development pipeline were tackled; from bioprospecting, metabolite/protein/enzyme/polymer isolation and characterization, dereplication, synthetic optimization, toxicology, bioassay screening, scale-up production, exploration of wider use, ethics, intellectual property, legislation, to commercialization and sustainability. This enables the creation of a so-called cookbook for maximizing the impact of marine biotechnology development, which can be used for initiating, improving, and facilitating the dialogue amongst adjunct scientific fields, providing data, promoting collaborations between experts, and showcasing their expertise that will, directly and indirectly, enhance blue growth.



Marine Biotechnology Today

This Research Topic provided an interesting insight into the current state of affairs in marine biotechnology. To get an overview of the spotlight research and give insight to the field, regardless of the expertise level of the reader, we provide keywords to this field that map the published manuscripts.

Introduction to Marine Biotechnology. Marine biotechnology is embedded in various European initiatives, national smart specialization strategies and international collaborations. As such, it inherently demands the collaboration of several disciplines and experts. An overview on the important aspects of marine biotechnology workflow, including the organisms, biodiversity hotspots, methodologies for exploration, production scaling up and use case scenarios was provided in Rotter et al.

Marine Macroorganisms With Valorization Potential. Jellyfish have emerged as organisms with great potential for biotechnological valorization in several publications (Borchert et al.; Lengar et al.; Mearns-Spragg et al.). Brown seaweeds from Tunisian coasts were assessed for their contents of high added-value bioactive metabolites (Ktari et al.). Novel conopeptides were isolated from cone snail Conus quercinus (Zhang et al.). Bioprospecting of 37 marine invertebrates from extreme (i.e., polar) regions with a wide range of bioactivities and the chemical structure of the main bioactive compounds was reviewed by Avila and Angulo-Preckler. The underexplored potential use of cephalotoxins, a group of proteinaceous toxins produced by the salivary glands of coleoids, i.e., octopuses, squids and cuttlefishes, was reviewed by Gonçalves and Costa. The use of sponges, ascidians and gorgonians was reviewed by Pech-Puch et al., while marine fish skin mucus was reviewed by Tiralongo et al. Fish skin can be an important waste valorization strategy to decrease fishing and aquaculture waste. Other waste valorization strategies, with marine organisms, their biopolymers and application biofuel, fertilizers, feed, food, food packaging, bioremediation and other industries were reviewed in Rudovica et al.

Marine Microorganisms, Associated to Macroorganisms. Marine microorganisms, especially those associated with macroorganisms, have often been overlooked as a novel biotechnological resource. Huang et al. investigated the potential of the fungal strain Aspergillus sp., isolated from a red seaweed Grateloupia filicina in Qingdao, China. Additionally, Furtado et al. presented the potential of bacteria associated with the Brazilian endemic ascidian Euherdmania sp. An overview of the potential of biologically active peptides by marine organisms and their microbial symbionts was provided by Macedo et al., along with the bioprospecting techniques and potential industrial uses.

Marine Microorganisms With Potential Valorization. The biotechnological potential of marine phytoplankton was tackled in two publications. Diatoms with their varied silica walls and capabilities to survive in extreme environments were reviewed in the biotechnological perspective by Sharma et al. The dinoflagellate Prorocentrum spp. was assessed as a potential source of phycotoxins with reviewed strategies to enhance their production, including chemical and genetic engineering and culturing techniques (Camacho-Muñoz et al.). The potential of marine bacteria was also researched: Stenotrophomonas maltophilia in Chu et al., Vibrio brasiliensis in Ouyang et al., bacteria from rock samples and associated to deep-sea invertebrates in the submarine volcano in the Canary Islands, Spain (García-Davis et al.). Importantly, when optimizing the production of the metabolite of interest for biotechnological applications, several techniques are used. One of them, the co-culturing of microbial species, was optimized for astaxanthin-producing marine bacterium Paracoccus haeundaensis, where the medium conditions were optimized for its co-culturing with lactic acid bacterial species Lactobacillus fermentum (Choi et al.).

Omics. Omics techniques have become a must in modern molecular biology laboratories. In biotechnology, metabolomics is one of such high-throughput techniques that enables a faster exploration of chemical diversity than classical approaches, that rely on culturable species and provide a limited overview within a single experiment. The potential of metabolomics was assessed to investigate patterns in metabolite variation, which could assist in unravelling the multiple pathways affected by environmental factors (Reverter et al.).


Application in Various Industries

	(1) Biomedical applications. Jellyfish collagen is becoming an important alternative in various industries due to the safety concerns of using mammalian-derived collagen. An important application of jellyfish collagen is its use as a matrix of cell cultures to model human diseases. Results reveal that jellyfish collagen is comparable and, in some indicators, even superior to rat tail collagen for culturing human iPSC-derived microglia (Mearns-Spragg et al.).

	(2) Pharmaceutical applications. Marine organisms (sponges, ascidians and gorgonians) collected in the Yucatan peninsula showed antiviral activity against human adenovirus in 17% of the extracts and antitumor activity against one or more tumor cell lines in 37% of extracts (Pech-Puch et al.). The potential of marine fish skin mucus for antibacterial and antifungal activities was reviewed by Tiralongo et al. Anticancer activity by Streptomyces isolated from the Brasilian endemic ascidian Euherdmania sp. was shown by the proteasome inhibitor and potent cytotoxicity in glioma cell lines (Furtado et al.). Algicidal activity against harmful algal blooms is important to maintain fishery resources, marine ecosystems and human health. Repeated batch fermentation of immobilized algicidal bacterium Vibrio brasiliensis H115 was preformed to enhance the productivity of the algicidal compounds (Ouyang et al.). Finally, the analgesic potential by novel conopeptides from the carnivorous cone snail Conus quercinus was demonstrated (Zhang et al.).

	(3) Wellbeing applications. Phenolic compounds have antioxidant activities, a characteristic used in the cosmetic industry. The potential of dissolved organic matter for antioxidant potential was quantified from porewaters and water column in Wadden Sea, where this potential was higher than what is commonly found in microalgae and macroalgae (Catalá et al.).

	(4) Pigment production. Pigments from marine organisms can be used in various food, cosmetics, pharmacological and other industries. The optimization of astaxanthin and fucoxanthin isolation was provided by co-culturing (Choi et al.) or optimization of extraction conditions (Ktari et al.).

	(5) Agriculture applications. Eleven new compounds have been isolated from the seaweed-derived fungus, Aspergillus sp., revealing anti-phytopathogenic bacterial activity that could contribute to increased global food safety (Huang et al.). Jellyfish was assessed as a valuable potential biofertilizer, considering the impact on greenhouse emissions and the cost of material pre-processing (Borchert et al.).

	(6) Alternative energy sources. Bioethanol is becoming an important renewable energy source as an alternative to fuel. A resource with promising potential for bioethanol production is seaweed biomass, where its alginate needs to be efficiently degraded into alginate monosaccharide by alginate lyases. A novel oligoalginate lyase from the marine bacterium Stenotrophomonas maltophilia was shown to completely depolymerize alginate to monomers (Chu et al.).

	(7) Plastics and bioplastics. Marine pollution caused by plastics is becoming an increasing environmental, societal and technological challenge. This was tackled in the Research Topic by including an overview of marine Actinobacteria and marine fungi to biodegrade (micro)plastics, methods to detect and analyze biodegradation and potential for bioplastic production. Moreover, the most important methods for plastic degradation and recycling valorization were reviewed by Oliveira et al. The potential sequestration of microplastics using jellyfish mucus provided a novel bioremediation potential for this material (Lengar et al.).



Transdisciplinary collaboration. To advance the field of marine biotechnology, there is a need to create effective, operational, inclusive, sustainable, transnational and transdisciplinary networks with a serious and ambitious commitment for knowledge transfer, training provision, dissemination of best practices and identification of the emerging technological trends through science communication activities. This network, Ocean4Biotech, an Action within the European Cooperation in Science and Technology (COST) that connects all stakeholders interested in marine biotechnology in Europe and beyond, was introduced in Rotter et al. An open-access map of experts and their expertise in the marine biotechnology field was further provided by Rotter et al.




Future Prospects

The field of marine (blue) biotechnology is gaining visibility worldwide in many complementary scientific fields and has inspired the creation of several legislative, infrastructural and scientific collaborative networks. Ultimately, this field can become an important driver in economic development, creating innovative clusters and managing the sustainable development of coastal areas globally. However, to promote the exploitation of scientific outputs and commercialization of innovative products from marine organisms and microorganisms, a constant dialogue needs to be maintained between the scientific community, the legislative authorities, the industry, and the general public, who are the final beneficiaries and consumers of the developed products and processes. This is seen in the marine biotechnology field through several white papers, research, innovation and governance projects, ocean literacy initiatives, and media exposure activities. These demand the involvement of transdisciplinary communities. They provide a different approach to such applied science, in contrast to the basic one, and building dialogues and collaboration between different actors (e.g., the scientific community and governance authorities that provide financing). This is also seen in this Research Topic where the 25 published manuscripts provide an overview of methodologies and marine micro and macroorganisms with biotechnological potential, their use in various industries, and the importance of transdisciplinary collaborations and sustainability. Based on the diversity of studies that have been provided in this Research Topic, we believe that the field of marine biotechnology is slowly but surely establishing itself as an important scientific and innovation field that will provide for economic prosperity, circularity and sustainability for decades to come.
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Marine organisms produce a vast diversity of metabolites with biological activities useful for humans, e.g., cytotoxic, antioxidant, anti-microbial, insecticidal, herbicidal, anticancer, pro-osteogenic and pro-regenerative, analgesic, anti-inflammatory, anti-coagulant, cholesterol-lowering, nutritional, photoprotective, horticultural or other beneficial properties. These metabolites could help satisfy the increasing demand for alternative sources of nutraceuticals, pharmaceuticals, cosmeceuticals, food, feed, and novel bio-based products. In addition, marine biomass itself can serve as the source material for the production of various bulk commodities (e.g., biofuels, bioplastics, biomaterials). The sustainable exploitation of marine bio-resources and the development of biomolecules and polymers are also known as the growing field of marine biotechnology. Up to now, over 35,000 natural products have been characterized from marine organisms, but many more are yet to be uncovered, as the vast diversity of biota in the marine systems remains largely unexplored. Since marine biotechnology is still in its infancy, there is a need to create effective, operational, inclusive, sustainable, transnational and transdisciplinary networks with a serious and ambitious commitment for knowledge transfer, training provision, dissemination of best practices and identification of the emerging technological trends through science communication activities. A collaborative (net)work is today compelling to provide innovative solutions and products that can be commercialized to contribute to the circular bioeconomy. This perspective article highlights the importance of establishing such collaborative frameworks using the example of Ocean4Biotech, an Action within the European Cooperation in Science and Technology (COST) that connects all and any stakeholders with an interest in marine biotechnology in Europe and beyond.

Keywords: marine biotechnology, marine natural products, blue growth, marine biodiversity and chemodiversity, responsible research and innovation, stakeholder engagement, science communication, sustainability


INTRODUCTION

During four billion years of evolution in the ocean, marine organisms have evolved in their environment to biosynthesize a plethora of biopolymers and biomolecules. These include the unique secondary metabolites that are produced in response to environmental stimuli. They play important biological roles in improving competitiveness, providing chemical defense against predators or competitors and facilitating reproductive processes. These biomolecules are not always essential for the growth and development of the organism, but they are important for the survival and well-being in its environment. Furthermore, some compounds such as marine enzymes have properties essential for industrial applications like thermostability or tolerance to a diverse range of pH and salinity conditions. These properties are being utilized in various industries such as in the food, animal feed, leather, textile and horticulture industries, and in bioconversion and bioremediation processes (Rao et al., 2017). Marine biotechnology appeared in the 1960s and 1970s when scientists realized the potential of living organisms and their natural products for industrial exploitation (Dias et al., 2012). Initially, the investigation of marine ecosystems relied on the easily accessible organisms like corals and sponges as well as macroalgae that have high biomass levels and were representative of targeted ecosystems (Greco and Cinquegrani, 2016). Therefore, most of the known natural products deriving from the marine environment were initially isolated from macro-organisms. On realizing that marine microbial biodiversity is vast, largely underexplored and unexploited, the application of marine microbial biotechnology aiming to valorize marine resources is a natural step forward in the development of the biotechnology sector.

For a long time, it has been considered that only around 1% of the whole marine microbial population could be cultured under laboratory conditions (Vartoukian et al., 2010). However, recent findings suggest the percentage of culturable microbial population is higher; an estimated 13–78% of genera are cultured, depending on the environment (Lloyd et al., 2018). For example, environments with high human engagement and disease-driven research benefit from greater culturing effort (Lloyd et al., 2018; Steen et al., 2019). Since many cells in non-human environments belong to novel phyla, new culturing approaches and innovations will increase the percentage of uncultured microbes (Steen et al., 2019). Culture-independent methods using omics approaches are nowadays used to detect microorganisms that are yet uncultured. These methods include high-throughput sequencing, metagenomics, transcriptomics, proteomics, metabolomics, and bioinformatics resources for the identification of organisms and elucidation of metabolic pathways responsible for production of chemical compounds, as well as DNA-based or heterologous expression systems. Microbial identification is only an initial step and additional research is essential to develop cultivation techniques to obtain the necessary biomass in a sustainable manner. Next, biochemical and genetic engineering methods are required for the production of high quantities and quality of proteins, marine oils and other secondary metabolites of interest. Figure 1 provides a schematic representation of parameters that should be considered for the whole bioprospecting process, starting from the selection of marine organisms, for their cultivation prior to their utilization for the biosynthesis of high-value bio-components and for investigation of their biological potential in various industries.


[image: image]

FIGURE 1. Schematic representation of a bioprospecting protocol for the extraction of valuable bioactive compounds from marine organisms (adapted from Chen et al., 2017).


Natural products are currently the most common source of therapeutic agents. The World Health Organization estimates that approximately 80% of the world’s population uses remedies based on natural products to treat their basic health problems. Over 35,000 bioactive compounds have been isolated and chemically characterized from marine organisms since the 1960s (Lindequist, 2016). While before 1985 less than 100 natural products were discovered annually, in the late 1990s, this number rose to over 500 new products discovered yearly up to over 1,000 since 2008, mainly due to the advances in analytical methods (Lindequist, 2016; Carroll et al., 2019). The application of new dereplication strategies using mass spectrometry (MS) and the use of high-resolution Nuclear Magnetic Resonance (NMR) spectrometers with cryoprobes have enabled the discovery of new natural products even at the nanomole scale (Klitgaard et al., 2014). The most common approach used for the discovery of new marine bioactive chemical entities involves the screening of crude extracts or partially purified fractions of similar polarities against selected test organisms or therapeutic targets, followed by the purification and the structure elucidation of the active ingredients. The purification of metabolites is usually performed by means of chromatographic separation techniques combined with high-resolution MS based approaches that allow a rapid and accurate identification of the molecular mass and formulae of bioactive compounds. These methods are becoming a gold standard for the rapid and reliable dereplication of natural product extracts or fractions (Gaudêncio and Pereira, 2015).

The unique structural architecture and broad range of activities exhibited by marine metabolites have caught the attention of the scientific community. This has resulted in the development of research programs promoting innovation and industrial uptake along with the creation of new jobs and of a competitive environment for biotechnology-oriented enterprises as stated in the Blue Growth Strategy of the European Union (EU). This orientation is in line with the strategy for “A sustainable bioeconomy for Europe: strengthening the connection between economy, society and environment” which is a 2018 update from the original 2012 Bioeconomy Strategy by the European Commission (EC). The strategy aims to create a more innovative, resource-efficient and competitive society that will reconcile drug discovery and food security with the sustainable and economically viable use of renewable resources for industrial purposes while ensuring environmental protection.



PREREQUISITES FOR MARINE BIOTECHNOLOGY


Sustainability

There are two sustainability levels that must be considered to effectively implement marine biotechnology in practice: (i) environmental and (ii) supply sustainability. (i) Environmental sustainability tackles the main sources of marine biomass which come either from species harvested in nature or from those that can be cultivated. It is especially relevant when wild stocks are the only source of supply and they are over-harvested, or where targeted marine species are rare, in the deep, or difficult to re-sample. The harvesting/sourcing of any target species should thus not threaten marine biodiversity and the future availability of target species. To minimize the environmental impact, the biotechnology community should consider valorizing side and waste streams and co-products, target sustainably cultured marine organisms and those that are sufficiently productive to supply specific high added-value biomolecules. (ii) Sustainable supply of biomolecules represents key bottlenecks, as they are usually present in trace amounts. To guarantee a sustainable sourcing and production of target compounds, biologically active molecules or whole organisms should therefore be considered in a life cycle assessment and a multi-risk environmental analysis context. This will attain a global evaluation including environmental, health and economic aspects for both the biological (sourcing) and technical (supplying) cycle. Industrial symbiosis and circular economy approaches must therefore be applied to find sustainable ways for utilization of marine bioresources (blue growth) using green production techniques that economize on exhaustible resources (green growth, Rodrik, 2014).



Industry

Marine biotechnology generates various products and services, from the production of biofuels, food, feedstuffs and products for use in agriculture (high-volume, low-value, and low-risk products), to the discovery of new biomaterials, cosmetics, nutraceuticals and pharmaceuticals (low-volume, high-value and high-risk products). Research and development investments for the discovery of marine-derived drugs entail high levels of capital expenditure and risk tolerance, as they require the use of state-of-the-art infrastructures and many years of basic and applied research (Figure 2). Despite some limitations, there are successful examples, as to date there are ten approved drugs, one example being trabectedin (ET-743), a product isolated from a Caribbean sea squirt Ecteinascidia turbinata, which is used for the treatment of advanced soft tissue sarcoma. This product first reached the market in 2007, after 20 years of research (Cuevas and Francesch, 2009). In practice, out of every 2,500 analogs from the marine environment that enter preclinical testing, only one may be safe and effective enough to reach clinical use (Gerwick and Fenner, 2013). There is a collaboration and communication gap between raw ideas and materials and their potential laboratory innovation and commercialization (Datta et al., 2014). This is being tackled by adopting three different strategies. (i) Firstly, by stimulating public-private partnerships in consortia that apply for research and innovation funding (such as Horizon 2020 and Horizon Europe, Europe’s biggest research and innovation funding resource). (ii) Another alternative are the business incubators (such as Rocket57 in Northern Europe), think tanks or stakeholder events that are often regionally financed to answer strategic regional developmental priorities and present a contact point for joining researchers, small and medium enterprises, industrial representatives and investors. (iii) Financial stimulation of networking activities (the example of COST Action Ocean4Biotech is presented in the next chapter of this article). The global marine biotechnology market is expected to reach ∼$6.4 billion by 20251 and it currently represents only ∼1% of the whole biotechnology market. Noteworthy, the oceans cover over 70% of the Earth’s surface and contain an estimated 25% of the world’s species (Mora et al., 2011), of which most are unknown and undervalorized. Hence, the marine biotechnology market is expected to expand at a much higher pace (Figure 2) when high-throughput techniques and the collaboration between industry, science, general public and policy makers will be routinely used. The predominant players in the European marine biotechnology consist of some 140 micro SMEs (estimated by Ecorys, 2014) and academia that lack the financial stability necessary for sustained and long-term cutting-edge research.
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FIGURE 2. Major prerequisites for the establishment of sustainable actions in marine biotechnology.




Scientific Community

To fully explore the ocean and its biota, the current screening and/or cultivation approaches of marine organisms of interest for biotechnological applications need to be optimized (Figure 2). High-throughput techniques produce vast amounts of data and can uncover the biodiversity and the metabolic potential of marine organisms. Hence, knowledge on data management, processing and data analysis to maximize the quality and quantity of resulting information needs to be advanced. Experts from the field of statistics, bioinformatics and chemometrics are essential in biotechnology research groups nowadays and their pipelines and databases should be integrated, harmonized and publicly available to prevent duplication of efforts, reduce the overall costs and support the discovery process.



General Public

While the world population is rising and is expected to reach over 8.5 billion by 2030, bioresources and available areas for cultivation and manufacture are declining. Hence, there is a growing demand for additional sources of food, drugs, and chemicals (Figure 2). Marine biotechnology has the potential to mitigate these needs both by increasing the current production and by introducing new products in the food, feed, pharmaceutical, nutraceutical, healthcare, welfare, biomaterials, and energy sectors. Nowadays, consumers expect innovative, efficient, safe, sustainable, ethical, financially, and environmentally friendly solutions. We need to raise public awareness and improve communication to a broad audience regarding the benefits of marine biotechnology products to gain consumers’ interest in eco-friendly products that meet high standards of sustainability.



Policy Makers

Some national, regional and global strategies and guidelines are already in place to recommend investment into marine biotechnology and stimulate networking and transdisciplinary collaboration at the international level (Figure 2). These include the United Nations (UN) sustainable development goals2, national and EU legislation that must be developed and harmonized. The UN Convention on the Law of the Sea3 sets the rules for the exploitation, conservation and management of living marine resources. The Nagoya Protocol on Access to Genetic Resources and Benefit Sharing provides a legal framework aimed at creating transparency for those interested in the production and exploitation of genetic materials. Marine biotechnology development needs also to comply with the Habitats Directive (92/43/EEC) on the conservation of natural habitats and of wild fauna and flora, the Marine Strategy Framework Directive (MSFD) (2008/56/EC, CD 2017/848) establishing a framework for community action in the field of marine environmental policy, the EU Water Framework Directive – WFD (Directive 2000/60/EC), and the Maritime Spatial Planning Directive (2014/89/EU) for the planning of multiple uses of the maritime and coastal areas. Biomolecules and their production processes must also comply with specific regulations related to the targeted application (e.g., EU 2015/2283 Novel Foods and Ingredients, EC No 1223/2009 Cosmetic Regulation, EC No 1924/2006 Nutrition and Health Claims, EC No 1907/2006 REACH Regulation, among others). The widespread acceptance and certification of these novel compounds is a rigorous and time-consuming process where legislative documentation might need updating as novel compounds are being identified. It is thus necessary to encourage collaboration among scientists and policy makers, as outlined during the UNESCO High-Level Conference on the Ocean Decade (2018). Moreover, intellectual property strategies need to be established and agreed upon to conduct research in accordance with ethical recommendations for bioprospecting in the open ocean and beyond the national jurisdictions covered by the Nagoya protocol.



THE ESTABLISHMENT OF A COLLABORATIVE NETWORK AS A SOLUTION FOR ADVANCING MARINE BIOTECHNOLOGY: COST ACTION Ocean4Biotech

Efficient and sustainable exploitation of the ocean’s potential is possible only if industrial actors, researchers, the general public, policy makers and environmental experts work together. This direct interaction among different stakeholders across different countries is not always possible and limited programs have been supported until today that allow a minimal direct transdisciplinary interaction (see more in Supplementary Table S1).

From this viewpoint, the EU COST program that was established in 1971 represents an excellent opportunity for the creation of research networks on diverse topics, called COST Actions. These networks offer an open space for collaboration among stakeholders across Europe (and beyond), thereby catalyzing research advancement and innovation4. One of the recently approved Actions is CA18238 – European transdisciplinary networking platform for marine biotechnology (Ocean4Biotech)5. The motivation behind creation of this network is included in the SWOT analysis (see Supplementary Table S2 and the discussion therein). Ocean4Biotech is an international, unique and inclusive network that gathers experts from transdisciplinary fields of exact and natural sciences, social sciences and humanities, giving the Action participants the opportunity to work together and share their experiences creating a spill-over effect to foster marine biotechnology and bioeconomy in a sustainable way. Ocean4Biotech will apply the Responsible Research and Innovation Roadmap (Theodotou Schneider, 2019) involving scientists, citizens, policy makers and industry in the co-creation of knowledge and in the establishment of sustainable collaborative networks.

Notably, Ocean4Biotech builds upon existing knowledge from current and past projects and initiatives (see Supplementary Table S1). It aims to establish strong collaborations to avoid the duplication of efforts. The difference between Ocean4Biotech and the current and past efforts is this Action is envisaged as a “connecting-the-dots” funnel initiative that will gather scientists and professionals from all areas related to the marine biotechnology field. This enables a wider approach aiming to facilitate the circular economy in the marine biotechnology sector. Researchers from all fields and levels of expertise relevant to marine biotechnology will have the opportunity to participate in the Action and will be included in knowledge exchange activities (between the scientific fields as well as within, e.g., senior-to-junior knowledge transfer), establishing new collaborations and having an opportunity for career advancement. The developments from this COST Action can impact the industrial sector, and in turn will most likely influence governance boards. However, the efforts of Ocean4Biotech to establish connections between its members and linkages with other initiatives will not be possible without proactive science communication, extensive dissemination along with active engagement and outreach activities. Efficient communication will enable informing on the activities and objectives of the Action and will attract researchers to prepare and initiate new collaborations that will span beyond the lifetime of Ocean4Biotech.



HOW WILL Ocean4Biotech FOSTER ADVANCES IN THE FIELD OF MARINE BIOTECHNOLOGY?

There are five general objectives within the Ocean4Biotech COST Action:

(1) Description of marine biodiversity. Knowledge of marine biodiversity is still limited. Moreover, there is a large interregional variability in species distribution and in their taxonomic knowledge. The lack of experts in marine species taxonomy, duplicates/redundancies/inconsistencies in the primary nucleotide databases, lack of type species and polyphyly of traditionally established taxa result in many misidentified or unidentified species/strains (many of which hold great potential for biotechnological applications). These are also important challenges to marine natural product programs. Hence, human resources, research effort, time and cost-efficient methods are needed to overcome the current gap in knowledge on biological and chemical diversity in marine ecosystems. These may be addressed by high-throughput methods that facilitate the discovery, classification and supply of organisms. However, high-throughput methods for biodiversity monitoring have not been routinely adopted and the methodology for biodiscovery is often not standardized. In fact, bioinformatics pipelines and big data analyses are changing the landscape for marine biotechnology, as around 18,000 new species are uncovered yearly6. Ocean4Biotech will propose operating procedures for uncovering the biodiversity using high-throughput methods, such as DNA barcoding approaches (Leese et al., 2016). These methods can then be combined with a more quantitative assessment by in situ hybridization techniques that allow the quantification and localization of specific microbial clusters within the environmental matrices. Such biodiversity assessment provides crucial information for subsequent monitoring and exploitation of marine organisms. The environmental impacts of such biological prospecting are considered minimal at the early stages of sampling, where the size of samples collected is small. Moreover, the standardization of the biodiscovery process is necessary as chemodiversity, even in the same taxa, greatly varies along geographical and environmental gradients, as well as seasonally and timely along the life cycle of organisms.

(2) Natural product discovery is a process involving separation techniques in parallel with biological screening, followed by structure elucidation of the pure bioactive metabolites. If the target compound from a given species shows biotechnological potential, scale-up production and supply will certainly increase the environmental impact. However, the organic synthesis of the compound (although time-consuming and expensive) and/or production of the compound of interest using biological synthesis generally overcome the need for repeated collection and over-exploitation of the natural ecosystem. Therefore, Ocean4Biotech will build a compendium of pipelines, i.e., methods and procedures, detailed on a case study basis, starting from the creation of marine biorepositories, the identification of the collected species using integrative systematics, screening for specific bioactivities for selected industries, identification of the bioactive metabolites and their sustainable production, business plan development, marketing strategy, where legal and ethical aspects to be considered along with adherence to strict guidelines for protection of the environment and sustainability. These pipelines will serve as guidelines and tutorials for future product development and will enable the transfer of knowledge between disciplines. These pipelines will highlight the complementary transdisciplinary aspect of marine biotechnology and as a link with other sectors of biotechnology. According to the principles sustainability the supply chain decision-making will require the inclusion of social and economic aspects together with environmental aspects. Thus, the Action will apply an integrated framework for Life Cycle Sustainability Assessment (LCSA). Wherever possible, it will combine physical LCA considering different environmental impact categories (e.g., climate change, eutrophication or acidification) at different life-cycle levels (partial LCA) with social LCA (SLCA) and Life Cycle Costing (LCC), based on UNEP/SETAC guidelines. The approach used in this Action will build on existing models (Perez-Lopez et al., 2018). It will also follow the methodological framework for conducting LCA as outlined by the International Standards Authority (ISO) 14040 series.

(3) Sharing infrastructure. There is an increasing need to create a bridge between research and innovation capabilities from the academia and business sectors. This includes the availability of the research infrastructure, thereby providing access to a range of new tools and facilities to allow marine biotechnology to thrive. Many of the tools and techniques used in marine biotechnology are widely used in other areas of science and technology. Engaging in collaborative research projects is one way of providing access to these facilities and encouraging multidisciplinary research. Ocean4Biotech will enable the diverse actors to share their expertise and infrastructure, mostly through short-term scientific missions and new collaborative activities. Preference will be given to users from the less research-intensive countries7 or early career investigators that need access to state-of-the-art analytical equipment, microbial cultures or screening facilities.

(4) Responsible Research and Innovation. The ocean should be monitored, valorized and governed in a sustainable manner to generate the maximum benefit to science and society but limiting the negative footprints on the marine environment. This will be addressed within the Action by adopting the Responsible Research and Innovation (RRI) concept, which is based on six pillars.

(i) Ethics. We are all responsible for the stability and resilience of the Earth systems (Barbier et al., 2018). Accordingly, ethical issues and challenges will be identified, addressed and used to advocate for protection of marine ecosystems and promote responsible resource management and environmental policies together with societal awareness.

(ii) Open access. To efficiently co-create knowledge and capitalize from previous research, it is vital to consider transparency, efficiency, traceability, access to data, reciprocal relations, biosafety, nature conservation and transfer of knowledge to third countries.

(iii) Gender equality will be promoted throughout the Action by empowering especially early career and female colleagues to apply for managerial roles and in the future establish and lead consortia for valorization of marine biotechnology products.

(iv) Governance. Although the marine biodiversity has no borders, access to natural resources is framed under the Convention of Biological Diversity, promoting the conservation of biodiversity, the sustainable use of biological entities and their fair and equitable sharing. The latter is also covered in the Nagoya Protocol, which provides a legal framework for the fair and equitable sharing of benefits arising from the use of genetic resources which may sometimes delay or block certain research activities.

(v) Public engagement. Action participants will employ communication tools and different activities to further inform legislative authorities, researchers and industry with the aim of facilitating the regulatory requirements that are sometimes a bottleneck to transnational collaboration.

(vi) Science education. We will focus many of our activities into education of the next generation of researchers (i.e., early career investigators), with a special focus on the countries that are less research intensive, i.e., the so-called inclusiveness target countries8. These countries have developed their national strategic priorities in the frame of the EU Smart Specialization Strategy (S3), aiming to ensure a balanced development between regions8. Since marine biotechnology, including its products and applications, is well represented in all national S3 priorities, the timing is perfect to develop capacity-building educational opportunities that span beyond the traditional academic curricula. We will enable closing the educational gaps in three ways. (i) By short term scientific missions, which are mobility activities that involve a direct hands-on interaction and experience abroad. (ii) By offering financial opportunities for active participation in conferences that target any of the marine biotechnology related topics. (iii) Importantly, our trainings and workshops, that will be publicly promoted, will cover topics that integrate academy, technological centers and industry (as also promoted by the EuroMarine Working Group, 2019). By offering multidisciplinary skills, this strategy will avoid the risk of training a marine-related workforce that the market may not absorb (EuroMarine Working Group, 2019).

(5) Knowledge co-creation and integration. (i) The Action will be geographically inclusive as it will produce an open-access database of exploitable species for marine biotechnology in the Ocean4Biotech participating countries. In addition to the World Register of Marine Species (WoRMS9), this Action participants will focus on those species with putative biotechnological potential. (ii) The Action will be inclusive in the biological sense and include species regardless of the kingdom (from bacteria and algae to zooplankton and other species that are suitable for exploitation). (iii) Methodologically, the participants will integrate all levels of the biotechnological pipeline; from bioprospecting to cultivation, biological screening, compound isolation and optimization of the isolation process, and structure elucidation. (iv) This is a truly transdisciplinary Action, integrating expertise and including experts from various fields: marine (micro)biology, chemistry, food science, agriculture, pharmacology, medicine, environmental protection, engineering, energy, data science, omics techniques, statistics, law, policy making, economy, business planning, and more. The network will transfer knowledge from traditional academic institutions to exploitation industries leading to the elaboration of ecosystem services linked to policy makers’ priorities, citizens, industry and SMEs.



CONCLUSION

This Ocean4Biotech COST Action will contribute to the implementation of the Bioeconomy Strategy and the European Green Deal10. It will also mainstream the responsible research and innovation principles among the scientific and industry communities to foster the interaction between marine scientists and other marine biotechnology stakeholders, including the general public. Such interaction will be multidirectional rather than top–down and co-creative instead of just being introduced by the authorities and/or knowledge holders. Outreach and communication activities will provide information to the broad community and improve their capacity to understand the challenges and opportunities to make appropriate decisions in the field of marine biotechnology. An inclusive, integrative approach is essential to catalyze the expansion of marine biotechnology in Europe and worldwide and to finally harvest the products of this promising field of research. Finally, the establishment of interdisciplinary connections and collaborations during Ocean4Biotech’s lifetime will not only lead to future research collaborations that include industrial representatives as well, but also provide establishment of communication channels with policymakers, governments, and other stakeholders, including the public. This will eventually enable beneficial social and environmental impacts that will ultimately contribute to a more efficient and sustainable use of marine bioresources.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

AR designed the manuscript concept and drafted the manuscript. All authors read, commented, improved, and approved of the final version of the manuscript.



FUNDING

AR and TR: the publication is part of a project that has received funding from the European Union Horizon 2020 Research and Innovation Programme under grant agreement no. 774499 – GoJelly project. AMB: research supported by grant 267474 from Research Council of Norway. MFC: wishes to acknowledge the funding from CEEC program supported by FCT/MCTES (CEECIND/02968/2017); ACTINODEEPSEA project (POCI-01-0145-FEDER-031045) co-financed by COMPETE 2020, Portugal 2020, ERDF and FCT; Strategic Funding UIDB/04423/2020 and UIDP/04423/2020 through national funds provided by FCT and ERDF. AD: supported by the ERDF Activity 1.1.1.2 “Post-doctoral Research Aid” of the Specific Aid Objective 1.1.1, Operational Programme “Growth and Employment” (No. 1.1.1.2/VIAA/1/16/048). MLC: acknowledges funding from Portuguese FCT/UID/Multi/04326/2019, MAR2020 projects/OSTEOMAR/16.02.01-FMP-0057 and ALGASOLE/16.02.01-FMP-0058, INTERREG/ALGARED+ and Atlantic Area/BLUEHUMAN/EAPA/151/2016. RF: gratefully acknowledges support from the Marine Institute under the Marine Research Programme by the Irish Government (Grant-Aid Agreement No. PBA/MB/16/01). SG: this work was supported by the Applied Molecular Biosciences Unit-UCIBIO which is financed by national funds from FCT/MCTES (UID/Multi/04378/2019). SG thanks financial support provided by FCT/MCTES through grant IF/00700/2014. AM-G: acknowledges the financial contribution of the project BYTHOS funded by the European Union’s Interreg V-A Italia-Malta Programme under project code C1-1.1-9. CR: gratefully acknowledge the Research Council of Norway for their financial contributions through the PROMAC (244244) and the Norwegian Seaweed Biorefinery Platform (294946) projects. XS: acknowledges the funding from the European Union’s Horizon 2020 Research and Innovation Programme under grant agreement no. 710566 for the project MARINA. HM-M, AT-S, and MC: National Science Centre in Poland (project number NCN 2016/21/B/NZ9/02304) and The Statutory Programme of the Institute of Oceanology, PAS (grant no. II.3). MMa and TD: acknowledge the funding from the General Secretariat for Research and Technology (GSRT) and the Hellenic Foundation for Research and Innovation (HRFI) under grant no. 239 (SPINAQUA project). AR: this research was funded by the Slovenian Research Agency (research core funding P1-0245).



ACKNOWLEDGMENTS

This publication is based upon work from COST Action CA18238 (Ocean4Biotech, https://www.ocean4biotech.eu/), supported by COST (European Cooperation in Science and Technology) programme.


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2020.00278/full#supplementary-material


FOOTNOTES

1
https://www.smithers.com/resources/2015/oct/global-market-for-marine-biotechnology

2
https://sustainabledevelopment.un.org/

3
https://www.un.org/depts/los/convention_agreements/texts/unclos/unclos_e.pdf

4
https://www.cost.eu/who-we-are/about-cost/

5
https://www.ocean4biotech.eu/

6
https://www.eurekalert.org/pub_releases/2018-05/scoe-elt051718.php

7
https://www.cost.eu/who-we-are/cost-strategy/excellence-and-inclusiveness/

8
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Anti-phytopathogenic Bacterial Metabolites From the Seaweed-Derived Fungus Aspergillus sp. D40
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In order to search for new lead compounds with anti-phytopathogenic bacterial activity, three pairs of new furanone derivatives, sclerotiorumins D–F (1–3), and eight known compounds (4–11) were isolated from the seaweed-derived fungus, Aspergillus sp. D40, fermented with potato dextrose seawater (PDW) medium. Their structures were determined using comprehensive spectroscopic analyzes including HRESIMS, 1D and 2D NMR data. Compounds 1–4 and 9 existed as inseparable mixtures of a pair of epimers. Penicillic acid (7) exhibited clear antibacterial activity against Ralstonia solanacearum and several other plant pathogenic bacteria with IC50 values ranging from 11.6 to 58.2 μg/mL.
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INTRODUCTION

Phytopathogenic bacteria cause many serious diseases in plants and limit the quality and production of crops all over the world, and as a result pose a significant threat to global food safety (Sundin et al., 2016). For instance, Ralstonia solanacearum – the causative agent of bacterial wilt and Moko disease – is ranked second on the top ten bacterial plant pathogen list (Manfield et al., 2012). R. solanacearum affects more than 200 plant species belonging to over 50 different botanical families, including Solanaceae – tomato and potato – and many weeds, crops, shrubs, and trees (dicot as well as monocot). This pathogen invades the xylem conduit from the roots of the plant, and spreads to the aerial parts of the plant through the vascular system. The extensive colonization results in vascular dysfunction, thereby causing the wilting symptoms (Genin and Denny, 2012).

Current integrated management strategies for R. solanacearum and other phytopathogenic bacteria include the use of resistant cultivars, pathogen-free transplants, and crop rotation with non-host cover crops, all of which have had limited effects (Pradhanang et al., 2005). A few – mainly chemical – pesticides are used to control phytopathogenic bacteria, however, this leads to environmental pollution, pesticide residues, food safety issues, and pathogen resistance (Fujiwara et al., 2011). It is well known that marine fungi can produce secondary metabolites with novel structures and potential antibacterial activities, as part of their repertoire of survival strategies and metabolic mechanisms endowed by the unique marine environment. Thus, they have been a hotspot for study of new antibacterial agents (Carroll et al., 2020). However, there have been few reports focused on their potential for applications in agriculture, making this a promising new field for identification and study of antibacterial biopesticides.

In our ongoing search for new bioactive secondary metabolites from marine-derived fungi (Huang et al., 2018; Zhao et al., 2018; Zhao et al., 2019), our attention was drawn to Aspergillus sp. D40, isolated from a red seaweed Grateloupia filicina, because an ethyl acetate (EtOAc) extract of a culture grown in potato dextrose seawater (PDW) medium exhibited obvious antibacterial activity against R. solanacearum (5 mg/mL). Further chemical examination of the EtOAc extract resulted in the discovery of three new furanone derivatives, sclerotiorumins D–F (1–3), and eight known compounds, including penicillic acid (4–11) (Figure 1). Herein, we report the isolation, identification, and antibacterial activity of these compounds.
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FIGURE 1. Chemical structures of compounds 1–11.




MATERIALS AND METHODS


General Experimental Procedures

Optical rotations were measured on a JASCO P-1020 digital display with a 1 dm cell polarimeter (Jasco, Inc., Tokyo, Japan). UV spectra were acquired using a Techcomp on the UV2310II spectrophotometer (Techcomp, Ltd., Shanghai, China). NMR spectra were recorded on an Agilent DD2 NMR spectrometer (500 MHz for 1H, 125 MHz for 13C; Agilent Technologies, Santa Clara, CA, United States) with tetramethylsilane (TMS) as internal standard. High-resolution ESIMS (HRESIMS) and electrospray ionization mass spectrometry (ESIMS) data were measured using a Thermo Scientific LTQ Orbitrap XL spectrometer (Thermo Fisher Scientific, Waltham, MA, United States) and a Micromass Q-TOF spectrometer (Waters, Milford, MA, United States). Semi-preparative HPLC was performed on a C18 (Waters, 5 μm, 10 × 250 mm) column using a Waters e2695 separation module equipped with a 2998 detector (Waters). Silica gel (200–300 mesh; Qingdao Ocean Chemistry Group Co., Ltd., Qingdao, China), octadecylsilyl silica gel (ODS) (RP18, 40–63 mm; Merck, Billerica, MA, United States), and Sephadex LH-20 (GE Healthcare, Pittsburgh, PA, United States) were used for column chromatography. Precoated silica gel plates (Yan Tai Zi Fu Chemical Group Co.; G60, F-254) were used for thin-layer chromatography.



Fungal Material

The fungal strain Aspergillus sp. D40 was isolated from a red seaweed Grateloupia filicina, which was collected from coastal habitats in Qingdao, China (120°20′18.18′′E, 36°03′15.90′′N), in July 2016. The fungus was identified based on its morphological characteristics and by a molecular protocol based on the amplification of the ITS region of the rDNA gene followed by sequence determination (Zhao et al., 2018). The strain was deposited in the Marine Agriculture Research Center, Tobacco Research Institute of Chinese Academy of Agricultural Sciences, Qingdao, China, with the GenBank (NCBI) accession number MK968521.



Extraction and Isolation

The fungal strain Aspergillus sp. D40 was fermented in 80 L of potato dextrose seawater (PDW) medium at 28°C for 30 days. The mycelia were mechanically broken and then ultrasonically disrupted for 10 min, and were then extracted twice with CH2Cl2:MeOH (1:1, v/v). The solutions were concentrated under reduced pressure to yield a residue, which was extracted three times with EtOAc. The culture media was also extracted three times with EtOAc, and the combined EtOAc extracts from both the mycelia and culture media were concentrated under reduced pressure to yield the total EtOAc extract (22.3 g). The extract was subjected to silica gel vacuum liquid chromatography (VLC), eluted using a linear gradient of petroleum ether (PE)–EtOAc (0–100%) and subsequently EtOAc–MeOH (0–100%) to obtain seven fractions (Fr.1–Fr.7). Fraction 2 was initially fractionated using reverse silica gel column chromatography (CC) with a step gradient elution of MeOH–H2O (50–90%), followed by separation on Sephadex LH-20 CC (CH2Cl2/MeOH, v/v, 1/1) to afford Fr. 2-1 and Fr. 2-2. Fraction 2-1 was then purified by reversed phase (RP)-HPLC and eluted with 30% MeOH–H2O to obtain 5 (168.0 mg) and 6 (30.6 mg). Fraction 3 was run on a reverse silica gel column and separated on silica gel CC (CH2Cl2/MeOH, v/v, 200/1–0/100) to obtain Fr. 3-1–Fr. 3-6. Fraction 3–5 was further separated by HPLC using 15% MeCN–(H2O + 0.1% TFA) to yield 7 (271.1 mg) and 8 (5.8 mg). Fraction 4 was subjected to octadecylsilyl silica gel (ODS) CC separation using a gradient elution of 30–90% MeOH–H2O to afford subfractions Fr.4-1–Fr.4-2. Fraction 4-1 and Fraction 4-2 were separated by silica gel CC (CH2Cl2/MeOH, v/v, 500/1–0/100) to obtain Fr.4-1-1–Fr.4-1-3 and Fr.4-2-1–Fr.4-2-2, respectively. Fraction 4-1-3 was purified by HPLC using 5% MeOH–H2O to obtain 9 (72.0 mg) and 10 (5.5 mg). Fraction 4-2-2 was purified by HPLC utilizing 30% MeOH–(H2O + 0.1% TFA) to obtain 1 (16.0 mg), 2 (12.0 mg), 3 (42.5 mg), and 4 (80.7 mg). Fraction 6 was run on a reverse silica gel CC, eluted with 30–90% MeOH in H2O, and further separated on silica gel CC (CH2Cl2/MeOH, v/v, 200/1–0/100) to obtain Fr. 6-1–Fr. 6-4. Fraction 6-4 was finally separated by HPLC using 30% MeCN–(H2O + 0.1% TFA) to yield 11 (25.0 mg). The purities of all the isolated compounds were >95% based on the peak area normalization method.

Sclerotiorumin D (1): pale yellow powder; [α]20D -1.9 (c 0.34, MeOH); UV (MeOH) λmax (log ε) 228 (3.51), 260 (3.47) nm; 1H and 13C NMR data, Tables 1, 2; HRESIMS m/z 333.0940 [M + Na]+ (calcd for C15H18O7Na, 333.0945).


TABLE 1. 1H NMR Data (500 MHz, DMSO-d6, δ in ppm, J in Hz) for 1 and 2.

[image: Table 1]
TABLE 2. 13C NMR Data (125 MHz, DMSO-d6, δ in ppm) for 1–4.

[image: Table 2]Sclerotiorumin E (2): pale yellow powder; [α]20D -0.82 (c 0.38, MeOH); UV (MeOH) λmax (log ε) 225 (3.84), 260 (3.71) nm; 1H and 13C NMR data, Tables 1, 2; HRESIMS m/z 328.1392 [M + NH4]+ (calcd for C15H22O7N, 328.1391).

Sclerotiorumin F (3): pale yellow oil; [α]20D -0.37 (c 0.48, MeOH); UV (MeOH) λmax (log ε) 223 (3.80), 269 (3.67) nm; 1H and 13C NMR data, Tables 2, 3; HRESIMS m/z 283.1181 [M +H]+ (calcd for C14H19O6, 283.1176).


TABLE 3. 1H NMR Data (500 MHz, DMSO-d6, δ in ppm, J in Hz) for 3 and 4.

[image: Table 3]Sclerotiorumin B (4): pale yellow oil; [α]20D -0.41 (c 0.42, MeOH); UV (MeOH) λmax (log ε) 226 (3.71), 269 (3.57) nm; 1H and 13C NMR data, Tables 2, 3; HRESIMS m/z 283.1176 [M +H]+ (calcd for C14H19O6, 283.1176).



Antibacterial Assay for the Isolated Compounds

The antibacterial activity of the isolated compounds was determined using a conventional broth dilution assay (Oppong-Danquah et al., 2020). Apart from R. solanacearum (bacterial wilt of tobacoo), another five phytopathogenic bacterial strains, including Acidovorax avenae (bacterial fruit blotch), Clavibacter michiganensis (bacterial wilt and canker of tomato), Erutima carafavora (tobacco hollow stalk), Xanthomonas campestris (cotton angular leaf spot), and Xanthomonas citri (bacterial canker of citrus) were used. Streptomycin sulfate was used as the positive control. Dimethyl sulfoxide was used as the solvent and the concentration was 1%. The MIC was determined as the lowest concentration at which no growth was observed. The inhibition rate was calculated according to the following formula, and the IC50 was calculated from the regression equation.

[image: image]

bs, bacterial suspension; t, tested compounds; ck, blank control.



RESULTS AND DISCUSSION


Structural Elucidation of Compounds 1–11

Sclerotiorumin D (1) was obtained as a pale-yellow powder, and had a molecular formula of C15H18O7 based on HRESIMS data (m/z 333.0942 [M + Na]+) (Supplementary Figure S7), accounting for seven degrees of unsaturation. Although it was isolated as a pure compound by HPLC, its 1H- and 13C-NMR signals (Supplementary Figures S1–S5) appeared as a mixture of two geometric isomers (1a and 1b) with a ratio of 1:1.3 (Supplementary Figures S1,S2). Further attempts to separate the two isomers using a chiral column failed due to spontaneous and immediate isomerization between the two forms.

The 1H NMR spectrum of 1a (Table 1) displayed signals for two olefinic protons at δH 6.62 (s) and 5.32 (s), two methoxy groups at δH 3.94 (s) and 3.82 (s), one set of non-equivalent methylene protons at δH 2.11 (dd, J = 14.0, 3.0 Hz) and δH 1.38 (m), one methine proton at δH 1.72–1.75 (m), and two methyl groups at δH 1.06 (s) and 0.58 (d, J = 7.0 Hz). The 13C NMR and DEPT spectra of 1a (Table 2) showed resonances for 15 carbon signals which could be classified as one methylene, three methines (one aliphatic and two olefinic), seven quaternary carbons including two α, β-unsaturated ketones (δC 202.6, 200.7), two methoxy groups (δC 59.8, 59.3), and two methyl groups (δC 20.8, 15.1). These spectroscopic features suggested that 1a belongs to the family of furanones and that ring B in 1a is very similar to sclerotiorumin B (4), isolated from a co-culture of Aspergillus sclerotiorum and Penicillium citrinum (Bao et al., 2017). Analysis of their 1H and 13C NMR spectra indicated that the main differences were present in the ring A. The additional methoxy group (δH 3.94, δC 59.3) in 1a, and the disappearance of one methyl group (δH 1.61, δC 5.1) compared to 4a, suggested that there was a methoxy rather than a methyl group anchored at C-4 in 1a. The additional α,β-unsaturated ketone (δC 202.6) and the upfield shifts of C-2 (δC 49.9) and C-5 (δC 117.5) in 1a, revealed that C-1 in 4a was replaced by a carbonyl. The observed HMBC correlations (Figure 2 and Supplementary Figure S5) from H-5 to C-1, C-2, and C-3, from H-6 to C-1, from H-12 to C-4, and from H-13 to C-1, C-2, and C-3 confirmed the above deduction. Thus, the planar structure of 1a was determined.


[image: image]

FIGURE 2. COSY, key HMBC, and NOESY correlations of 1–3.


Comparison of the 1D and 2D NMR data for 1a and 1b indicated that they had the same planar structure. There were also no differences between the two compounds in the NOESY spectrum of 1a and 1b (Figure 2 and Supplementary Figure S6). The correlations of H-6a with H-13, H-6b with H-15, and the lack of signals between H-13 and H-15 indicated a trans-relationship between these two groups. Although the single bonds in the open chain could rotate freely at room temperature, and the NOESY correlation signals of the open chain could not be used to determine the stereoscopic relationship; these data indicated that 1a and 1b are a pair of epimers at C-8 (Bao et al., 2017). Detailed analysis of their structures revealed that the hemiacetal group was the reason why 1a and 1b were unstable, and resulted in the R/S configurations of C-8.

Sclerotiorumin E (2) was also obtained as a pale-yellow powder with the molecular formula of C15H18O7, the same as 1 (Supplementary Figure S14). Similar to 1, compound 2 also existed as geometric isomers in the same ratio of 1:1.3. Comparison of the 1D (Tables 1, 2 and Supplementary Figures S8, S9) and 2D NMR data of 2 with those of 1 revealed that these compounds have the same planar structures (Supplementary Figures S10–S12). The correlation of H-13 with H-15 in the NOESY spectrum (Figure 2 and Supplementary Figure S13), which was different from that of 1, indicated that these two groups have a syn-relationship. These data indicated that 2a and 2b were also epimers at C-8.

Sclerotiorumin F (3) was isolated as pale-yellow oil and also presented as an inseparable mixture of two geometric isomers (3a and 3b). Its HRESIMS data (m/z 283.1176 [M + H]+) revealed a molecular formula of C14H18O6, requiring six degrees of unsaturation (Supplementary Figure S21). Detailed analysis of the 1D (Table 3 and Supplementary Figures S15, S16) and 2D NMR data showed that 3a and 3b have the same planar structure as 4, indicating that they were stereoisomers of 4 (Supplementary Figures S17–S19). In the NOESY spectrum (Figure 2 and Supplementary Figure S20), the correlation signals were the same between 3a and 3b, but different from those of 4. The correlations of H-6b with H-13 and H-15, and of H-15 with H-13 indicated that the two groups are positioned in the same plane.

It may be impossible to determine the absolute configurations of 1–4 due to the unstable hemiacetal group. Methylation was performed to fix the hydroxyl group at C-8, but failed, possibly because the lactone was disrupted under alkaline conditions.

The known compounds 4–11 were identified on the basis of their spectroscopic data by comparison with those in the literature. These compounds were identified as sclerotiorumin B (4) (Supplementary Figures S22–S28) (Bao et al., 2017), orcinol (5) (Witiak et al., 1967), vanillic acid (6) (Lee et al., 1992), penicillic acid (7) (Suzuki et al., 1971), dihydropenicillic acid (8) (Phainuphong et al., 2017), 4-hydroxy-2-methoxy-5-methylcyclopent-2-enone (9) (Wang et al., 2015), 4-hydroxy-3-methoxy-5-methylcyclopent-2-enone (10) (Wang et al., 2015), and oxaline (11) (Konda et al., 1980). Compound 9 was previously reported as a pure compound (Wang et al., 2015), however, in the present study, 9 existed as a pair of epimers with a trans relationship of H-4/H-5 (9a, J4,5 = 1.0 Hz), while H-4/H-5 of 9b had a cis relationship (J4,5 = 5.5 Hz). Therefore, 9b was identified as a new compound with a relative configuration different from that of 9a.



Antibacterial Activity of 1–11 From D40 in PDW Medium

All the isolated compounds were evaluated for their antibacterial activity against R. solanacearum (bacterial wilt of tobacoo), and another five phytopathogenic bacterial strains – Acidovorax avenae (bacterial fruit blotch), Clavibacter michiganensis (bacterial wilt and canker of tomato), Erutima carafavora (tobacco hollow stalk), Xanthomonas campestris (cotton a ngular leaf spot), and Xanthomonas citri (bacterial canker of citrus) – and only penicillic acid (7) showed potent antibacterial activity. Penicillic acid has been reported to have anti-plant pathogenic bacterial activity (Nguyen et al., 2016). In the present study, its antibacterial activity toward other phytopathgens or those from different plants were studied. The IC50 values of 7 against six plant pathogens are shown in Table 4 and Supplementary Figure S29. As indicated, 7 exhibited obvious antibacterial effects against all 6 tested strains. Although the positive control streptomycin sulfate showed a stronger effect than 7 (Supplementary Figure S30), its application has been prohibited in agriculture in China since 2016. Penicillic acid was first reported in an examination of fungal growth in maize and the potential for fungal involvement in pellagra, and was found to be more common on stored cereals, as the best producers are mostly cereal-borne (Frisvad, 2018). Its toxicity to poultry, mice, rats, and rabbits, as well as human beings was soon discovered (Barkai-Golan, 2008). However, hormesis, the phenomena of low-dose stimulation/signaling and high-dose toxicity by the same molecule, is very common for microbial natural products (Schmidt et al., 2019).


TABLE 4. IC50 and MIC values of 7 against phytopathogenic bacterial strains.
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CONCLUSION

In summary, we successfully isolated and identified 11 compounds from the seaweed-derived Aspergillus sp. D40 cultured with PDW medium, including three pairs of new furanone derivatives, sclerotiorumins D–F (1–3), which existed as inseparable mixtures of epimers. Among these compounds, penicillic acid exhibited potent anti-bacterial activity toward different plant pathogens that showing the potential to develop into an anti-bacterial biopesticide.
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A novel oligoalginate lyase from the marine bacterium, Stenotrophomonas maltophilia KJ-2, completely depolymerizes alginate to monomers with generation of oligomer intermediates. In order to analyze whether KJ-2 oligoalginate lyase has endolytic and exolytic alginate lyase activities, five mutants were developed and characterized using homology modeling based on the crystal structure of Alg17c, an exolytic oligoalginate lyase from Saccharophagus degradans 2–40. The important residues of Tyr238, Arg241, Arg418, and Glu644, which were predicted to be located within hydrogen bonding distance of the non-reducing end of alginate during exolytic catalysis, were mutated to Phe, Ala, Ala, and Ala, respectively. Exolytic activities of Arg241Ala, Glu644Ala, and Arg241Ala_Glu644Ala mutants decreased compared to the wild type, indicating that Arg241 and Glu644 are key residues for exolytic catalysis. Interestingly, these mutants produced oligomers as the main product due to inherent endolytic degradation activity. These mutational characterization results showed that KJ-2 oligoalginate lyase possesses catalytic domains for both inherent endolytic and exolytic activities.

Keywords: alginate, endolytic activity, exolytic activity, oligoalginate lyase, Stenotrophomonas maltophilia KJ-2


INTRODUCTION

Oligoalginate lyase is an enzyme belonging to the polysaccharide lyase family. This enzyme degrades the non-reducing end of alginate or oligoalginate and produces unsaturated monomers (Miyake et al., 2003; Ryu and Lee, 2011; Park et al., 2012; Jagtap et al., 2014). Oligoalginate lyase A1-IV of Sphingomonas sp. A1 and oligoalginate lyase atu3025 of Agrobacterium tumefaciens C58 have only exolytic activity and their structures have been classified into the PL-15 family (Hashimoto et al., 2000; Miyake et al., 2003; Ochiai et al., 2010). Alg17c of Saccharophagus degradans 2–40 was characterized as an oligoalginate lyase belonging to the PL-17 family (Kim et al., 2012; Park et al., 2014).

Recently, MJ-3 oligoalginate lyase from Sphingomonas sp. strain MJ-3 was characterized to possess two conserved domains of the polymannuronate specific lyase (AlgL) superfamily and heparinase II/III (Hepa II/III) superfamily. The oligoalginate lyase of MJ-3 showed highly specific alginate-degrading activity and time-dependent degradation profiles that were quite different from other oligoalginate lyases, A1-IV, and atu3025 (Hashimoto et al., 2005; Ochiai et al., 2006; Park et al., 2012; Shin et al., 2015). Generally, exolytic oligoalginate lyases do not generate an oligomer intermediate, because they release monomers one by one from the end of alginate polysaccharide chain. In contrast, MJ-3 oligoalginate lyase simultaneously generate oligomer intermediates, trimer, and dimer together with monomer due to endolytic and exolytic activity. Site-directed mutagenesis indicated the possibility that the oligoalginate lyases of MJ-3 could possess both endolytic and exolytic alginate-degrading activity (Kim et al., 2015).

The cultivation of brown algae is already practiced in several countries and cost-effective large-scale production of brown algae is expected to be implemented in the near future (Roesijadi et al., 2010; Konda et al., 2015). Recently, metabolically engineered microbial cell factories have also been constructed for the production of bioethanol from seaweed biomass (Takeda et al., 2011; Wargacki et al., 2012; Ota et al., 2013; Enquist-Newman et al., 2014; Song et al., 2015). In order to utilize non-fermentable alginate for bioethanol fermentation, alginate monosaccharide is converted to 2-keto-3-deoxygluconate (KDG) by uronate reductase, and then further metabolized to pyruvate by kinase and aldolase via the Entner-Doudoroff pathway (Takase et al., 2010).

As a prerequisite for bioethanol fermentation using metabolically engineered cells, alginate needs to be efficiently degraded into alginate monosaccharide by alginate lyases. Thus, recruitment of various alginate lyases possessing a novel and efficient alginate-degrading activity for alginate saccharification is one of the key factors in successful commercialization of brown seaweed biomass-based biofuels production. For efficient saccharification of alginate, various polyM-, polyG-, polyMG-specific alginate lyases and oligoalginate lyase needs to be used as the biocatalysts. Marine and soil microorganisms are promising resources for identifying alginate lyases (Kim et al., 2011; Zhu and Yin, 2015). Various alginate lyases with different substrate specificity, catalytic action mode, protein structures and their products have been produced from various microbial resources including Pseudomonas aeruginosa, Azotobacter vinelandii, Sphingomonas sp., Agrobacterium tumefaciens, Saccharophagus degradans, Flammeovirga sp., and etc. (Zhu and Yin, 2015; Peng et al., 2018).

In order to identify novel alginate lyases from various microbial strains, we isolated a highly active alginate-degrading marine bacterial strain KJ-2 from salted guts from hairtails (Trichiurus haumela), a traditional Korean food, with alginate as the sole carbon source (Lee et al., 2012; Shin et al., 2015). Based on 16S rDNA analysis, chemotaxonomic and molecular characterization, the isolated strain was designated as Stenotrophomonas maltophilia KJ-2. In the process of recruiting highly efficient alginate-degrading enzyme from S. maltophilia KJ-2, we identified and characterized a polyMG-specific alginate lyase that preferentially degrades the heteropolymeric random sequence of poly-MG block, which was very rarely found in nature (Lee et al., 2012). Moreover, a highly active KJ-2 oligoalginate lyase possessing AlgL- and heparinase II/III-like domains with different alginate lyase activities was identified and used to completely degrade alginate and oligoalginate into monomers. In general, relatively long reaction time is required for oligoalginate lyase with only exolytic lyase activity (Miyake et al., 2003; Ochiai et al., 2010). Compared to exolytic oligoalginate lyase, it is assumed that high degradation activity of KJ-2 oligoalginate lyase might be due to the presence of both endolytic and exolytic degradation activity. In this study, the KJ-2 oligoalginate lyase from S. maltophilia KJ-2 was functionally analyzed using site-specific mutagenesis to prove the presence of the bifunctionality of endolytic and exolytic activity in one enzyme.



MATERIALS AND METHODS


Homology Modeling and Prediction of the Active Site

The tertiary structures of oligoalginate lyases were homology modeled against the crystal structure of an oligoalginate lyase Alg17c (pdb code: 4OJZ) from Saccharophagus degradans 2–40 by using Swiss Modeler workspace (Arnold et al., 2006). Amino acid residues consisting of the active site and hydrogen bonding with the substrate were predicted and replaced with other amino acids by site-directed mutagenesis. Superimposition and analysis of molecular structures were performed by Chimera 1.10rc (Pettersen et al., 2004).



Site-Specific Mutagenesis of the KJ-2 Oligoalginate Lyase Gene

Site-specific mutagenesis of KJ-2 oligoalginate lyase (KJ-2 Oal) was carried out using a Quickchange II site-directed mutagenesis kit (Stratagene Co., United States) with the primers shown in Table 1. The recombinant pColdI/KJ-2-Oal plasmid containing oligoalginate lyase gene (GenBank Accession No. KR024335; Shin et al., 2015) excluding the signal peptide was used as the template for mutagenesis. To obtain double-site mutants, plasmid DNA containing the Arg241Ala mutant gene was used as a template. For protein expression, purified plasmids containing wild-type and mutated oligoalginate lyase genes were used for transformation of Escherichia coli BL21 (DE3), and the recombinant cells were cultured on a LB agar plate containing 50 μg/ml ampicillin. Recombinant E. coli were cultivated at 37°C for 2–3 h up to an OD600 of 0.4–0.6 in a shaking incubator at 190 rpm. The cells were incubated at 15°C for 30 min and then cultivated at 15°C for 24 h to express the oligoalginate lyase genes by the addition of 1 mM IPTG according to the method developed by Park et al. (2012).


TABLE 1. Mutation sites and primer sequences for site directed mutagenesis of KJ-2 oligoalginate lyase from Stenotrophomonas maltophilia KJ-2.

[image: Table 1]To analyze the degradation profile of alginate, an IPTG-induced recombinant cell pellet was collected by centrifugation. To purify the expressed enzyme, the cell pellet was disrupted using an ultrasonicator (Vibra Cell CX400, Sonics & Materials Inc., United States), as described previously (Park et al., 2012). The expressed (His)6-tagged fusion protein was purified using a Ni-Sepharose affinity column (Amersham Biosciences, United States). The imidazole and salt in the elution solution were removed using a HiTrapTM desalting column (Amersham Biosciences, United States), and the protein solution was stored at 4°C. The protein concentration was determined using a BCA protein assay kit (Thermo Scientific, United States). Finally, overexpressed cells were lysed using a BugBuster protein extraction reagent containing lysonase (Novagen, United States) and cell lysates were analyzed by 10% SDS-PAGE electrophoresis and the TBA method.



Enzyme Assay and Analysis of Enzymatic Degradation Products

Enzymatic degradation of alginate was performed in 20 mM phosphate buffer containing 0.2% (w/v) sodium alginate at pH 7.0 and 30°C. The alginate lyase activity was determined using the TBA method (Weissbach and Hurwitz, 1959). The degradation products were analyzed by FPLC and ESI-MS. FPLC equipped with a Superdex peptide 10/100 GL column (GE Healthcare, Sweden) was used with 0.1 M ammonium bicarbonate at a flow rate of 0.5 ml/min. The degraded unsaturated oligomers and monomer were detected by measuring the absorbance at 220 and 235 nm using a UV detector.

For determination of molecular mass, the reaction mixture containing enzyme and the degraded alginate was mixed with methanol (1:1, v/v), filtered through a 0.45-μm cellulose membrane, and then injected into an electrospray-ionization mass spectroscope (6410 Triple Quadrupole LC-MS, Agilent, United States). The mobile phase was 10 mM ammonium acetate:methanol (1:1, v/v). MS was performed in the negative mode with an ion-spray voltage of 4 kV and a source temperature of 350°C.



RESULTS


Homology Modeling and Prediction of Active Site for Exolytic Catalyst

Recently, the KJ-2 oligoalginate lyase gene (KJ-2 Oal, GenBank Accession No. KC430928) was cloned in a pColdI vector, overexpressed and then characterized (Shin et al., 2015). In the previous study, protein alignment analysis was conducted. The amino sequence of KJ-Oal showed very low sequence identity of 9.8 and 8.6% with Sphingomonas sp. A1 (A1-IV) and A. tumefaciens strain C58 (Atu3025), respectively. KJ-Oal had 51.7% sequence identity with oligoalginate lyase of Sphingomonas sp. MJ-3. KJ-2 Oal has two conserved domains, a polymannuronate lyase domain (AlgL superfamily) in the N-terminal region and a heparinase II/III like protein domain (Hepa II/III superfamily) in the C-terminal region (Figure 1).
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FIGURE 1. Conserved domains of KJ-2 oligoalginate lyase protein from Stenotrophomonas maltophilia KJ-2. KJ-2 oligoalginate lyase protein sequence was blasted within conserved domain database of NCBI. The number indicates amino acid residues. KJ-2 oligoalginate lyase contains two conserved domains with alginate lyase superfamily and heparinase II/III superfamily.


In order to determine whether KJ-2 Oal possesses a bifunctionality of endolytic and exolytic activity, we tried to mutate key amino acids involved in the exolytic catalysis to remove the exolytic activity and to confirm the existence of inherent endolytic activity. The first step for determination of bifunctionality is to identify important amino acids in exolytic catalysis. Elimination of exolytic activity can open a way to recognize inherent endolytic lyase activity of KJ-2 Oal. The second step is to generate mutants with changing the target amino acid with other one to remove or reduce exolytic lyase activity. The third step is to analyze alginate-degrading products by mutants and compare the degradation pattern with that of wild-type KJ-2 Oal to confirm the presence of inherent endolytic lyase activity of KJ-2 Oal.

For first step, we constructed a homology-model of KJ-2 Oal protein (amino acid residues from 12 to 712) by using the crystal structure of trisaccharide-bound Alg17c oligoalginate lyase from S. degradans 2–40 (Alg17c_Tyr258Ala mutant, PDB code: 4OJZ) as the template. The KJ-2 Oal protein had 50.0% amino acid sequence identity to Alg17c oligoalginate lyase (Alg17c-Oal). When the KJ-2 Oal homology model was superimposed on amino acid residues consisting of the substrate binding pocket, it was strictly superimposed upon the template structure (Figure 2). Alg17c-Oal belonging to the PL17 family has been reported to be a homodimer enzyme, which consists of two domains; imperfect α6/α6-barrel at the N-terminal domain and an antiparallel β-sheet in the C-terminal domain (Park et al., 2014). As shown in Figure 2, Glu644 in the B chain hydrogen bonds with the non-reducing end (ΔM) of the substrate on the A chain. As exolytic oligoalginate lyase cleaves the non-reducing end to an unsaturated monomer by a β-elimination reaction, the amino acid residues forming a hydrogen bond with ΔM are important during catalysis, and thus they were targeted for mutation to remove exolytic activity.
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FIGURE 2. Proposed substrate binding sites of oligoalginate lyases from Stenotrophomonas maltophilia KJ-2. KJ-2 oligoalginate lyase (GenBank Accession No. AGM38186) was homology-modeled based on the crystal structure of Saccharophagus degradans oligoalginate lyase Alg17c (4OJZ.pdb). ΔM, M, and G of trisaccharide indicate unsaturated β-D-mannuronate, α-D-mannuronate, and α-L-guluronate, respectively. KJ-2 oligoalginate lyase is represented as blue, while A chain, and B chain of template were shown as yellow and pink, respectively. Active site residues of both the homology model and template were superimposed well each other. The lable Sde-R260 and KJ-2 R241 means arginine residue at 260th and 241st of template and KJ-2 oligoalginate lyase, respectively. Hydrogen bonding between key amino acids and substrate are shown as dotted lines.


Oligoalginate lyase is an enzyme that finally produces monomers via the β-elimination reaction of glycosidic bond between unsaturated non-reducing uronate and next uronate. The crystal structure of mutant Alg17c (4OJZ.pdb) demonstrated that the bound ΔMMG trisaccharide occupied subsites -1, +1, and +2 with the non-reducing mannuronate occupying the deep cleft of the binding pocket, and then Oal cleaved the bond between -1 (ΔM) and +1 (M) (Park et al., 2014). Analysis of the KJ-2 Oal structure model showed that Arg241 (NH2) and Glu644 (OE1 and OE2 of Glu644 in another chain) were located within the hydrogen bonding distance of O3 (2.9 Å) and O3 (2.8 and 3.2 Å) of non-reducing sugar (ΔM), respectively. Tyr238 (OH) was located adjacent to O2 (2.9 Å) and O3 (3.4 Å) of ΔM, while NH1 and NH2 of Arg418 were near to O2 (2.8 Å) and O5 (3.3 Å) of ΔM, respectively. Therefore, Tyr238, Arg241, Arg418, and Glu644 were predicted to locate within hydrogen bonding distance of the non-reducing end of alginate and were identified as important amino acids in mutational characterization to eliminate exolytic activity and to recognize inherent endolytic lyase activity.



Analysis of Expression and Activity of KJ-2 Oal Mutants Using SDS-PAGE and TBA Method

We performed site-specific mutagenesis for Tyr238Phe, Arg241Ala, Arg418Ala, Glu644Ala, and Arg241Ala_Glu644Ala. The recombinant proteins of KJ-2 Oal mutants were overexpressed and analyzed by 10% SDS-PAGE electrophoresis. The recombinant wild-type and mutated proteins were over expressed (Figure 3A) and purified (Supplementary Figure S1). When 5 μg protein of each recombinant lysate was reacted with 0.2% alginate solution, the wild-type enzyme showed the highest activity, but the Arg418Ala mutant lost almost all alginate degradation activity, as shown in Figure 3B. In comparison to the wild-type KJ-2 Oal, Tyr238Phe, Arg241Ala, Glu644Ala, and Arg241Ala_Glu644Ala double mutant showed decreased activity corresponding to 8.1, 43.1, 77.6 and 61.5% after a 60-min incubation, respectively. Data obtained from kinetic characterization of wild and mutant enzymes are represented in Supplementary Table S1.
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FIGURE 3. SDS-PAGE analysis and alginate lyase activity of cell lysates harboring KJ-2 oligoalginate lyase mutants. Recombinant proteins were overexpressed by inducing with 1 mM IPTG for 20 h at 15°C and cell pellets were lysed by adding BugBuster solution containing lysonase. (A) 10% SDS-PAGE. Lane 1–7 are cell lysates containing pColdI vector, wild type, Tyr238Phe, Arg241Ala, Arg418Ala, Glu644Ala, and double mutant (Arg241Ala_Glu644Ala), respectively. (B) Alginate lyase activity. Each 5 μg protein of cell lysate was incubated with 0.2% alginate solution for indicated time. Enzyme activity was determined by TBA method.




Analysis of FPLC Profiles and Molecular Mass of Alginate Degradation Products Generated by KJ-2 Oal Mutants to Confirm the Existence of Endolytic Activity

For the analysis of alginate digestion profile, overexpressed recombinant proteins were purified using a Ni-Sepharose affinity column, and then incubated with 0.2% alginate solution. The alginate degradation products in the reaction mixture were analyzed time-dependently by FPLC. As shown in Figure 4, 50 μg of the purified wild-type KJ-2 Oal rapidly produced unsaturated monomers. This FPLC profile shows that KJ-2 Oal is an apparently exolytic alginate lyase that degrades alginate to unsaturated monomer as a final product.
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FIGURE 4. FPLC profile of time-dependent alginate degradation products digested by wild-type KJ-2 oligoalginate lyase. A 50 μg purified enzyme was reacted with 0.2% sodium alginate solution in total reaction volume 1 ml for 10 min (A) and 1 h (B), respectively. Monomer, dimer, trimer, and tetramer were detected at 35.7, 32.8, 30.6, and 35.7 min, respectively.


Firstly, we analyzed alginate degradation pattern for the mutant with changing amino acid that is expected to be not critical for lyase activity but helping exolytic degradation such as Tyr238. In the case of the Tyr238Phe mutant, this mutant initially produced unsaturated monomers and the major product was monomer after 1 h incubation (Figure 5). The FPLC profile of 1 h reaction mixture showed that replacement of phenylalanine instead of tyrosine did not remarkably affect the exolytic activity. Notably, Tyr238 was not an amino acid of the catalytic active site, but the Tyr238Phe mutant showed lower exolytic activity than wild type because the OH of Tyr238 was located within the hydrogen bonding distance of the non-reducing sugar.
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FIGURE 5. FPLC profile of time-dependent alginate degradation products digested by KJ-2 Tyr238Phe mutant. A 50 μg purified enzyme was reacted with 0.2% sodium alginate solution in total reaction volume 1 ml for 10 min (A) and 1 h (B), respectively. Monomer, dimer, trimer, and tetramer were detected at 35.7, 32.8, 30.6, and 35.7 min, respectively.


In subsequent mutation study, we determined the alginate degradation pattern of mutants with changing key amino acids that most probably play an important role in exolytic lyase activity, such as Arg241, Arg418, and Glu644. For these mutation study, we deduced that the mutations with key amino acid of exolytic lyase activity would result in decrease or removal of exolytic activity with showing inherent endolytic lyase activity of KJ-2 Oal. With respect to Arg241, the NH2 of Arg241 was predicted to interact with O3 (2.9 Å) of the non-reducing sugar (ΔM). When 50 μg of the purified Arg241Ala mutant protein was incubated with 0.2% alginate solution, the resulting FPLC profile was different from those of wild-type KJ-2 Oal and Tyr238Phe mutant (Figure 6). The mixture after a 10-min incubation showed many peaks indicating unsaturated oligomers, including pentamer, tetramer, trimer, and dimer that were more abundant than the monomer peak. This is first clue that KJ-2 Oal with Arg241Ala mutation exhibited inherent endolytic activity. The dimer peak was still higher than the other peaks even after the Arg241Ala mutant was incubated for 1 h. The absorbance of the monomer generated by the mutant exolytic activity was much lower than that generated by the wild type. These data showed that arginine at 241, which interacted with O3 of non-reducing end by hydrogen bonding, was an important residue during exolytic catalysis.
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FIGURE 6. FPLC profile of time-dependent alginate degradation products digested by KJ-2 Arg241Ala mutant. A 50 μg purified enzyme was reacted with 0.2% sodium alginate solution in total reaction volume 1 ml for 10 min (A) and 1 h (B), respectively. Monomer, dimer, trimer, tetramer, and pentamer were detected at 35.7, 32.8, 30.6, 28.5, and 27.2 min, respectively.


The NH1 and NH2 of Arg418 was predicted to interact with O2 and O5 of ΔM, respectively, and also with O4 of M [O4 of β(1–4) glycosidic bond]. When 100 μg of the purified Arg418Ala mutant protein was incubated with 0.2% alginate solution, the absorbance of total degradation products including the monomer was very low (see the scale of Figure 7). Thus, we have demonstrated Arg418 as an important residue for exolytic degradation of alginate.
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FIGURE 7. FPLC profile of time-dependent alginate degradation products digested by KJ-2 Arg418Ala mutant. A 100 μg purified enzyme was reacted with 0.2% sodium alginate solution in total reaction volume 1 ml for 10 min (A) and 1 h (B), respectively. Monomer, dimer, trimer, tetramer, and pentamer were detected at 35.7, 32.8, 30.6, 28.5, and 27.2 min, respectively.


Alg17c oligoalginate lyase from S. degradans 2–40 was composed of a homodimer, and dimerization occurred via insertion of an antiparallel β-turn, encompassing residues from Gly660 through Ala672, from the C-terminal β-sheet domain on one monomer into the α6/α6-barrel of the other monomer (Park et al., 2014). When KJ-2 Oal was homology-modeled on the Alg17c co-crystal structure, an antiparallel β-turn (Gly637 through Ala649) was expected adjacent to the α6/α6-barrel of the other chain. The carboxylate (OE1 and OE2) of Glu644 in the B chain (pink color) was predicted to interact with O3 of ΔM in the A chain (yellow color), as shown in Figure 2. Interestingly, when the Glu644Ala mutant of KJ-2 Oal was incubated with 0.2% alginate solution, the FPLC chromatogram showed very low exolytic activity, but high endolytic activity (Figure 8). When the reaction was prolonged to 7 h, the dimer peak of 7 h incubation was higher than that of 1 h, but the monomer peak after 7 h was similar to that of 1 h (data not shown). This clearly supports that KJ-2 Oal possesses inherent endolytic activity. Similarly, the Arg241Ala_Glu644Ala double mutant of KJ-2 Oal also produced large amounts of oligomers (data not shown for the double mutant), which also indicates that KJ-2 Oal possesses endolytic activity. Based on these data, we concluded that KJ-2 Oal possesses inherent endolytic activities together with an exolytic activity. Furthermore, Arg241, and Glu644 of KJ-2 Oal were proven to be important residues for exolytic activity of KJ-2 Oal.
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FIGURE 8. FPLC profile of time-dependent alginate degradation products digested by KJ-2 Glu644Ala mutant. A 50 μg purified enzyme was reacted with 0.2% sodium alginate solution in total reaction volume 1 ml for 10 min (A) and 1 h (B), respectively. Monomer, dimer, trimer, tetramer, and pentamer were detected at 35.7, 32.8, 30.6, 28.5, and 27.2 ml, respectively.


Figure 9 shows the analytical results on alginate degradation products digested by wild-type KJ-2 Oal and Glu644Ala mutant. The degradation products were analyzed by FPLC, LC-MS, and UV/Vis. Herein, we found that the intensity of monomer and dimer via FPLC at 220 nm and 235 nm were quite different from each other (Figures 9A,B). The reason why this discrepancy occurs can be explained by Figure 9E. The dotted and solid lines of Figures 9A,B represent absorbance curves for monomer and dimer, respectively. The absorbance at 235 nm of monomer was lower than that at 220 nm, while the absorbance values at 235 and 220 nm were almost identical for the dimer and oligomer. Thus, FPLC analysis of the monomer could not be applied for quantification of monomer, but only indicates the presence of monomer in the degradation mixture. The intensities of monomer and dimer peaks via FPLC were not linearly proportional to those of LC-MS. Figures 9C,D shows the LC-MS profiles of alginate degradation products by wild-type KJ-2 Oal and Glu644Ala after a 1-h incubation (Figures 9C,D are from the same samples as Figures 9A,B, respectively). The reaction product of wild-type KJ-2 Oal was confirmed to be an unsaturated monomer (m/z = 175.0), which has a molecular weight of 176 Da (Kim et al., 2012). In the case of Glu644Ala, although the FPLC monomer peak was six-fold smaller than the dimer, the LC/MS monomer peak (m/z = 175.0) was almost 60% of the dimer peak (m/z = 351.0). These results also support the fact that FPLC analysis shows the presence of monomer in the degradation mixture, but not in a quantitative manner. Thus, FPLC analysis of alginate degradation products generated by Oal, such as KJ-2 Oal, should be used in qualitative analysis for the existence of a monomer, dimer, and oligomers.
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FIGURE 9. Analysis of alginate degradation products digested by wild-type KJ-2 oligoalginate lyase and Glu644Ala mutant. A 50 μg purified enzyme was reacted with 0.2% sodium alginate solution in total reaction volume 1 ml for 1 h. (A,B) FPLC chromatograms of degradation products by wild type and Glu644Ala mutant. Solid line and dashed line mean the absorbance at 235 nm and 220 nm, respectively. (C,D) LC/MS spectra of degradation products by wild type and Glu644Ala. 175 and 351 indicate m/z main peaks of monomer and dimer, respectively. (E) UV absorption spectra. Absorption spectrum of the alginate degradation products by Glu644Ala mutant (solid line) was compared to that of wild type (dashed line). The degradation products of same samples of (A) and (B) were diluted to five folds of for the determination of UV spectra.




DISCUSSION

In this study, we characterized and proved the bifunctionality of the novel oligoalginate lyase of S. maltophilia KJ-2 possessing two conserved domains, an AlgL domain in the N-terminal region and a heparinase-like protein domain in the C-terminal region, by using site-specific mutagenesis (Pettersen et al., 2004; Kim et al., 2015; Shin et al., 2015). In previous studies, the AlgL domain showed endolytic alginate lyase activity, while the heparinase II/III domain showed relatively more exolytic alginate lyase activity (Park et al., 2012; Shin et al., 2015). However, these studies did not analyze the role of key amino acid residues.

Previously, Park et al. (2014) reported that site-directed mutation in some residues of the exolytic oligoalginate lyase, Alg17c from S. degradans, affected exolytic activity. Among the mutants, Tyr258Ala and Tyr450Ala, which function as a general acid and base catalyst, respectively, completely lost its activity. However, in that study, due to using alginate trisaccharides as the substrate, only exolytic activity could be observed. Thus, we used alginate as the substrate instead of trisaccharides, and we mutated key residues of Tyr238, Arg241, Arg418, and Glu644 that were expected to be located within hydrogen bonding distance of the non-reducing end of alginate during exolytic catalysis (Ochiai et al., 2010; Jagtap et al., 2014). These key residues correspond to the template (Alg17c) residues (Tyr257, Arg260, Arg438, and Glu667, respectively) that were previously suggested to be involved in substrate binding (Park et al., 2014). The Arg241Ala and Arg418Ala mutants showed reduced activity compared with the wild-type, which corresponds to the result of Park et al. (2014) that the activities of Arg260Ala and Arg438Ala mutants of Alg17c were significantly decreased. Furthermore, the exolytic activities of Arg241Ala, Glu644Ala, and Arg241Ala_Glu644Ala mutants sharply decreased, indicating that Arg241 and Glu644 play a key role in the exolytic activity of KJ-2 Oal. However, these mutants generated much more oligomers, trimer, and dimer than the wild-type KJ-2 Oal on the basis of same reaction time, which indicates that those mutants have endolytic activity. Because we used alginate as the substrate in this study, the endolytic activity, which could not be observed due to large exolytic activity of wild-type KJ-2 Oal, was detected. As the endolytic activity was observed after removing the exolytic activity, wild-type KJ-2 Oal was proved to possess both intrinsic endolytic and exolytic activities. This is one of the most important results of this study.

We have an evidence demonstrating that the endolytic activity of wild-type KJ-2 Oal is not a novel activity caused by mutation, but an inherent activity of wild-type KJ-2 Oal. In our previous study, when Arg236 of Sphingomonas sp. MJ-3 oligoalginate lyase (MJ-3 Oal) was replaced with alanine, the overexpressed MJ-3 Oal protein was proteolytically cleaved into 32.0 and 47.6 kDa fragments. Each fragment possesses an AlgL domain in the N-terminal and a heparinase II/III-like domain in the C-terminal, which were expected to exhibit endolytic and exolytic activity, respectively. However, neither could degrade trimer into monomer, that is, both fragments showed low endolytic activity despite only 32.0 kDa fragment contained the AlgL domain (Park et al., 2012; Kim et al., 2015). These results indicated that both two domains possess an endolytic activity. Previously, the DNA fragments of the N-terminal AlgL domain (amino acid residues 1 to 282), and C-terminal heparinase II/III-like domain (amino acid residues 283 to 641) of the MJ-3 Oal were independently subcloned, expressed and purified, and then reacted with alginate. When the reaction products were analyzed by LC-MS, both fragments demonstrated a strong dimer peak (m/z = 351, intensity = 12400–3800), while the monomer peak (m/z = 175, intensity = 300–1000) was very low (data not shown). These results also support that both fragments possess an endolytic activity.

In another previous study, we subcloned the AlgL-like or heparinase II/III-like domain of the KJ-2 Oal, and then expressed the recombinant protein for comparison with the wild-type KJ-2 Oal (Shin et al., 2015). In contrast to the MJ-3 Oal, the AlgL-like recombinant protein and heparinase II/III-like recombinant protein exhibited endolytic and exolytic activities, respectively. Therefore, it seems that endolytic and exolytic activity exist separately in each fragment. However, according to the results of the present study, the Arg241Ala mutant, which contains the AlgL domain residue and was expected to exhibit endolytic activity, showed reduced exolytic activity (Supplementary Figure S2). Consequently, we identified that the endolytic activity of KJ-2 Oal existed not only in the AlgL-like domain, but also together with the heparinase II/III-like domain. That is, from the results in this study, we confirmed that KJ-2 Oal has inherent endolytic activity based on site-directed mutagenesis.

Besides the key residues mentioned above, even though we did not check other residue mutations, we can obtain some information about those residues from several references. In Figure 2, His183 and Tyr430 residues, which correspond to the template (Alg17c) residues His202 and Tyr450, respectively, are related to reaction chemistry (Park et al., 2014). Asn182, His183, His393, and Tyr430, which correspond to the MJ-3 Oal residues Asn177, His178, His389, and Tyr426, respectively, are involved in active sites (Park et al., 2012; Kim et al., 2015). However, although these residue mutants showed a decreased activity, alginate was entirely degraded into monomer upon prolonged reaction time. Among those residues, His389 and Tyr 426 of MJ-3 Oal are mentioned as key amino acids, which are involved in binding site of unsaturated heparin dimer (Shaya et al., 2006; Park et al., 2012).

Two important issues have not been addressed. First, other important residues for maintaining exolytic activity may exist, in addition to Arg241 and Glu644. This is because only the monomer was generated when large amounts of mutant enzymes with low exolytic activity, such as Arg241Ala and Glu644Ala mutants, were used for extended reaction time. In addition, it is unclear what amino acids in KJ-2 Oal are involved in endolytic catalysis of KJ-2 Oal. These important issues will be investigated in near future.

In conclusion, functional characterization of KJ-2 Oal using site-specific mutation revealed a bifunctional mode of action possessing both endolytic and exolytic degradation activity. Recruitment of a novel bifunctional alginate lyase, such as KJ-2 Oal, will offer more efficient alginate degradation without the need for many alginate lyases with endolytic and exolytic activity.
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Viral infections are one of the main human health problems in recent decades and the cancer remains one of the most lethal diseases worldwide. The development of new antiviral drugs for the treatment of human adenovirus (HAdV) infections continues to be a challenging goal for medicinal chemistry. There is no specific antiviral drug approved to treat infections caused by HAdV so far and the off-label treatments currently available show great variability in their effectiveness. In relation to cancer, most of the available drugs are designed to act on specific targets by altering the activity of involved transporters and genes. Taking into account the high antiviral and antiproliferative activity against tumor cell lines displayed by some marine natural products reported in the literature, sixty five marine organisms were selected: 51 sponges (Porifera), 13 ascidians (Chordata), and 1 gorgonian (Cnidaria), collected from Yucatan Peninsula, Mexico, to evaluate their antiviral activity against human adenovirus type 5 (HAdV5) and their anticancer properties against five human tumor cell lines, namely human lung carcinoma (A549), human skin melanoma (A2058), hepatocyte carcinoma (HepG2), breast adenocarcinoma (MCF7), and pancreas carcinoma (MiaPaca-2). Eleven extracts displayed anti-HAdV activity being the organic extracts of Dysidea sp., Agelas citrina, Chondrilla sp., Spongia tubulifera, and Monanchora arbuscula the five most active ones. On the other hand, 24 extracts showed antiproliferative activity against at least one tumor cell line, being the extracts of the ascidian Eudistoma amanitum and the sponge Haliclona (Rhizoniera) curacaoensis the most active ones. This work constitutes the first wide antiviral and antiproliferative screening report of extracts from the marine sponges, ascidians, and a gorgonian collected from the Yucatan Peninsula, Mexico.

Keywords: antiviral, antiproliferative, Yucatan Peninsula, marine organisms extracts, sponges, ascidians, gorgonian


INTRODUCTION

Human adenoviruses (HAdV) are non-enveloped viruses with an icosahedral capsid containing a linear double-stranded DNA whose size ranges from 34 to 37 kb in size (Lion, 2014). Currently, more than 100 serotypes have been identified and grouped into 7 HAdV species (HAdV-A to -G) in Mastadenovirus genus (Qiu et al., 2018; HAdV Working Group, 2019). HAdV infections are common in the human population, as indicated by the high seroprevalence of anti-adenovirus antibodies (ranging from 80 to 90% in sub-Saharan Africa, and from 30 to 70% in Europe and North America), but in otherwise healthy adults, these infections are generally mild and self-limited (Grosso et al., 2017; Inturi et al., 2018). On the other hand, with the advances in molecular techniques of diagnosis, HAdV have been found to be increasingly involved in occasional cases and outbreaks of community-acquired pneumonia (CAP) in healthy population (Yu et al., 2015; Kajon and Ison, 2016; Tan et al., 2016; Jonnalagadda et al., 2017; Yoon et al., 2017). In immunocompromised patients, HAdV infections occur with a wide clinical symptomatology including pneumonia, colitis, hepatitis, hemorrhagic cystitis, tubule-interstitial nephritis or encephalitis, which could result in disseminated disease with high morbidity and mortality in this population especially in pediatric units (Lion, 2014; Sulejmani et al., 2018).

Despite HAdV significant clinical impact, there is currently not an approved drug to treat these infections and the off-label antiviral drugs currently available such as ribavirin, ganciclovir and cidofovir show high variability in their clinical efficacy and their use is also limited by their poor bioavailability and side effects (nephrotoxicity or bone marrow suppression). Brincidofovir (CMX001), a lipidic conjugate of cidofovir, that finished a phase III clinical trial in 2016 with no reported results so far (ClinicalTrials.gov Identifier: NCT02087306) and is now being evaluated for the treatment of serious HAdV infection or disease (ClinicalTrials.gov Identifier: NCT02596997), represents the only potential alternative to be used for the treatment of HAdV infections (Toth et al., 2008; Paolino et al., 2011). Based on this scenario, the research on additional drugs with increased anti-HAdV efficacy is thus necessary.

On the other hand, cancer remains one of the most life-threatening disease and an economic burden worldwide (Bray et al., 2018). Cancer is an abnormal growth of cells and tissues, mainly influenced by the environmental and genetic factors of each individual. More than 277 types of cancer have been identified and diagnosed among which prostate, breast, lung, colon, rectum, bronchus, and urinary bladder cancers are the predominant ones (Wogan et al., 2004; Kumar and Adki, 2018; Khalifa et al., 2019). In 2018, approximately 18 million new cases of cancer were reported globally, resulting in approximately 10 million deaths (Vogelstein and Kinzler, 2004; Bray et al., 2018). Currently four cancer treatments are available, which include: surgery, radiotherapy, chemotherapy, and immunotherapy (Topalian et al., 2012; Bray et al., 2018; June et al., 2018). Unlike surgery and radiotherapy, which are treatment methods mainly indicated for solid tumors, chemotherapy is a treatment that interferes with the process of growth and cell division in tumor cells (Ma and Wang, 2009). Although tumor recurrence and metastasis are usual in some cases, several drugs for cancer chemotherapy are currently in use with a considerably high therapeutic success (Kuczynski et al., 2013; Widmer et al., 2014).

In this regard, society has become more and more reliant upon the availability of safe and efficacious pharmaceutical products with fewer side effects. Considering that the marine world provides approximately half of the total biodiversity on earth (Aneiros and Garateix, 2004; Vo and Kim, 2010), and of course the vast expanse of the ocean, this underwater environment would represent an exceptional opportunity for the search of new chemical compounds (Bhadury et al., 2006) with biological activities for the development of new anticancer and antiviral therapies. Today, around 29,000 new compounds have been reported from marine species, such as sponges, ascidians, corals, and bacteria, and they represent a huge structural diversity of secondary metabolites with very promising candidates to be developed as new drugs (Blunt et al., 2017; Pye et al., 2017). Up to date, agencies such as United States Food and Drug Administration (FDA), European Medicines Agency (EMEA), Japanese Ministry of Health or Australia’s Therapeutic Goods Administration have approved only 8 compounds from marine origin as therapeutic drugs, and 22 drug candidates are in phases I, II, or III clinical trials (Pereira, 2019). Five out of the approved drugs are used in cancer therapies, namely Cytarabine (ara-C), Trabectedin, Eribulin mesylate, Brentuximab vedotin, and plitidepsin (dehydrodidemnin B), while just one is used to treat viral infections, which is the Vidarabine (ara-A) (Jiménez, 2018). In addition, due to the current SARS-CoV-2 pandemic situation, marine compounds have acquired special interest as a potential source of antiviral candidates (Gentile et al., 2020; Khan et al., 2020).

The coasts of Mexico extend along 11,122 km of maritime littorals from the Pacific Ocean to the Caribbean Sea and the Gulf of Mexico, where a rich marine flora and fauna can be found (Morales et al., 2006). Even so, the underwater Mexican ecosystems remains largely unexplored. Particularly, the Yucatan Peninsula (YP), with 1,500 km of coastline, which includes the Mexican States of Campeche, Yucatan and Quintana Roo (Herrera-Silveira et al., 2004), that extends along approximately 14% of total Mexican coast and it harbors a great biological diversity in the shore and the ocean (Bye et al., 1995). All along the western and northern coasts of the YP, extends a region known as the Campeche Bank (CB) with abundant coral reef ecosystems either well offshore (>100 km, such as Alacranes reef, Cayo Arenas, Cayo Arcas, among others) or closer to the shore of the Yucatan state (such as Sisal, Madagascar, and Serpiente); both have been recognized as important biodiversity hotspots (Jordán-Dahlgren, 2002; Tunnell et al., 2007; Ortiz-Lozano et al., 2013; Zarco-Perelló et al., 2013). Additionally, the eastern coast of YP is part of the Mesoamerican Reef, which contains the largest barrier reef in the Western Hemisphere, stretching nearly 700 miles from the northern tip of the YP down through the Honduran Bay Islands (Villela et al., 2003). The potential of Mexican marine resources along the coasts of the YP has not been intensively investigated. Most of the few reports are limited to the evaluation of the biological activity of their organic extracts and there are very few studies on the chemistry of the natural products (Pech-Puch et al., 2020).

As far as we know, the only study of the antiviral activity in extracts of marine organisms from the YP was the report about the high activity of the L-carrageenan polysaccharide obtained from the red algae Solieria filiformis (Peñuela et al., 2018). In relation to antiproliferative activity of the marine extracts of YP, there are only two reports corresponding to the evaluation of 30 extracts obtained exclusively from seaweeds (Moo-Puc et al., 2009; Caamal-Fuentes et al., 2014a) which yielded, so far, four compounds with antiproliferative activity: the diterpene dictyol B acetate, the steroid fucosterol (Caamal-Fuentes et al., 2014b) and the triterpenoid saponins stichloroside B2 and astichoposide C (Graniel-Sabido et al., 2016).

In our constant search for new biological compounds, the decision to explore the marine biodiversity of YP waters was made. In this work, we report the most comprehensive study undertaken to date on antiviral and antiproliferative screening of marine invertebrate species collected along the coasts of the YP, including a total of 65 organic extracts from sponges, ascidians and gorgonians.



MATERIALS AND METHODS


Animal Collection and Identification

Sixty five marine organisms (51 sponges, 13 ascidians, and 1 gorgonian) were collected by snorkeling and scuba diving in two different ecosystems in the Yucatan Peninsula, coral reef and mangroves, during three different periods of time: September–December 2016, January–March 2017, and September 2018. The selected species were collected from two different regions of the Yucatan Peninsula: Mexican Caribbean (Cozumel Island, Rio Indio, Mahahual and Bermejo, Quintana Roo) and Campeche Bank (Alacranes Reef and Progreso, Yucatan) in areas that were chosen based on their rich biological diversity present in coral reefs, islands and mangroves (Figure 1).
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FIGURE 1. Sites of collection of marine organisms in the Yucatan Peninsula, Mexico.


The samples were labeled with a code according to the collection site, stored in plastic bags and chilled on ice during transport to the laboratory. Voucher specimens of sponges were deposited in the Phylum Porifera Gerardo Green National Collection of the Institute of Marine Sciences and Limnology (ICMyL) at the National Autonomous University of Mexico (UNAM), Mexico City, while voucher specimens of ascidians and gorgonian were deposited in the Marine Biology Collection at the Autonomous University of Yucatan (UADY) in Yucatan, Mexico.

The sponges were identified at the ICMyL-UNAM (Mexico) while the ascidians were identified at the University of Vigo (Spain), the Autonomous University of Yucatan (Mexico) and the University of A Coruña, Spain. Information about the taxonomic identification of all the selected marine organisms, code numbers, site of collection, weight of each organic extract along with the antiviral and antiproliferative activity previously reported for each studied species are shown in Table 1. Figures 2, 3 show the structures of compounds with antiviral and antiproliferative activities, respectively, previously reported from the marine organisms present in this study.


TABLE 1. Taxonomic information, voucher numbers, site of collection, weight of the organic extract and previously activity reported for the species studied.
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FIGURE 2. Selected structures of compounds with reported antiviral activities displayed in Table 1. 7: ecteinascidin 743; 11: isosemnonorthoquinone; 12: ilimaquinone; 13: smenospongine; 19: 4-methylaaptamine.
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FIGURE 3. Selected structures of compounds with reported antiproliferative activities displayed in Table 1. 1: (S)-6-(sec-butyl)-3-isopropylpyrazin-2(1H)-one; 2: (S)-3-(sec-butyl)-6-isopropylpyrazin-2(1H)-one; 3: (S)-6-(sec-butyl)-3-isobutylpyrazin-2(1H)-one; 4: didemnin B; 5: eudistomin E; 6: eudistalbin A; 7: ecteinascidin 743; 8: briareolate ester L; 9: (−)-agelasidine C; 10: thiocoraline; 14: scalarane sesterpenoid; 15: araguspongine C; 16: meso-araguspongine C; 17: cyclic peroxide methyl capucinoate A; 18: norbatzelladine A; 20: aaptamine; 21: 11-deoxyfistularin-3.




Preparation of the Organic Extracts

Sliced bodies of each species were exhaustively extracted with the mixture of dichloromethane-methanol (1:1), three times with 500 mL (1.5 L total volume) at 25°C for 24 h for each extraction. After filtration, the solvent was then removed by rotatory evaporator at 40°C and the crude extract stored at −20°C in tightly sealed glass vials.



Antiviral Assays


Viruses and Cells

Human A549 (human lung carcinoma) and 293 (human embryonic kidney) cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States). The 293β5 stable cell line overexpressing the human β5 integrin subunit was kindly provided by Dr. Glen Nemerow (Nguyen et al., 2010). Both cell lines were propagated in Dulbecco’s modified Eagle medium (DMEM, Life Technologies/Thermo Fisher) supplemented with 10% fetal bovine serum (FBS) (Omega Scientific, Tarzana, CA, United States), 10 mM HEPES, 4 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.1 mM non-essential amino acids (complete DMEM). Wild-type HAdV5 was obtained from ATCC. The HAdV5-GFP showed in this work is a replication-defective virus with a CMV promoter-driven enhanced green fluorescent protein (eGFP) reporter gene cassette in place of the E1/E3 region (Nepomuceno et al., 2007). HAdV were propagated in 293β5 cells and isolated from the cellular lysate by cesium chloride (CsCl) density gradient combined with ultracentrifugation. Virus concentration, in mg/mL, was calculated with the Bio-Rad protein assay (Bio-Rad Laboratories) and converted to virus particles/mL (vp/mL) using 4 × 1012 vp/mg.



Plaque Assay

Natural extracts were tested using low multiplicity of infection (MOI) (0.06 vp/cell) and at concentration of 10 μg/mL in a plaque assay. Organic extracts that showed HAdV inhibition greater than 70% were tested in a dose-response assay ranging from 10 to 0.625 μg/mL in plaque assay. Briefly, 293β5 cells were seeded in 6-well plates at a density of 4 × 105 cells per well in duplicate for each condition. When cells reached 80–90% confluency, they were infected with HAdV5-GFP (0.06 vp/cell) and rocked for 2 h at 37°C. After incubation, the inoculum was removed and the cells were washed once with phosphate buffered saline (PBS). The cells were then carefully overlaid with 4 mL/well of equal parts of 1.6% (water/vol) Difco Agar Noble (Becton, Dickinson and Co., Sparks, MD, United States) and 2× EMEM (Minimum Essential Medium Eagle, BioWhittaker) supplemented with 2× penicillin/streptomycin, 2× L-glutamine, and 10% fetal bovine serum (FBS). The mixture also contained the extracts in concentrations ranging from 10 to 0.625 μg/mL. Following incubation for 7 days at 37°C, plates were scanned with a Typhoon 9410 imager (GE Healthcare Life Sciences) and plaques were quantified with ImageJ (Schneider et al., 2012). This assay was performed in duplicate.



Cytotoxicity Assay

The cytotoxicity of the extracts was analyzed by the use of the commercial kit AlamarBlue® (Invitrogen, Ref. DAL1025). A549 cells at a density of 5 × 103 cells/well in 96-well plates were seeded. Decreasing concentrations of each extract (100, 80, 60, 40, 30, 20, 10, 5, 2.5, 1.25, and 0 μg/mL) were diluted in 100 μL of Dulbecco’s Modified Eagle Medium (DMEM). Cells were then incubated at 37°C for 48 h following the manufacture’s indications. The cytotoxic concentration 50 (CC50) value was calculated using the statistical package GraphPad Prism. This assay was performed in duplicate.



Entry Assay

The anti-HAdV activity was initially measured in an entry assay using human A549 epithelial cells (3 × 105 cells/well in corning black wall, clear bottom 96-well plates) infected with HAdV5-GFP (2,000 vp/cell) in the presence of 12.5 μg/mL of each extract and in a dose-response assay. A standard infection curve was generated in parallel by infecting cells in the absence of extracts using serial twofold dilutions of the virus. All reactions were done in triplicate. Cells, viruses, and extracts were incubated for 48 h at 37°C and 5% CO2. Infection, measured as HAdV5-mediated GFP expression, was analyzed using a Typhoon 9410 imager (GE Healthcare Life Sciences) and quantified with ImageQuantTL (GE Healthcare Life Sciences).



Statistical Analyses

Statistical analyses were performed with the GraphPad Prism 5 suite. Data are presented as the mean of duplicate/triplicate samples ± standard deviation (SD).



Antiproliferative Assays

Colorimetric MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assays were carried out to assess the cell viability of the samples against a panel of five different tumor cell lines (i.e., human lung carcinoma A549 ATCC® CCL-185TM, human skin melanoma A2058 ATCC® CRL-11147TM, hepatocyte carcinoma HepG2 ATCC® HB-8065TM, breast adenocarcinoma MCF7 ATCC® HTB-22TM and pancreas carcinoma MiaPaca-2 ATCC® CRL-1420TM). All cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States). A549 cells were grown in Ham’s F12K medium with 2 mM Glutamine, 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. A2058 and HepG2 were grown in ATCC formulated Eagle’s M essential medium (MEM) with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate and 100 μM MEM non-essential amino acids. MCF-7 cells were grown in the previous medium supplemented with 0.01 mg/mL of bovine insulin. MiaPaca-2 cells were grown in DMEM with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin (Audoin et al., 2013). The antiproliferative activity was assessed after 48 h of treatment with extracts at concentrations of 30, 15, and 7.5 μg/mL.



RESULTS AND DISCUSSION

The antiviral and antiproliferative activity of the organic extracts from 65 marine organisms, corresponding to 51 sponges, 13 ascidians, and 1 gorgonian, collected from two different ecosystems in the Yucatan Peninsula, coral reef and mangroves, were evaluated. Around 17% of the extracts showed antiviral activity against HAdV and 37% of them displayed antitumor activity against one or more tumor cell lines.


Antiviral Screening

Marine organisms are invaluable sources of bioactive natural products, some of them being highly significant hits for drug development against pathogenic bacteria, viruses, and fungi (Sagar et al., 2010). A current interest in developing antiviral drugs has been increased since viral diseases have become major human health problems (Sagar et al., 2010).

The results of the antiviral evaluation of marine organic extracts are shown in Table 2. Eleven extracts displayed significant in vitro antiviral activity against HAdV (Table 2), in particular extracts from the ascidian Clavelina sp. and 10 sponges which include: Agelas citrina, Myrmekioderma gyroderma, Ectyoplasia sp., Chondrilla sp., Dysidea sp., Ircinia felix (collected from Rio Indio, Quintana Roo), Spongia tubulifera, Monanchora arbuscula, Aaptos sp., and Cinachyrella kuekenthali.


TABLE 2. IC50, CC50, SI, % inhibition of HAdV infection and % inhibition of HAdV entry of organic extracts of marine organisms from the Yucatan Peninsula.
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The extracts of the sponges Dysidea sp., A. citrina, Chondrilla sp., S. tubulifera, and M. arbuscula showed the higher activity with an inhibition > 97% at 10 μg/mL concentration and IC50 values between 0.53 and 2.15 μg/mL in the plaque assays (Table 2). The same sponges species showed >98% inhibition in the entry assay at 12.5 μg/mL and IC50 values of 5.24 μg/mL for Dysidea sp., 4.74 μg/mL for A. citrina, 3.23 μg/mL for M. arbuscula, 2.35 μg/mL for S. tubulifera, and 1.09 μg/mL for Chondrilla sp. The CC50 values were 19.84 μg/mL for S. tubulifera, 19.46 μg/mL for Dysidea sp., 6.45 μg/mL for M. arbuscula, 5.35 μg/mL for A. citrina and 2.45 μg/mL for Chondrilla sp. The sponge S. tubulifera displayed the best selectivity index (SI = 37.43), followed by Dysidea sp. (SI = 17.38), A. citrina (SI = 5.05), M. arbuscula (SI = 3.00), and finally Chondrilla sp. (SI = 1.87) (Table 2).

The ascidian Clavelina sp. displayed more than 80% inhibition of HAdV5 infection at 10 μg/mL and an IC50 of 3.65 μg/mL in the plaque assay. In the entry assay, it showed 39% of inhibition at 12.5 μg/mL and in addition, it showed a CC50 value of 39.69 μg/mL and the third best selectivity index (10.87).

The sponges M. gyroderma, Ectyoplasia sp., C. kuekenthali, Aaptos sp., and M. arbuscula showed an inhibition of HAdV5 infection ranging from 71 to 98.97% at 10 μg/mL, and IC50 values between 2.15 and 10 μg/mL. The CC50 values were 22.26 μg/mL for M. gyroderma, 39.77 μg/mL for Ectyoplasia sp., 30.06 μg/mL for C. kuekenthali, 22.72 μg/mL for Chondrilla sp. and 6.45 μg/mL for M. arbuscula. The selectivity index for the five sponges showed values between 2.27 and 3.97.

For some of the organisms included in this work, the antiviral activity of the extract had been previously described (Table 1) as well as the activity of some of their constituent compounds (Figure 2). That is the case of the species Trididemnum solidum, Eudistoma sp., Amphimedon compressa, or Aaptos sp., which extracts display significant anti-HSV or anti-SV40 activities with IC50 ranging between 0.05 and 3.12 μg/mL (Table 1). However, the antiviral activity showed for the former extracts did not always correlate with their corresponding anti-HAdV activity. Indeed, T. solidum, Eudistoma sp., and A. compressa extracts showed very low or any anti-HAdV activity (Table 2). Moreover, although the Thetya sp. extract displayed anti-HSV-1 activity, its antiviral activity against HAdV was only reached at high concentrations (Tables 1, 2).

On the contrary, the extract of the species Aaptos sp. showed both potent anti-HSV-1 (Table 1) and significant anti-HAdV activity (Table 2 and Figure 2). On the other hand, the anti-HAdV activity showed by the extract from Dysidea sp. was significantly higher than the anti-HIV activity, however, the Niphates erecta extract was significantly more active against HIV-1 than against HAdV (Tables 1, 2). The anti-HIV activity of both extracts from Dysidea sp. and N. erecta was previously reported.

These data are in line with previous studies from other groups which showed a wide variability in virus inhibition of extracts from marine sponges and cnidarian products (Cheung et al., 2014). Despite the fact that many authors published results of screening of marine organisms for antiviral activity (Donia and Hamann, 2003), there are no many screenings of marine extracts centered on detecting anti-HAdV activity, thus these results highlight the importance of studying further marine organisms extracts against HAdV as sources of new antiviral drugs.

Regarding the possible mechanism of action for the extracts from Dysidea sp. and S. tubulifera, depending on the HAdV entry inhibition assay and cytotoxic concentrations, it may be related to the first steps during HAdV entry into the cell host. On the other hand, the antiviral activity of the extracts from Clavelina sp., Aaptos sp. and Cinachyrella kuekenthali would be associated with later steps after the entry of HAdV genomes into the nucleus. The significant antiviral activity showed by Aaptos sp. against both HSV-1 and HAdV suggests a potential broad-spectrum mechanism of activity that will require further study. The very similar IC50 values of the entry assay with those of CC50 makes difficult to hypothesize the potential mechanism of action for A. citrina, Chondrilla sp., and M. arbuscula extracts.



Antiproliferative Screening

The results of the antiproliferative evaluation of marine organic extracts are shown in Table 3 as well as the extracts (Table 1) and compounds (Figure 3) previously described for their antiproliferative activity. Twenty-four extracts showed growth inhibition for one or more tumor cell lines, namely those obtained from 4 ascidians (Clavelina sp., T. solidum, Polysyncraton sp., and E. amanitum) and 20 sponges (A. citrina, M. gyroderma, Chondrilla caribensis f. hermatypica, Leucetta floridana, Cliona varians, Dysidea sp., S. tubulifera, Haliclona (Rhizoniera) curacaoensis, A. compressa, Plakinastrella onkodes, Monanchora arbuscula, Clathria gomezae, Mycale laevis (collected from Mahahual, Quintana Roo), and Scopalina ruetzleri (collected from Progreso, Yucatan and Rio Indio, Quintana Roo), Aaptos sp., Tethya sp., C. kuekenthali, and Aiolochroia crassa (collected from Alacranes Reef, Yucatan and Mahahual, Quintana Roo). Interestingly, the extracts of two organisms, the ascidian E. amanitum and the sponge H. (Rhizoniera) curacaoensis, displayed the most potent antiproliferative activities with a complete growth inhibition in all the cell lines at all concentrations tested (Table 3). No previous studies reporting the antiproliferative activity in extracts from these two species have been published, highlighting the value of these two organisms as a potential source of new antiproliferative compounds (Table 1).


TABLE 3. Antiproliferative activity in % of inhibition of organic extracts at different concentrations (in μg/mL) of marine organisms from Yucatan Peninsula.

[image: Table 3]The extracts of seven additional organisms, the ascidian Clavelina sp. and the sponges P. onkodes, M. arbuscula, Aaptos sp., Tethya sp., L. floridana, and C. kuekenthali, also showed good activity against all the cell lines, but with variable potency according to the concentration tested (Table 3). Nonetheless, all of them except L. floridana, which only displays a 23% inhibition at 15 mg/mL against the MiaPaca-2 cell line, still meet the National Cancer Institute (NCI) guidelines to be considered as antiproliferative, i.e., inhibition higher than 50% at a concentration of 20 mg/mL (Hostettman, 1991; Boik, 2001). Two extracts of the organisms, Clavelina sp. and P. onkodes, showed more than 84% growth inhibition of the A549 cell line at all concentrations while the six extracts displayed an almost complete growth inhibition of the A2058 cell line at all concentrations, except the extract of the sponge P. onkodes that did not show any antiproliferative activity at the lowest concentration tested. In the particular case of the cell line HepG2, the six extracts showed more than 83% growth inhibition at all concentrations. Regarding the MCF7 cell line, only the sponge M. arbuscula displayed an almost complete growth inhibition at all concentrations tested. Finally, extracts of all the organisms except L. floridana showed antiproliferative activity according to the NCI guidelines against the cell line MiaPaca-2. Out of this group of seven organisms, the sponges C. kuekenthali and L. floridana stood out as the most interesting ones due to the lack of previous reports on the chemical composition and antiproliferative bioactivity of their extracts. On the contrary, previous reports on the cytotoxic properties of compounds isolated from extracts from P. onkodes, M. arbuscula, and Aaptos sp. make these samples less interesting for the identification of new cytotoxic molecules, although chemical analyses should be performed to discard the presence of other bioactive components not previously reported in extracts of these species.

The extracts of the sponges A. citrina, M. gyroderma, A. compressa, C. caribensis f. hermatypica, and Dysidea sp., were active against four cell lines, being selective against some types of cancer. The three most active extracts were those of the sponge A. citrina that showed 100% of growth inhibition of the A2058 cell line at all concentrations tested, the HepG2 at 30 μg/mL, the MCF7 at 30 and 15 μg/mL, and the MiaPaca-2 at 30 μg/mL, followed by the sponge M. gyroderma extract that showed 100% of growth inhibition of the HepG2 at 30 and 15 μg/mL, and more than 73% of growth inhibition against A2058, MCF7, and MiaPaca-2 cell lines at 30 μg/mL. Finally, the extract of the sponge A. compressa showed more than 86% of growth inhibition of the cell line A549 at all concentrations tested, it also showed more than 99% of growth inhibition of A2058 and HepG2 cell lines at 30 μg/mL and more than 68% growth inhibition of HepG2 and MCF7 cell lines at 15 μg/mL and at 30 μg/mL, respectively. The other two sponges, C. caribensis f. hermatypica showed more than 56% of growth inhibition of A549 (30 and 15 μg/mL), A2058 (30 μg/mL), HepG2 (30 and 15 μg/mL) and MiaPaca-2 (30 μg/mL) and the sponge Dysidea sp. showed more than 51% of growth inhibition against A549, A2058, HepG2, and MCF7 cell lines to 30 μg/mL. Despite the moderate activity found in most extracts, M. gyroderma is perhaps the most interesting sponge of this group due to the lack of reports on its antiproliferative activity. In the cases of A. citrina, A. compressa, C. caribensis f. hermatypica, and Dysidea sp., once again chemical analyses of the extracts will be necessary to asses the novelty of their components and their potential interest for further studies.

The extracts of the rest of the organisms displayed bioactivity to a lesser extension, hitting only a few cell lines of the panel tested. Thus, the sponge S. ruetzleri showed more than 66% growth inhibition of A549, A2058, and HepG2 cell lines at 30 μg/mL. On the other hand, the extract of sponge C. gomezae showed more than 76% growth inhibition of A2058 and HepG2 cell lines at 30 μg/mL. C. gomezae seems to be the most interesting of these two sponges due to the lack of previous reports on cytotoxic activity of its extracts, although a preliminar chemical investigation by LC/MS should also be performed on the extract of S. ruetzleri before discarding the sample for further studies. Even though Didemnum sp. had been previous shown antiproliferative activity (Table 1) in our experience it only showed very little activity at the highest concentration against the HepG2 cell line, perhaps indicating that the specimens collected by us do not contain didemnins or produce very low levels of these potent molecules. Finally, it is worth mentioning that more than 50% of the extracts tested showed antiproliferative activity against the cell line HepG2, 41 extracts exhibited at least more than 50% growth inhibition at 30 μg/mL concentration, and the organisms, Polysyncraton sp., C. varians, S. tubulifera, M. laevis (collected from Mahahual, Quintana Roo), S. ruetzleri (collected from Progreso, Yucatan) and A. crassa (collected from Alacranes Reef, Yucatan and Mahahual, Quintana Roo), only showed activity against the cell line HepG2.



CONCLUSION

Sixty-five marine organisms, corresponding to fifty-one sponges (Porifera), thirteen ascidians (Chordata) and one gorgonian (Cnidaria), were collected along the coast of Yucatan Peninsula in Mexico. They were selected on the basis of chemotaxonomical criteria. They were extracted with organic solvents and each extract was screened for its in vitro antiviral and antiproliferative activity against HAdV and five tumor cell lines, respectively. Evaluation through plaque assays showed a significant antiviral activity for 11 extracts corresponding to 10 sponges [A. citrina, M. gyroderma, Ectyoplasia sp., Chondrilla sp., Dysidea sp., M. arbuscula, Aaptos sp., C. kuekenthali, I. felix (collected from Rio Indio, Quintana Roo), and S. tubulifera] and one ascidian (Clavelina sp.). The extracts of the sponges Dysidea sp., A. citrina, Chondrilla sp., S. tubulifera, and M. arbuscula showed the best antiviral activity. The observed IC50 values of these extracts were lower than those shown by cidofovir (IC50 = 6.7 ± 1.6 μg/mL; CC50 = 13.9 ± 2.7), which is the drug of choice to treat HAdV infections. However, the high cytotoxicity displayed by A. citrina (5.35 ± 2.45 μg/mL. SI = 5.05) or Chondrilla sp. (2.45 ± 0.48 μg/mL, SI = 1.87) generated low SI values similar to those for cidofovir (SI = 2.07).

The high entry inhibition value registered for Dysidea sp. and S. tubulifera suggested that the antiviral action mechanism could be related with early steps in the HAdV replicative cycle involving the binding, internalization by clatrin-mediated endocytosis, endosomal escape and microtubular transport of the viral particles to the nuclear pores of the host cell. In contrast, the mechanism of action for the extracts from Clavelina sp., Aaptos sp., and C. kuekenthali would be associated with later steps after the entry of HAdV genomes into de nucleus which could be related with the transcription of the HAdV immediate early gene E1A or the HAdV DNA replication process, as in the case of cidofovir, a nucleoside analog that inhibit HAdV DNA polymerase. A. citrina, Chondrilla sp., and M. arbuscula did not show clear data to suggest a potential mechanism of action.

Twenty-four extracts showed antiproliferative activity that corresponded to twenty sponges [A. citrina, M. gyroderma, C. caribensis f. hermatypica, L. floridana, C. varians, Dysidea sp., S. tubulifera, H. (Rhizoniera) curacaoensis, A. compressa, P. onkodes, M. arbuscula, C. gomezae, M. laevis (collected from Mahahual, Quintana Roo), S. ruetzleri (collected from Progreso, Yucatan and Rio Indio, Quintana Roo), Aaptos sp., Tethya sp., C. kuekenthali and A. crassa (collected from Alacranes Reef, Yucatan and Mahahual, Quintana Roo) and four ascidians (Clavelina sp., T. solidum, Polysyncraton sp. and E. amanitum)]. Two organisms, the ascidian E. amanitum and the sponge H. (Rhizoniera) curacaoensis, showed the best antiproliferative activity. Additionally, more than 50% of the extracts showed antiproliferative activity against the hepatocyte carcinoma cell line (HepG2). According to the results reported in this study, extracts of the tunicate E. amanitum and those of the sponges H. (Rhizoniera) curacaoensis, C. kuekenthali, and L. floridana proved to be the most interesting for future studies due to their high potency against most of the cell lines tested and the lack of previous reports on their chemical composition.
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Accurate disease models are essential for understanding disease pathogenesis and for developing new therapeutics. As stem cells are capable of self-renewal and differentiation, they are ideally suited both for generating these models and for obtaining the large quantities of cells required for drug development and transplantation therapies. Jellyfish collagen is showing great promise as a next generation matrix enabling improved outcomes in 2D and 3D cell culture and regenerative medicine. Here, we report the potential of jellyfish collagen for culturing induced pluripotent stem cell derived cell lines (iPSCs) for modeling human diseases. Jellyfish collagen from Rhizostoma pulmo (Jellagen®) was evaluated for the growth and viability of iPSC-derived microglial-like cells (iMGL) comparing to cells cultured on rat tail collagen 1, laminin-511 and tissue culture plastic. Viability was measured using MTT, XTT, Alamar Blue and Annexin V, since this last assay has the aim of evaluating the onset of apoptosis. Cell ramification was measured using Neurotracker software and ramification measured on the InCucyte S3TM. Cell surface receptor expression was quantified using flow cytometry. Microglia markers used for immunocytochemistry were IBA1, CD11b, TREM2, TMEM119, and P2RY12. We report that iPSC-derived microglia can be successfully cultured on Jellagen® jellyfish collagen demonstrating a more ramified cell morphology compared to cells cultured on mammalian rat tail collagen I and comparable to Laminin-511.

Keywords: jellyfish, collagen, laminin, iPSC, microglia, cell culture, stem cells


INTRODUCTION

Microglia are the innate immune cells of the Central Nervous System (CNS) and play important roles in synaptic plasticity, immune activity, neurogenesis and homeostasis. Microglia are known to be involved in neurological disorders such as Alzheimer’s Disease (AD), yet the study of microglia is proving challenging due to the technical and ethical hurdles of obtaining primary cells from human fetal or adult CNS tissue (Abud et al., 2017). This is leading to a growing requirement to develop alternative sources of human microglia models, such as those derived from induced pluripotent stem cells (iPSCs) (Ryan et al., 2017). Lineage tracing studies have shown that microglia originate from yolk sac erythromyeloid progenitors (EMP) generated during primitive hematopoiesis (Ginhoux et al., 2010; Kierdorf et al., 2013; Prinz and Priller, 2014). EMPs further differentiate into primitive macrophages that migrate into the developing neural tube to become microglial progenitors (Dong et al., 2019). These microglial progenitors mature and develop into tissue resident microglia where they develop ramified processes enabling them to sense and survey their environment, facilitate CNS development, respond to CNS injury and pathology. Generation of microglia from iPSC is complex partly due to their unique developmental origin, however, recent advances have enabled the robust generation of microglia in large numbers, a development essential for the use of these cells in drug discovery (Leitinger and Hohenester, 2007; Figuera-Losadaab et al., 2017). It is therefore essential to understand and test matrices on which cells are regularly cultured to be able to develop robust in vitro cell culture systems.

Collagen is considered to be a good material for the culture and proliferation of cells (Sorushanova et al., 2019). It is the most ubiquitous protein in the mammalian proteome, comprising up to 30% of all proteins. Collagen can stimulate cell attachment and intracellular communication between some cell types (Greegburg et al., 1981; Lee et al., 2001), making it an ideal cell culture research tool. Collagen forms a large part of the extracellular matrix and connective tissue, offering strength and flexibility to tissues in the body. Besides its role in mechanical strength, collagen functions as a signaling molecule, regulating cellular migration (Bosnakovski et al., 2006), differentiation (Pozzi et al., 1998) and proliferation (Farndale et al., 2004) and functions in haemostasis (Silvipriya et al., 2015).

Collagen for cell culture is generally derived from rat tail or from bovine sources. However, during the last 20 years, safety concerns of using collagens derived from mammalian sources is increasing due to perceived risks associated with bovine spongiform encephalopathy (BSE) and viral disease transfer (Browne et al., 2013). This is driving the search for safer alternatives including the production of recombinant collagens in different host models such as bacteria, mouse milk, plants and yeast (Yang et al., 2004). This is not the case with invertebrate collagens which have been shown to share the same characteristics to human collagen leading to new industrial prospects that avoids the use of mammalian tissues and takes into account the sustainable management of natural wastes and ecological problems (Addad et al., 2011).

Jellyfish collagen is an emerging alternative to the provision of collagen for routine cell culture and medical device research (Silva et al., 2014). Jellyfish are often referred to as gelatinous zooplankton made up of collagen rich mesogloea that evolved over 600 m years ago. This makes JFC an interesting molecule for cell culture study. Previous reports have demonstrated the potential of JFC for the culture of human cells in vitro (Song et al., 2006; Addad et al., 2011; Paradiso et al., 2019). Jellyfish collagen when compared against mammalian fibrillar collagen in cell cytotoxicity and cell adhesion assays, showed no statistical difference in cytotoxicity. Human cell adhesion to jellyfish collagen also confirmed that their biological effect on human cells are compatible to that of mammalian type I and type II collagens (Hoyer et al., 2014).

Further studies supporting the potential of jellyfish collagen’s biocompatibility have been conducted that included cytotoxicity tests, measurements of pro-inflammatory cytokine secretion, antibody secretion as well as the population change of immune cells after in vivo implantation (Song et al., 2006). In their study, Song and colleagues found that the number of dendritic cells (CD11c+) and macrophages (F4/80+) were similar in jellyfish collagen implanted into mice as to those of bovine- and gelatin-implanted mice. Hence, they concluded that the jellyfish collagen scaffolds were able to induce a comparable immune response to that caused by bovine collagen or gelatin (Song et al., 2006).

Given the bioavailability of jellyfish collagen and its biological properties, this marine material represents a good candidate for replacing rat tail and bovine or human collagens in selected cell culture applications. Studies have also demonstrated that jellyfish collagen also presents a comparable biological impact on human cells to mammalian type I collagen tested by cytotoxicity and adhesion assays (Pugliano et al., 2017). Further investigations on the mechanisms of cell interaction indicates that both integrins and heparan-sulfate receptors of human cells are able to recognize jellyfish collagen (Pustlauk et al., 2015). Moreover, cells were able to form focal adhesions similar to that observed on mammalian collagens, when they plated on jellyfish collagen.

In this study, we report the comparison of Jellagen® a jellyfish collagen derived from R. pulmo (JC) with other materials to assess their impact on the culture iMGL. Our aim was to assess the suitability of JC as a robust alternative matrix for iMGL cell culture survival and conservation of phenotype and function in comparison with iMGL cells cultured on rat tail vertebrate collagen type I (RTC), tissue culture treated plastic and Laminin-511.



MATERIALS AND METHODS


Jellyfish Collagen

Acid soluble jellyfish collagen (Jellagen® BT10-01-34-46) was manufactured by Jellagen Limited using internal manufacturing processes.



iPSC-Derived Microglia Differentiation

Differentiation of the “healthy” iPSC line UKBi005-A to macrophage progenitor cells was initiated by mesoderm induction created on a protocol that is based on previously described methods (Abud et al., 2017). Briefly, hemangioblasts were formed and cultured in macrophage media then macrophage progenitor cells were released into the media after 10–14 days. Macrophage progenitors were assessed for the markers CD14 (ImmunoTools Cat. No. 21279143), CD16 (ImmunoTools Cat. No. 21279166) and CD11b (ImmunoTools Cat. No. 21279113) using flow cytometry (Millipore Guava) with a pass threshold of > 90% expression of these marker required to pass quality control. These cells were then matured to iMGL over a period of 7 days in microglia maturation media according to internal protocols of Censo Biotechnologies Ltd.



Coating Methods

Jellyfish collagen (Jellagen® BT10-01-34-46) and rat tail collagen (Cat. no. 3867, lot: SLBS8676, Sigma) were diluted using tissue culture grade water to 100, 50, 10, 5, and 1 μg/mL and used to coat 96-well plates following manufacturers specifications. Controls used were PDL/laminin (Sigma L2020; 10 μg/mL) and uncoated TC plastic. Macrophage progenitor cells were matured over 7 days to microglia-like cells, which were harvested and seeded on pre-coated plates at a density of 100,000 cells/cm2, and cultured for up to 72 h prior to assessing viability, phenotype and function of the cells.



Cell Viability Assays

MTT Assay: 100 μL of 0.5 mg/mL MTT solution (Sigma M2003), diluted in basal media, was added to each well and incubated at 37°C for 4 h. MTT was then removed and 50 μL DMSO added to each well prior to reading absorbance values at 570 nm.

XTT Assay: 1 mg/mL of XTT solution was combined with phenazine methosulfate (PMS – 200 μg/mL) by adding 40 μL of PMS per 1 mL of XTT. Once combined, 50 μL was added to each well of cells without removing the media and incubated at 37°C for 1 h. Absorbance was read at 450 nm. PMS acts as an intermediate electron carrier which helps reduction of XTT and allows for a more sensitive assay. This assay measures cell metabolic activity similar to MTT.

Alamar Blue: Alamar blue was added to each well at 10% of the volume of media in each well (e.g., 10 μL of alarm blue added to 90 μL of media) and incubated at 37°C for 4 h. Absorbance was recorded at 570 and 600 nm, where the value at 600 nm was subtracted from 570 nm. Alamar blue is a reazurin dye which is irreversibly reduced to pink resorufin by live cells.



Annexin V/7AAD

Annexin V and 7-AAD were added to PBS (5 μL of each/100 μL PBS) with DAPI. Media was removed from cells and 50 μL of Annexin V/7-AAD/DAPI solution added per well prior to incubating at room temperature (RT) in the dark for 10 min and then washing in PBS. Staining was quantified using a ThermoFisher ArrayScanTM and data recorded as percentage of cells positive for Annexin V, 7-AAD or double positive. As a positive control of cell death, 10 μM staurosporine was added to positive control wells 2 h prior to performing assay.



Cell Characterization

A concentration of 10 μg/mL for both JFC and rat tail collagen (RTC) was selected to further evaluate cells. Control substrate used throughout the project were Laminin (10 μg/mL) and tissue culture (TC) plastic. Microglia were matured for 7 days, then re-plated on JFC, RTC, laminin or TC plastic for 48 h and cells characterized based on morphology and cell surface receptor expression using imaging and flow cytometry. Cytokine production was measured to establish whether iMGL were activated by any of the substrates tested. Morphology of iMGL was assessed using the InCucyte S3TM with images captured every hour for 24 h. iMGL ramification of cells cultured in each condition was quantified using the InCucyte S3TM neurite tracking module.



Immunocytochemistry

Immunocytochemistry was used to label specific proteins and images taken using the ThermoFisher ArrayScanTM. Microglia markers used were IBA1, CD11b, TREM2, TMEM119 and P2RY12. Cells were fixed in 4% PFA for 20 min, washed in PBS and incubated with appropriate antibodies and DAPI prior to imaging.



Flow Cytometry

Cell surface receptor expression was quantified using flow cytometry (Millipore Guava) on live cells. Cells were blocked in flow buffer (1% FBS + 10 μg/mL human serum IgG) prior to staining for relevant antibodies for 1 h (CD14, CD16, CD11b, HLA-DR, and CD206). Samples were washed and evaluated using a Millipore Guava easyCyte flow cytometer, and 5000 events measured per sample. Cell population was gated to exclude debris and isotype controls used to gate a positive population. Thresholds were set where isotypes showed < 5% positive staining. All data is shown as percent positive expression.



ELISA

For evaluation of cytokine output, cells were cultured on the different matrices for 48 h, microglia were then stimulated with lipopolysaccharide (LPS 100 ng/mL) or INFY (10 ng/mL) for a further 24 h prior to collecting supernatants to be used in ELISA (IL-6 and TNFα – R&D kit).


Statistical Tests

No statistical tests were performed as the data is generated from one repeat with several technical repeats and would therefore not be suitable to perform stats on.



RESULTS AND DISCUSSION


The Effect of Cell Culture Matrices on the Viability and Morphology of iMGL

The aim of this study was to investigate if jellyfish collagen could act as a potential alternative to the routine use of existing cell culture matrices for the improved culture of iPSC derived microglia. Cell viability was assessed by performing MTT, XTT, and Alamar Blue assays and an apoptosis assay (Annexin V).

In all cases, data showed that jellyfish collagen (JC) had no effect on cell viability or apoptosis of iMGL when compared to laminin or TC plastic controls (see Figures 1–4). Rat tail collagen (RTC) appeared to decrease cell viability (and showed an increase in Annexin V cell surface expression as well as a decrease in mitochondrial metabolism (MTT) suggesting a decrease in cell viability on this substrate compared to others tested. Viability of cells was confirmed visually by capturing stained images under phase contrast (Figure 1), as well as by quantifying ramification of iMGL using the InCucyte S3TM an indicator of robust microglial morphology (Figure 5). Solid evidence from diverse cell culture studies have shown the potential of jellyfish collagen to successfully culture a wide range of human cell types (Paradiso et al., 2019). In this study, we have successfully demonstrated that jellyfish collagen can also be used as a substrate for the culture of human iPSC-derived Microglia (iMGL) that when cultured, display the morphological, surface marker expression and functional characteristics expected from microglia.


[image: image]

FIGURE 1. iMGL were cultured on different coating concentrations of Jellagen®. jellyfish collagen (JC), rat tail collagen I (RTC) (1–100 μg/mL), Laminin or Plastic Control (TC plastic) for up to 72 h and morphology observed by phase-contrast imaging at 72 h culture. Scale bar = 50 μm. Images taken at x10 magnification.



[image: image]

FIGURE 2. XTT, MTT, and Alamar Blue cell viability results for microglia cultured in different concentrations of JC, RTC, laminin or plastic for 24 h, 48 h or 72 h. All data are normalised to plastic control which is set to 100% metabolic activity. Data represent mean of 3 technical repeats ± SEM.
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FIGURE 3. Quantification of Annexin V and 7-AAD staining of microglia following culture on JC, RTC, laminin, or plastic for 24, 48, or 72 h. A positive control of cell death was included by incubating cells with 10 μM Staurosporine for 2 h prior to staining. Data shown are the mean of 3 technical repeats ± SEM.
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FIGURE 4. Staining of microglia using annexin V and 7-AAD as markers of apoptosis following culture of microglia on JC, RTC, laminin, or plastic for 24 h. A positive control of cell death was included by incubating cells with 10 μM Staurosporine for 2 h prior to staining. Blue: DAPI, Green.
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FIGURE 5. Measure of cell ramification using neurite length software on the Incucyte. Cells were cultured in Jellagen (JFC: 10 μg/mL), Rat tail collagen (RTC 10 μg/mL), laminin or plastic (uncoated) and (A) imaged every hour for 24 h with neurite length quantified. (B) Neurite length quantification after 24 h in culture. Data represent mean ± SEM.


The present study demonstrates that iMGL could be successfully cultured on all concentrations of jellyfish collagen assessed in this study with no loss of cell viability other than homeostatic turnover. Experiments evaluated the viability of iPSC-derived microglia following culture on jellyfish collagen (JC) or rat tail collagen (RTC) compared to controls Laminin-511 or tissue culture plastic for up to 72 h. iMGL cultured on all concentrations of JFC appeared elongated and with a ramified morphology, consistent with standard culture of these cells and similar to cells cultured on laminin or TC plastic. In contrast, microglia cultured on RTC appeared rounded and cells formed clumps as seen in Figure 1. Clumping is not commonly observed in these cells, indicating a change in cell phenotype, activation, function and/or cell health (Cunningham et al., 2013; Tay et al., 2018).

Based on data from dose response experiments, the concentration of 10 μg/mL of both JC and RTC was selected to further to characterize iMGL phenotype and function. Cell morphology was assessed using the neurite tracking module on the InCucyte S3TM as a measure of cell ramification (Figure 5). iMGL cultured on JFC had a time dependent increase in ramification over 24 h, which was better than cells cultured on Laminin-511 or TC plastic. Cells cultured on RTC had much less ramification compared to other conditions assessed and remained rounded, consistent with that observed in images acquired by phase contrast as seen in Figure 1.

Ramification is an important characteristic as during human development, the differentiation of ameboid microglia (brain macrophages) into ramified microglia is marked by a loss of macrophage-like properties and the extension of thin cytoplasmic extracellular matrix proteins (Chamak and Mallat, 1991; Pan et al., 2017). One key interest in the study of microglia is in neuroinflammation, and it is thus imperative that when cells are cultured in vitro they are not activated as this could interfere with additional studies.



The Effect of Cell Culture Matrices on iMGL Cell Surface Receptor Expression

To further characterize iMGL phenotype, immunocytochemistry was performed after 48 h culture on the difference substrates. Cells were stained for the microglia markers, IBA1, TREM2, TMEM119, P2RY12, and CD11b.

Cell surface receptor expression was quantified using flow cytometry (Millipore Guava) on live cells. Cells were blocked in flow buffer (1% FBS + 10 μg/mL human serum IgG) prior to staining for relevant antibodies for 1 h (CD14, CD16, CD11b, HLA-DR, and CD206). Samples were washed and evaluated using a Millipore Guava easyCyte flow cytometer, and 5000 events measured per sample. Cell population was gated to exclude debris and isotype controls used to gate a positive population. Thresholds were set where isotypes showed < 5% positive staining. All data is shown as percent positive expression data summarized on Table 1 but actual graphs not shown.


TABLE 1. Cell surface protein expression. iMGL where cultured on Jellagen® (JFC), rat tail collagen I (RTC), Laminin and TC plastic for 48 h and receptor expression was quantified using flow cytometry.

[image: Table 1]
Culture of iMGL on the different matrices did not drive any changes in cell surface expression of CD14, CD16, CD11b, HLA-DR, or CD206 which were all comparable to cells culture on plastic or laminin (Figure 6 and Table 1). All markers stained positively on the cells, regardless of the matrix they were cultured on (Figure 7).
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FIGURE 6. Analysis of cell surface receptors using flow cytometry cultured on Jellyfish collagen (JC), rat tail collagen (RTC), laminin (Lam) and tissue culture plastic (Plas). Microglia cultured on 10 μg/mL JC or RTC or controls for 48 h prior to staining. Yellow: Unstained control, Red: cell surface marker.
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FIGURE 7. Immunocytochemistry staining of typical microglia markers of iMGL cultured on Jellagen® (JFC), rat tail collagen I (RTC), laminin or TC plastic. Blue: DAPI, red/green: stain of interest. Scale bar = 50 μm.




Effects of Cell Culture Matrices on TNFα and IL-6 Quantification

In order to investigate whether iMGL became activated when cultured on jellyfish collagen (JFC) or RTC, an ELISA was performed to measure cytokine output of IL-6 and TNFα both of which are pro-inflammatory cytokines. Data showed that culture of iMGL on JFC or RTC did not drive increased release of either cytokine at baseline or when stimulated with LPS or INFy compared to controls (Figure 8). Lipopolysaccharide (LPS) and INFY were used to stimulate a pro-inflammatory response form iMGL and cytokine production was measured by ELISA. There were no differences in the levels of TNFα or IL-6 produced by iMGL cultured on the different matrices at baseline or following stimulation.
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FIGURE 8. Cytokine output by iMGL at baseline and following 24 h stimulation. iMGL were cultured on Jellagen® (JC), rat tail collagen I (RTC), laminin or TC plastic for 48 h prior to stimulation with LPS (100 ng/mL) or INFY (10 ng/mL) for a further 24 h. Cell supernatants were collected and ELISA performed. Data represent mean ± SEM of 6 technical repeats.


Overall, while microglia can be cultured on plastic, not all cell types can be. As we move toward ever more complex systems of co- and tri-cultures which will be a focus for the development of organoids, it will be important to culture all cell types on one extracellular matrix. Showing that each cell type can grow well on Jellagen® is therefore crucial, as well as showing that the matrix does not cause any activation or cell death of the cells.

In conclusion, we have shown in this study that the jellyfish collagen can be used as a cell matrix for the culture of human iPSC-derived Microglia (iMGL) that display the morphological, surface marker expression and functional characteristics expected from microglia. Jellyfish collagen presents comparable biological impact on human cells to Laminin and in this case was found to be superior to rat tail mammalian type I collagen (RTC) tested by adhesion, cell viability and immunocytochemistry assays. These results may suggest that jellyfish collagen derived from R. pulmo (Jellagen®) offers a potentially inert/non-reactive biomaterial since iMGL cultured on Jellagen did not cause an increase in cytokines and also did not cause cell death (based on several assays and also morphology). Therefore, this matrix shows promise, as the cells are not activated and also doesn’t cause cell death. In contrast, while RTC also did not cause an increase in cytokine release, cells cultured on RTC were observed to produce significant clumping and cell death, so even though the cells are not activated these cells are not healthy on this matrix. The results of this study show clearly that jellyfish collagen offers researchers a biologically compatible and superior alternative to the use of mammalian collagen and other extracellular matrices such as laminin in iMGL cell culture. This data suggests that iMGL did not recognize jellyfish collagen as a foreign substance, however, more tests will be needed to confirm that to be the case.
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Fish skin mucus is an important component of the innate immune mechanism and provides a first barrier against pathogens. Although several studies investigated and demonstrated the antimicrobial properties of skin mucus of fishes, most of them tested antimicrobial properties against marine microbial strains as potential use in aquaculture. Furthermore, most of these studies concerned freshwater species, and far less attention was given to skin mucus of marine fishes for potential application in human health and research toward its antimicrobial properties. This review outlines the importance of marine fishes as an important and effective source of antimicrobial drugs against several human pathogens, thus providing a highly available and low-cost tool to counteract clinical infections.
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INTRODUCTION

Skin mucus is an important component of the innate immune mechanism in fish and provides a first physical and chemical barrier against pathogens, thus playing an important role in fish health (Subramanian et al., 2007). It is secreted by three different cell types, namely, goblet cells, sacciform cells, and club cells. Goblet cells are abundant on all external surfaces and on the gill’s surface; these cells produce mucus granules and contain glycoproteins. The sacciform cells mix their secretions with those of goblet cells, and the club cells mainly secrete proteinaceous components (Fasulo et al., 1993; Zaccone et al., 2001). Skin mucus performs its role by a continuous production and slough off, preventing the pathogens’ attacks, and containing several antimicrobial factors, such as proteins, lysozyme, immunoglobulin, and lectins (Dash et al., 2018). Furthermore, it is also involved in osmoregulation and chemical communication, improves swimming performance by reducing water resistance, and acts as a physical barrier against abrasion and as a physical and biochemical barrier against pollutants (Menzies and Hood, 2012). In some species, such as cichlids and blennies, it is involved also in parental care (Chong et al., 2006; Giacomello et al., 2006; Buckley et al., 2010; Pizzolon et al., 2010).

Depending on the species, skin mucus varies considerably in viscosity, thickness, and glycoprotein (mucin) content which also represents the major components of mucus (Dash et al., 2018). Mucins are glycoproteins with high molecular weight, which give the mucus viscoelastic and rheological properties. Other components found in fish mucus are lysozyme, glycosaminoglycans, immunoglobulins, complements, carbonic anhydrase, lectins, and calmodulin (Shephard, 1994). However, the composition of the fish skin mucus is very variable between species and within species, sex, developmental stages, and environmental conditions (Blackstock and Pickering, 1982; Reverter et al., 2018). In recent years, interest in antimicrobial properties of fish skin mucus has increased (Kumari et al., 2011; Reverter et al., 2018), playing an important role against microbes that can alter the mucosal microbiome of fish, making the fish more vulnerable to several diseases (Llewellyn et al., 2017; Reid et al., 2017). The antimicrobial effect of mucus appears to be a good candidate for the development not only of new therapeutic agents to treat infections in humans (Fuochi et al., 2017) but also of new agents for commercial use (Pethkar and Lokhande, 2017). Therefore, the number of marine species studied in search of secondary metabolites is growing (Gates, 2010). It was estimated that with respect to terrestrial species, the success rate in finding undescribed metabolites in marine organisms is 500 times higher. The biochemical resources from the marine environment represent an important source of potential medical and industrial products, thus the importance of bioprospecting studies in the search of novel therapeutic agents, such as antimicrobial and anti-proliferative compounds (da Cunha et al., 2013). Furthermore, the anti-microbial resistance is one of the greatest threats to global health, as well as a major contributor to rising healthcare costs worldwide (Marston et al., 2016), hence the urgency to discover new antimicrobial compounds. In this review, we analyze all the main aspects of the antimicrobial properties of mucus in marine fishes.



ANTIMICROBIAL ACTIVITY IN MARINE FISHES

Several studies have shown the potential use of antimicrobial properties of fish skin mucus in the treatment of infections in humans, and most of them concern freshwater species (Dhanaraj et al., 2009; Kumari et al., 2011; Nwabueze, 2014; Pethkar and Lokhande, 2017). In recent years, some authors focused on the antimicrobial properties of marine and catadromous fish species (Fuochi et al., 2017; Pethkar and Lokhande, 2017).



ANTIMICROBIAL ACTIVITY IN MARINE ELASMOBRANCHS

The elasmobranchs represent a distinct group of cartilaginous fish that host a remarkable ability to heal wounds quickly and without infection (Ritchie et al., 2017). Several studies have shown the antimicrobial properties of fish mucus from elasmobranchs (Table 1). In this regard, Vennila et al. (2011) showed the antimicrobial activity of crude aqueous, acidic, and organic mucus extract of Maculabatis gerrardi (Gray, 1851) and Pastinachus sephen (Forsskål, 1775) against several strains of bacterial and fungal pathogens. The higher inhibition of bacterial pathogens’ growth was obtained with the acidic mucus extracts of both species against Salmonella typhi, Escherichia coli, Vibrio cholerae, Klebsiella pneumoniae, and Streptococcus aureus. The acid extracts of both species showed a potent activity also against fungal pathogens: Candida tropicalis, Aspergillus niger, Penicillium sp., Trichophyton mentagrophytes, Alternaria alternata, Candida albicans, Rhizopus sp., Mucor sp., and Trichophyton rubrum. Authors suggested that the antimicrobial activity of the acidic mucus extract was due to the presence of basic antimicrobial peptides or acidic soluble proteins. On the other hand, no antimicrobial effect was shown for the organic extracts hypothesizing that the antimicrobial activity is due to the microbial flora which remains in the mucus of the stingrays.


TABLE 1. List of principal studies of skin mucus antimicrobial activities from elasmobranchs and teleosts.
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Consistently, Ritchie et al. (2017) isolated a total of 1860 bacteria from the epidermal mucus of Hypanus sabinus (Lesueur, 1824), Mobula hypostoma (Bancroft, 1831), Rhinoptera bonasus (Mitchill, 1815), and Raja eglanteria (Bosc, 1800). All isolated bacteria were screened for their antimicrobial activity vs. a range of pathogenic test strains. Out of the total bacteria analyzed, 311 showed antimicrobial activity and 57 of these produced either broad-spectrum antibiotics or activities against vancomycin-resistant Enterococcus (VRE) and methicillin-resistant Staphylococcus aureus (MRSA). However, most of the bacteria with antimicrobial activity were isolated from R. bonasus (200) and H. sabinus (69), even if this apparent higher diversity is likely due to the higher sample size of these species. Furthermore, marine Bacillus species showed antimicrobial activity against a range of both Gram-positive and Gram-negative pathogenic test strains (Das et al., 2008). Similarly, we also showed that an aqueous protein extract of the epidermal mucus layers of Dasyatis pastinaca (Linnaeus, 1758), had a good inhibition only for Gram-negative bacteria, such as Klebsiella pneumoniae (the most sensitive strain), Escherichia coli, and Pseudomonas aeruginosa (Fuochi et al., 2017). This was explained by the strong interaction between the outer membrane (present only in the Gram-negative strains) and the active molecules present in the fish skin mucus. In the same work, a great inhibition against fungal pathogens of the genus Candida namely C. albicans, C. glabrata and C. tropicalis was also demonstrated. The inhibition of the fungal growth was potentially explained by the presence of chitinase in the skin mucus of D. pastinaca.

Coelho et al. (2019) studied the biochemical and biological characteristics of the mucus of Hypanus americanus (Hildebrand and Schroeder, 1928), showing its pro-inflammatory characteristics, probably due to the presence in the mucus of peptidases and peptides derived from immune-related proteins. In fact, fractionated mucus improved phagocytosis in macrophages and showed antimicrobial activity against Trichophyton rubrum, Cryptococcus neoformans, and C. albicans in vitro. All fractions were tested on four mushrooms. Fraction 3 was able to inhibit the growth of T. rubrum and C. neoformans. Conversely, fraction 5 is active only against C. albicans and no antibiotic effect was observed for the other fractions (Coelho et al., 2019).

Several studies have also focused on mucus extraction methods, which are mainly three: aqueous, organic, and acidic. Three stingray species (Order: Myliobatiformes; Family: Dasyatidae), namely Dasyatis pastinaca (common stingray), P. sephen (cowtail stingray), and H. gerrardi (whitespotted whipray) were also reviewed for their mucosal antibacterial properties.

The crude mucus extract (16.50 μg/μL) of common stingray (Fuochi et al., 2017) was reported to strongly inhibit the growth of Gram-negative bacteria such as E. coli, K. pneumoniae, and P. aeruginosa, while the acidic mucus extracts of P. sephen and H. gerrardi (Vennila et al., 2011) revealed varying MIC values against various pathogens. In this study, the extracts of both stingray species had shown lower MIC value against Gram-negative bacteria (E. coli, S. typhi and V. cholerae) than Gram-positive bacteria (S. aureus). Nevertheless, no activity was shown by the aqueous and organic mucus extracts for the two species (Lee et al., 2020).

Sharks also produce epidermal mucus, but due to the characteristic presence of superficial skin denticles on the skin, their mucus is not so extractable. Nevertheless, in two recent studies, the authors observed that the bacteria associated with the mucus of six shark species showed antibiotic activity (Carcharodon carcharias, Carcharhinus acronotus, Carcharhinus leucas, Carcharhinus limbatus, Galeocerdo cuvier, Negaprion brevirostris) (Ritchie et al., 2017). Such a growing database of marine bacteria that produce antibiotics has implications for host microbe associations among elasmobranch fish and could reveal promising candidates for future drug discovery initiatives.



ANTIMICROBIAL ACTIVITY IN MARINE TELEOSTS

Seventy-eight skin mucus extracts from a total of 13 marine teleosts was tested against a total of 15 pathogen bacterial (Bacillus subtilis, Bacillus cereus, Bacillus megaterium, Streptococcus sp., Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Serratia marcescens, Proteus vulgaris, Pseudomonas aeruginosa) and fungal (Candida brusei, Candida albicans, Candida tropicalis, Saccharomyces cerevisiae and Issatchenkia orientalis) strains (Hellio et al., 2002) (Table 1). Fifteen out of a total of 78 extracts tested showed antimicrobial activity at 30 μg/ml. On the other hand, the aqueous, ethanol, and dichloromethane fractions of Conger conger (Linnaeus, 1758), Lophius piscatorius (Linnaeus, 1758), Pleuronectes platessa (Linnaeus, 1758), Pollachius pollachius (Linnaeus, 1758), Scombrus scombrus (Linnaeus, 1758), Trachurus trachurus (Linnaeus, 1758), and Trisopterus luscus (Linnaeus, 1758) were inactive against all the tested strains. None of the aqueous extracts from skin mucus of fishes showed antimicrobial activity. Active samples were extracted by Gadus morhua (Linnaeus, 1758), Labrus bergylta (Ascanius, 1767), Platichthys flesus (Linnaeus, 1758), Pollachius virens (Linnaeus, 1758), Scophthalmus rhombus (Linnaeus, 1758), and Solea solea (Linnaeus, 1758). One third of such extracts were ethanolic fractions, and three quarters were dichloromethane fractions. Most of the active fractions were obtained from dichloromethane extracts, and this suggests that antimicrobial activity was negatively correlated with the polarity of extracts. Fractions from P. virens and L. bergylta were active against the growth of Gram-negative bacteria, while the extract of P. virens inhibited Gram-positive only. These results suggested that several compounds were involved in bacterial defense, and different specialized compounds acted against both Gram-negative and Gram-positive bacteria. Hence, it could be possible to combine molecules with different complementary activities or molecules with a wide range of microbial targets. Other fractions from P. virens, P. flesus, and S. solea were active against the growth of both Gram-negative and Gram-positive bacteria. Fraction from S. rhombus inhibited the growth Gram-positive bacteria and fungi. The results of the minimum inhibitory concentration (MIC) determinations showed that the most active extracts against Gram-positive bacteria were from S. rhombus and S. solea. The extracts of this latter species were also, together with that of L. bergylta, the most active against Gram-negative bacteria; while the extracts from G. morhua were the most active against fungi.

The study of Katra et al. (2016) showed that the aqueous extract and the DMC phase obtained from L. bergylta mucus have no bactericidal effect on the microorganisms tested in the study. In fact, it has been discovered that the aqueous extract, the aqueous phase, and the DMC phase, obtained from L. bergylta (ballan wrasse), have no effect on E. coli, Yersinia ruckeri, Edwardsiella tarda, Listonella anguillarum, Aeromonas sobria, Shemanella baltica, Enterobacter sp., Citrobacter Sp., Bacillus subtilis, and Lactobacillus plantarum. However, this study runs counter to the study by Hellio et al. (2002) which instead showed that various extracts obtained from the skin mucus of the L. bergylta fish were analyzed, found that extracts had no effect on Bacillus subtilis, B. cereus, B. megaterium, Streptococcus sp., Staphylococcus aureus, Candida brusei, C. albicans, C. tropicalis, Saccharomyces cerevisiae, and Issatchenkia orientalis strains. However, the aqueous phase was reported to have antimicrobial effect on E. coli, K. pneumoniae, S. marcescens, and P. vulgaris, and the DCM phase was found to have that effect on P. aeruginosa strains; this difference, the authors explain, could be due to several reasons including the development of antimicrobial resistance in the strains that were used or, again, the season in which the fish were caught (Hellio et al., 2002). Furthermore, the reason why the aqueous extracts have no antimicrobial effect could be explained by the possibility that the enzyme content of the extracts would not transform into the active form due to the inappropriate temperature and pH conditions or even the levels of these enzymes that were too low (Katra et al., 2016).

The mucus of Solea senegalensis (Kaup, 1858) was also studied by Guardiola A.F. (Guardiola et al., 2017); in particular, they studied its bactericidal activity against pathogenic and non-pathogenic fish bacteria. The study showed that S. senegalensis mucus has high bactericidal activity against pathogenic bacteria, in particular for Photobacterium damselae, Vibrio harveyi, and Vibrio anguillarum, and a weak activity against non-pathogenic bacteria (E. coli, B. subtilis and S. putrefaciens) (Guardiola et al., 2017). The skin mucus of Anguilla anguilla (Linnaeus, 1758) was tested against ten different bacteria strains (Bragadeeswaran et al., 2011), namely, Escherichia coli, Klebsiella oxytoca, Klebsiella pneumonia, Lactobacillus vulgaris, Proteous microbilus, Pseudomonas aeruginosa, Salmonella paratyphi, Salmonella typhi, Staphylococcus aerius, and Vibrio parahemolyticus. The maximum zone of inhibition (crude extract) was obtained against S. paratyphi and was 10 mm. On the other hand, the lower inhibitory effect (aqueous extract) was obtained against S. aerius and was 1 mm. Another study on the skin mucus of A. anguilla (Linnaeus, 1758) tested its antimicrobial properties against some phytopathogenic fungi, namely, Aspergillus awamori, Colletotrichum falcatum and Fusarium oxysporum and showed a good antifungal activity on all these species, especially on C. colletotrichum (Pethkar and Lokhande, 2017).

Also, Gabriella et al. (2014) studied the antimicrobial activities of the mucus of A. anguilla, together with that of Dicentrarchus labrax and Pagellus bogaraveo. Both the mucus of A. anguilla and that of D. labrax have shown a wide spectrum of antibacterial activity against V. fluvialis, V. parahaemolyticus and V. algynoliticus (Gabriella et al., 2014). Similarly, Guardiola et al. (2014) studied the antimicrobial properties of the mucus of five marine teleostei: gilthead seabream (Sparus aurata), European sea bass (Dicentrarchus labrax), shi drum (Umbrina cirrosa), common dentex (Dentex dentex), and dusky grouper (Epinephelus marginatus) against fish pathogenic Vibrio harveyi, Vibrio angillarum, and Photobacterium damselae and non-pathogenic bacteria Escherichia coli, Bacillus subtilis, and Shewanella putrefaciens (Guardiola et al., 2014), suggesting that the increased bactericidal activity against pathogenic bacteria has been shown for Sparus aurata. In the case of cutaneous mucus by D. dentex, the activity was low against V. harveyi but high against P. damselae. In non-pathogenic bacteria, the lowest activity was found for Sparus aurata, and the highest, for E. marginatus. On the contrary, in the mucus of U. cirrosa the bactericidal activity was very high toward E. coli but very low toward B. subtilis. Furthermore, a significant antibacterial effect against human pathogens was also demonstrated for the skin mucus of two marine teleosts, namely, Cynoglossus arel (Bloch and Schneider, 1801) and Nemapteryx caelata (Valenciennes, 1840). In particular, out of a total of 10 human pathogens tested, four showed a strong inhibition in the growth when exposed to the mucus of C. arel and N. caelata (Bragadeeswaran et al., 2011): Vibrio cholera (9 and 2 mm in diameter), Staphylococcus aureus (6 and 3 mm), Streptococcus aureus (5 and 4 mm), and Vibrio parahemolyticus (4 and 5 mm), respectively. A small antibacterial effect was observed against Salmonella typhi: the zone of inhibition was of 2 mm for the mucus of both species.

The protein content of mucus extracts of Periophthalmodon schlosseri (Pallas, 1770) showed a great antibacterial activity against eight human pathogenic bacteria (Bacillus anthracis, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa, Salmonella typhi, Staphylococcus aureus, and Vibrio cholerae) and four fungal strains (Aspergillus flavus, Candida albicans, Mucor sp. and Trichoderma longibriachtin) (Mahadevan et al., 2019). Between bacteria, the highest inhibition zone was observed against P. aeruginosa, S. typhi, with an inhibition zone of 13 and 18 mm, respectively. Between fungi, the highest inhibition zone was observed for Mucor sp. and was 16 mm.

Several other studies have focused on the study of the antimicrobial activity of the mucus of teleost fish. Wang et al. (2019) studied the antibacterial activity of Amphiprion clarkii mucus on two Gram-positive bacteria (S. aureus and M. lysocleiktiens) and five Gram-negative bacteria (A. hydrophila, V. harveyi, V. alginolitiens, V. parahaemolyticus and P. fluorescens), showing a strong antibacterial activity against Gram-negative but no effect against Gram-positive. It also showed an apparent antiparasitic activity against C. irritans. In addition, Manikantan et al. (2016) studied the activity of Epinephelus tauvina mucus on five human pathogens (E. coli, S. typhi, K. pneumoniae, P. mirabilis and S. aureus) and five pathogens for fish (V. alginolytiens, V. parahaemolyticus, A. hydrophila, P. fluorescens and V. harveyi). Only the acid extract showed significant antimicrobial activity. Among human pathogens, the maximum inhibition zone (26.0 mm) against P. mirabilis was observed, while for fish pathogens, the greatest activity was found for V. parahaemolytius (Manikantan et al., 2016). Consistently, another study focused on the antimicrobial activities of Arctic char (Salvelinus alpinus), brook trout (Salvelinus fontinalis), koi carp (Cyprinus carpio), striped bass (Morone saxatilis), haddock (Melanogrammus aeglefinus) and hagfish (Myxine glutinosa), extracted with acidic, organic, and aqueous solvents against human pathogens (E. coli, Salmonella enterica, Staphylococcus epidermis, P. aeruginosa, C. albicans) and fish pathogens (Aeromonas salmonicida, L. anguillarum and Y. ruckeri). The acidic extracts of S. fontinalis, M. aeglefinus, and M. glutinosa showed bactericidal activity, while the organic extracts of S. fontinalis, M. saxatilis, and C. carpio show bacteriostatic activity, while no activity has been detected for aqueous extracts. In comparison to brook trout and haddock, the minimum bactericidal concentrations of hagfish acidic mucus extracts were found to be ∼1.5–3.0 times lower against fish pathogens and ∼1.6–6.6-fold lower for human pathogens (Subramanian et al., 2008).

Finally, Kitani et al. (2008) in his study isolated L-amino acid oxidase (LAO) from rockfish mucus Sebastes schlegelii (called SSAP) and was shown to be active on Gram-negative bacteria. SSAP inhibited the growth of A. salmonicida, P. damselae, and V. parahaemolytivus with a minimum inhibitory concentration (MIC) of 0.078, 0.16, and 0.63 μg/mL, respectively.

In conclusion, the study showed that organic mucus extracted with the polar solvent ethanol and non-polar solvents DMSO exhibited greater inhibitory activity against both bacterial and fungal pathogens than the aqueous mucus extract against human pathogens tested.



CONCLUSION

Although the antibacterial properties of skin mucus of fishes have been known for many years, previous studies focused on antibacterial properties against marine microbial strains (Ingram, 1980; Fouz et al., 1990), and no attention was paid to investigate the antimicrobial properties of skin mucus of fishes for human health. To date, most studies focused on freshwater species, and little attention was paid to the marine ones. More generally, in the marine environment, while a handful of drugs have been developed from marine invertebrates, marine vertebrates remain largely underutilized as a potential source for new therapeutic agents (Luer and Walsh, 2018). Fishes discarded from fisheries could be a relevant, easily-fond, and low-cost source for the isolation of new biologically active compounds (Hellio et al., 2002). The main studies concerning the investigation of antimicrobial properties of the skin mucus of marine fishes are quite limited, especially in comparison to the studies performed on the skin mucus of freshwater fishes. However, as outlined in the present review, marine fishes are a potentially important resource for the development of new and effective antimicrobial compounds. Overall, marine fishes have shown they have good antimicrobial properties against different human pathogens including Gram-negative and Gram-positive bacterial and fungal pathogens. Therefore, the marine environment represents a great resource for the production of new antimicrobial clinically relevant compounds (Figure 1). In this perspective, the skin mucus of fishes, due to its considerable and recognized antimicrobial effect, is a good candidate for providing new antimicrobial compounds for human health. In conclusion, further studies and efforts are still needed in order to investigate and exploit the biological properties contained in the low-cost and largely available skin mucus of fishes.
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FIGURE 1. Antimicrobial properties of skin mucus in marine teleosts and elasmobranchs.
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The potential of marine dissolved organic matter (DOM) for free radical scavenging has been extensively evaluated, however, the quantitative assessment of the antioxidant potential has been recently measured for the first time. The linkage of the DOM antioxidant potential to its molecular composition has not yet been examined. Following this line, this article takes a step forward by assessing, throughout a polarity-mediated fractionation, (1) the antioxidant capacity and phenolic content and (2) the molecular characterization of DOM in a more exhaustive manner. (3) The DOM antioxidant potential and phenolic content was linked to the molecular composition of DOM, which was molecularly characterized using ultrahigh resolution Fourier transform Ion Cyclotron Resonance mass spectrometry (FT-ICR MS). Antioxidant activity and phenolic content were quantified by the free radical 2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS⋅) and the Folin-Ciocalteu methods, respectively. We considered three types of different natural DOM samples: the deep North Pacific Ocean, the oligotrophic surface of the North Pacific Ocean and porewater from the sulfidic tidal flats of the Wadden Sea. Bulk porewater and its individual polarity fractions presented the highest antioxidant activity and phenolic content. DOM from the water column samples had lower antioxidant activity and phenolic content than porewater, but exceeded what it is commonly found in macroalgae, microalgae, fruits and vegetables with cosmeceutical purposes. Our values were similar to published values for terrestrial DOM. The variations in bioactivity were dependent on polarity and molecular composition. The high resolution and high mass accuracy used to determine the molecular composition of marine DOM and the chemometric and multistatistical analyses employed have allowed to distinguish molecular categories that are related to the bioactive potential. As a future perspective, we performed cytotoxicity tests with human cells and propose marine DOM as a natural ingredient for the development of cosmeceutical products.

Keywords: marine dissolved organic matter, antioxidant activity, phenolic content, FT-ICR MS, molecular composition, natural ingredient, cosmeceutials


INTRODUCTION

To maintain the health and integrity of an organism and neutralize the reactive species continuously produced during metabolic processes (Alscher et al., 2006), organisms use antioxidant substances to counteract this hazard imbalance. Antioxidants may be considered as agents that delay, prevent, or remove oxidative damage from a target molecule by inhibiting the initiation or propagation of oxidizing chain reactions (Halliwell and Gutteridge, 2007). When the cell exposure to reactive species are prolonged over time, these unstable molecules can react with non-targeted molecules, causing diverse cellular impacts (Halliwell and Gutteridge, 1984; Yan et al., 1998; He and Häder, 2002; Dring, 2005; Valko et al., 2007). Phenolic compounds are well known as antioxidants (Ryan et al., 2002), although they exhibit many other activities such as antiallergic, anti-inflammatory, antibiotic, antiviral, antifungal, and UV photoprotection functions (Fabrowska et al., 2015). The antioxidant activity of phenolic compounds is mainly due to their redox properties, which play an important role in adsorbing and neutralizing free radicals, quenching singlet and triplet oxygen, or decomposing peroxides (Osawa, 1994).

Marine dissolved organic matter (DOM) is among the least characterized natural organic matter mixtures known (Hedges and Oades, 1997; Dittmar and Kattner, 2003; Hernes and Benner, 2006). At 662 × 1015 g carbon inventory (Hansell et al., 2009) and with over 10,000 molecular formulas and hundreds of structural features identified, this pool represents one of the Earth’s largest bioreactive reservoirs of organic material and among the most complex heterogeneous organic mixtures (Dittmar, 2015). The molecular mass of marine DOM ranges mainly between 250 and 550 Da (Simpson, 2002) and falls in the size of natural products (NP). NP are usually small molecules <3,000 Da (Mann et al., 1994) and are often called secondary metabolites because they are not biosynthesized by the general metabolic pathways and have no primary function (Martins et al., 2014). Given the molecular diversity of DOM, it is currently impossible to characterize this pool at the level of individual molecular structures. In this sense, the molecular structure of only 2–3% of bulk DOM is known (Dittmar, 2015). Despite of the limited knowledge of molecular structures in the DOM pool, non-targeted ultrahigh resolution mass spectrometry via Fourier transform Ion Cyclotron Resonance mass spectrometry (FT-ICRMS) provides information of individual molecular formulas, thus allowing DOM molecular characterization with an unprecedent detail. To facilitate the analysis of the complex data obtained by FT-ICR MS, molecular classification of detected molecular formulas into different molecular families is commonly performed (Merder et al., 2020). Among the molecular groups, polyphenols, highly unsaturated or unsaturated alyphatics have been described (Merder et al., 2020). Lignins, tannins, and humic acids are examples found in the group of polyphenols (Klavins et al., 1999; Nebioso and Piccolo, 2013).

The antioxidant potential of humic substances in both aquatic and soil environments has often been measured using the ABTS radical cation decolorization assay (Rimmer and Smith, 2009; Aeschbacher et al., 2010, 2012; Cardelli et al., 2012). This assay is based on the reaction of a colored solution of the free radical 2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS⋅) with the antioxidant (Re et al., 1999). In DOM, the presence of hydroxyl groups in their aromatic rings and their positions in the molecule are responsible of the antioxidant activity (Symonowicz and Kolanek, 2012; Romera-Castillo and Jaffé, 2015). Previous studies have demonstrated the ability of DOM for quenching potential of hydroxyl radicals (⋅OH; Vione et al., 2006; Page et al., 2014) and of single oxygen (Cory et al., 2009). The quenching capacity of DOM is attributed to hydroquinones and phenol moieties (Aeschbacher et al., 2012). Conversely, DOM can act as sensitizer, producing reactive oxygen species (ROS) and triplet states of DOM (Janssen et al., 2014; Page et al., 2014) by the excitation of aromatic ketones, aldehydes, and quinone moieties (Golanoski et al., 2012). In algae and plant extracts, as well as in their isolated compounds, the abovementioned method together with 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) free radical assay are commonly used for the assessment of antioxidant activity (Brand-Williams et al., 1995; Re et al., 1999). Whilst relevance of DOM quenching process has been extensively evaluated, the quantitative assessment of the antioxidant DOM potential has only been recently measured by Romera-Castillo and Jaffé (2015) and Klein et al. (2018), thus highlighting the need of further development of this subject. Romera-Castillo and Jaffé (2015) demonstrated for the first time the effectiveness of ABTS and DPPH assays to measure DOM antioxidant activity in solid-phase extracted DOM and the variation in DOM antioxidant activity among different environments and diagenetic degradation states. Klein et al. (2018) assessed the effects of the physicochemical properties of humic substances under different pH on their antioxidant activity.

In this study, we aimed at evaluating the antioxidant potential and phenolic content of marine DOM pools from different origins, in order to give proof of concept of the biotechnological potential of one of the largest reservoirs of organic material on Earth. For this purpose, we have assessed (1) the antioxidant capacity of DOM in a more exhaustive manner by applying a polarity-mediated fractionation, (2) the molecular characterization of DOM with state-of-the-art ultra-high resolution mass spectrometry, (3) the relationships between DOM molecular composition and its antioxidant activity/phenolic content, and (4) via cytotoxicity analyses, possible future cosmeceutical applications of marine DOM as a marine bio-ingredient. In addition, we aimed at evaluating whether fractionation of marine DOM was successful in the enrichment of different molecular categories. Consequently, we lastly evaluated if the antioxidant activity and phenolic content is inherent to the synergistic effect of the bulk or distinguishable among molecular groups.



MATERIALS AND METHODS


Sampling

Contrasting marine environments were chosen to test the antioxidant potential and phenolic content of marine DOM. Oceanic water samples were collected in substantial amounts by the Research Group for Marine Geochemistry (ICBM, Oldenburg) at the Natural Energy Laboratory of Hawaii Authority (NELHA; www.nelha.org) on the island of Big Island, Hawaii, United States. near Kailua-Kona (19°44′N, 156°04′W) in 2008 (Green et al., 2014). At NELHA, the North Equatorial Pacific Intermediate Water (674 m; NEqPIW), one of the oldest water masses on Earth, hereafter referred to as “deep sea,” and surface water from the same site (21 m), hereafter referred to as “sea surface,” were collected. Both are also considered “water column” samples along the manuscript. The final extracts were stored in methanol at -20°C at concentrations of 750 mmol/L for deep sea and 710 mmol/L for sea surface for future research uses. Thirdly, sediment porewaters from the extensive tidal flats of the Wadden Sea close to the Island of Spiekeroog (Germany) were also collected. Deep sea and sea surface samples were filtered directly from the NELHA laboratory taps through a 0.2 μm filter (Causa-PES 0.2 μm polyethersulfone final filters for PPL, for more information, see Green et al., 2014). The porewater was collected in 10-liter acid-cleaned polycarbonate carboys by digging a hole directly in the intertidal flatland, transported directly to the laboratory and stored in the dark at 4°C until filtration within 24 h. Filtration was performed first through acid-cleaned 1 μm GMF filters (Whatman) and then through pre-combusted (450°C, 4 h) Whatman GF/F filters in an acid-cleaned filtration system. Procedural blanks consisting of ultrapure water instead of samples were included.

After acidification to pH 2.0 with HCl (25%, p.a., Merck), an aliquot of the sample was used to determine concentrations of non-purgeable organic carbon (DOC) and total dissolved nitrogen (TDN) with a Shimadzu TOC-VCPH total organic carbon and TNM-1 nitrogen detectors. Routine minimum detection limits are 9.7 μM-C for DOC and 6.4 μM-N for TDN, and standard errors are typically <2.5% of the DOC or TDN concentrations (Stubbins and Dittmar, 2012). Deep sea reference samples provided by D. Hansell (University of Miami, United States) were included in the analysis for validation.



Solid Phase Extraction

To study the molecular features of marine DOM via FT-ICRMS, sample concentration and removal of salts is required. Solid phase extraction (SPE) with PPL cartridges (Varian Bond Elut), a modified styrene divinylbenzene polymer type sorbent (SDBV), is currently the most effective technique for this purpose to date, recovering up to 70% of bulk DOC from marine environments (Dittmar et al., 2008; Green et al., 2014; Seidel et al., 2015; Linkhorst et al., 2017). In this case, PPL (5 g size) cartridges were used (Dittmar et al., 2008). In sediment porewater, six PPL (5 g size) cartridges were displayed in parallel to elute DOM from 90 L of filtered water in 8 days (∼2 L/cartridge/day). Procedural information about the water column samples can be obtained in Green et al., 2014. Prior to use, the cartridges were soaked in methanol (UPLC/MS grade, Biosolve BV) overnight and rinsed twice with ultrapure water, twice with methanol, and twice with 0.01 M HCl (suprapur). Before extraction, samples were acidified to pH 2 with HCl to increase the extraction efficiency for organic acids and phenols. After the samples passed through the PPL resin, the cartridges were rinsed with ultrapure water (pH 2) to remove salts and dried with argon gas. Retained DOM was eluted with 40 mL of methanol. After rotary evaporation at a temperature lower than 40°C, the final DOC concentration of the sediment porewater was 25 mmol/L (see final concentrations of deep sea and sea surface in section “Sampling”). The SPE-DOM porewater sample was stored in methanol at −20°C.



DOM Fractionation

The highly concentrated SPE-DOM samples were dried at 36°C and stored in dark in a desiccator until use. The fractionation was performed using PPL cartridges (5 g size; PPL fractionation) and silica columns (Type G, Stahl; Silica fractionation). 25 mg of each PPL extract were flushed through a PPL cartridge and a silica column with different solvents at different combinations to reach a polarity gradient (Figure 1). Fractionation yields for each fraction were calculated, according to the amount of carbon recovered. For each SPE-DOM, a total of 12 fractions of 40 mL each were obtained (6 PPL + 6 Silica) and they are named according to the fractionation type and polarity degree (Figure 1). All organic solvents were MS grade, water had ultrapure quality. For PPL fractionation, solvent combinations of 25% methanol/75% water (P1), 50% methanol/50% water (P2), 75% methanol/25% water (P3), 90% methanol/10% water (P4), 100% methanol (P5) and 100% ethyl acetate (P6) were conducted. For Silica fractionation, solvent combinations of 100% hexane (S6), 100% ethyl acetate (S5), 75% ethyl acetate/25% methanol (S4), 50% ethyl acetate/50% methanol (S3), 25% ethyl acetate/75% methanol (S2), and 100% methanol (S1) were conducted. The fractions were stored at -20°C, and before further measurements, they were dried and re-dissolved in the same solvent mixture.
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FIGURE 1. Scheme of the fractionation procedure. (A) Fractionation 1 (with PPL cartridges), (B) Fractionation 2 (with Silica columns). MeOH (methanol), EA (ethyl Acetate).




Quantification of Antioxidant Activity and Phenolic Content

For the quantification of antioxidant activity and phenolic content, 1.6 mL of each fraction was collected. The aliquots were dried at 36°C and redissolved in 1 mL of ethanol/water (1:1, v/v), which is an established solvent combination (Guedes et al., 2013; Michalak and Chojnacka, 2014) and in addition it can be used for nutraceutical and cosmeceutical applications in contrast to other solvent as methanol (Kim and Chojnacka, 2015). The antioxidant activity of the three original SPE-DOM and their silica and PPL fractions were spectrophotometrically determined using the free radical ABTS (ABTS⋅+) approach based on Re et al. (1999). The ABTS radical cation (ABTS⋅+) was generated by a reaction of 7 mM ABTS with 2.45 mM potassium persulfate. The mixture stood in the dark for 12–16 h at room temperature to allow the formation of the ABTS⋅+ radical and was used within 2 days. A volume of 59 μL of each sample was added to 6 μL of the ABTS+ solution and 944 μL potassium persulfate, and let react in the dark at room temperature during 7 min. The decrease in absorbance is related to the concentration of antioxidants (i.e., the more antioxidant potential a sample contains, the more transparent it will become). A blank of the ABTS+ solution with 994 μL potassium persulfate and 6 μL of the ABTS+ solution was also measured and used as a control. A standard solution of Trolox (0–50 μM) was used to prepared a calibration curve that serves as a reference for antioxidant activity. The extent of decolorization was expressed as a function of the standard concentration and represented as μmol TEAC (Trolox Equivalent Antioxidant Capacity) g–1 DOM (in dry weight, DW). The antioxidant activity of the three original SPE-DOM (porewater, deep sea, sea surface) and PPL and Silica fractions was measured by a BIO-TEK FL600plate reader (Winooski, VT, United States) at 342, 413, 645, 734, and 811 nm. For further calculations, the 413 nm was chosen. Since the DOM extracts contain chromophoric substances (particularly known as chromophoric DOM, CDOM), the intrinsic absorbance of the samples was measured before reaction and subtracted to the absorbance of the reaction at each measured wavelength. Each sample was measured in triplicate and the results are reported as an average of the three measurements.

The antioxidant activity of the samples (original extracts and fractions) was calculated by the following equation:
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where Acontrol is the absorbance of the ABTS+ solution; Asample is the absorbance of the sample after the reaction has taken place; ACDOM is the intrinsic absorbance of the sample.

The method used for the quantification of phenolics was the Folin-Ciocalteu photocolorimetric method (Folin and Ciocalteau, 1927). For this, 5 μL of the sample was added and mixed with 75 μL of ultrapure water, 5 μL of Folin-Ciocalteu reagent and 15 μL of Na2CO3 (20%). The sample were stored for 2 h in the dark at 4°C to allow the reaction to take place. Finally, the absorbance at 760 nm was spectrophotometrically quantified in a BIO-TEK FL600 plate reader (Winooski, VT, United States). A standard curve was performed with floroglucinol (0–300 μg mL–1) and the results were expressed as mg phenols g–1 DOM (in dry weight). To convert DOC into dry weight, DOC values were doubled, assuming that the half of the DOM weight correspond to carbon content (Krogh and Keys, 1934). In both ABTS and Folin-Ciocalteu method, blanks of all fractionation steps were collected, measured and subtracted to the sample to avoid any blank artifact.

To take the first steps into the introduction of marine DOM as a bioactive ingredient for cosmeceutical products, cytotoxicity measurements are essential. In this study, the Resazurin method was chosen, which has been broadly used in mammalian cells and bacteria for evaluation of biocompatibility of diverse materials. The method quantifies spectrographically the reduction of the nonfluorescent dye resaruzin by metabolically active living cells to the strongly-fluorescent dye resazurin (Borra et al., 2009; Kuete et al., 2017). The fluorescence output is proportional to the number of viable cells. As resazurin is not toxic, the cells exposed to it can be returned to culture or used for other purposes (Kuete et al., 2017).



Cytotoxicity Tests

For the cytotoxicity assays, 1.6 mL of each fraction was first dried and redissolved in 2 μL of dimethyl sulfoxide (DMSO) and 98 μL of cell medium. To make sure that DOM gets properly dissolved, DMSO was added first. In this study, human epidermal keratinocytes (HaCat) and human hepatic cells (HepG2) were utilized for cell viability. HaCat cells and HepG2 cells were provided by the Leibniz-Forschungsinstitut für Molekulare Pharmakologie. In this institute, cells were seeded in 384 well plates at a density of 2,000 cells/well (5 × 104 ml–1) in DMEM high glucose (Dulbecco’s modified Eagle’s medium) and at a density of 2,500 cells/well (6.25 × 104 ml–1) in RPMI (Roswell Park Memorial Institute), respectively. Both mediums were supplemented with 10% fetal bovine serum (FBS). After 24 h, 10 μL of sample was added to each well and let it incubate for 72 h at 37°C. The final concentration of DMSO used was 0.2% (v/v) for each treatment. Positive and negative controls cells were prepared with 0.2% of DMSO and Fluorouracil and only with 0.2% of DMSO, respectively. Next, 5 μl of prewarmed resazurin (stock 0.4 mM) were added to the plates and incubated for 7 h at 37°C. Lastly, fluorescence was measured with a Tecan reader to estimate cell viability (fluorescence read from top, excitation wavelength 560 nm, emission wavelength 590 nm, 10 nm bandwidth both for excitation and emission). Staurosporin, mibefradil, valinomycin, etoposide, and fluorouracil were added as references due to their cell inhibition properties.



FT-ICR MS

To avoid possible artifacts introduced by using different solvents in the FT-ICR MS measurements, the original SPE-DOM and their silica and PPL fractions were dried and redissolved in ultrapure water and methanol (MS grade) at a water-to-methanol ratio of 1:1 (v/v) to yield a DOC concentration of 2.5 mg C L–1. Duplicates of each sample were analyzed using a Solarix XR FT-ICR MS (Bruker Daltonik GmbH) connected to a 15 Tesla superconducting magnet (Bruker Biospin). Samples were injected at a flow rate of 120 μL h–1 into the electrospray ionization source (ESI; Apollo II ion source, Bruker Daltonik GmbH) in negative mode. Ions were accumulated in the hexapole for 0.3 s prior to transfer into the ICR cell. Data acquisition was done in broadband mode with a scanning range of 100–1,000 Da. For each mass spectrum, 200 scans were accumulated. The spectra were calibrated based on known molecular formulas over the whole mass range, which resulted in a mass error of <0.1 ppm. SPE-DOM from the deep sea sample was used as a reference sample to assess instrument variability over time (Hansman et al., 2015; Osterholz et al., 2016) given to its molecular stability after its long residence time in the deep ocean.

Method detection limit (MDL), mass alignment of different spectra and molecular formula attribution was done with the software ICBM-OCEAN (Merder et al., 2020). The MDL method (MDL level 2.5) was used to eliminate instrumental noise. Mass spectra were recalibrated to reduce systematic error. Masses were aligned among samples (0.5 ppm tolerance) and averaged over spectra to reduce the random mass error (Merder et al., 2019). In the formula attribution, the N, S, P rule, and the isotope verification was applied to exclude unlikely formulas. In addition to the CH2 homologous series, which are commonly used to remove double assignments (Koch et al., 2007; Merder et al., 2019), CO2, H2, H2O, and O homologous series were considered at this step to improve the formula assignment (Merder et al., 2020). Potential contaminants present in spectra of the blanks prepared during fractionation were removed prior to statistical analysis. Only the formulas present in both duplicate measurements were considered and their intensity were averaged for further evaluation. Formulas with absence of oxygen and with an O/C ratio >1.2 were excluded (Kind and Fiehn, 2007).

After applying the abovementioned filtration criteria, the number of assigned molecular formulas across all samples was 9989. The assigned formulas were sorted into groups of formulas containing the atoms CHO, CHON, CHOS, CHOP, and others (CHONS, CHOSP, and CHONP). In addition, we assigned the identified molecular formula to compound groups based on established molar ratios (H/C, O/C), modified aromatic index (AImod), double bond equivalent (DBE), and heteroatoms contents. Although uncertainty exists due to the hundreds of different possible structural combinations behind a molecular formula (Zark et al., 2017), this classification provides an overview of the distribution of formulas and of the likeliest chemical structure behind a molecular formula. We applied the rules implemented in ICBM-OCEAN (Merder et al., 2020). The molecular categories used in this work were: (1) polyphenols (0.5 ≤ AImod ≤ 0.666), which are highly aromatic compounds, (2) highly unsaturated compounds (AImod < 0.5, H/C ≤ 1.5), (3) unsaturated aliphatics (1.5 ≤ H/C ≤ 2, and O/C < 0.9, no N), and (4) unsaturated aliphatics with nitrogen (1.5 ≤ H/C ≤ 2 and O/C < 0.9 and N). The formulas were normalized to the sum of all molecular formula intensities for each sample, and subsequently, the intensity weighted-averages (indicated by the subscript w) of elemental ratios H/Cw and O/Cw, DBEw, AImodw (Vetter, 1994; Koch and Dittmar, 2006, 2016) and of the defined molecular categories were calculated. Exclusive molecular formulas present at each sample were also considered. Exclusivity refers to those formulas that are only present or detected in a sample, but not in any other samples.



Statistical Analysis

Non-metric multidimensional scaling (NMDS) was utilized to evaluate how different the samples are from each other in their molecular composition and ultimately, to evaluate how successful polarity-based fractionation was for the separation of molecular categories. This unconstrained method uses Bray-Curtis dissimilarity matrix to maximize the variance between samples based on ranking data and is useful when little is known about the data distribution (Buttigieg and Ramette, 2014). An extended constrained data evaluation, combining both molecular and antioxidant activity/phenolic content data, was performed using partial least square analysis (PLS). While in NMDS samples are just separated by their composition, in PLS samples are separated based on how their composition change in relation to independent variables such as antioxidant activity, phenolic content or sample type. Bioactivity and molecular data were standardized and Hellinger transformed to avoid variation caused by different scales or units and to give less weight to rare formulas (Ramette, 2007). PLS resulted in a linear model relationship between samples (scores) and variables, with the latter represented by both bioactivity data (X), and molecular data (Y) loadings. Accordingly, PLS analysis allowed identification of the formulas more strongly related to the antioxidant activity and phenolic content. To constrain these relationships, a threshold of ≥0.4 and ≤-0.4 for the molecular loadings along the PLS axes factor 1 was executed. Additionally, molecular categories and intensity-weighted molecular indicators were also passively displayed in the PLS model. As such, they did not influence the model but their location in the model allowed us to better visualize their correlation with other variables. NMDS analysis was performed in R (v3.1.0; R: A Language and Environment for Statistical Computing, R Core Team R Foundation for Statistical Computing, Vienna, Austria, 20141) using RStudio (v0.99.903; RStudio Team, 2015) and the package vegan (v2.4-1; Oksanen et al., 2017). PLS analysis was done with the software Unscrambler (X version 10.5.1, Camo Software).



RESULTS


SPE and Fractionation Yields

With 90 liters of porewater at a DOC concentration of 875 ± 85 μmol L–1, and a SPE recovery of 49%, almost 1 g of DOM dry weight was obtained. To accomplish a differentiation in molecular composition, a polarity-based fractionation with 25 mg of dried material was executed. The fractionation yields (i.e., DOC recoveries of all fractions referred to the initial amount) were higher for PPL than for Silica, with values of 52, 81, and 84% for porewater, deep sea and sea surface, respectively, (Supplementary Table 1). In the Silica fractionation, yields of 29, 45, and 51% for porewater, deep sea and sea surface were obtained, respectively, (Supplementary Table 1). The DOC concentrations of the fractions ranged between 0.5 and 16.6 mmol L–1. The highest DOC concentrations were found in fraction P3 in both deep sea and sea surface (Supplementary Table 1). The 100% hexane fractions and P6 sea surface showed DOC concentrations in the order of a blank and therefore were not considered for further evaluation.



Bioactivity Tests

Porewater fractions presented the highest antioxidant activity and phenolic values in both Silica and PPL fractionations (Figure 2). With DOC concentrations of 3.0, 3.2, and 2.9 mmol L–1 for PPL (P2, P3, and P4) and 1.1, 3.3, and 1.9 mmol L–1 for Silica (S5, S3, and S2), these porewater fractions exceeded 80% of AA. When normalizing the AA to the DOC concentration (i.e., TEAC g–1 DW; Figures 2A,B), TEAC values exceeded 1000 TEAC g–1 DW of the more apolar PPL and Silica porewater fractions (i.e., P5, P6, S5, and S4). All porewater fractions presented values higher than 400 μmol TEAC g–1 DW. Deep sea and sea surface fractions, at much higher DOC concentrations reached less radical scavenging potential per dry weight. They showed on average around 200 μmol TEAC g–1 DW. The phenolic content, as well as the antioxidant activity, reached maximum values in the most apolar fractions of porewater, with a maximum of 211 mg phenols g–1 DW in S5 (Figures 2C,D). The minimum values were found in the P2, P3, and P4 fractions of both deep sea and sea surface. In the case of the deep sea, the highest antioxidant activity and phenolic values were found in P1, S1, and S2, whereas in the sea surface, the highest values were found in P5, S5, and S4 (Figure 2). A highly significant linear correlation between phenolic content and the relative contribution of “polyphenols” formulas was observed (R2 = 0.46, p < 0.0001; Supplementary Figure 1).
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FIGURE 2. DOM Bioactivity along the polarity gradient. (A,B) Antioxidant Activity in μmol TEAC g– 1 DW (C,D) and phenolic content (mg phenols g– 1 DW). P1 to P6 and S1 to S5 denotes increase in apolarity during fractionation (for interpretation of the sample nomenclature, the reader is referred to Figure 1 of this article).




DOM Molecular Composition and Its Relation With Bioactivity

An in-depth non-targeted molecular characterization via FT-ICR MS was done, with the final aim to link DOM composition to antioxidant activity and phenolic content. Differences in the molecular composition among the different DOM fractions were observed on the heteroatomic composition (Figure 3), the contribution of molecular categories (Table 1) and the overall DOM composition in each sample, represented by the relative abundance of all molecular formulas detected (the latter assessed by NMDS analysis, Figure 4). These differences in molecular composition among the polarity fractions corresponded to variations in bioactivities. In the porewater, antioxidant activity and phenolic content decreased with polarity (Figure 2). In the samples from the water column, a similar trend was not observed (Figure 2). NMDS analysis, which separates the samples according to the molecular composition, set the porewater samples apart from water column samples along the second axis (Figure 4). The first axis separated the fractions obtained via PPL fractionation (Figure 4A). For the case of Silica, this separation is not very clear and fractions are closer displayed than for PPL (Figure 4B). Porewater samples showed a maximum AImodw of 0.36 in P6, a highest polyphenol value of ∼20% of the total number of formulas in P5, P6, and S1, and a maximum of 25% in unsaturated aliphatics of the total formulas in S4. In addition, porewater samples are characterized by a higher number of formulas, a lower molecular weight, a higher CHOS content than the water column samples (Figure 3 and Table 1). On the contrary, water column samples are more enriched in highly unsaturated, O-containing formulas (i.e., higher O/Cw and DBEw). The highest content of highly unsaturated formulas was found in both P5 and P6 of deep sea and P6 of sea surface, up to a maximum of 60% (Table 1). Unsaturated aliphatic compounds with N were highest in the most polar fractions from PPL and Silica (Table 1). Compared to the molecular difference between porewater and seawater, the difference between surface and deep ocean was subtle. For instance, polyphenols were more abundant in deep water than in surface water, especially in the most polar fractions of both PPL and Silica fractions.
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FIGURE 3. Heteroatomic composition in relative abundance of the different SPE-DOM and fractions. The colors denote different atomic compositions: blue (CHO), orange (CHON), yellow (CHOS), brown (CHOP), and gray (Others). The term “Others” refers to the formulas with CHONS, CHOSP, and CHONP.



TABLE 1. Molecular composition and presence of molecular groups (percentage with respect to the total of formulas) for the three SPE-DOM and respective fractions.

[image: Table 1]
[image: image]

FIGURE 4. Non-metric multidimensional scaling (NMDS) of the relative abundance of DOM molecular formulas in the whole dataset (stress = 0.125). (A) PPL and (B) Silica fractionation samples are displayed. Colored circles refers to the three DOM origins namely porewater (brown), deep sea (blue), and sea surface (green) with bigger and smaller circles representing the original SPE-DOM and fractions, respectively. Small white circles refer to all molecular formulas in the dataset. SPE (SPE-DOM).


Partial least square analysis splitted samples along two factors based on how their molecular composition changes in relation to antioxidant activity, phenolic content and sample type. Factor 1 accounted for 52% and 19% of the environmental and molecular data variability, respectively, whereas factor 2 explained 22% and 10% (Figure 5). Factor 1 was associated with the sample origin (Figure 5A), which is significantly associated with the antioxidant activity and phenolic content of DOM (Figure 5B). In fact, a significant correlation between factor 1 and TEAC values (R2 = 0.87; p < 0.001), as well as between factor 1 and phenolic content (R2 = 0.80; p < 0.001), was found (Supplementary Figures 2, 3). Factor 2 was related to polarity (Figure 5C). Along Factor 2 (Figure 5), the highest content of unsaturated aliphatics (O-rich) were found in the most polar PPL fractions, whereas the unsaturated aliphatics (O-poor) were allocated to the most apolar PPL fractions (Table 1). The increase of the antioxidant activity and phenolic content was associated with higher AImod, unsaturated aliphatics, S and polyphenol proportion (Figure 5D). In the water column samples, high bioactive potential was related to high content in polyphenols and unsaturated with N (Table 1). Direct analysis of FT-ICR MS data confirmed these molecular trends displayed by the statistical analysis.
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FIGURE 5. Partial least squares (PLS) analysis of DOM molecular formulas from porewater, deep sea and sea surface, displaying the first two axes (Factor 1 and Factor 2) in relation to the bioactivity data and DOC concentration. Factor 1 explained 52% and 19% of the bioactive and molecular variability and Factor 2 22% and 10%. Score plots are color coded based upon (A) origin, (B) antioxidant activity, and (C) polarity. Plot (D) shows the molecular loadings in relation to the independent variables. The molecular indicators “highly unsat.” and “unsat. aliph.” are referred to highly unsaturated and unsaturated aliphatics, respectively. For interpretation of the sample nomenclature, the reader is referred to Figure 1 of this article. SPE (SPE-DOM).


To visualize the differentiated molecular features among samples, van Krevelen diagrams with H/C and O/C elemental ratios as orthogonal axes were generated (Figure 6A). They were color coded with the molecular loadings from PLS analysis (z axis). The color gradient depicts the relation of each molecule to the antioxidant activity and phenolic content. As already mentioned in the methods, a threshold of ≥0.4 and ≤-0.4 was applied for factor 1. According to our PLS results, two new categories of molecular formulas were defined based on their association with bioactivity: formulas related to “high-bioactivity” with factor 1 ≥ 0.4 (yellow-red color in Figure 6A) and formulas related to “low-bioactivity” with factor 1 ≤ -0.4 (blue-pink color in Figure 6A). With this approach, a total of 1803 formulas related to “high-bioactivity” were confined. Of this “high-bioactivity” group, 59% of the formulas was exclusive of porewater. 41% and 47% of these formulas contain N and S, respectively. Furthermore, 47% of this “high-bioactivity” group were highly unsaturated and 23% under the category polyphenols (93% of both molecular categories were O-poor). Molecular formulas in the water column fractions (i.e., 41% of the “high-bioactivity” group) were mostly represented by highly unsaturated and polyphenols, but generally at lower intensity than in porewater. In this group, unsaturated aliphatic formulas with N were also abundant in the water column samples that displayed highest bioactivity signals (i.e., fractions S1 and S2). O-rich formulas account only for 6% of the “high-bioactivity” group. In the formulas related to “low-bioactivity,” highly unsaturated formulas dominated with 93% and above half of them were O-rich.
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FIGURE 6. van Krevelen diagrams (VKDs) of H/C and O/C ratios using the PLS molecular loadings (in the z axis) from Figure 5. (A) VKD with Factor1 loadings, (B) zoom-in of the 100 molecular formulas with the highest loadings on Factor 1 (i.e., formulas predominant in porewaters associated with the highest bioactivity as indicated in Figure 5B). For definition and location on the VKPs of discussed molecular categories see section “Cytotoxicity tests” and Table 1.




DISCUSSION


Comparison of Antioxidant Activity in Marine DOM With Other Organic Mixtures

In our study, the DOC concentration and DOM recovery is within the range of what is commonly found in Wadden Sea porewater in previous studies (Seidel et al., 2015; Linkhorst et al., 2017). The DOC concentrations and extraction efficiencies from water column samples were reported as 43.9 ± 6.6 μM and 61 ± 3% for deep sea and 71.3 ± 7.2 μM and 61% ± 5% for sea surface, respectively (Green et al., 2014). DOM from different sources presented a wide range of antioxidant activities and phenolic content, which resulted in a different antioxidant activity. DOM from sulfidic porewater had highest values (Supplementary Table 1). Despite the lower values found in the water column in comparison with porewater, antioxidant activities and phenolic content were still exceeding what it is commonly found in macroalgae and microalgae with cosmeceutical purposes (Matanjun et al., 2008; Goiris et al., 2012; Álvarez-Gómez et al., 2017), in vegetables (Deng et al., 2013), in fruits (Fu et al., 2011), in honey (Osés et al., 2006), and in the same magnitude as propolis (Kumazawa et al., 2004; Bohvehiì and Gutieìrrez, 2011; Supplementary Figure 4).

The SPE-DOM and ABTS techniques are among the most standardized methods for DOM extraction and estimation of antioxidant activity. Since both techniques use methanol as solvent, it would be straightforward to measure antioxidant activity of DOM at a larger scale (Romera-Castillo and Jaffé, 2015). Because different absorption wavelengths are used in the literature to estimate radical scavenging, we assessed the potential artifact by this methodological difference. The differences were insignificant and within the range of analytical error (<7%), facilitating a broader comparison with literature data. Contrary to what has been previously reported (Rimmer and Smith, 2009; Romera-Castillo and Jaffé, 2015; Klein et al., 2018) no significant relationship between DOC concentration and antioxidant activity (TEAC g–1 DW) was found, probably due to the large sample diversity in our study. In order to compare the antioxidant activity and phenolic content of different NP with our results, our antioxidant activity and phenolic content were normalized by dry weight of DOM. Klein et al. (2018) recently measured the antioxidant capacity of humic acids (SRHA), fulvic acids (SRFA) and dissolved organic matter (SRDOM) from Suwannee River. Their results were more similar to our values for porewater samples, ranging from 2,200 to 3,200 μmol TEAC g–1 DW. Romera-Castillo and Jaffé (2015) showed evidence of the radical scavenging capacity of DOM in freshwater marsh environments and two rivers in the Everglades National Park. For comparison, we converted their % of radical scavenging in TEAC units by using our own Trolox standard curve (R2 = 0.99, p < 0.001), as well as considering a DOC concentration of 100 mg L–1 and a sample dilution factor of 2 as indicated in their procedure. The results showed on average 65.1 ± 4.7 μmol TEAC g–1 DW, with maximum of 96.8 and 107.8 μmol TEAC g–1 DW in the fringe mangrove zone of Taylor Slough. Samples from Harney River also showed values between 90 and 95 μmol TEAC g–1 DW. In comparison with our results, these values resembled more our water column samples, remaining at the range of the PPL fractions P2, P3 and P4 of deep sea and sea surface. Rimmer and Smith (2009) measured the antioxidant activity in soil organic matter from various sources, which resulted in a broad range from 20 to 14,020 μmol TEAC g–1 of soil. Similarly, values of 22 and 57 μmol TEAC g–1 DW for antioxidant activity, and 11–12 mg phenols g–1 DW were estimated for different peat extracts (Tarnawski et al., 2006). Overall, our porewater and water column results fall in range of those previously measured, given their wide range of coverage. However, those results are referred to terrestrial-derived DOM. Consequently, further marine DOM antioxidant activity measurements are needed for comparative reasons.



Molecular Formulas Associated With Higher Bioactivity

Aside polarity, phenolics content and antioxidant activity, individual molecular formulas of DOM compounds were provided as molecular information in this study. It’s worth emphasizing that even after fractionation, the full structural elucidation is still not possible, fractions are still molecularly very complex (>1,000 formulas per fraction in most cases). Indeed, polarity-mediated fractionation was not performed to reduce the molecular complexity but instead to obtain differences in the molecular composition and consequently in the bioactive potential which was confirmed by multistatistical tools. Another valuable information is the relative intensity of each formula. Variations in relative signal intensity are a semi-quantitative proxy for changes in relative compounds contribution in a sample. For the case of the highest antioxidant activity and phenolic content, which was detected in porewater, 100 molecular formulas were related to the bioactivity (Figure 6B). Their highest relative intensities were allocated in fractions P5, P6, and S5 of porewater, thus reflecting that their contribution substantially increased the sample bioactivity.

The presence of polyphenols and unsaturated aliphatics (specially O-poor), AImod and CHOS was associated to the DOM bioactivity potential (Figure 5D). This finding is expected, as an antioxidant has to be reduced and reactive, meaning that it probably contains little oxygen and several double bonds (Bonner and Arbiser, 2014; Nimse and Pal, 2015). In the “high bioactivity” group, polyphenols (mostly O-poor) are irrefutably more abundant in porewater fractions not only in terms of number of formulas, but also in intensity. This indicates a higher contribution in porewater than in water column samples of those shared formulas. In the water column fractions, 41% of the formulas from the “high bioactivity” group are also present. Although the signal intensities of these compounds are generally lower in the water column compared to porewater, their occurrence indicates that many of the bioactive substances in porewater are also present in the water column. Indeed, results after a PLS analysis exclusively with the water column samples confirm that the bioactivity potential is mainly driven by S-containing and polyphenols compounds (data not shown). Highly unsaturated formulas are substantially present in both “high bioactivity” and “low bioactivity” groups, indicating that the bioactive potential is not associated to the presence of this molecular category.

As mentioned above, polyphenols are dominant in the group of formulas associated with “high bioactivity.” Previously, it was postulated that these compounds may be attributed to condensed tannins or flavonoids (Hockaday et al., 2015) or lignin-like compounds (Zherebker et al., 2016), whose high antioxidant activity rates have been already determined (Rice-Evans et al., 1997; Dizhbite et al., 2004; Amarowicz, 2007). Phenolic compounds constitute a main group of the antioxidants from both natural and synthetic sources (Brown et al., 2006). Polyphenols are products of the secondary metabolism and constitute one of the most numerous and ubiquitous groups of substances in the plant kingdom, with several thousand different structural variants found in nature (Harborne, 1994; Bravo, 1998). There are no vascular plants growing in the ocean and lignin content in marine DOM is low (Pellerin et al., 2010; Jex et al., 2014), but in the marine environment, organisms synthesize a vaster spectrum of secondary metabolites than in their land counterparts, which is considered as an evolutionary mechanism to survive in extremely different and hostile environments in terms of light, salinity and temperature (Gupta et al., 2012; Prabhu et al., 2017). In this sense, we presume that the adverse conditions present in the sediments (in terms of anoxia, light, and pH) may be responsible of the high presence of polyphenolic compounds.



Sulfur-Containing Compounds

In anoxic conditions, DOM is present in reduced forms and easily oxidized under oxidative agents. In such anaerobic conditions, abiotical incorporation of S into DOM, namely sulfurization, is enhanced (Pohlabeln et al., 2017), even at very early stages of sedimentary diagenesis (Wakeham et al., 1995). When O2 is fully consumed, SO4–2 becomes the major electron acceptor in anoxic marine sediments, leading to the production of hydrogen sulfide, which subsequently can be incorporated in the DOM molecules as part of the sulfurization process (Jessen et al., 2017). Under absence of O2 and increase of sulfurization, a slowdown of organic matter degradation occurs, resulting in an increase of the preservation of reactive DOM species (Damste and de Leeuw, 1990; Hansell, 2013; Jessen et al., 2017). This could explain why we find a higher antioxidant potential and more S-containing formulas in porewaters than in the water column.

It is already known that sulfur-containing redox compounds are widely present in living organisms and in the environment (Goncharov et al., 2016). One of the most discussed mechanisms to sulfur incorporation in reduced sediments has been through thiols (i.e., Michael addition; Movassagh and Shaygan, 2006; Amrani et al., 2007). Thiol-based redox systems arose early in evolution among all phylogenetic branches (i.e., including anaerobic bacteria and archaea), after the necessity of organisms for the maintenance of cellular redox potentials and the defense against reactive species (Hand and Honek, 2005; Deponte, 2017; Ulrich and Jakob, 2019). However, thiols are observed in very low concentrations (Hand and Honek, 2005) or are even undetectable (Pohlabeln et al., 2017) in marine environments. They are in general unstable under the presence of oxygen (Dupont et al., 2006) and had likely been oxidized prior to analysis (Pohlabeln et al., 2017). Therefore, further reactions resulting in more stable S-containing subtances should take place. Pohlabeln and Dittmar (2015) found that the main oxidation products were sulfonic acid groups, which are very stable. Moreover, the higher stability of disulfide bonds (RS-SR; Neubeck and Freund, 2020) could be also a reason of the preservation of S-containing formulas.

Another factor worth considering in order to explain the higher antioxidant activity in porewater is the initial emergence of antioxidants. Antioxidants appeared far predating the appearance of O2 in the atmosphere not to counteract ROS but also to counteract sulfur reactive species (SRS; Neubeck and Freund, 2020). In fact, experimental evidence concluded that many antioxidants possessed higher affinity toward SRS than toward ROS (Slesak et al., 2016; Case, 2017; Olson et al., 2017; Neubeck and Freund, 2020). In this sense, the presence of a higher number of antioxidants in porewaters may also be in response to SRS.



Marine DOM as a Cosmeceutical Ingredient

As far as we know, this is the first study that employed ultrahigh-resolution FT-ICR MS to get a hint of the molecular landscapes behind those samples with high antioxidant activity and phenolic content. Individual molecular formulas linked to “high-bioactivity” have been elucidated. Even though targeted chemical analyses were not employed, as usual in pharmaceutical/cosmeceutical studies, we demonstrated an easy and straightforward procedure to elucidate the molecular features of DOM samples without physical isolation of individual compounds. In this procedure, chemometric techniques were applied to distinguish the molecular features associated with the presented modes of bioactivity. Chemometric methodology was established because of the need to analyze highly complex databases generated from non-targeted approaches such as transcriptomics, proteomics or metabolomics (Trygg et al., 2006). This approach could be extrapolated to different bioactivities within the pharmaceuticals and cosmeceuticals, as already employed by Zhernov et al. (2017); Tuttle et al. (2019), or Mueller et al. (2020). All these studies, including ours, have in common the merging and success of non-targeted chemical characterization with pharmaceutical or cosmeceutical analyses. Here, we demonstrate the feasibility to identify novel NP from complex organic mixtures, which were inaccessible until today.

With a future commercial orientation, the cytotoxic tests demonstrated an innocuous effect in most DOM fractions at a maximum concentration 10 times higher than used in our bioactivity assays (Supplementary Table 1). Only in 7 fractions (4 from deep sea and 3 from porewater), inhibitory effects were detected (Supplementary Table 2 and Figure 7). The highest cytotoxicities were found in S5 porewater and S2 deep water with IC50 of 264 and 288 μg mL–1 for the 2 cell lines, respectively. Sea surface samples showed no cytotoxicity throughout the whole concentration range. Thus, these results indicate that the possibility of using porewater and water column DOM as a marine ingredient is presumably plausible. Attention has been turned to marine microorganisms in recent times, as their ability to produce metabolites with unmatched structures (Bhatnagar and Kim, 2010). However, the marine DOM or the exometabolome of marine microorganisms has never been included in the exploration of active ingredients.
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FIGURE 7. Human keratinocites (HaCat) and hepatic (HepG2) cells exposed at non-toxic and toxic dosis. On the left panel, HaCat cells are cultured with P6 deep sea and S5 porewater at concentrations (A,B) below and (C,D) above the IC50. On the right panel, HepG2 cells are cultured with S3 Porewater and S3 Deep Sea at concentrations (E,F) below and (G,H) above the IC50.


The novelty of marine DOM is that it is present in all marine environments forming one of the largest pools of organic carbon on Earth’s surface. The lowest concentrations are found in the Pacific Ocean with ca. 40 μmol C kg–1 (Hansell et al., 2009), while the highest concentrations can be found in marine sediments and terrestrial wetlands with concentrations up to 1,000 times higher (Chin et al., 1998; Alperin et al., 1999; Burdige et al., 2004). This will determine the volume of water to be filtered when obtaining the desired concentration. Although the molecular composition varies according to the source, there is a portion of the DOM that is ubiquitously present, regardless of the source (Zark and Dittmar, 2018). In Zark and Dittmar (2018), they found that approximately 40% of the DOM was present in the whole dataset. This ubiquitous DOM subset is quite represented by carboxyl-rich alicyclic molecules (CRAM), which falls in the highly unsaturated molecular category. CRAM are the most abundant identified component of DOM in the deep ocean (ca. 8% of total DOC, Hertkorn et al., 2006). The fact that CRAM have undergone extensive alterations gives them a great resistance to degradation as well as a refractory character (Hertkorn et al., 2006). Since the vast majority of the formulas belonging to the “high bioactivity” group present in all three marine environments (i.e., 41%) are “highly unsaturated,” it would be interesting to expand the number of samples in future studies and check whether these formulas are present on a larger scale. If this is the case, this would facilitate the choice of an appropriate sampling site for the exploration of bioactive compounds in DOM. However, it should not be forgotten that some of the candidates substantially responsible for the bioactivity in this study have been S-containing, unsaturated and polyphenolic compounds. These compounds are not as abundant in the water column as in reduced anoxic environments, such as marine sediments or deep hydrothermal systems (Wakeham et al., 1995; Amrani et al., 2007; Pohlabeln and Dittmar, 2015; Rossel et al., 2015, 2017; Jessen et al., 2017), even though they also seem to influence the bioactive potential considerably (data not shown).

Another advantage of marine DOM is that it does not require cultivation, one of the main bottlenecks found in the pharmaceutical and cosmeceutical industries (Martins et al., 2014). Challenges such as sustainable supply and biodiversity access would be also less restricted with DOM, as no marine organisms are involved.

The combination presented in this study, consisting of merging non-targeted chemical characterization with pharmaceutical or cosmeceutical analyses to identify different modes of bioactivity in organic complex mixtures, is arising. Following this approach, Mueller et al. (2020), in their proof-of-concept study, illustrated that DOM collected from different sites in aquatic ecosystems (marine, terrestrial, perturbed by humans) harbor distinct antiviral activities. Zhernov et al. (2017) suggested anti-HIV activities inherent to diverse natural humic supramolecular assemblies from silt sulfide mud with medicinal properties. In addition, Tuttle et al. (2019) employed environmental metabolomics to assess chemical diversity in marine sediments, coupling it with metagenomic analysis of the microbial community present in the sediments. None of the three studies performed physical isolation of unique compounds, but sophisticated multivariate statistics and correlation analyses. As postulated in these previous publications, we also propose that this new approach will open a new avenue for the discovery of new sources of NP from exo-metabolomes, which were inaccessible until today.

A major open question that should be subject of future studies is whether the bioactivity of complex natural mixtures is due to the activity of their individual constituent or an emerging property of the diverse mixture. For instance, Mentges et al. (2019) suggested that the long-term stability of DOM in the marine environment might be independent of molecular structures present in DOM, but the results of the molecular diversity of DOM. Molecular diversity as a relevant property of natural mixtures, from which effects emerge that are not explicable by the properties of its constituents, is a new and emerging field of research.
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The high diversity of marine natural products represents promising opportunities for drug discovery, an important area in marine biotechnology. Within this context, high-throughput techniques such as metabolomics are extremely useful in unveiling unexplored chemical diversity at much faster rates than classical bioassay-guided approaches. Metabolomics approaches enable studying large sets of metabolites, even if they are produced at low concentrations. Although, metabolite identification remains the main metabolomics bottleneck, bioinformatic tools such as molecular networks can lead to the annotation of unknown metabolites and discovery of new compounds. A metabolomic approach in drug discovery has two major advantages: it enables analyses of multiple samples, allowing fast dereplication of already known compounds and provides a unique opportunity to relate metabolite profiles to organisms’ biology. Understanding the ecological and biological factors behind a certain metabolite production can be extremely useful in enhancing compound yields, optimizing compound extraction or in selecting bioactive compounds. Metazoan-associated microbiota are often responsible for metabolite synthesis, however, classical approaches only allow studying metabolites produced from cultivatable microbiota, which often differ from the compounds produced within the host. Therefore, coupling holobiome metabolomics with microbiome analysis can bring new insights to the role of microbiota in compound production. The ultimate potential of metabolomics is its coupling with other “omics” (i.e., transcriptomics and metagenomics). Although, such approaches are still challenging, especially in non-model species where genomes have not been annotated, this innovative approach is extremely valuable in elucidating gene clusters associated with biosynthetic pathways and will certainly become increasingly important in marine drug discovery.
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INTRODUCTION

Natural products (i.e., compounds produced by living organisms) are key to drug development, and have proved especially useful in the development of anticancer and anti-infective agents (Rodrigues et al., 2016; Liu et al., 2019). The marine environment, which harbors a large and yet highly unexplored biodiversity, is an extremely rich source of novel and structurally unique compounds with antibacterial, antifungal, antiviral, antiparasitic, antitumor, anti-inflammatory, antioxidant and immunomodulatory activities (Abdelmohsen et al., 2017; Carroll et al., 2020; Mayer et al., 2020). Some marine organisms such as sponges are amongst the most prolific sources of natural products, suggesting that the marine environment is a reservoir of natural products with high relevance for marine biotechnology and drug discovery (including against resistant pathogens) (Thakur and Müller, 2004, Abdelmohsen et al., 2017; Liu et al., 2019). The development of high-throughput techniques such as genomics and metabolomics (i.e., the study of all small molecules, <2,000 Da, in an organism) promises to revolutionize natural product discovery, which according to some estimates, could outpace antibiotic discovery at its peak in the 1950s (Fortman and Mukhopadhyay, 2016). The use of these techniques, does not only offer an increase in the speed of natural product discovery and decrease in the re-discovery rate (Wolfender et al., 2019; van der Hooft et al., 2020), but provides a wide-array of unprecedented opportunities to discover unexplored chemical diversity and elucidate the biological and molecular mechanisms involved in metabolites production (e.g., Cantrell et al., 2019; Mohanty et al., 2020). Here, we provide a synthetic overview of the advantages of using metabolomic approaches in marine natural product discovery and marine biotechnology. Metabolomics is a scientific field at the interface of different disciplines (chemistry, bioinformatics, ecology, microbiology, and systems biology); therefore, this mini-review aims to illustrate how the multidisciplinarity of metabolomics is a key asset for the advancement of marine natural product discovery.



SPEEDING UP MOLECULE IDENTIFICATION

Bioassay-guided fractionation (i.e., extract fractionation and purification based on targeted activities) has been classically used for the discovery of new natural products (Kildgaard et al., 2017; El Menif et al., 2019). However, this approach is not only time-consuming, but often results in the isolation of previously known compounds, since molecule dereplication is performed at the end of the workflow (Herath et al., 2019; Pereira et al., 2019). In recent years, metabolomics has arisen as a new tool to circumvent some of the bioassay-guided fractionation limitations and has shown its effectiveness in the discovery of new active compounds from marine sources (Einarsdottir et al., 2017; Naman et al., 2017; Stuart et al., 2020). Metabolomics approaches are based on the simultaneous screening (using different spectrometry techniques such as LC-MS, GC-MS, and NMR spectroscopy) of a large number of samples and the use of numerical analyses and databases to detect patterns and relevant metabolites, according to a previously defined biological question (Gertsman and Barshop, 2018; Wolfender et al., 2019). For example, the study of shallow water hydrothermal vent sponges by mass spectrometry-based metabolomics combined with cytotoxicity bioassays led to the selection of three sponges harboring a unique chemical diversity and the putative identification of the minor original compound cyclostellettamine P (Einarsdottir et al., 2017). By combining direct analysis of complex extracts with machine learning (i.e., the use of computer algorithms that continuously improve from experience for example to find patterns), metabolomics allows studying complex chemical mixtures, including minor compounds, whilst accelerating the dereplication process and decreasing the re-discovery rate (Wolfender et al., 2019; Liebal et al., 2020; van der Hooft et al., 2020). Combining large-scale biological screening with untargeted metabolomics of multiple organisms can lead to the fast identification of specimens producing unique compounds and their prioritization in further investigations (Luzzatto-Knaan et al., 2017; Réveillon et al., 2019).

Metabolomic approaches require, however, method standardization (same extraction and analytical conditions) between the different samples analyzed, which can lead to metabolite losses (Gertsman and Barshop, 2018). Data processing and curation which can be done using several software (e.g., R, MetGem, OpenMS, MZmine 2) and online platforms (e.g., Workflow4Metabolomics1, XCMS Online – xcmsonline.scripps.edu, Metaboanalyst2), may be laborious and the identification of marine compounds remains challenging since marine databases are still scarce compared to terrestrial ones (Barbosa and Roque, 2019). The development of bioinformatics tools, such as mass spectrometry-based molecular networking, are emerging as approaches that could fill some of these gaps and facilitate dereplication (Ramos et al., 2019; Aron et al., 2020, Figure 1). In molecular networking (such as implemented by the GNPS: Global Natural Products Social Molecular Networking3), algorithms detect and group metabolites based on the similarity of their fragments (mass ion spectra from tandem mass spectrometry), allowing the identification of candidate molecule clusters (i.e., groups of molecules grouped together) (Wang et al., 2016). Then molecular networks can be annotated by identifying matching cluster members in existing databases or by using tools such as Unsupervised Substructure Discovery (MS2LDA4). For example, using this approach, two smenamide-related clusters containing unknown analogs with anti-proliferative activity against cancer cells were identified in Caribbean sponges (Caso et al., 2019). Then, a targeted isolation can be performed to confirm the activity and the structure of the bioactive compounds using NMR experiments (Li et al., 2018). Using this approach, new pyrrole derived alkaloids were isolated from a marine bacterium and were identified with the analysis of their HRMS, MS/MS, and NMR data (Zhang et al., 2019). Molecular networking is also a powerful tool in minor natural product dereplication (Cantrell et al., 2019). For example, sarasinosides and melophlins were identified using molecular networking tools, despite only small amounts of sponges being available (Mohanty et al., 2020). Finally, a recent tool called “bioactivity-based molecular networking” allows to accelerate the identification of bioactive candidate molecules by integrating data on the activity of extracts/fractions directly into the network via a bioactivity score (Nothias et al., 2018). The use of such a tool led to the isolation of new decalinoylspirotetramic acid derivatives (pyrenosetis A–C) from a seaweed-derived fungus (Fan et al., 2019).
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FIGURE 1. Metabolomics pipeline illustrating the different steps: experiment design according to the biological research question (1), sample extraction (2), MSn analyses (3), pre-processing the raw MSn data using softwares such as XCMS, mzMine2 or OpenMS (4), data numerical analyses to identify patterns and select interesting metabolites (5), molecular networking analysis using tools such as GNPS or MetGem (6), network and metabolite annotation using tools such as MS2LDA or databases (Metlin, MarinLit) (7), and purification and elucidation of new natural products (8).




LINKING CHEMICAL DIVERSITY AND ECOLOGY

Secondary metabolites are responsible for a diverse array of ecological functions. While most ecological studies focusing on the function of known natural products investigate defense against predators, allelopathy, or interactions with microbes (Rohde et al., 2015; Puglisi and Becerro, 2018), metabolites are often involved in multiple additional life history traits such as reproduction, recruitment (Hay, 2009; Tebben et al., 2015), or resistance against abiotic stressors (Pavia and Brock, 2000). Because of the diverse array of ecological functions, the biosynthesis of metabolites is highly variable and strongly affected by environmental and biological conditions. Thus, biotechnological exploitation of natural products faces the challenge that metabolic variations occur at inter- and intraspecific scales, vary with time and space and as such make it difficult to interpret multiparametric responses. Before the emergence of metabolomics approaches, chemical ecologists relied on targeting few well-characterized compounds to identify metabolites’ ecological functions. For example, a study that investigated the spatial variation of six major metabolites of the sponge Stylissa massa showed high variation in metabolite concentrations, but most of the variability could not be assigned to specific factors (Rohde et al., 2012). The development of metabolomics provides significant opportunities to investigate patterns in metabolite variation, expanding the focus from few to hundreds of metabolites, which could assist in unraveling the multiple pathways affected by environmental factors (Figure 1). A study of the metabolome of the red algae Gracilaria vermiculophylla in response to herbivory revealed 19 upregulated metabolites with some compounds increasing more than 100-fold in concentration, illustrating the broad spectrum of metabolites that are relevant in single interactions (Nylund et al., 2011). The study of the metabolome of the brown algae Lobophora rosacea showed that out of 262 features identified by LC-MS (i.e., peaks with specific retention time and mass to charge ratio m/z), the production of 53 features changed under different pH conditions (Gaubert et al., 2020).

Understanding the variability of metabolite production is not only relevant for ecological purposes, but is important for natural product research and potential drug development. One on side, understanding the biological and ecological factors that affect metabolite production is essential for optimal harvesting of the producing organisms. For example, production of peloruside A (a metabolite with potent anticancer activity, Altmann and Gertsch, 2007), from large-scale aquaculture of the sponge Mycale hentscheli has been challenging, since its production is altered by parameters such as light and fouling intensity in the farm setting (Page M. et al., 2005; Page M.J. et al., 2005). Similarly, the production of specialized metabolites such as the anticancer compound panicein A hydroquinone (Fiorini et al., 2015), decreased over 10-fold in the putative reproductive months (Reverter et al., 2018), highlighting the importance of timely sponge collection. On the other side, different biotic and abiotic conditions can result in the production of distinct metabolites (for example through the expression of silent genes), suggesting that a deep understanding on the factors underlying metabolite production can also contribute toward the discovery of novel compounds (Elias et al., 2006; Romano et al., 2018). This has triggered the development of new approaches mostly in the microbiology field such as the “OSMAC” (One Strain Many Compounds) and co-culture approaches that aim to produce differential compounds by modifying the abiotic or biotic culture conditions (Fan et al., 2019; Sproule et al., 2019).

Metabolomics have proven a powerful, although mostly descriptive, tool to identify metabolic patterns and responses (e.g., Reverter et al., 2018; Gaubert et al., 2020). However, bioassays are still needed to verify the functions of the identified chemomarkers. The development of ecological realistic bioassays to identify the function of metabolites could also lead to the identification of suitable conditions promoting metabolite production with direct implications for bioprospecting (Ledoux and Antunes, 2018). For example, several transplant and nutrient enrichment experiments showed that the production of the allelopathic compound sarcophytoxide by the soft coral Sarcophyton increased with higher nutrients and when the soft corals were in contact with other species (Fleury et al., 2004). While these in situ experiments provide an important tool to identify environmental factors that affect metabolite production, their reproducibility is often constrained by disregarded parameters that affect the metabolome, masking single factor effects.



HOST-MICROBE INTERACTIONS

Many animals and plants harbor exceptionally diverse communities of microorganisms (i.e., bacteria, fungi, viruses) that perform vital functions in the holobiont (Bewley et al., 1996; Thomas et al., 2016; Wilkins et al., 2019). In marine organisms, associated microorganisms are sometimes identified as the producers of the natural products found in their hosts (e.g., Wilson et al., 2014; Morita and Schmidt, 2018; Rust et al., 2020). For example, recent studies have demonstrated that many sponge-isolated compounds such as different polyketides, peptides and bromotyrosine-derived alkaloids, are in fact, produced by their associated microorganisms (Wilson et al., 2014; Nicacio et al., 2017). Another example includes γ-pyrones, which are often found in molluscs such as cone snails, and which were shown to be produced by the associated cultivable bacteria Nocardiopsis alba (Lin et al., 2013). Classical approaches used to investigate the contribution of host-associated microorganisms in natural product synthesis include isolation and host-independent culture of the microorganisms (Lin et al., 2013; Nicacio et al., 2017). Host-associated culture with miniature incubation chambers inside the host has also been attempted with varying success (Steinert et al., 2014). However, these approaches are unsuitable for uncultivable microorganisms, which have been proposed to be at least 70% of the known taxa for the prokaryotic phyla alone (Achtman and Wagner, 2008). Furthermore, the holobiont comprises a complex network of microorganisms that are in constant communication and signaling, which regulates gene expression and metabolite synthesis (Hughes and Sperandio, 2008; Pande and Kost, 2017). Therefore, isolation and repeated culture of host-associated microorganisms can result in a loss of compound production (Morita and Schmidt, 2018). Within this context, the combined study of the holobiont microbiome and metabolome provides new exciting opportunities to explore host-symbiont relationships. Identification of consistent co-associations between compounds and microorganisms using correlation tools can assist in metagenomics mining to search for natural product biosynthetic gene clusters (BGCs) in the holobionts (Paix et al., 2019; Reverter et al., 2020, Figure 2). For example, cyclic dipeptides found in the algae Taonia atomaria were found to be highly correlated with a BD1-7 clade bacterial taxon from the Alteromanadaceae family (Paix et al., 2019). Similarly, several hemoglobin-derived peptides found in the butterflyfish Chaetodon lunulatus were highly correlated to a Fusobacteriaceae strain (Reverter et al., 2020), suggesting a possible direct or indirect involvement of these bacteria in the production of the aforementioned compounds.
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FIGURE 2. Pipeline illustrating the integration of metabolomics, microbiomics and metagenomics tools. The parallel metabolome and microbiome analysis allows the identification of metabolites of interest that are highly correlated to specific bacterial taxons. Then by performing long-read sequencing and genome mining (using tools such as AntiSMASH or similar) biosynthetic gene clusters (BGCs) can be identified and annotated manually or by using databases such as MIBiG. 16S contigs (i.e., continuous fragments of DNA sequence from an incomplete genome) can then be used to assign the BGCs to specific bacterial taxon genomes. The predicted compounds encoded by these BGCs can then be compared with the metabolome data in order to link produced metabolites with specific bacterial BGCs.




MULTI-OMICS INTEGRATION

Although several natural product BGCs have been elucidated using metagenomics (e.g., Wakimoto et al., 2014; Storey et al., 2020), most of them have yet to be linked to the metabolites they encode (Amos et al., 2017). Metabolomics is considered the last link in the systems biology chain, therefore, its coupling with other high-throughput technologies, such as transcriptomics and genomics, provides a bridge to link molecular mechanisms with metabolite production (Amos et al., 2017; van der Hooft et al., 2020). Such integration techniques provide a deeper understanding of the molecular mechanisms involved in the production of biologically active compounds through the identification of BGCs, gene expression patterns and enzymes related to the produced metabolites (Paul et al., 2019; van der Hooft et al., 2020). For example, an integrated metabolomic-transcriptomic analysis of the sea urchin Strongylocentrotus intermedius allowed identification of critical genes related to eicosanoid acid biosynthesis (Wang et al., 2020). A study of Dysideidae sponges using mass spectrometry, molecular fragmentation and NMR spectroscopy identified a large-array of new polybrominated diphenyl ethers (PBDEs) in these sponges (Agarwal et al., 2015). Application of metagenomics then led to the identification of the genes responsible for PBDEs production within the sponge cyanobacterial endosymbionts (Agarwal et al., 2017; Schorn et al., 2019). Similarly, integration of molecular networking and genome-mining of several marine Salinispora bacteria led to several molecular family-BGC pairings, including the characterization of a new cytotoxic depsipeptide (retimycin) and its link to gene cluster NRPS40 (Duncan et al., 2015; Amos et al., 2017). Metabologenomics, a term that defines these integrated approaches, can therefore contribute to accelerate the linking of unknown BGCs to metabolites as well as assist in extract prioritization for structure elucidation (Goering et al., 2016; van der Hooft et al., 2020, Figure 2).

Natural products complexity is often a barrier in their synthesis and scale-up production, while harvest of the producing organisms (e.g., plants, marine macroorganisms or uncultivable microorganisms) might not be a reliable or sustainable option (Paddon and Keasling, 2014). For example, 13 tonnes of the marine bryozoan Bugula neritina were harvested for the isolation of 18 g of the potent anti-cancer compound bryostatin 1 for clinical phase 1 studies (Schaufelberger et al., 1991). In such cases, pairing interesting metabolites with their encoding genes provides new opportunities for the synthesis of natural products using synthetic biology approaches such as insertion of biosynthetic genes in heterologous hosts (Amos et al., 2017; Zhang et al., 2019; Ahmed et al., 2020). However, despite the huge potential of these methods and the global effort in increasing the number of annotated and well-curated genome data from marine bacteria and symbionts (e.g., Udwary et al., 2007; Machado et al., 2015), these tools are still in the infancy and need to be further developed for their widespread use in marine biotechnology.



FUTURE DIRECTIONS AND CONCLUDING REMARKS

Amidst the increasing global concern over antimicrobial resistance, the SARS-CoV-2 virus pandemic, and the continuous need for anticancer and antiviral drugs, the natural product research field has attracted renewed attention as new tools such as metabolomics accelerate metabolite discovery and decrease re-discovery rates (Rodrigues et al., 2016; Liu et al., 2019). In particular, marine organisms arise as a prolific source of novel natural products, with an economic value estimated at US$ 563 billion – 5.7 trillion for only anticancer marine drugs (Erwinn et al., 2010; Abdelmohsen et al., 2017). Marine organisms have been much less studied than their terrestrial counterparts, however, they produce an incredibly diverse array of molecules with new chemical features and modes of action (Abdelmohsen et al., 2017, Carroll et al., 2020). For example, the production of highly bioactive organohalogens seems to be widespread amongst marine organisms, but is less common amongst terrestrial organisms (Gribble, 2010). Both the discovery of new species and improved taxonomic descriptions offer new natural product bioprospecting possibilities. However, not only taxonomy determines the production of metabolites but also biotic (e.g., life cycle, organisms interactions) and abiotic (e.g., environmental conditions) factors regulate metabolite production (e.g., Nylund et al., 2011; Gaubert et al., 2020). Metabolomics arises therefore not only as a fast alternative to elucidate new biologically active metabolites, but as a tool to study the variation of the organism’s chemical diversity in response to different factors. Linking the production of biologically active metabolites to environmental or biological conditions could have direct implications for bioprospecting and scaling-up of metabolite production. Where scaling-up of metabolite production from whole organism culture is not possible, the linking of metabolomics with metagenomics approaches, that may allow identifying responsible BGCs (either in the host or the associated microorganisms), also provides new opportunities for metabolite production through synthetic biology and bioengineering (Ahmed et al., 2020).

Despite the many advantages and huge potential of metabolomics approaches for the discovery of new marine biologically active compounds, the major drawback continues to be the poor coverage of marine natural products in public databases (Pereira and Aires-de-Sousa, 2018; Barbosa and Roque, 2019). Such lack of public reference spectra (including fragmentation patterns) of marine-derived natural products prevents automated dereplication processes, and often results in the development of in-house libraries by the different research groups after labor-intensive efforts (e.g., purification and structural elucidation of each metabolite). Therefore, development of a free-access database with well-curated spectrometric data (e.g., MS1, MS2, UV, NMR) on marine natural products is urgently needed, along with the constant development and improvement of metabolomics tools (e.g., hardware and workflows) to increase sensitivity and repeatability to enable comparison and integration of a larger number of datasets (Guitton et al., 2017; Forsberg et al., 2018). This could be achieved, for example, with the integration of known and new marine natural products (from macro- and microorganisms elucidated by both classical approaches and metabolomics) into currently operational databases highly used in metabolomics such as GNPS.
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Plastics are very useful materials and present numerous advantages in the daily life of individuals and society. However, plastics are accumulating in the environment and due to their low biodegradability rate, this problem will persist for centuries. Until recently, oceans were treated as places to dispose of litter, thus the persistent substances are causing serious pollution issues. Plastic and microplastic waste has a negative environmental, social, and economic impact, e.g., causing injury/death to marine organisms and entering the food chain, which leads to health problems. The development of solutions and methods to mitigate marine (micro)plastic pollution is in high demand. There is a knowledge gap in this field, reason why research on this thematic is increasing. Recent studies reported the biodegradation of some types of polymers using different bacteria, biofilm forming bacteria, bacterial consortia, and fungi. Biodegradation is influenced by several factors, from the type of microorganism to the type of polymers, their physicochemical properties, and the environment conditions (e.g., temperature, pH, UV radiation). Currently, green environmentally friendly alternatives to plastic made from renewable feedstocks are starting to enter the market. This review covers the period from 1964 to April 2020 and comprehensively gathers investigation on marine plastic and microplastic pollution, negative consequences of plastic use, and bioplastic production. It lists the most useful methods for plastic degradation and recycling valorization, including degradation mediated by microorganisms (biodegradation) and the methods used to detect and analyze the biodegradation.

Keywords: plastic and microplastic pollution, biodegradation, marine debris, actinobacteria, chemical recycling, bioplastic production


INTRODUCTION

One of the main consequences of the models and patterns of production and consumption adopted by today’s society is the generation of waste, a major environmental problem that is increasingly demanding attention to the search for solutions, especially with regard to marine pollution (Savelli et al., 2017; Walker, 2018; Wysocki and Billon, 2019). Marine pollution caused by solid waste is a growing problem on a global scale and generates intergenerational impacts (Li et al., 2019; Lestari and Trihadiningrum, 2019). Despite decades of efforts to prevent and reduce marine litter in many countries, there is evidence that the problem is persistent and continues to increase, as human populations and single-use consumption patterns continue to rise. Billions of tons of garbage are thrown (intentionally or unintentionally) into the oceans each year, and approximately 80% of these wastes come from land-based sources (Oelofse et al., 2004; Andrady, 2011). Due to the low rate of degradation, plastics remain in the marine ecosystem for long periods (Hopewell et al., 2009). These residues tend to accumulate in certain locations, due to oceans waves, currents, and winds, and can be found even in remote areas (GESAMP, 2015; Sebille et al., 2020). In coastal areas, where human activities are concentrated, the problem of increasing plastic pollution becomes even more apparent (Barnes et al., 2009; Ho and Not, 2019).

By definition, marine litter is considered to be any type of solid waste produced by humans, generated on land or at sea that has been introduced into the marine environment, including the transport of these materials through rivers, drains, water systems, sewage, or wind, excluding organic materials, such as food and vegetable scraps (Cheshire et al., 2009). One of the main current concerns of the academic community, non-governmental organizations, governments, and the general population is related to the abundance and fate of solid waste, mainly plastics, in the marine and coastal environments (Gregory, 2009).

Plastics are produced and used on a large scale for a broad range of applications, due to their notable thermo-elastic and mechanical properties, high resistance, stability and durability, chemical inertness, malleability, low water permeability, light weight, and low cost (Thompson et al., 2009; Huerta et al., 2018; Raddadi and Fava, 2019). The usage of plastic materials allowed the development of great advances and benefits to society. However, it also caused several environmental issues associated with the high incidence of plastics as waste (Hopewell et al., 2009; Ügdüler et al., 2020).

Environmental scientists, such as ecologists and biologists, have pointed out for decades that plastic materials discarded in the sea represent one of the greatest threats to the environment. About 90% of the solid waste found in the oceans is plastic and from all the manufactured plastic around 10% enter the hydrosphere (Williams, 1999; Sheavly and Register, 2007; Scalenghe, 2018). As there is a lack of inexpensive alternatives to plastics, it is difficult for individuals and industries to ban plastic in their everyday life. Nevertheless, as plastics have low environmental biodegradability rate, there are growing concerns about massive accumulation in the environment that can persist for centuries and we are witnessing a high demand for solutions to mitigate this issue (Raddadi and Fava, 2019).

Plastics are polymers, that is, they are organic macromolecules formed by hundreds or thousands of segments linked together, forming a chain. In industrial environments, the term “plastics” is defined as a class of synthetic organic polymers that pass through the plastic state, a moldable state between liquid and solid, in conditions above room temperature. Today, plastic is an integral part of our life, being present in an immeasurable number of objects, such as packaging, garbage bags, domestic utilities, soft drink bottles, and a multitude of objects. Plastics also play an important role in the general improvement of human health, as disposable medical equipment is made with this material (Tokiwa et al., 2009; Correia et al., 2020). Plastic use and production worldwide have extensively increased in recent years in numerous industrial sectors and activities, due to its versatility and physicochemical properties (Figure 1). Plastic has replaced, with advantages, wood, metals and metal alloys, glass, paper, vegetable, and animals’ fibers, as many of them are already scarce in nature or have much higher production costs.
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FIGURE 1. Evolution in total plastic production worldwide. (A) World production in million metric tons per year (Mt⋅year–1). (B) Plastic utilization distribution of plastic in Worm et al. (2017). Reproduced with permission from the Annual Review of Environment and Resources, Volume 42 © 2017 by Annual Reviews, http://www.annualreviews.org. Copyright 2017, Annual Review of Environment and Resources.


According to the statistics, the quantity of global plastic waste between 1950 and 2015 was estimated to be 6.3 billion tons (Zhang et al., 2019); in 2017 and 2018, reached 350 and 359 million tons worldwide, respectively (Raddadi and Fava, 2019). The lack of proper waste management has led to the accumulation of over 250 thousand tons of plastic pieces floating in the ocean (Eriksen et al., 2014). Only 9% of this waste has been recycled, 12% is incinerated, and 79% still ends up in landfills or in the environment (Figure 2; Geyer et al., 2017). Plastics can be recycled mechanically, chemically, and by composting/biodegrading. However, their overall low recycling rate is mostly due to the costs of collecting, sorting, reprocessing, and the low market value of recycled plastics (OECD, 2018; Scalenghe, 2018).
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FIGURE 2. Usual destination for current plastic waste. Recycling classifications: 1° Recycling—primary—turning uncontaminated discarded plastics into the same new product, without the loss of properties. 2° Recycling—secondary—mechanical recycling, where the polymer is physically reprocessed and generally used for a different purpose than its original use. 3° Recycling—tertiary—chemical recycling, where chemical processes are used to break down the polymer into added-value products, and energy recovery—polymers are incinerated and energy is recovered in the form of heat (Thiounn and Smith, 2020). Reproduced with permission. Copyright 2020, John Wiley and Sons.


Marine plastic pollution has a negative ecological, social, and economic impact. Plastic pieces floating in the ocean can be ingested by marine organisms, such as fish, turtles, birds, and mammals, creating digesting and malnutrition problems. Besides, these organisms can be entangled in synthetic ropes and lines, drift nets, and plastic debris, causing lethal wounds and respiratory impairment. In addition, plastics contain chemical contaminants that leach to the surrounding environment, causing toxicity issues. Moreover, plastics have been detected in all levels of the food chain (Figure 3), also leading to human health problems. In addition, the mismanaged plastic entering the environment can provide a breeding ground for mosquitoes or block water drainage, which can cause floods and the spread of diseases, interfering with the regular ecosystem’s functions (Derraik, 2002; GESAMP, 2015; Revel et al., 2018; UNEP, 2018).
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FIGURE 3. Uptake and trophic transfer of plastic pollution in marine food chain. Plastic debris of different size categories have been shown to affect species directly by ingestion or entanglement (thick arrows) or indirectly via uptake of food sources (thin arrows). Fauna of different sizes and trophic positions will be exposed to particles of s sizes (blue to red) with some degree of bioaccumulation expected, for both particles themselves and associated chemical pollutants. Photographs depict (left to right) nanoplastic particles taken up by oyster larvae, microplastic beads ingested by European perch, dead albatross chick with micro- and mesoplastic debris in the stomach, and sea lion entangled in macroplastic fishing gear (Worm et al., 2017). Reproduced with permission from the Annual Review of Environment and Resources, Volume 42 © 2017 by Annual Reviews, http://www.annualreviews.org. Copyright 2017, Annual Review of Environment and Resources.


It is of utmost importance to discover and develop new methods and solutions for the problem of persistent pollution by (micro)plastics. A new marine biotechnology research field is starting, focusing on marine debris pollution such as plastic degradation by microorganisms, which will be addressed herein. In detail, this review covers aspects of the degradation, biodegradation, and recycling valorization of plastics and microplastics, types of most common existing polymers and their uses, bioplastic production, and degradation mediated by microorganisms, including the methods used to detect and analyze the biodegradation under laboratory conditions, based on selected literature from 1964 to April 2020, in a total of 266 papers. Moreover, several microorganisms that are capable of degrading plastics/microplastics were enumerated, as well as their efficacy to biodegrade different types of polymers. Our objective was also to summarize the most useful methods for plastic degradation and valorization. This review compiles the data spread across disciplines and will fill the existing knowledge gaps in this area, helping researchers to set experimental methodologies in their search for solutions to mitigate the problem caused by plastic pollution.



PLASTIC TYPES

Most currently used polymers, such as plastics, rubbers, and fibers, are synthesized from chemical monomers derived from petroleum, in the presence of a catalyst and an energy source, typically heat. Monomers are processed in the form of a fluid or a solution or emulsion, through two processes: condensation (step growth) and addition/polymerization (chain growth) (Jefferson, 2019). The conventional plastics that dominate the world market are polypropylene (PP) 21.1%, polyethylene (PE): low-density polyethylene (LDPE) 19.9%, high-density polyethylene (HDPE) 16.1%, polyvinyl chloride (PVC) 11.8%, polyethylene terephthalate (PET) 10.2%, polyurethane (PU) 8.4%, and polystyrene (PS) 7.8% (Geyer et al., 2017). The abovementioned plastic types have different applications; for example, PE is usually used in packaging products that have a short shelf life, like plastic bags, bottles, cups, and storage containers. PS is usually used in utensils, tableware, cafeteria trays, and containers. PET is typically used in bottles and cups. PP is used in auto parts, food containers, and industrial fibers. PVC is commonly used in building construction, as it has much longer lifetime. PU is used in medical devices, packaging, coating, and building construction (Tokiwa et al., 2009; GESAMP, 2015). Table 1 summarizes the main applications of the most used abovementioned plastics.


TABLE 1. Plastics main applications (Gondal and Siddiqui, 2007).

[image: Table 1]Plastic materials can be classified in different ways; however, within the scope of this review it is important to distinguish two categories: thermosetting and thermoplastics (Lithner et al., 2011).

Thermosets are plastics that harden during their manufacturing and hot molding processes. They solidify forming a solid and stable body, which prevents their subsequent reuse. Therefore, they cannot be transformed again by softening and molding. Examples of thermosetting products include “bakelite,” urea-formaldehyde resin, epoxy resins, vulcanized rubber, and some polyurethanes. They are particularly used in mechanics and specifically in the automobile industry.

Thermoplastics are very high molecular weight polymers, rigid or flexible at room temperature, but soft and elastic at high temperatures. Thus, they can be molded plastically as many times as necessary, returning to the solid state after cooling. As this process can be repeated several times, these plastics are recyclable and can be reused. The recycled thermoplastic cannot be used in food packaging to avoid contamination from paints and toxic products and can return in the form of buckets, hoses, garbage bags, and other modalities. This category includes the main six families of plastics: low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), and polyvinyl chloride (PVC).


Polyethylene (PE)

Polyethylene is considered the simplest basic structure of any polymer and constitutes the most commercialized group of alkanes. PE is a linear hydrocarbon polymer consisting of long chains of ethylene monomers (C2H4)n (Huerta et al., 2018; Figure 4A). Basically, it is formed by opening the double chain of ethylene molecules and joining them in straight or branched chains. This structure gives PE a hydrophobic nature and a dimension too large to pass through microbial cell membranes (Arutchelvi et al., 2008).
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FIGURE 4. Molecular structure of plastic polymers. (A) Polyethylene, (B) polystyrene, (C) poly(ethylene terephthalate), (D) polypropylene, (E) polyvinyl chloride, and (F) polyurethane.


Polyethylene is made from petrochemical feedstock through an efficient catalytic polymerization process and it can be easily processed to various products (Arutchelvi et al., 2008).

Polyethylene reached a widespread use in food and beverages, in the 1950s (Bardají et al., 2020). PE has several characteristics that made it attractive in trade, like low cost, ease of manufacture, chemical resistance, processability, flexibility, versatility, toughness, and excellent electrical insulation (Ronca, 2017; Bardají et al., 2020). Hence, PE has a large range of applications, such as food packaging, textiles, lab equipment, and automotive components (Arutchelvi et al., 2008). Polyethylene can be classified in low-density polyethylene (LDPE) and high-density polyethylene (HDPE), because of differences in toughness, resistance to chemicals, flexibility, and clarity. HDPE is characterized by its large density to strength ratio, which means that its intermolecular forces are strong and are resistant to several solvents. On the other hand, LDPE is resistant to acids, alcohols, bases, and esters but is unstable in the presence of strong oxidizing agents and aliphatic and aromatic hydrocarbons (Scalenghe, 2018). HDPE has mostly linear chains, while LDPE has a high degree of branching. PE is considered a recalcitrant material, which contributed to the prevalence and overaccumulation of PE in the environment. PE has good properties for use in packaging, is a good barrier to moisture and water vapor, and is heat stable. These polymers are not the most efficient barrier to oils, fats, and gases such as oxygen and carbon dioxide, compared to other plastics, although the barrier properties can be improved by increasing density. Heat resistance is also lower than other plastics used in packaging, having a melting point of 120°C. They are very likely to generate static charges and therefore need an anti-static agent. Despite this, PE biodegradation studies by microorganisms have had success in the past decade (Soni et al., 2008).



Polystyrene (PS)

Polystyrene is a homopolymer resulting from the polymerization of styrene monomers (Figure 4B). In the pure solid state, it is colorless and hard and has limited flexibility (Mckeen, 2014). Polystyrene is the most durable thermoplastic polymer, existing in three forms: crystalline, high impact, and expanded. This plastic type is used in a wide range of products, as a result of low cost, ease of production, high transparency/easy coloring, high resistance, including to biodegradation, stiffness, light weight, shiny surface, and low barrier to water vapor and common gases, making it suitable for packaging products that need air flow (Mor and Sivan, 2008; Abhijith et al., 2018).

The increasing use of PS began when it was combined with rubber reinforcement, allowing to obtain a dull plastic and to be used in the packaging industry (Cai et al., 2017).



Poly(Ethylene Terephthalate) (PET)

Poly(ethylene terephthalate) is formed through polycondensation of terephthalic acid (TPA) and ethylene glycol (EG) or by transesterification of dimethyl terephthalate and EG (Figure 4C; Hiraga et al., 2019). Poly(ethylene terephthalate) is a crystalline polyester, colorless, and chemically stable, often used in the manufacture of food and drink containers and packaging, as well as in electronic components. PET has high resistance to heat, alcohols, and solvents and, when oriented, has very high mechanical resistance, such as to wear and tear. It also represents a medium barrier to oxygen. Its melting point occurs at high temperature, 260°C, making it suitable for high-temperature applications such as steam sterilization and microwave cooking (Crawford and Quinn, 2017; Raheem et al., 2019).



Polypropylene (PP)

Polypropylene is a thermoplastic made from polymerization of propene (or propylene) monomers (Figure 4D). The polymerization process is similar to that carried out in the production of polyethylene. PP is the lightest polymer and may undergo a wide range of manufacturing processes, such as injection molding, extrusion, and expansion molding. Polypropylene exists in three different forms: crystalline, semi-crystalline, and amorphous, but commercial propylene is typically a mixture of 75% isotactic (semi-crystalline) and 25% atactic (amorphous) (Crawford and Quinn, 2017). This polymer is one of the most versatile plastics, used in packaging for cookies, snacks, and dry food. Polypropylene is stronger and denser than PE and more transparent in its natural form. Compared to polymers other than PE, it has the lowest density and is relatively low cost. It also has other suitable properties, such as being a barrier to water vapor and being resistant to oils and fats. Its high melting point makes it suitable for applications such as microwave packaging. PP has low surface tension and requires additional treatment to be suitable for printing, coatings and lamination (Spoerk et al., 2020). This polymer is used in filling, reinforcing, and blending and when combined with natural fibers is one of the most promising sources for creating natural-synthetic polymer composites (Shubhra, 2013).



Polyvinyl Chloride (PVC)

Polyvinyl chloride is a product of polymerization of the vinyl chloride monomer (VCM) using a process similar to the production of PE, PP, and PS (Figure 4E). PVC is a thermoplastic and amorphous polymer, and it is produced in two varieties, flexible as films and rigid for more structural applications (Crawford and Quinn, 2017). It is a chemically inert polymer, resistant to acids and inorganic chemicals, but sensitive to ultraviolet radiation. The presence of chloride in the polymer provides protection against oxidation and fire retarding properties, having an ignition temperature of 455°C (Crawford and Quinn, 2017). Without plasticization, PVC is a hard and brittle material that needs to be modified. PVC has excellent resistance to fats and oils. Its permeability to water vapor and gases depends on the amount of plasticizer used in the manufacture (Close et al., 1977). This polymer is used in building and construction industry.



Polyurethane (PU)

Polyurethane is a block copolymer, with altering polymeric segments by repeating unit “A” or “B.” These materials are designed so that one of the segments is crystalline or glassy at the use temperature (hard segment), while the other segment is designed to be malleable/rubbery (soft segment). The PU synthesis has two steps and employs three precursor molecules: diisocyanates, diols, and chain extenders. The diisocyanates and chain extenders form the hard segment, while the diols form the soft segment, in the final polymer molecule (Figure 4F). This type of block copolymer structure has unique and useful properties, making PU a very versatile polymer. Its excellent mechanical properties, biocompatibility, and stability cause PU to be widely used in different fields, for example, medical devices (e.g., pacemakers, blood contacting applications), building and construction, and coatings and in automotive applications (Heath and Cooper, 2013; Akindoyo et al., 2016).



MICROPLASTICS

Plastics can be harmful, especially when they become microplastics, thus representing a big environmental concern (Scalenghe, 2018). Marine litter can be divided into two large groups: macroplastics (fragments larger than 5 mm) and microplastics (smaller than 5 mm) (Hidalgo-Ruz et al., 2012). Microplastics are plastic particles between 1 μm and 5 mm in size, originating from different types of polymers that, due to characteristics, such as small size, low density, composition, and persistence in the environment, contribute to their global dispersion through sea currents (Desforges et al., 2014). Microplastic particles also consist of manufactured plastic material of microscopic size, such as abrasives used in industrial and household cleaning products (Derraik, 2002), industrial raw materials used for the production of plastics (Andrady, 2011), and plastic fragments and fibers derived from the breakdown of larger plastic products (Moore, 2007, 2008). These particles are present in many environments, including marine, freshwater, and terrestrial ecosystems. They have high molecular weight and hydrophobicity and are highly recalcitrant against biodegradation. Because of this, microplastics are considered emerging pollutants (Zhang et al., 2019; Park and Kim, 2019).

Microplastics originate from several sources and are categorized into primary and secondary microplastics. When the plastic particles are manufactured to have less than 5 mm size, they are primary microplastics, and when resulting from the breakdown of macroplastics, they are secondary. The primary microplastics include plastic powders used in molding, microbeads used in cosmetic formulations, and plastic nanoparticles used in a variety of industrial processes. Secondary microplastics result from the use of products like textiles, tires, and paints or can accumulate when the items that are released into the environment by incorrect discards, start to degrade through physical, chemical, and biological environmental factors. The thermo and photo oxidative processes in nature weaken the plastic integrity leading to the production of particles < 5 mm (GESAMP, 2015; Huerta et al., 2018; Correia et al., 2020). Microplastics of different polymers and physical characteristics are found in the marine environment in varying concentrations along the water column (Chubarenko et al., 2016). Patches of microplastics in the water column with concentration ranging from 257.9 to 1,215 particles per m3 have already been reported on the coast of South Africa (Nel and Froneman, 2015) and 0.15 particles per m3 in the waters of the Mediterranean Sea (de Lucia et al., 2014). The predominance of the type of microplastic (fragments, pellets, styrofoam, or fibers) also has a great variation in surface waters. The deposition areas, such as sandy beaches, are the main final destinations for microplastics in the marine environment (Turra et al., 2014). After being deposited on the sand beach, microplastics can pose ecological risks, due to changes in heat transfer, with slower heating and lower sediment maximum temperatures than sediments without microplastics, which can interfere with the eggs’ incubation/hatching time and temperature-dependent sex determination of several animals (Derraik, 2002; Carson et al., 2011). Moreover, microplastics have a severe negative impact in marine ecosystems and human health, either by ingestion (entering the food chain) or by leaching of toxic chemicals or by accumulation of organic pollutants (Figure 5). In addition, microplastics can be colonized by microorganisms and algae, creating a habitat and new microbial activities. The new communities are significantly different from those of the surrounding environments (Zhang et al., 2019). Microplastics can be associated with severe environmental contamination, since they can be found even in remote locations and far from their anthropogenic sources of emissions (Park and Kim, 2019).
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FIGURE 5. Abiotic and biotic plastic transformation into microplastics and leaching (Rummel et al., 2017). Reproduced with permission from Environmental Science and Technology Letters 2017, 4, 7, 258–267, available at https://pubs.acs.org/doi/10.1021/acs.estlett.7b00164. Copyright 2017, ACS Chemistry for Life.


Although microplastics still represent a small proportion of the total mass of plastics in the ocean, their concentration in seawater may reach 102,000 particles per m3 (Correia et al., 2020). This is an increasingly worrying issue as macroplastic waste in the sea undergoes continuous degradation and will prevail for many years, even after plastic discharges stop (GESAMP, 2015).


Microplastics Health Impact on Marine Organisms and Humans

Microplastics have a huge impact on health, since they can be transport vectors of persistent organic pollutants and heavy metals as well as a source of chemical pollutants themselves (Lee et al., 2014; Enders et al., 2015). Moreover, the small microplastic particles have the size range of zooplankton food, allowing their entrance in the food chain by marine animals, including accidental ingestion (Gregory, 2009). Microplastics can compete with nutritious food, which causes the loss of energetic resources that lead to sub-lethal effects in reproductive output (Enders et al., 2015). Large amounts of ingested plastic can cause intestinal blockage or stomach ulcers, reducing the absorption of nutrients (Connors and Smith, 1982; van Franeker, 1985). It can cause a false feeling of satiety (Gregory, 2009) in addition to hormonal changes harmful to the animals’ reproduction (Derraik, 2002). Changes like these can result in decreases in energy reserves, decreasing the ability to survive in adverse environmental conditions, with a consequent reduction in growth rates (Colabuono et al., 2009) and increased risk of death due to starvation, that is, weakening by absence or deficiency in food assimilation (Bugoni et al., 2001). The number of studies that point to the various negative ecological impacts caused by the entry of these microplastics into the marine environment is growing (Hidalgo-Ruz et al., 2012; Wright et al., 2013).

The consequences of microplastic exposure for humans are not fully understood, since this material is present in many consumer products leading to human exposure to these particles. Microplastics have been reported in a wide range of food items, like mussels, commercial fish, and table salt, among others (Neves et al., 2015; Li et al., 2016). There are different hypotheses for the paths of exposure and toxicity mechanisms associated with microplastics (Correia et al., 2020). The three main routes of exposure are through ingestion of food containing microplastics, through inhalation of microplastics in the air, and by dermal contact with these particles (Revel et al., 2018).

According to studies based on the consumption of food, intake of 39,000 to 52,000 microplastic particles per person each year is estimated (Cox et al., 2019). When these particles reach the gastrointestinal system, they may lead to inflammatory response and changes in gut microbe composition and metabolism (Salim et al., 2014). Contaminated food is not the only problem, since packaging and plastic containers can also act as contamination sources (Rist et al., 2018).

Microplastics can also be inhaled, since these particles are released to the air by numerous sources (synthetic textiles, resuspension of microplastics in surfaces, and abrasion of materials, like car tires). It was estimated that individual inhalation per day is between 26 and 130 airborne microplastics (Prata, 2018). The outdoor microplastic concentrations were determined to be between 0.3 and 1.5 particles per m3 and the indoor concentration 0.4 to 56.5 particles per cubic meter (Mandin et al., 2017). The microplastic particles’ size and density influence their deposition on respiratory system. The less dense and smaller particles settle deepest in lungs. When microplastic particles deposit, the large surface area of these particles may induce intense release of chemotactic factors, leading to chronic inflammation (Correia et al., 2020).

Furthermore, dermal contact by dust, synthetic fibers, and microbeads in cosmetics is considered a route of exposure, but less significant. It has been speculated that nanoparticles smaller than 100 nm could transverse the dermal barrier (Revel et al., 2018). Evidence is still needed, but if proven, nanoparticles can cause toxicity after crossing the dermal barrier, inducing low inflammatory reactions and foreign body reactions, causing fibrous encapsulation (Correia et al., 2020).

Microplastics have a high surface area which may lead to oxidative stress and cytotoxicity. Due to their persistent nature, their removal from the organism is difficult. This can cause chronic inflammation, which increases the risk of cancer (Kirstein et al., 2016; Revel et al., 2018).



DEGRADATION OF (MICRO)PLASTICS

A current approach to the development of new polymeric materials is related to their life cycle and considers environmental impact, from transformation until when becoming useless (Al-Rasheed et al., 2019; Abbas-Abadi, 2020). When discarded inadequately or in uncontrolled conditions, polymeric materials threaten natural environments and the planet’s life quality (Fernandes et al., 2002). Although few products are designed considering their final destination (disposal or recycling), easy-to-dispose plastics are being widely criticized, due to the visual pollution they cause, the difficulty of removing them in the environment, and their high resistance to degradation. Degradation is a chemical reaction that leads to the fission of polymer chains, which can be caused by different types of physical and chemical agents and can irreversibly modify the properties of polymeric materials (Santos et al., 2002). One of the challenges of this century is evaluating how long a material resists, before degrading or biodegrading, so that its final disposal occurs in ecologically acceptable conditions.

Studies indicate that after disposal, thermoplastics degrade by various mechanisms, which can occur gradually or rapidly, depending on the conditions to which they are subjected to, as well as their chemical nature. Saturated polymeric chains do not favor degradation by microorganisms, unlike biodegradable polymers that might include heteroatoms in the molecular chain and thus, when subjected to favorable conditions, rapidly degrade (Raghavan, 1995).

Biodegradable polymers, such as chitosan or cellulose, have been studied as an environmentally friendly alternative to gradually degradable or non-biodegradable polymers. However, it is known that the biodegradable polymers available today have unsatisfactory mechanical or surface properties for certain applications; some have high cost, which restricts their use in certain applications (Fernandes et al., 2002; Shah and Vasava, 2019).

When plastics enter the marine environment, it is the material density, compared with seawater density, that mostly influences the behavior of this material, determining whether the plastic material floats or sinks.

The degradation process of a polymer depends on its nature and the conditions that it is subjected to, ranging from abiotic factors (sun, heat, humidity) to assimilation by microorganisms (bacteria and fungi) (Karamanlioglu et al., 2017). Therefore, the polymer degradation can be classified as abiotic or biotic (Figure 5). The abiotic degradation is classified as deterioration caused by environmental factors, like temperature, UV irradiation, wind, and waves. On the other hand, the biotic degradation is classified as the biodegradation caused by the action of microorganisms that modify and consume the polymer, changing its properties. Usually, in nature, both degradation types act simultaneously (Restrepo-Flórez et al., 2014).


Abiotic Degradation

Plastics are generally not biodegradable, so they can persist for long periods of time. UV radiation is the central cause of plastic degradation in the environment because the plastic debris on soils or beaches or floating in the water is exposed to solar radiation, facilitating oxidative degradation of polymers. Through advanced stages of degradation, plastic develops surface features, becoming weak and starting to lose mechanical integrity. For this reason, any mechanical forces (e.g., waves, wind, etc.) can break the degraded plastic into progressively smaller particles (GESAMP, 2015; Scalenghe, 2018). The abiotic degradation reactions of polymers can be classified as thermal, mechanical, and chemical degradation (photodegradation, thermo-oxidation, photo-oxidation) (Sazanov et al., 1979; Scott, 1995; Kamo et al., 2004; Li et al., 2004; Chen et al., 2018).

Thermal degradation refers to the reaction of degradation at temperatures higher than those supported by the polymeric structures, which can induce chemical changes in polymers. Most organic polymers are sensitive to temperature, changing their stability by the action of heat, and these characteristics vary with the type of chemical structure of the polymer (Sazanov et al., 1979; Kamo et al., 2004).

Thermo-oxidation is the degradation of polymers by the action of light, heat, chemical attack, or shear, causing the loss of properties, by reaction with oxygen, and the formation of oxidation products and carbon dioxide (CO2). This process can occur according to a mechanism that comprises four stages: initiation, propagation, branching, and termination (Hawkins, 1964; Neiman, 1964; Drozdov, 2007).

Normally, the degradation processes occur through chain reactions, via free radicals, when there is a gradual deterioration of the polymer’s properties, with polymeric chain and polymeric chain branch disruptions. The initiation of the oxidation process, with the generation of free radicals in the presence of oxygen can be promoted or accelerated by the action of UV light, called photo-oxidation (Rabek and Ranby, 1974a,b; Rabek et al., 1975, 1976, 1977; Ranby, 1978; Jian et al., 1985).

Photodegradation is responsible for modifications in materials decomposed by solar radiation. This process changes the surface appearance of the materials; some of the most relevant modifications are discoloration (yellowing), brittle surfaces, surface hardening, and decreased values of mechanical and other properties (Andrady et al., 1998; Martínez et al., 2004).

The products generated in plastic degradation (polyolefin chain) by thermal energy are similar to the ones generated by UV radiation, with a difference in the amount of acids generated, which is higher in the photo-oxidation process (Pickett and Moore, 1993). Unlike thermal oxidation that occurs at the plastic surface and inner layers, photo-oxidation is a process limited to the surface (Pospísil et al., 2006). Heat-initiated peroxidation yields more stable ketone products, when compared to the UV radiation process (Wiles and Scott, 2006).



Biodegradation

Biotic degradation takes place by the action of microbial enzymes. Biodegradation converts organic compounds into simpler organic compounds, mineralized, and redistributed in elementary cycles, such as carbon, nitrogen, and sulfur. As sub-products of this process, carbon dioxide, methane, and microbial cellular components are generated, among others (Chandra and Rustgi, 1998; Banker et al., 2016).

Two types of microorganisms, bacteria and fungi, are of particular interest in the biodegradation of natural and synthetic polymers (Rujnić-Sokele and Pilipović, 2017). Biodegradation depends on the environment as the biodiversity and occurrence of microorganisms vary locally. There are two levels of factors that affect plastics biodegradability, the microbial level and the polymer characteristic level. Microbial characteristics comprise the microorganism type, distribution, growth conditions (temperature, pH, oxygen concentration, nutrients, etc.), and enzyme types (intracellular and/or extracellular enzymes, leading to exo or endo polymer cleavage). The chemical and physical properties of polymer characteristics include surface conditions (surface area, hydrophilic and hydrophobic properties), first-order structures (chemical structure, molecular weight, and molecular distribution), and higher-order structures (glass transition temperature, melting temperature, modulus of elasticity, crystallinity, and crystal structure) (Tokiwa et al., 2009).

The principal mechanism for biodegradation is the adherence of microorganisms to the polymer surface, followed by colonization of the exposed surface. After colonization, the polymer enzymatic degradation occurs by hydrolysis; first the enzyme binds to the polymer substrate and then catalyzes the hydrolytic cleavage. Through the biodegradation process, polymers become low molecular weight oligomers, dimers, and monomers, until final mineralization to CO2 and H2O (Tokiwa et al., 2009).

The extent of colonization on the polymer can be quantified by the surface characterization, where hydrophilic surfaces are more easily colonized by microorganisms. This is a limitation, because the polymer high hydrophobic surface contrasts with the microorganisms hydrophilic surface (Restrepo-Flórez et al., 2014).

Crystallinity also influences the biodegradation rate; the more crystalline a material is, the harder the degradation by microorganisms will be. As a consequence, the amorphous regions are consumed first, because the polymer monomers are loosely packed in these zones (Restrepo-Flórez et al., 2014).

The molecular weight is also a biodegradability factor, because polymers with side chains are less assimilated than polymers without side chains; hence, the increasing of molecular weight decreases the biodegradability of the polymer (Tokiwa et al., 2009).

Recently, the investigations on microbial degradation of plastic material have been focused on the isolation of microorganisms from natural environments (terrestrial and marine) (Park and Kim, 2019). Microorganisms living in environments polluted with microplastics are more likely to already have an adapted metabolism, so their polymer degrading potential is higher.


Microorganisms Capable of Degrading (Micro)Plastics

In nature, (micro)plastic degradation is an integrated process of physicochemical and microbial degradation factors. Microorganisms can adapt to almost every environment and have the potential to degrade several compounds, including (micro)plastics (Brooks and Beer, 2012; Krueger et al., 2015). Therefore, microorganisms can be used in bioremediation, without causing adverse effects. However, there is still lack of knowledge about the interactions between microorganisms and (micro)plastics, which prevents a wider adoption of plastic biodegradation approaches (Shah et al., 2008a; Alshehrei, 2017).

In several reported studies, bacterial biofilms, pure bacterial cultures, bacterial consortia, and pure fungal cultures were used for plastic degradation. These studies are presented in Tables 2–4.


TABLE 2. Plastics degraded by microorganisms, biodegradation assay conditions, and used detection methods.
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Bacteria

Bacterial strains catalyze metabolic reactions that contribute to (micro)plastic adsorption, desorption, and breakdown (Auta et al., 2017, 2018). These microorganisms use polymer materials as the sole carbon source in minimal nutrient media, reducing the dry weight, average molecular weight, and molecular distribution of polymers and induce changes in morphological structure and chemical structure. This implies that in practice, these microorganisms can be used for the reduction of plastic and microplastic pollution in the environment. The use of pure strains allows the discovery of metabolic pathways to evaluate the effect of different environmental conditions on (micro)plastic degradation (Janssen et al., 2002). Bacterial consortia, i.e., two or more bacteria living symbiotically, were also used to study (micro)plastic degradation. The use of bacterial consortia offers a stable microbial community, eliminating the effects of toxic metabolites produced by some strains present in the consortia (Yuan et al., 2020). Usually, toxic metabolites produced by one strain can be used as a substrate by another strain (Singh and Wahid, 2015). This may be the cause for the better biodegradation efficiency, since these consortia show degradation levels above the average obtained for pure strains.

Table 2 integrates the knowledge on the type of microorganisms, assay conditions, detection methods, and polymer reduction percentage obtained in various studies. The biodegradation results are different depending on the used strain and on the incubation conditions.

In the case of Bacillus cereus and Bacillus gottheilii, microplastics were pretreated with UV radiation. The pretreatment could improve the degradation by the Bacillus strains, by increasing the susceptibility of the microplastics, since during the radiation process C=O and O–H groups are introduced. Furthermore, UV radiation decreased the hydrophobicity of microplastics and this promoted and improved the compatibility with the microorganisms (Arutchelvi et al., 2008). Both strains were able to change the surface of the microplastics, where cracks and grooves appeared and altered structural functional groups and other properties. Moreover, the two strains showed different responses to the different microplastics. B. cereus had greater response to PS, causing a higher weight lost percentage, but B. gottheilii showed higher capacity to degrade a wide variety of microplastics and can be considered a potential multiple degrader (Auta et al., 2017).

Bacillus sp. strain 27 colonized, modified, and used PP as sole carbon source, confirmed by the formation of several pores and irregularities on the surface of the microplastics (Auta et al., 2018). Bacillus sp. YP1 degraded about 10.7% of initial PE weight, in only 2 months, creating damage in the microplastic surface, including holes and pits, and introducing carbonyl groups during the biodegradation assays, thus revealing high degrading capacity. This strain formed a biofilm on PE, and this enabled the microorganisms to utilize the non-soluble substrate efficiently (Yang et al., 2014). The combination of microplastics with a bioplastic, like poly(lactic acid) (PLA), can enhance the polymer biodegradability. Lactic acid is a fermented product from microbial renewable sources and is a naturally occurring nontoxic material. PLA decomposition is a rapid process occurring in a typical compost environment, forming CO2, water, and biomass. When this strategy was used with Pseudomonas aeruginosa, 9.9% biodegradation of the PS and PLA nanocomposites was obtained. The maximum biodegradation rate by P. aeruginosa was obtained by using about 10% of PLA in nanocomposites (Shimpi et al., 2012).



Actinobacteria

Nature often provides the solution for our problems, which can be an inspiration and a source of diverse products (Grassle and Maciolek, 2013). Actinobacteria, commonly named actinomycetes, are Gram-positive bacteria. These bacteria are present in various ecological habitats, like soils and freshwater and marine environments (Arasu et al., 2012). Actinomycetes have numerous distinct metabolisms and can have different functions in the environment. Besides the production of antibiotics, anticancer drugs, fungicides, and other bioactive secondary metabolites, some can digest resistant carbohydrates (for example cellulose and chitin); others are used in bioremediation due to their ability to degrade toxic materials or play a role in the recycling of organic carbon and, recently discovered, in the degradation of complex polymers (Sharma et al., 2014). Several studies reported the degradation of plastics/microplastics by actinomycetes and are presented in Table 3.


TABLE 3. Plastics degraded by actinomycetes, biodegradation assay conditions, and used detection methods.

[image: Table 3]Actinomycetes have relatively good degradation capacities of several microplastics types (Table 3). When using Rhodococcus ruber strain C208, the initial signs of degradation appeared after only 16 days. This species could form a biofilm in PE surface, and microcolonies started to be organized and differentiated after 12–15 h incubation, increasing their size, shape, and density, leading to the formation of three-dimensional multicellular structures. After 1 day of incubation, the biofilm structures reached their final size and a small portion of bacteria formed a scarce single-layer biofilm, surrounding the complex biofilm structure. In only 2 months, R. ruber degraded 7.5% of the initial weight of the microplastic and could use PE as a sole carbon source (Sivan et al., 2006). Rhodococcus ruber can be considered a model species in polymer degradation. Another Rhodococcus strain, R. rhodococcus ATCC 29672, showed convincing biodegradation results. In this case, the polymer was pretreated, subject to photo aging, and a sharp decrease of the weight and molecular distribution of the polymer was observed (Fontanella et al., 2013). This UV pretreatment method simulates the natural environment, that is, the plastic entry into the environment and its abiotic degradation (caused by environmental factors), followed by the biotic degradation (polymer consumption). So, this type of pretreatment mimics the real-environment conditions, thus enhancing biodegradability.

Bacterial consortia with actinomycetes and different Bacillus species presented high capacity of biodegradation. After incubation, besides the weight loss indicated in Table 3, the microplastic underwent structural, physical and chemical changes, such as the appearance of holes and narrow gaps (Nowak et al., 2011). This consortium, composed by actinomycetes and Bacillus, may have contributed to the increased polymer reduction, since the genus Bacillus has good degradative capacities (section “Bacteria”).

Pretreatment with nitric acid represents an advantage for the degradation by microorganisms. Nitric acid reduces native bonds in polymers and breaks them into smaller chains, allowing the incorporation of carbonyl groups in the backbone of the polymers, which enhanced the degradation rate by Microbacterium paraoxydans, since carbonyl groups are biodegradation triggers (Rajandas et al., 2012). Pretreatments in polymers were used to obtain materials that can be emulsified, soluble in water or in low boiling solvents. Hence, pretreatment is advantageous for enhancing biodegradation. Polymers in their original form take long time to degrade, but the use of nitric acid facilitates biodegradation, to values of 61% of polymer reduction, making it the highest reported reduction of polymers from non-renewable sources (Rajandas et al., 2012).

The members of the phylum Actinobacteria demonstrate an efficient degradation capacity of polylactic acid (PLA). This has a positive impact, since commercially available PLA is one of the most exploited bioplastics as a biodegradable polymer alternative. PLA-degrading actinomycetes can degrade this biopolymer either under field trials or laboratory conditions (Butbunchu and Pathom-aree, 2019). In Table 3, Amycolatopsis orientalis produced extracellular PLA-degrading enzyme with potent degrading activity, meaning that the PLA powder was completely degraded within 8 h. Kibdelosporangium aridum strain also showed high biodegradation ability, reducing about 97% of the initial polymer. Furthermore, this strain created many small pits over the PLA surface, and with the progress of degradation, most of the surfaces were attacked and the pits became deeper (Jarerat et al., 2003). Strains from Amycolatopsis and Actinomadura genera were reported as having promising PLA degradation capacity. These should be further investigated as the market demand for PLA plastics is increasing (Butbunchu and Pathom-aree, 2019).

Within these studies, PU, a polymer not widely used in biodegradation assays under laboratory conditions, proved to be susceptible for microbial degradation. Also, the addition of gelatin (0.1–0.2%), in some studies, revealed to be the best organic nitrogen source, as well as an inducer, increasing the biodegradation rate and polymer reduction by microorganisms. The polymer percentage reduction can be due to microbial activity and indicates not only weight loss, but also changes in the chemical and physical structures of the polymers.

Marine-derived actinomycetes are highlighted with “∗” in Table 3. These revealed high polymer degradation as well as polymer structural and chemical changes. Therefore, marine actinomycete counterparts appear to be quite effective in using polymers as a sole carbon source, especially for PLA degradation.



Fungi

Due to their vast metabolic potential, including the extracellular multienzyme complexes (Matavulj and Molitoris, 2009; Kettner et al., 2017), fungi are natural candidates for the research of their plastic biodegradability capabilities. As with bacterial species, (micro)plastic biofilms are a promising resource of fungal species that can degrade plastic fragments. Importantly, biofilms represent a hotspot for microbial activity (including fungal growth) as the composition fungal communities on biofilms significantly differs from surrounding environments (Kettner et al., 2017). On one hand, this might represent a source of pathogenic species and thus an environmental and health threat; on the other hand, these communities represent an opportunity for identification of novel plastic degrading metabolic pathways and species. Importantly, the studies involving the potential of marine fungal species for plastic degradation have often been overlooked in comparison with the bacterial ones, hence there is potential for knowledge creation and provision of new solutions using fungal species.

Fungi can efficiently degrade several types of plastics, as described in Table 4. In fact, fungi revealed higher degradation rates and capacity for degrading several polymer types than actinomycetes and other bacteria. Several strains of the Aspergillus, Penicillium, and Trichoderma genera, namely, Aspergillus niger, A. versicolor, Penicillium pinophilum, P. frequentan, P. oxalicum, and P. chrysogenum, were capable of degrading polyethylene (Table 4; Restrepo-Flórez et al., 2014; Pathak and Navneet, 2017; Munir et al., 2018; Luz et al., 2019). Moreover, Fusarium redolens, Phanerochaete chrysosporium, Acremonium kiliense, Verticillium lecanii, and Glioclodium virens were also able to degrade PE (Restrepo-Flórez et al., 2014; Pathak and Navneet, 2017). All abovementioned fungi were capable of either colonizing or performing PE biodegradation, or both.


TABLE 4. Plastics degraded by fungi, biodegradation assay conditions, and used detections methods.

[image: Table 4]Zalerion maritimum, a marine fungus, exhibited the highest PE degradative capacity (43%), in minimum growth media, using it as a sole carbon source. It caused severe damage to the PE films, decreasing their mass and size, with increase of its biomass (Paço et al., 2017).

Fungal degradation can be enhanced using plastic pretreatment with UV radiation before the biodegradation assay. UV light is an initiator of PE oxidation; it produces carbonyl groups that are the main factors for the beginning of biodegradation, promoting the microorganisms’ attack on the shorter segments of PE molecular chains. One example is strain Trichoderma harzianum that efficiently degraded PE treated with UV radiation, causing the formation of cavities and erosion on the plastic surface, as well as the formation of new chemical groups, detected by FTIR and NMR (Sowmya et al., 2014). On the other hand, exposing films to the sunlight as pretreatment is not enough to promote biodegradation, but this method is important to increase strains growth on the polymers, as the case of Pleurotus ostreatus. Thus, the combination of abiotic and biotic processes is more efficient for microplastic degradation (Luz et al., 2019).

Polyurethane biodegradation by fungi can occur under suboptimal laboratory conditions and under a variety of landfill conditions. However, the temperature, humidity, and carbon source availability in the soil and other environmental conditions are important for PU biodegradation (Cosgrove et al., 2007; Khan et al., 2017). cladosporioides cladosporioide, Phoma sp., and Aspergillus tubingensis were capable of degrading PU by 90–95% (Table 4), causing damage to the films, such as erosion, cracking the surface, pore formation, and loss of tensile strength (Cosgrove et al., 2007; Khan et al., 2017; Brunner et al., 2018).

Polystyrene is not recyclable nor biodegradable (Chaudhary and Vijayakumar, 2020), which can explain the low degradation rates presented by Cephalosporium sp. and Mucor sp. However, morphological changes in the PS surface, which led to the appearance of cracks, holes, and erosion, were observed (Chaudhary and Vijayakumar, 2020). When polystyrene is used in biodegradation assays in the form of styrofoam, the biodegradation rate is much higher. In this case, a malt extract liquid medium was used, a rich source of carbon and nitrogen that promoted the microbial growth and supported the production of enzymes. Media optimization plays an important role in biodegradation efficiency (Yanto et al., 2019).

For PLA, temperature is a key parameter when considering fungal degradation (Qi et al., 2017). When PLA is near its temperature of glass transition (50–62°C), the biodegradation increases substantially, as in this state the hydrolysis of the ester linkages and microbial attachment are favored by the increasing of water absorption. Thermomyces lanuginosus strongly colonized the PLA surface and the polymer lost tensile strength (Karamanlioglu et al., 2014). The Tritirachium album medium for biodegradation assay was supplied by gelatin, which improved PLA biodegradation, leading to fragmentation, edge disintegration, the appearance of holes, and surface roughness (Jarerat and Tokiwa, 2001). Another strategy to increase biodegradation is blending the polymers with organic compounds or mixing them with other synthetic polymers, thus creating different properties on the polymers. For example, Trichoderma viride promoted the biodegradation of PLA plasticized with USE (epoxidized soybean oil). This USE addition increased the biodegradation rate of PLA, and polymer chemical structural modification was observed. Using a plasticizer can be a good option to improve biodegradation rates (Lipsa et al., 2016).

Fungal strains are also able to degrade PVC. Phanerochaete chrysosporium could adhere and grow on the surface of PVC films using this polymer as carbon source, which indicates the capacity to degrade this polymer (Ali et al., 2009).

Knowledge about the enzymes that induce plastic biodegradation is of utmost importance for future industrial application, as it may mimic microbial biodegradation without the use of the original microorganism.



METHODS TO DETECT THE BIODEGRADATION OF (MICRO)PLASTICS

Several techniques can be applied to detect and quantify biodegradation activity by microorganisms (Figure 6). We have listed them to help the reader choose a method for performing a plastic biodegradation assay.
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FIGURE 6. Methods used to detect plastics biodegradation under laboratory conditions. FTIR, Fourier Transform Infrared Spectroscopy; SEM, Scanning Electron Microscopy; NMR, Nuclear Magnetic Resonance spectroscopy; GPC, Gel Permeation Chromatography; ADP/ATP, adenosine diphosphate/adenosine triphosphate ratio.



Clear Zone Method

First, it is important to perform a previous screening of available microorganisms to discover which microorganisms have the capacity to degrade polymers and which polymers can be degraded. For this screening, the clear zone method with agar plates is the best approach, through the microorganism’s inoculation into agar plates containing emulsified polymers. This assay provides information on the degradation potential of microorganisms for a selected polymer. The microorganisms capable of degrading polymers excrete extracellular enzymes which diffuse through the agar and degrade the polymer into water-soluble materials (Mergaert and Swings, 1996). The main advantages of this method are the simplicity, relatively low cost, rapid response, and effectiveness. The solid media containing suspended polymer particles allow the isolation of potent degraders. When a microorganism grows in this media and consumes the polymer, a clear zone can be seen on a turbid plate, confirming that polymer degradation occurred. It does not necessarily indicate the consumption of all the compounds but reflects the breakdown of the polymer chains (Augusta et al., 1993). To perform the screening, it is required to incorporate the polymer in the medium. This incorporation can be done through emulsion, ground powder, or suspension. As this process can sometimes be complex, the use of chemical techniques to help in the incorporation process is advised. A chemical pretreatment of the polymers can be advantageous to obtain materials soluble in water or in low-boiling solvents. Pretreatment suggestions can be found in Section “Chemical Methods for Plastic Recycling Valorization.”



Gravimetric Determination of Weight Loss

This technique is widely used in polymer degradation assays for the evaluation of the gravimetric weight loss. This method should be used and interpreted carefully, since the weight loss can result from chemical hydrolysis and disintegration (fragmentation) of plastics, especially in the case of powder polymers. The weight loss results are highly inaccurate, since the biodegradation extent is limited and relatively slow (Raddadi and Fava, 2019). The weight loss depends on the incubation time and on the assay conditions, in addition to the used microorganisms and polymers (Nowak et al., 2011). This method must be associated with other techniques to prove that biodegradation occurred.



Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy can be used to study and monitor chemical modifications in the polymer film structure. FTIR spectra give information about the polymer chemical functional groups, detecting chemical changes either by their consumption or by production due to the microbial activity (Hadad et al., 2005; Singh and Sharma, 2008). These changes occur in functional groups of the polymer’s surface, including hydrogen bonding, end-group detection, degradation reactions, molecular cross-linking, and copolymer composition in liquid or solid form, elucidating about modifications in the chemical and physical structure. FTR (Fourier transform Raman) spectroscopy is a fast and highly selective technique, identifying even the mineral fillers present in plastics (Azapagic et al., 2003). The efficiencies of FTIR and FTR spectroscopy allow the detection of most polymers. However, some limitations have been verified in FTIR spectroscopy, including a high sensitivity to the state of the polymer’s surface (Azapagic et al., 2003).



Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) allows the detection of microbial colonization and consequential surface degradation by changes in the physical aspect of the polymer surface. The evaluation of polymer biodegradation is seen by changes in the physical properties, by the formation of holes and cracks or by the formation of biofilms on polymer surfaces (Raddadi and Fava, 2019). The disadvantage of SEM is that it is costly and requires advanced training.



Gel Permeation Chromatography (GPC)

This technique is based on the average molecular weight (MW%) and the molecular weight distribution of the polymer. Usually, this analysis is performed on the bulk polymer and may not allow the detection of the initial steps of biodegradation, since biodegradation firstly occurs on the polymer surface. Therefore, GPC is not a highly sensitive technique but can be used combined with others, as the decrease in the MW of the polymer can be proof of a chain scission, which indicates microbial attack (Raddadi and Fava, 2019).



Tensile Strength (Rm) and Elongation at Brake (εr) Test

Modifications at tensile strength and elongation at brake are signs of biodegradation, i.e., microbial attack on polymers. Once the polymers are constituted with different monomers and the chains are oriented differently, they have distinct values for tensile strength and elongation at brake. This means that the force required to deform and break a polymer will be different. When microbial degradation takes place, significant changes in the mechanical properties occur, caused by biochemical modifications of the polymers. These modifications can result from the formation of cross-linking bonds between monomer chains or the film disintegration, shortening the polymer chains and serving as a source of carbon and energy. Depending on the microorganism, the polymer, and the incubation time, Rm and εr values differ (Nowak et al., 2011).



Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance is a technique that explores the magnetic properties of certain atomic nuclei (e.g., 1H nuclei) to determine physical or chemical properties of atoms or molecules that compose the polymers. This technique gives detailed information about structure, dynamics, reaction state, and chemical environment of the molecules. Most molecules are composed of hydrogen atoms, and this nucleus has a strong resonance, providing 1H NMR with broad applications. Protons in different chemical groups have different magnetic shielding; thus, 1H nuclei in different surroundings give rise to different chemical shifts (Gerothanassis et al., 2002). NMR spectroscopy allows the analysis of the molecular changes that occur during the biodegradation process. Changes in intensity of the peaks, integration values, and chemical shifting in the NMR spectra can be attributed to polymer biodegradation by microorganisms (Satti et al., 2020). With NMR, it is possible to analyze the molecular structure of the degraded products or their intermediates. The NMR analysis of the photo- and thermo-oxidized polymers can reveal the presence of degraded products and intermediates during biodegradation assays (Arutchelvi et al., 2008). This technique allows visualizing the soluble substrates obtained from the oxidized polymers that can be used as source of carbon and energy by the microbial cells (Fontanella et al., 2013).



pH Variation

pH is a very important factor for the survival and enzymatic activity of microorganisms, so it influences the overall biodegradation rate. pH variations are observed when biodegradation occurs, since intermediates and degraded products can affect the media pH. These pH variations can be advantageous for the growth and development of microorganisms (Auta et al., 2018).



ADP/ATP Ratio

Adenosine triphosphate (ATP) is a key molecule in all energetic metabolisms, and it reflects the levels of metabolic activity of a culture. In this assay, the concentrations of ATP and adenosine diphosphate (ADP) are measured, determining if microorganisms can maintain their energetic status over biodegradation time. So, the ADP/ATP ratio is extremely sensitive and quantitative, showing the energetic status of cells in the presence of different polymers (Fontanella et al., 2013).



BIOPLASTICS AS ALTERNATIVES TO PETROLEUM-BASED PLASTICS

It is a challenge to avoid plastics in our everyday life, as they are present in clothes, appliances, cosmetics, or food packaging, among others. As previously mentioned, plastics present disadvantages and associated environmental risks; an active field of research was established to provide alternative eco-friendly solutions. Nowadays, we may find sustainable takeaway containers from various natural and organic sources. For example, areca palm sheaths can replace plastics in products like bags, cups, plates, and wrapping. In addition, sal leaves, pineapple leaves, cactus leaves, Bauhinia vahlii leaves, coconut fibers/shells, and banana fibers can be used as food packaging and take-away containers, as these are waterproof. The soft fibers of the banana plants may be used as an alternative to plastic-based clothes (Muralidharan et al., 2017). Waterproof cork has been increasingly used for clothes, bags, umbrellas, and shoes, among others (Gil, 2014).

Bioplastics are biorelated polymers that have been considered suitable for replacing traditional fossil-based plastic materials and include two distinct concepts: biobased and biodegradable (Figure 7). Biobased plastics are bioplastics that contain organic carbon of renewable origin. On the other hand, biodegradable plastics are bioplastics that can be converted by microorganisms into natural substances such as water and carbon dioxide (Vert et al., 2014; Lambert and Wagner, 2017).
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FIGURE 7. Degradable and non-degradable relations of fossil-based and biobased plastics types. PE, polyethylene; PS, polystyrene; PET, polyethylene terephthalate; PP, polypropylene; PVC, polyvinyl chloride; PU, polyurethane; PCL, polycaprolactone; PBAT, polybutyrate adipate terephthalate; PLA, polylactic acid; PHA, polyhydroxyalkanoates; PBS, polybutylene succinate.


Biodegradation is influenced by the plastic chemical structure, and it is not related to the origin of the plastic material. Thus, biobased plastics are not necessarily biodegradable, and some fossil-based plastics might be susceptible to biodegradation (available at https://www.european-bioplastics.org/bioplastics/, accessed at 29/05/2020). For instance, the molecular structures of biobased PE and biobased PET are similar to those of their fuel-based counterparts, but their production involves a smaller carbon footprint, since these polymers derive from renewable feedstocks. Yet, they are still non-biodegradable (Lambert and Wagner, 2017). On the other hand, polybutylene succinate (PBS) and polybutylene adipate-co-terephthalate (PBAT) are petroleum-based plastics with molecular structures that make them susceptible to biodegradation (available at http://en.europeanbioplastics.org/bioplastics/, accessed at 29/05/2020).

Bioplastics must have similar properties to the fuel-based plastics to be considered as suitable alternatives for traditional plastics. These include mechanical, thermal, and optical characteristics, and also water and/or gas barrier features, depending on the specific applications (Cooper, 2013). Moreover, the bioplastics with the highest potential for becoming sustainable alternatives to conventional plastics are both biobased and biodegradable. Their production contributes to reducing the dependency on limited fossil resources and the greenhouse gas (GHG) emissions but also contributes to increasing resource efficiency through a closed resource cycle, in a circular economy system. The polymers included in this group that are currently considered leading options to mitigate the environmental impact of petroleum-based plastics are starch, polylactic acid (PLA) and polyhydroxyalkanoates (PHA).


Starch

Starch is a highly abundant and readily available polysaccharide that can be easily extracted from tapioca, potato, and corn (Ferreira et al., 2016). Native starch polymers are generally difficult to process since they are brittle and absorb moisture. Thus, they are normally used with the addition of plasticizers or blended with other polymers, which can compromise their biodegradability (Sudesh and Iwata, 2008; Jabeen et al., 2015; Lambert and Wagner, 2017). Nonetheless, the resulting thermoplastic materials have been successfully used in some industries, namely in food, pharmaceutical and medical applications (Ferreira et al., 2016).



Polylactic Acid (PLA)

Polylactic acid (PLA) is a aliphatic polyester that can be produced by fermentative biotechnological processes using agricultural products as feedstock, namely, corn, potato, wheat, and sugarcane (Qi et al., 2017). The biobased lactic acid monomers resulting from the fermentation process are chemically polymerized either by direct polycondensation or ring-opening polymerization (Prathipa et al., 2018).

Polylactic acid presents mechanical, optical, and barrier properties comparable to those of PP, PET, and PS and has potential applications varying from packaging to medical applications, like surgical sutures, because it is hydrolyzable into soluble oligomers in the human body (Jarerat et al., 2003). Despite not being readily biodegradable, PLA is recyclable and is biodegradable under industrial composting conditions (mixed microbial community in aerobic conditions, with a temperature higher than 55°C and a relative humidity higher than 65%). However, the full potential of this polymer will only be attained with the development of adequate infrastructures for sorting, recycling, and composting PLA plastics (Tokiwa et al., 2009; Castro-Aguirre et al., 2016; Qi et al., 2017).



Polyhydroxyalkanoates (PHA)

Polyhydroxyalkanotes (PHA) are chemically diverse biobased, biodegradable, and biocompatible aliphatic polyesters of microbial origin with high potential for replacing synthetic plastics in applications ranging from packaging to pharmaceutical and medical products. Although over 150 hydroxyalkanoate monomers and 300 PHA-producing bacterial species have been identified (Reis et al., 2011), the most relevant polymers of the PHA family are poly(3-hydroxybutyrate), poly(3-hydroxybutyrate-co-3-valerate), and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) and they are already commercially available (Cooper, 2013). The monomeric composition and consequent characteristics of PHA polymers depend on the microorganisms involved in their production and on the type of carbon sources available.

When compared to PLA and starch-based plastics, PHA exhibit a wider variability in material properties due to the range of possible monomeric compositions, structures, and molecular weight distributions (Keshavarz and Roy, 2010). In addition, while PLA is only biodegradable under specific conditions of industrial composting, PHA has the advantage of being industrially and home compostable, anaerobically digestible, and biodegradable in soil and marine environments. In fact, PHA are easily biodegradable by several bacteria that produce extracellular PHA depolymerases (Cooper, 2013; Lambert and Wagner, 2017) and there is enough evidence that PHA are prone to complete and fast biodegradation in natural environments (Meereboer et al., 2020). Under the appropriate sample morphology and environmental conditions (temperature, moisture, microorganisms, nutrients, salinity, and others), PHA can be totally degraded within 28 days in fresh and seawater environments, namely rivers, lakes, or oceans (Meereboer et al., 2020).

Polyhydroxyalkanoates are produced as internal carbon storage and energy reserve by several bacterial strains. Current commercial PHA production processes are based on expensive organic sources and pure microbial cultures (PMC) under sterile conditions and fed batch feeding strategy. The culture is supplied with growth media and when the appropriate cell density is reached, growth-limiting conditions are imposed to induce PHA storage (Keshavarz and Roy, 2010; Reis et al., 2011). This strategy results in high cell densities and productivities but entails high costs at industrial scale (Rodriguez-Perez et al., 2018).

Over the last two decades, efforts have been made in the development of alternative processes with reduced costs. Using inexpensive waste organic carbon as feedstock for PHA production by mixed microbial cultures (MMC) in non-sterilized conditions is a potential cost-efficient method compared to PMC systems, reducing substrate and operational costs and producing copolymers with multiple applications (Reis et al., 2011; Mannina et al., 2020). In MMC systems operated in non-sterile conditions, a selective pressure must be applied to favor the microorganisms with high PHA storage capacity. These processes are normally operated in three-stages (Figure 8). The first stage corresponds to the acidogenic fermentation of the waste organic carbon to produce volatile fatty acids (VFA) that are used for PHA synthesis and is normally carried out in a continuous upflow anaerobic sludge blanket (UASB) reactor. The second stage is the selection of the MMC, where the microbial culture is enriched in PHA-accumulating bacteria. The selection normally takes place in a sequencing batch reactor (SBR) fed with the VFA-rich stream produced in the first stage and operated under aerobic dynamic feeding (ADF), i.e., with short periods of substrate abundance (feast) followed by long periods of substrate absence (famine). Under these conditions, PHA-accumulating organisms have a competitive advantage since they can use internal carbon reserves and external nitrogen for growth and maintenance during the famine phase. The last stage is PHA accumulation where the enriched MMC of the selection stage is fed with the VFA-rich stream from the first stage in the absence of nutrients so that the carbon is mainly used for PHA storage rather than for growth (Albuquerque et al., 2007). This stage is commonly operated in fed batch mode with pulse-wise substrate feeding whenever the carbon source from the previous pulse is depleted. In general, when compared to PMC, the overall PHA productivities using MMC are still significantly lower, but the production costs are reduced and the use of waste streams as substrate significantly contributes to the reduction of their polluting load (Reis et al., 2011).
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FIGURE 8. Schematic representation of the PHA production process by mixed microbial cultures, using waste organic carbon as feedstock. VFA, volatile fatty acids; UASB, upflow anaerobic sludge blanket; SBR, sequencing batch reactor; ADF, aerobic dynamic feeding.


Both MMC and PMC for PHA production have advantages and drawbacks, and the choice depends on several factors, including specificity/versatility in the use of substrates, type of PHA produced, and final application. Moreover, to become a competitive alternative to synthetic plastics (Reis et al., 2011; Yadav et al., 2020), PHA production from PMC or MMC still requires optimization and cost reduction, including the downstream processing (recovery and purification), which can have a significant impact on the cost and ecological footprint of the entire process (Yadav et al., 2020).



Bioplastics Market

The world plastic production has been rising considerably in the past 30 years, reaching almost 360 million tons in 2018, where European plastic industry accounts for 62 million tons with a turnover of 360 billion euros (Guzik et al., 2014). Currently, bioplastics represent less than 1% of the annual plastic production, but the market is continuously growing and the global bioplastic production capacity is expected to increase by approximately 15% in 5 years, from around 2.11 million tons in 2019 to 2.43 million tons in 2024 (available at http://en.europeanbioplastics.org/bioplastics/, accessed at 29/05/2020). From the 2.11 million tons produced in 2019, the biggest fraction of biobased polymers corresponded to bio-PE (11.8%) and the biggest fraction of biodegradable polymers corresponded to starch blends (21.3%) (Figure 9). Biobased, non-biodegradable plastics altogether currently represent over 44% (almost 1 million tons) of the global bioplastics production capacities. Biodegradable plastics, including PLA, PHA, starch blends, and others, account for over 55.5% (over 1 million tons) of the global bioplastics production capacities (available at http://en.europeanbioplastics.org/bioplastics/, accessed at 29/05/2020).
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FIGURE 9. Global production of bioplastics. (A) In 2019, the higher fraction of biobased polymers and biodegradable polymers corresponds to bio-PE and starch blends, respectively. (B) In 2024, the production of biodegradable polymers is expected to increase, mainly due to the significant growth rates of PHA production. PA, polyamide; PEF, polyethylene 2,5-furandicarboxylate; PTT, polytrimethylene terephthalate. Reproduced with permission. Copyright 2017, European Bioplastics, available at https://www.european-bioplastics.org/market/.


PHA still represent a minor share of the global bioplastics production capacity; however, their production capacities are expected to grow from 1.2% in 2019 to 6.6% in 2024 (Figure 9). The production of biodegradable plastics is expected to reach 1.33 million tons in 2024, mainly due to the significant growth rates of PHA production.

Having circular economy in mind, the discovery of plastic-degrading bacteria that simultaneously produce PLA or PHA would constitute a great advance in this field, as we could use microplastic in their feedstock as carbon source for the production of bioplastics, not only creating added valuable for microplastics but also mitigating the plastic pollution challenge. Marine-derived bacteria can play an important role in this achievement because these bacteria grow in seawater media and produce different enzymes than their terrestrial counterparts.



CHEMICAL METHODS FOR PLASTIC RECYCLING VALORIZATION

In general, the main methods for plastic waste reduction/elimination are thermal and chemical degradation, photodegradation, oxidative degradation, and biodegradation (Haider et al., 2019; Anju et al., 2020). Mechanical recycling and energy recycling (recovery) are often employed. Yet, these are not efficient enough to deal with the plastic pollution problem; alternatively, chemical decomposition can be applied to depolymerize and repolymerize plastic material in a sustainable number of cycles (Jehanno et al., 2019). Several recent reviews on this topic have been published, and they focus on characteristic plastic transformation routes, such as thermochemical routes (Lopez et al., 2017; Uzoejinwa et al., 2018), carbonization route (Chen et al., 2020), petrochemical routes and hydrocracking (Thybaut and Marin, 2016; Hassan et al., 2019), production of hydrogen and nanotubes (Sharma and Batra, 2020), bioconversion by immobilized enzymes (Bilal and Iqbal, 2019), plastic gasification (Lopez et al., 2018), and catalytic pyrolysis (Qiu et al., 2018). In addition to these reviews, the aim of this section is to evaluate recent literature focusing on chemical methods complementary to biodegradation and applied (or applicable) to some of the major plastic pollutants. We decided to limit on the polymers in higher demand: polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS), and polylactic acid (PLA). The methods for chemically degrading these polymers are described below and are summarized in Table 5, highlighting their experimental conditions, reaction yields, and products.


TABLE 5. Plastic chemical recycling methods, reaction conditions, yields, and products.
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Polyethylene (PE) Degradation

Polyethylene is inert to many chemicals, and it is available in multiple types (HDPE, LDPE), which complicates the recycling processes. In fact, PE is the most challenging polymer for recycling and therefore is a waste stream (Bäckström et al., 2017). Its backbone is extremely stable, connected by strong single C–C and C–H bonds containing mainly secondary and primary carbons, both robust to oxidation by exposure to heat or ultraviolet radiation (Jia et al., 2016). Most studies on PE recycling are oxidative degradation and pyrolysis (thermal or catalytic) (Table 5).

Commercial polymers such as PE and PP are susceptible to photo- and thermo-oxidation and undergo chain scission with reduction in their molar mass (Anju et al., 2020). Thus, the main used methods for the degradation of PE are the oxidative methods. Oxidation occurs in the presence of abiotic factors, such as UV radiation, oxygen, temperature and chemical oxidants (Wei and Zimmermann, 2017).

The behavior of polyethylene has been studied by photo-oxidation with λ ≥ 300 nm light and by thermo-oxidation at a temperature of 100°C (Gardette et al., 2013). Photo-oxidation, similarly to thermo-oxidation, involves a chain of reactions and is generally divided into three steps: initiation, propagation, and termination (Figure 10A; Singh and Sharma, 2008). In the initiation step, chemical bonds in the main polymer chain are broken, and oxygen-mediated disintegration of polymers liberates free radicals (Gewert et al., 2015; Anju et al., 2020). In the propagation phase, the polymer radical reacts with oxygen and forms a peroxy radical and this leads to the scission of long polymer chains into shorter chains (Singh and Sharma, 2008; Gewert et al., 2015). The autoxidation occurs by complex radical reactions, random chain scission, and cross-linking and leads to the formation of oxygenated fragments of low molecular weight oxygenated fragments, such as aliphatic carboxylic acids, alcohols, aldehydes, and ketones (Singh and Sharma, 2008; Lyu and Untereker, 2009; Anju et al., 2020). The termination of the radical reaction occurs when free radicals react with themselves leading to the decrease of free radicals and to the formation of inert products (Lyu and Untereker, 2009; Gewert et al., 2015). Olefins, carboxylic acids, aldehydes, and ketones are the products expected at the end of radical reactions (Figure 10A).
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FIGURE 10. Chemical recycling degradation reactions. (A) Photo-oxidation degradation of polyethylene. (B) Degradation of polyethylene terephthalate by pyrolysis and other methods. (C) Photo and thermal degradation of polystyrene. (D) Hydrolytic polylactic acid degradation.


In addition to degradative oxidation, other methods such as thermal (T > 400°C) and catalytic pyrolysis have also been applied to PE degradation (Serrano et al., 2012).

The other alternative is to use high-pressure pyrolysis conditions that can change the product component distribution, producing aromatic compounds, isoparaffins, and more cycloalkanes and fewer olefins in the liquid product (Cheng et al., 2020). Another alternative for PE degradation is chemical depolymerization (Jehanno et al., 2019). However, due to the stable C–C backbone bonds of PE, severe conditions are necessary to allow and control the depolymerization reaction.

In an attempt to depolymerize polyethylene (LDPE) by microwave-assisted and oxidative process (1 h of microwave irradiation at 180°C in nitric acid solution 0.1 g/mL), the LDPE was totally degraded. Different kinds of products were obtained, such as succinic, glutaric, and adipic acids, as well as longer dicarboxylic acids, acetic acid, and propionic acid (Bäckström et al., 2017; Jehanno et al., 2019). In addition to the mentioned alternatives, some studies have explored the use of PE as a precursor in the production of carbon fiber through carbonization (Laycock et al., 2020).

The reactions for degradation of PE are listed in Table 5. It is important to note the broad diversity of reaction conditions and formed products. Overall, reaction time varies from 1 h to 400 h and the reaction yield from 71 to 95.5%. If the goal is to transform PE into fuel, catalytic pyrolysis meets the best advantages. If elimination of PE as a pollutant is the goal, then oxidation or carbonization can provide a much better solution.

The limitation of thermal and oxidative degradation and pyrolysis methods is the lack of product control, resulting in the formation of complex product compositions, including hydrocarbon gas, oil, wax, and char (Jia et al., 2016). Of these, catalytic pyrolysis is advantageous, as it uses a catalyst to reduce the temperature and reaction time, increasing the selectivity and economic viability. High-pressure pyrolysis has the advantage of generating products with characteristics that are closer to the standard fuel, such as isoparaffins, as well as higher amount of cycloalkanes and fewer olefins in the liquid product. On the other hand, this method requires severe conditions.

Microwave irradiation methods accelerate the chemical reactions, thus shortening the reaction times and decreasing the temperature, attaining high chemo-selectivity and product yields.



Polyethylene Terephthalate (PET) Degradation Methods

The most commonly used degradation methods for PET are thermal or oxidative degradation (Venkatachalam et al., 2012) and chemical degradation, such as hydrolysis, methanolysis, glycolysis, and aminolysis (Table 5). Among the chemical degradation processes, glycolysis is the preferred method for recycling PET (Khoonkari et al., 2015; Zanela et al., 2018).


Thermal Degradation/Pyrolysis of PET

Pyrolysis (catalytic and thermal) is a low-cost process that cleaves various chemical bonds in polymers and additives using high temperatures in the absence of oxygen, avoiding the use of solvents. The PET pyrolysis results in terephthalic acid (TPA), benzoic acid (BA), and carbon residues (Kumagai and Yoshioka, 2016; Figure 10B). While thermal pyrolysis is not very selective, catalytic pyrolysis is used to increase selectivity (Almeida and De Fátima Marques, 2016). Catalysts, such as zeolites which are microporous crystalline aluminosilicates (Almeida and De Fátima Marques, 2016), sulfated zirconia (Diaz-Silvarrey et al., 2018), or CaO/steam (Kumagai and Yoshioka, 2016), are employed to break the PET structure and increase the cracking selectivity to obtain other products or purer products. Generally, the level of catalytic activity increases by increasing the number of acidic sites of the catalysts (Brønsted or Lewis acids). They facilitate the thermal decomposition by proton donation (Brønsted) or electron acceptance (Lewis) creating active chemical species that further crack into smaller molecules. The formation of purer compounds is thus facilitated via carbocations of intermediate compounds (Almeida and De Fátima Marques, 2016). Other ways have been studied to improve pyrolysis, for example, controlling the end temperature and heating rate, typically known as “slow pyrolysis” (Dhahak et al., 2019). In methanolic pyrolysis, adding methanol as solvent under microwave irradiation reduces the overall reaction time and provides a high degree of depolymerization (Siddiqui et al., 2012).

Pyrolysis is rarely used to depolymerize PET at an industrial scale, as it produces gaseous and liquid side-products, which reduces the efficiency of the process and implies costly separation steps. However, this process has flexibility, as it is possible to vary the liquid/gas ratios of the desired end products, by operating temperature and pressure parameters. The pyrolysis major output is a combination of liquid and gaseous fuels (Table 5); whereas liquid fuel has various applications and great economic value (e.g., immediate use in turbines, furnaces, among others), the gaseous fuel can provide energy input for the overall process, to compensate the consumption of energy.

As an advantage, it is possible to treat different mixed plastics types, mitigating the contaminants negative impacts caused by several organic, inorganic, or biological residues in organic waste.

Pyrolysis presents a contrasting advantage over high-temperature incineration, since the last one generates and emits toxic and greenhouse gases. Moreover, it forms a closed recycling loop because of the production of usable side products. However, it still needs a high-energy input (Raheem et al., 2019; Lee and Liew, 2020).



Thermo-Oxidative Degradation

The thermo oxidative protocol resembles pyrolysis with the simple difference that pyrolysis is done in the absence of oxygen, while thermo-oxidative protocol occurs in the presence of oxygen (Botelho et al., 2001). Initially, hydrogen peroxide is formed on the methylene groups, resulting in the formation of carbon and oxygen radicals along with vinyl ester end groups (Botelho et al., 2001; Romão et al., 2009; Kruse and Wagner, 2016). Formation of colored PET during thermo-oxidative degradation occurs due to the hydroxylation of the terephthalic ring and oxidation of the phenolic hydroxyl groups to quinonoid species. This process occurs especially in the presence of metallic catalysts used in the PET synthesis (Yang et al., 2010). Overall, the reaction time for this process ranges from 2 h to 670 h (Table 5). Despite the obtained added-value products, this method is not quantitative, as the product yields have not been determined.

Thermo-oxidative degradation disadvantage is the lack of selectivity, resulting in the formation of complex product mixtures that lead to separation associated costs.



Hydrolytic Degradation

Hydrolytic degradation is a process that uses high temperature and pressure and only water as a solvent. It is a low-cost degradation process resulting in terephthalic acid (TPA) and ethylene glycol (EG) (Sinha et al., 2010; Valh et al., 2019), as shown in Figure 10B.

There are three hydrolytic processes: (1) acid hydrolysis, digestion of PET waste with water in acidic conditions for 96 h (Table 5), using strong acids (e.g., H2SO4) to depolymerize PET with 80% yield. This method has the advantage of not requiring high temperature (25–100°C) and pressure (∼ 0.101 MPa) and is a fast process. However, it presents a major disadvantage, and the amount of acid needed to industrialize this method poses economic, process, and environmental problems. (2) Alkaline hydrolysis occurs in the presence of esterification catalysts, alkaline (NaOH), at a temperature range of 200–250°C, under pressure (1.4–2 MPa) for 3–5 h with 93% yield (Table 5), to produce sodium salt of TPA, from which TPA is precipitated by acidification (H2SO4) (Sinha et al., 2010; Zanela et al., 2018). Alkaline hydrolysis can treat PET contaminated with other materials but requires catalyst waste management as the used acid and base are environmental threats. (3) Neutral hydrolysis uses water or steam as reagents, and the reaction occurs at temperature range 200–256°C and pressure range 1–4 MPa, for 2 h with 92% yield (Table 5). Neutral hydrolysis requires an extensive TPA purification, since the contaminants present in PET waste are carried over the product, which lowers the monomer’s purity. This hydrolysis does not produce inorganic salts and is eco-friendly. However, the major disadvantages of this process are the severe operation conditions (high temperature and pressure).

Biocatalysis is another successful alternative. The cutinases (polyester hydrolases) are more eco-friendly and less expensive with remarkable capability to hydrolyze PET (95%), but slower (48 h) (Table 5; Shirke et al., 2018).



Glycolysis

Glycolysis is the most favorable PET recycling method using depolymerization and re-polymerization. It is sustainable since the product of glycolysis—bis(2-hydroxyethyl)terephthalate (BHET)—can be polymerized to high-quality PET (Figure 10B; Jehanno et al., 2019). In addition, glycolysis is a simple process using EG as a solvent and reagent at high temperatures (180–240°C) (Khoonkari et al., 2015). Therefore, methods to improve glycolysis are being studied to provide a less costly process at lower temperatures. The glycolysis reactions for PET degradation are listed in Table 5.

A wide range of metal salts and Lewis acids were used as catalysts to carry out the PET glycolysis, in various conditions. They react with polymer carbonyl groups, facilitating PET degradation (Esquer and García, 2019). The best catalytic system in terms of activity and BHET yield was the use of CoCl2⋅6H2O as a cheap catalyst, compared with the already reported catalytic systems based on zinc acetate, since zinc proves to be a great catalyst to form BHET. However, it has some major problems in product separation and purification (Shukla and Kulkarni, 2002; Xi et al., 2005; Imran et al., 2013; Lopez et al., 2017). Noteworthily, the addition of BEt3 improved the BHET yield and reaction time by up to 84% yield in 3 h. Additionally, the use of an ancillary ligand can help to increase the activity, but a careful selection must be considered (Troev et al., 2003).

Organocatalysts, such as ionic liquids, deep eutectic solvents, and nitrogen bases, as well as organometallic catalysts, such as acetates and alkoxides, can also be successfully applied for the preparation of BHET (Yue et al., 2011; Jehanno et al., 2019). Therefore, imidazolium-based ionic liquids (based on 1-butyl-3-methylimidazolium cation [BMIM]) were first studied in PET glycolysis and hydrolysis, but it turned out that they mostly needed an additional (Lewis acid) catalyst. An exception was Lewis-based ionic liquid [BMIM][OAc] that provided BHT as a single reaction product in 58% yield, in 3 h at 190°C (Al-Sabagh et al., 2014). Urea-based ionic liquids (mixture of urea and choline chloride) also provided BHET in 190 min at 190°C, in 73.8% yield. The more basic tetramethylammonium alaninate [N1111][Ala] gave a similar monomer yield (74.3%), only faster, 50 min at 170°C (Wang et al., 2012). Choline phosphate[cholin]3[PO4] ionic liquid can be used for high loading of PET (10 wt %) at relatively low temperatures (120°C, 3 h) and under water-rich conditions. Further exploration showed that in the presence of EG, the [choline]3[PO4] catalyzed glycolysis of PET with approximately 100% conversion of PET and approximately 60.6% yield of BHET (Sun et al., 2018). Glycolysis appeared to be more efficient (i.e., faster with lower undesirable oligomers content) when strong bases, such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), or 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), were used compared to bases with a lower pKa, such as 1-methylimidazole (NMI) or dimethylaniline (DMA) (Fukushima et al., 2013a). However, an equimolar quantity of triazabicyclodecene (TBD) and methanesulfonic acid (MSA) (TBD-MSA) seems to be an even better system and completely depolymerizes PET in less than 2 h, producing 91% of highly pure BHET (Jehanno et al., 2018). This novel catalyst showed very stable protic properties (up to 400°C) and can be also successfully used for BHET polymerization to PET at 270°C and recycled at least 5 times to depolymerize more PET waste. Clearly the transesterification mechanism in organocatalysis can be more complex than the above-described mechanism (acid and base) and beneficial for overall PET degradation due to the bifunctional nature of TBD involving the formation of hydrogen-bonding interactions between the reactants and key hydrogen-bond donor and acceptor sites on the organocatalyst that facilitate nucleophilic attack and ester formation (Horn et al., 2012). Microwave heating became a famous process offering a minute gap of heating, leaving the material untouched with high specificity (Hoang et al., 2019).

Glycolysis is the most advanced PET chemical recycling method in terms of technology readiness, as it is already into polymer production lines. A challenge of this method is the immiscibility of PET with polyols and, consequently, the need for a purification step of the end products.



Methanolysis

The methanolysis in the process of PET degradation adds some advantages as methanol is employed both as reagent and as solvent at high temperature and pressure, resulting in dimethyl terephthalate (DMT) and EG (Figure 10B). Both DMT and EG are very useful products as they can be polymerized into PET again through glycolysis (Sinha et al., 2010; Siddiqui et al., 2012).

Methanolysis conversion rates can reach 99.8% in 2 h (Table 5), with purification of DMT (alternative feedstock) by distillation. The DMT is produced as a product with identical quality to the virgin DMT. In addition, EG and methanol can be recovered and recycled.

This process presents several disadvantages, such as high temperature and pressure conditions, being difficult to inject waste material into a pressurized reactor. Moreover, purification of the final products is necessary (crude products contain alcohols and phthalate derivates), increasing the energy consumption and costs (Lee and Liew, 2020). Nevertheless, product separation can be improved by other processes (Sinha et al., 2010) such as working under supercritical conditions (300–350°C and 20 MPa) (Goto et al., 2002; Yang et al., 2002; Liu et al., 2015), using vapor methanolysis for easier separation of methanol vapor and products (Kim et al., 2008; Pudack et al., 2020), applying catalysts like zinc acetate or manganese salts (Kurokawa et al., 2003; Mishra and Goje, 2003; Siddiqui et al., 2012), or shortening the reaction time under microwave conditions (Siddiqui et al., 2012).



Aminolysis and Ammonolysis

Aminolysis is a new industrial process using temperatures between 20 and 100°C, under atmospheric pressure, and several amines, resulting in terephthalamides in very pure forms and EG in high yields 85–95%, in 0.5 to 3 h (Table 5; George and Kurian, 2016; Musale and Shukla, 2016). This method is more thermodynamically favorable than methanolysis (Figure 10B; Fukushima et al., 2013b; Musale and Shukla, 2016). The most employed amines are methylamine, ethylamine, and butylamine (Sinha et al., 2010). However, triethylamine provided the highest products yield of TPA and EG.

The products of PET aminolysis are used to produce, for example, polyurethanes (PU) (Shamsi et al., 2009; Sadeghi et al., 2011) or other polyesters (Musale and Shukla, 2016), employing catalysts, such as organic catalysts, amides, sodium acetate, or potassium sulfate. This variety of end products widens the potential use range for aminolysis (Sinha et al., 2010; George and Kurian, 2016; Kárpáti et al., 2019).

The products of aminolysis are added-value products, due to their potential to undergo further reactions. However, this process is rarely used since amines are often toxic and expensive.

In comparison to other chemical recycling methods, ammonolysis has been less explored. The degradation process in ammonolysis is carried out by the action of ammonia to PET, using a suitable catalyst (e.g., zinc acetate), at a temperature range of 70–180°C and pressure of 2 MPa, for 1–7 h, yielding terephthaldiamide (TPA di-amide) and EG, in 87 to 90% yield (Table 5). TPA di-amide serves as an intermediate product that can be converted to p-xylylenediamine or 1,4-bis(amino-methyl)cyclohexane. Ammonolysis is much slower and expensive than aminolysis, as it requires higher temperature and pressure conditions and the use of a catalyst to increase the rate of degradation (Gupta and Bhandari, 2019).



Polystyrene Chemical Degradation (PS)

Thermal and catalytic degradation methods are mainly used for PS degradation; the most studied mechanisms are pyrolysis, catalytic cracking, and hydrocracking (Fuentes-Ordóñez et al., 2016; Nisar et al., 2019). Thus, polystyrene degradation can occur by breaking the C–C from the backbone generating free radicals as seen in pyrolysis (Ali et al., 2020), or through cracking, due to PS high selectivity to produce aromatic hydrocarbons, which can be employed in fuels (Fuentes-Ordóñez et al., 2016). The processes for degradation of PS are listed in Table 5, including their reaction conditions, with overall time ranging from 1.1 to 480 h and yielding from 82 to 93.5%.

The thermal photodegradation of PS undergoes a chain scission mechanism consisting of initiation, propagation, and termination processes for reduction in their molar mass (Fuentes-Ordóñez et al., 2016; Anju et al., 2020). This process is similar to that of PE (Figure 10C), where in the initiation reactions, the polymeric chain is broken into shorter chains (caused by breakage of weak bonds), followed by C–C bond breakage which generates free radicals. During propagation, hydrogen abstraction occurs between radical intermediate polymer chains, enabling degradation into smaller polymer chains. The termination step normally occurs with the recombination of free radicals and formation of styrene (Fuentes-Ordóñez et al., 2016; Ali et al., 2020).

In addition to the thermal degradation, PS can also undergo photo-oxidation based on the radical process for oxidation induced by UV light from the aromatic rings (Figure 10C; Xiao et al., 2020). The conversion of PS into styrene can be considered one of the most effective chemical recycling techniques (Uttaravalli et al., 2020).

The advantages of catalytic degradation (catalytic cracking and hydrocracking) over the thermal process are the lower-temperature reaction conditions and higher selectivity of the desired reactions (Uttaravalli et al., 2020). When considering expended polystyrene (EPS), this method offers a higher conversion rate and styrene yield over thermal degradation. Hydrocracking is the most advantageous of PS degradation processes, as it is simpler, unifying in a single step cracking and hydro-treatment methods, and provides higher product quality. This process allows for the saturation of olefins, transformation of paraffins into isoparaffins, promotion of ring opening, and aromatic hydrogenation, reactions that are important for fuel production (Hesse and White, 2004; Fuentes-Ordóñez et al., 2016).



Polylactic Acid Degradation (PLA)

Polylactic acid (PLA) is synthetically polymerized aliphatic polyester that can be decomposed to lactic acid by the cleavage of ester bonds (Figure 10D). These polymers are industrially biodegradable and can undergo chemical degradation (hydrolytic under high temperature and humidity), being easily susceptible to biological degradation (Cho et al., 2000; Delamarche et al., 2020). However, this limits their durability and long-term performance (Muthuraj et al., 2015). In abiotic hydrolysis the polymer matrix is converted into oligomers. In this step, the polymeric chain scission depends on the presence of water, which diffuses into the polymer which cleaves ester bonds, thus forming carboxyl and hydroxyl groups (Rodriguez et al., 2016). The methods for degradation of PLA are listed in Table 5, having overall time ranging from 10 to 60 days. However, the yields have not been reported.

Noteworthily, although PLA degradation can also occur under anaerobic conditions, this only occurs at temperatures higher than those normally found in the natural environment (≥230°C) (Kopinke et al., 1996; Chamas et al., 2020). Under anaerobic biological conditions typical of a landfill, the PLA does not undergo direct biological degradation and the hydrolysis of the PLA is slow; it is likely that the degradation of PLA in a landfill requires a chemical hydrolysis step before any biodegradation can occur (Kolstad et al., 2012). In addition, the hydrolysis of PLA is highly dependent on the temperature and pH of the media. Thus, the hydrolysis process is strongly accelerated under alkaline conditions and high temperatures (55–60°C) (Schliecker et al., 2003; Su et al., 2019; Delamarche et al., 2020).

Polylactic acid is an interesting alternative to petrochemical-based polyesters due to the significant rates of degradation under industrial composting conditions (>60°C, in the presence of O2 and moisture) (Musioł et al., 2016; Chamas et al., 2020).

Finally, although degradation by hydrolysis is the most used method for the degradation of PLA, some works explore photo- and thermo-oxidative processes (Lu and Xu, 2009; Harris and Lee, 2013; Muthuraj et al., 2015; Siracusa et al., 2015) to evaluate the durability behaviors of possible plastic packaging prepared from these polymers.

Depolymerization of PLA to produce lactic acid is less energy consuming than producing lactic acid by glucose fermentation. PLA chemical recycling represents a solution for the end-life products since the acid lactic monomers can be used as raw materials.

Polylactic acid thermal depolymerization is a complex and expensive process, as it requires severe operating conditions (e.g., high temperature) and purification steps of the final products. Recycling PLA by hydrolysis is a simpler, more economic, and environment-friendly solution. Depolymerization by this method does not need the use of catalysts (hydrolysis is an autocatalytic reaction) or severe operating conditions. Moreover, it leads to the production of high-quality lactic acid, with the same properties of the virgin material, maintaining its utility and value (Piemonte et al., 2013; McKeown and Jones, 2020).

Polylactic acid chemical recycling generates a higher environmental footprint than PLA mechanical recycling. However, PLA resulting from mechanical recycling leads to products with highly inferior properties than the original product (Piemonte et al., 2013).



PLASTICS RECYCLING AND BIODEGRADATION ADVANTAGES AND DISADVANTAGES

Typically, plastics found in the ocean are made by different polymer types and not a single polymer. In the ocean, plastic bottles and disposable diapers, mainly composed by PET and PP, respectively, can take up to 450 years to degrade. Plastic beverage holders (PET and HDPE), styrofoam cups (PS), and plastic grocery bags (PE) can last up to 400, 50, and 20 years, respectively (Chamas et al., 2020). In general, plastic recycling saves energy, burns fewer fossil fuels, reduces CO2 in the atmosphere, and decreases other GHG emissions, which consequently reduces global warming.

One ton of recycled plastic saves 5,774 Kwh of energy, 16.3 barrels of oil, and 23 cubic meters of landfill space (available at https://www.epa.gov/warm, accessed at 13/10/2020). The energy to produce virgin HPDE, PP, PET, PS, and PVC varies from 63 to 105 MJ kg–1, and their price ranges from 1.4 to 2.1 $ kg–1, while the energy to recycle these polymers varies from 40 to 64 MJ kg–1 and the price of the recycled polymers ranges from 0.75 to 1.2 $ kg–1 (Figure 11; Shenoy et al., 1983; Shenoy and Saini, 1996; Rasel and Sarkar, 2019).
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FIGURE 11. (A) Energies and (B) prices of virgin and recycled polymers. HDPE, high-density polyethylene; PP, polypropylene; PET, polyethylene terephthalate; PS, polystyrene; PVC, polyvinyl chloride.


In highly developed countries, the predominant method of dealing with polymer material waste is energy recycling, i.e., plastic combustion with energy recovery (Mierzwa-Hersztek et al., 2019). This method has serious drawbacks as many toxic and harmful substances, beside carbon dioxide, are created, such as hazardous dioxins, carbon monoxide, hydrogen cyanide, hydrogen chloride, phosgene, phosphine, nitric oxide and sulfur dioxide, phenol, and formaldehyde, depending also on the type of material. Therefore, the applicable regulations enforce the use of afterburner chambers to completely remove (burn out) these products. The use of afterburning gases reduces the energy efficiency of the process and significantly increases the cost (Mierzwa-Hersztek et al., 2019).

Mechanical recycling, i.e., processing plastic waste without changing the molecular framework to physically transform it for a different function, is another currently used recycling method, which is hindered by a high variety in plastic waste streams, decontamination costs, and production of low-value products (Thiounn and Smith, 2020).

Chemical recycling is the most advantageous of the recycling methods, as depolymerization can break polymers into their raw materials for reconversion into added-value polymers, thus contributing to the circular economy. For example, pyrolysis can turn mixed plastic waste into naphtha that can be cracked into petrochemicals (fuel, fine chemicals) and plastics. Fossil resources for chemical production can be replaced with recycled material from plastic waste, providing an environmentally friendly alternative. Pyrolysis of mixed plastic waste emits 50% less CO2 than incineration of the same waste (Miandad et al., 2019; Thiounn and Smith, 2020). Furthermore, chemical recycling reduces the amount of plastic waste which ends up in landfills or is incinerated, enabling the recycling of a wider range of plastic materials and the use of plastic waste mixtures, when compared with the traditional mechanical recycling. The major challenge of chemical recycling however is its cost, as it requires building infrastructures/plants, aggregates of large quantities of plastic waste, and requires high amounts of external heat and/or pressure and chemical agents. To make chemical recycling profitable it is essential to deploy/implement it at a large scale and worldwide. Chemical recycling also frequently produces toxic waste products and by-products. To mitigate this issue, we suggest a combination of two processes, e.g., chemical recycling and biodegradation, to improve the total outcome and eliminate or at least reduce some of the non-commercial waste products.

The natural process of degradation of plastics is affected by uncontrollable and unpredictable environmental factors, including abiotic and biotic conditions, and depends on the molecular weight, the polymer structure, and its physical properties. This slow process can be further slowed down when additives are added to the plastic polymers (Min et al., 2020). However, as plastic fragments might serve as new colonizing habitats for marine species with a metabolism that is adapted for an efficient plastic degradation, the degradation process can somewhat be accelerated. In marine environments, abiotic degradation and biodegradation occur simultaneously with a slow rate of polymer weight loss between 0.39 and 1.02% per month (Welden and Cowie, 2017). When the biodegradation process is optimized in laboratory conditions (either by using selected microbial cultures or by abiotic pretreatment), the degradation time and yield can be optimized. Overall, biodegradation time, under laboratory conditions, ranges from 0.25 to 7.5 months and the polymer biodegradation yield ranges from 0.8% to 100%, with PS being the harder to degrade and PLA the most biodegradable (Tables 2–4). The discovery of microorganisms and their metabolic pathways that can speed up the biodegradation process of plastics is an area of active research, but the technologies of the biodegradation solutions are not yet market-ready. Nevertheless, with increased financing resources, such as the Green Deal1 or Horizon Europe2, the technology readiness could increase from the current developmental stage to demonstration and implementation stages.

Bioplastic production is another field under active development. Biodegradable bioplastics have high environmental benefit as they totally degrade in short time. Nowadays, the development of biobased solutions for biodegradable bioplastic production enables the transition from the linear to circular economy (European Bioplastics, 2016). However, for the effective practical implementation of biobased plastic production, orchestrated efforts will have to be conducted from the scientific community (providing the process optimization), industry (investment and scaling-up), administrative authorities (providing legal background for production of these materials), and the general public (providing joint waste collection).

We provide a comparative overview of the current plastic degradation solutions in terms of their cost-effectiveness, degradation time, energy consumption, toxic emissions, and environmental benefit (Figure 12). Overall, biodegradable bioplastic production scored the highest in our comparison, making this technology the most promising and worth investing. Biodegradation also has environmental benefit, low toxic waste production and GHG emissions, and lower energy consumption in comparison with all the recycling methods. In sum, the biodegradation of plastic is a greener but slower process than chemical recycling, which takes only 1 to 670 h (Table 5), even for biodegradable bioplastic materials (Chinaglia et al., 2018; Chamas et al., 2020). Like chemical recycling, biodegradation and degradable bioplastic production methodologies have low technology readiness. Once these technologies are advanced, their cost-effectiveness will significantly improve.
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FIGURE 12. A comparative overview of the plastic recycling and biodegradation alternatives (columns). Each plastic reduction category (rows in the figure) was scored from 1 (the least efficient) to 5 (the most efficient). The last row sums the scores for each alternative, where the highest score obtained represents the best alternative. Note: this comparative overview takes into consideration the alternatives being used as standalone options. When two alternatives are combined (e.g., degradable bioplastic production and energy recovery), the overall score can be further increased. Moreover, when all the alternatives attain the same technology readiness, the overall score for chemical recycling, biodegradation and degradable bioplastic production can substantially increase.


The described biodegradation and chemical recycling valorization processes are not feasible for direct application into the ocean, as the use of microorganisms could create serious ecological imbalances and the use of chemical reagents and high temperatures is unviable. Industrial approaches using these methods would imply, as any other recycling method, the collection of plastic waste from both land and the ocean.

Biodegradable bioplastics are game changers. Of all the polymers described in the review, PHA are the only polymers that are fully degraded in the ocean in short time (∼1 month). Although biopolymer production costs are 3–5 times higher than chemical counterparts, research efforts on the discovery of 100% biodegradable biopolymers are our best hope to win the plastic pollution challenge.



CONCLUSION

The marine environmental pollution caused by plastics has major negative impacts on environment, society, health, and economy. Solutions and products for the mitigation of this problem are in high demand. Microorganisms are capable of degrading plastics/microplastics as well as producing bioplastics. Bacteria (including actinomycetes) and fungi are present in various ecological habitats, including marine environment, and have several distinct metabolisms, thus providing great prospects for biodegradation.

Plastics and microplastics can be efficiently incorporated in culture media as a sole carbon source. Pretreatment of microplastics with nitric acid and UV radiation proved to enhance their biodegradation. It is also possible to effectively improve the biodegradability of polymers by blending them with natural biodegradable polymers, like PLA, or by mixing them with pro-oxidants. There are microbial species more adapted and capable of using polymers as carbon source than others; for example, Bacillus genera can easily adapt to different microplastic types, reaching satisfactory levels of biodegradation. Biofilm formation is a crucial step to starting biodegradation, since microorganisms colonize the polymer surface, use it as substrate, and create complex three-dimensional structures. In the case of PLA, these biopolymers are more rapidly decomposed, mainly by actinomycetes, which corroborates PLA’s biocompatibility and makes it a good alternative to traditional plastics.

FTIR spectroscopy, SEM analyses, and weight loss are the most used biodegradation detection methods. FTIR and SEM are the most informative, while the weight loss method needs to be combined with other techniques to prove that biodegradation occurred.

The first eco-friendly alternatives to plastics produced from non-renewable resources are starting to arise. These are bioplastics from vegetal renewable feedstocks and from microorganisms. Different plant species can be used to produce takeaway containers, clothes, and shoes. Microbial PLA is starting to be used as a replacement of traditional plastic in some everyday use objects and in several biotechnological areas, including medical. PHA are a great promise to replace conventional plastics. However, the associated production costs still need to be reduced.

Despite all the positive scientific advances, it is still necessary to search for new sustainable, time-efficient, and cost-effective methods and improving existing ones to achieve optimal (micro)plastic degradation. For this ambitious goal, new microorganisms especially from marine ecosystems can be effectively studied, improving the targeted isolation of microorganisms, specific for plastic biodegradation and bioplastic production and inventing new cost-effective degradation methods that are faster than currently studied alternatives or biodegradation in nature. We foresee an increase of research efforts to find solutions and sustainable methods to decrease the pollution caused by plastics in the years to come.
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FOOTNOTES

1
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en

2
https://ec.europa.eu/info/horizon-europe-next-research-and-innovation-framework-programme_en
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This study aimed to determine the increase in astaxanthin production from Paracoccus haeundaensis by optimizing the medium conditions and co-culturing with lactic acid bacteria. In order to select a suitable strain to co-culture with P. haeundaensis, several strains were co-cultured with P. haeundaensis. Lactobacillus fermentum was selected as the optimal strain. Further to optimize the astaxanthin production in the co-culture, various medium conditions were tested and the PMF medium developed in this study was selected as the optimum medium. For the co-culture under optimal conditions, the dried cell mass and astaxanthin concentration were 1.84 ± 0.09 g/L and 821.09 ± 30.98 μg/g-dried cell weight, respectively, which was 2.5 times higher than that of the P. haeundaensis strain in the Luria-Bertani broth medium. In order to confirm the transcription level of the carotenoid biosynthesis genes such as crtE, crtB, crtI, crtY, crtZ, and crtW of P. haeundaensis in the co-culture, real-time qPCR was performed. Among the six carotenoid biosynthesis genes, crtI, crtY, and crtZ showed a significant difference in relative RNA levels. The mass culture was performed using a 5 L jar fermenter and the astaxanthin concentration was the same as that at the laboratory scale. These results may be used as reference for co-culture and astaxanthin production in carotenoid biosynthesis microorganisms.

Keywords: astaxanthin, co-culture, ferric citrate, Lactobacillus fermentum, Paracoccus haeundaensis


INTRODUCTION

Carotenoids are fat-soluble pigments that are widely present in nature and have red, orange, and yellow colors. These pigments are biosynthesized from bacteria, algae, yeast, fungi, and plants, and play essential roles in photosynthesis, such as electron transport and photoprotection (Domonkos et al., 2013). Also, carotenoids have essential physiological activities, such as antioxidant, anti-inflammatory, and anticancer activities in mammalian cells (An et al., 1991; Kobayashi et al., 1993; Castelblanco-Matiz et al., 2015). Carotenoids mainly have 40 carbon atoms backbones and are classified as either carotenes, which consist of only carbon and hydrogen atoms, and xanthophylls with cyclic or acyclic functional groups containing oxygen (Emmerstorfer-Augustin et al., 2016). Currently, more than 1,000 different carotenoids are known (Yabuzaki, 2017), and these carotenoids are listed on the website http://carotenoiddb.jp. Among the carotenoids, astaxanthin has excellent physiological activity in humans including antioxidant and anti-inflammatory effects (Fassett and Coombes, 2009, 2011), and is used in cosmetic additives, dietary supplements, and aquaculture feed. In order to produce astaxanthin industrially, Haematococcus pluvialis and Phaffia rhodozyma have been used for decades (Miller et al., 1976; Bubrick, 1991), and research has been conducted to produce astaxanthin from various microorganisms (Ide et al., 2012; Watanabe et al., 2018; Jhang et al., 2020).

Many studies have reported an increase in the production of carotenoids from carotene-producing microorganisms. The methods used to increase carotenoid production include mutations of microorganisms by chemical and physical mutagens (Seo et al., 2017), stress during microbial culture (Li et al., 2019), and the co-culture of microorganisms with other microorganisms. Co-culture methods have been used to produce a variety of valuable chemicals from microorganisms (Jones and Wang, 2018). Some studies have revealed that carotenoid production is increased when different microorganisms are co-cultured with carotenoid-producing microorganisms. Studies on carotenoid production using co-culture include Rhodotorula glutinis and Debaryomyces castellii in corn syrup (Buzzini, 2001), R. glutinis and Chlorella vulgaris in starch waste water (Zhang et al., 2019), R. rubra, and Lactobacillus casei in whey ultrafiltrate (Simova et al., 2003), R. rubra and yogurt starter in whey ultrafiltrate (Simova et al., 2004) and H. pluvialis and B. subtilis in starch-containing waste water (Bohutskyia et al., 2018). According to these studies, the cell mass and carotenoid production increased in the raw materials and byproducts of agro-industrial origin, such as corn syrup, whey, and starch wastewaters. These studies show that the production of carotenoids in carotenoid-producing microorganisms is increased by interactions with other bacteria, which aid in the use of nutrients in the media (such as starch and whey) that are not available to carotenoid-producing microorganisms.

Paracoccus haeundaensis is known as a strain that produces astaxanthin. However, it is difficult to use commercially due to low astaxanthin productivity. For this reason, in order to increase the production of astaxanthin from Paracoccus sp. strains, mainly physicochemical mutation methods were studied (Ide et al., 2012; Seo et al., 2017). However, no studies were reported to increase the production of astaxanthin using co-culture of Paracoccus sp. strains. The purpose of this study was to determine the production of astaxanthin using a co-culture method to establish the optimal production conditions for P. haeundaensis and to increase astaxanthin production. In order to increase the production of carotenoids in the P. haeundaensis strain, lactic acid bacteria and Bacillus subtilis were co-cultured with P. haeundaensis by changing the composition of the medium. This medium referred to the composition of LB medium (Luria-Bertani medium) known as nutrient medium and PPES-II medium for culturing marine bacteria. After optimizing the medium composition, lactic acid bacteria strains were selected for co-culture with P. haeundaensis. P. haeundaensis has been reported to possess the crtE, crtB, crtI, crtY, crtZ, and crtW genes required for the biosynthesis of astaxanthin (Figure 1), and astaxanthin production is directly related to the expression of these genes. To analyze the cause of the increase in astaxanthin production, The cell mass and astaxanthin produced were analyzed after the medium composition and strain were selected, and expression patterns of the carotenoid biosynthesis genes were analyzed using real-time quantitative polymerase chain reaction (qPCR). Paracoccus haeundaensis and lactic acid bacteria were co-cultured in a 5 L jar fermenter, and the production of the cell mass and astaxanthin were confirmed.


[image: Figure 1]
FIGURE 1. Schematic of the carotenoid biosynthesis pathways of P. haeundaensis.




MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

The P. haeundaensis (KCCM 10460) strain was cultured at 25°C for 24 h using LB medium. Lactobacillus sakei (KCCM 40264), L. casei (KCCM 35465), L. brevis (KCCM 11509), L. fermentum (KCCM 35461), L. helveticus (KCCM 11223), Enterococcus faecium (KCCM 12117), E. durans (KCCM 40711), E. lactis (KCTC 21015), and Bacillus subtilis (KCCM 11316) were cultured at 37°C for 24 h in MRS medium (10 g peptone, 10 g beef extract, 4 g yeast extract, 20 g glucose, 5 g sodium acetate trihydrate, 1 g polysorbate 80, 2 g dipotassium hydrogen phosphate, 2 g triammonium citrate, 0.2 g magnesium sulfate heptahydrate, 0.05 g manganese sulfate tetrahydrate, and distilled water 1 L). In a previous study, P. haeundaensis was found to have optimal growth and astaxanthin production at 25°C; thus, the co-culture of P. haeundaensis and lactic acid bacteria was performed at 25°C (Lee et al., 2004).



Co-culture of Paracoccus haeundaensis With Lactic Acid Bacteria

The co-culture of P. haeundaensis with lactic acid bacteria was performed to increase the production of astaxanthin. Paracoccus haeundaensis were pre-cultured for 24 h at 25°C in LB medium, and the lactic acid bacteria strains for the co-culture were pre-cultured for 24 h at 37°C in MRS medium. After pre-culture, 1 L of the LB medium was inoculated with 10% volume of the P. haeundaensis cultured medium and each of the lactic acid bacteria culture media, then incubated at 25°C for 72 h. After incubation, the cells cultured in each medium were centrifuged at 4,000 rpm for 30 min, and the supernatant was removed and washed three times with physiological saline. After the collected cells were dried using a freeze dryer (FDU-2200, Eyela, Japan), the weight of the dried cell mass was measured. The freeze-dried cell mass samples were stored at −20°C.



Cell Mass and Astaxanthin Production by Medium Composition

The media MLB (8 g tryptone, 5 g bacto yeast extract, 10 g NaCl, and 1 L distilled water), PPES-II (0.2 g polypeptone, 1.0 g bacto soytone, 1.0 g proteose peptone, 1.0 g bacto yeast extract, 30 g NaCl, 0.1 g ferric citrate, and 1 L distilled Water), MLB50 (5 g tryptone, 2.5 g bacto yeast extract, 10 g NaCl, and 1 L distilled water), PM (4 g tryptone, 0.2 g polypeptone, 1.0 g bacto soytone, 1.0 g proteose peptone, 3.5 g bacto yeast extract, 3% NaCl, 0.1% ferric citrate, and 1 L distilled water) were prepared. A co-culture of P. haeundaensis and L. fermentum was incubated for 72 h at 25°C in each of the prepared media. After freeze-drying, the weight of the dried cell mass was measured.

In some studies, there were reported that Fe2+ ions enhance the production of astaxanthin (Fraser et al., 1997; Zhou et al., 2015). Based on these studies, in order to confirm the production of the cell mass and astaxanthin depending to the concentration of ferric citrate, ferric citrate was added into the PM medium at final concentrations of 0, 0.1, 0.05, 0.01, 0.005, and 0.001%, respectively. Paracoccus haeundaensis and L. fermentum were inoculated in each medium followed by incubation at 25°C for 72 h. The cells cultured in each medium were centrifuged and washed three times with physiological saline. After the collected cells were dried, the weight of the dried cell mass was measured. The freeze-dried samples were stored at −20°C.



Cell Mass and Astaxanthin Production by the Inoculation Ratio

To confirm the ratio optimization of the inoculation for the co-culture, the amount of the culture solution of each strain was inoculated differently. Both cultures used for the inoculation were cultured for 24 h. To confirm the optimal inoculation conditions of the L. fermentum culture, the inoculation of the P. haeundaensis culture was kept at 10% of the volume of medium to be co-cultured, while L. fermentum cultures were inoculated with 0, 1, 5, 10, 15, and 20% of the volume of medium to be co-cultured. The optimum conditions for the P. haeundaensis culture were also confirmed by the same method. After washing with physiological saline and freeze-drying, the weight of the dried cell mass was measured.



Carotenoid Extraction From Bacteria and Astaxanthin Analysis by High Performance Liquid Chromatography

In order to analyze the production of astaxanthin produced from the collected cell samples, 0.1 g of the freeze-dried sample was treated with chloroform: methanol (v/v, 6:4), followed by vortexing at 3 h intervals for 24 h at room temperature in a dark room. After centrifugation at 4,000 rpm for 30 min, the upper solvent was collected and filtered through a 0.22 μm filter. The pretreated extract and standard sample (Sigma, USA) were subjected to high performance liquid chromatography (HPLC). The analysis was performed using an Alliance e2695 Separations Module (Waters, USA), and the column was Poroshell 120 EC-C18 (4.6 × 250 mm) (Agilent, USA). Methanol:acetonitrile (v/v, 80:20) mixed solvent was used as the mobile phase solvent, and the absorbance was measured at 470 nm.



Real-time Quantitative Polymerase Chain Reaction for the RNA Level of the Carotenoid Biosynthesis Genes

Real-time qPCR was performed with cDNA synthesized from P. haeundaensis total RNA. The primers used for the cDNA synthesis and real-time qPCR of carotenoid biosynthesis genes were designed using the astaxanthin biosynthesis gene cluster (AY957386.1) of P. haeundaensis, and the primers of rpoB gene for housekeeping gene was designed using genome sequence of Paracoccus marcusii (NZ_VDDD01000029.1). The primers are shown in Table 1. The equipment used for the real-time qPCR was QuantStudio 6 Flex (Thermo Fisher, US), and the reagents were AccuPower® 2X GreenStar™ qPCR Master Mix (Bioneer, Daejeon, Korea). The real-time qPCR was performed under conditions of 15 s at 95°C denaturation, 20 s at 58°C annealing, and 20 s at 72°C extension. The RNA levels of each gene were analyzed with Ct values and normalized to the rpoB gene transcript level (Dahllöf et al., 2000; Rodrigues and Tiedje, 2007).


Table 1. Primer sequences for the real-time quantitative polymerase chain reaction.

[image: Table 1]



Scale-Up With Optimum Production Conditions

To mass-produce astaxanthin from the P. haeundaensis strain, P. haeundaensis, and L. fermentum strains were co-cultured in a 5 L jar fermenter. For use as a seed culture, the P. haeundaensis strain was cultured for 24 h at 25°C in LB medium and the L. fermentum strain was cultured for 24 h at 37°C in MRS medium. The medium used for the mass culture of the strains was the PMF medium. The mass culture was inoculated with a seed culture of 10% of the volume to be cultured. The culture was incubated at 25°C with shaking at 160 rpm and cultured for 72 h at 1 vvm of aeration.



Statistical Analysis

The experimental results of all groups were expressed as the mean ± standard deviation (mean ± SD), and the significance test of the control group and the experimental group was confirmed by a Student's t-test. When the significance probability was p < 0.05, it was determined that there was a significant difference between the control and experimental groups.




RESULTS


Selection of Lactic Acid Bacteria for Co-Culture With Paracoccus haeundaensis

To increase the production of astaxanthin from P. haeundaensis, lactic acid bacteria were co-cultured with P. haeundaensis. The cell mass and astaxanthin concentrations of the co-cultures are shown in Figure 2. The co-culture of P. haeundaensis with L. fermentum, L. sakei, L. brevis, and L. casei significantly increased the cell mass and astaxanthin concentration compared to the monoculture of P. haeundaensis (p < 0.05). In particular, the cell mass of the co-culture of P. haeundaensis and L. fermentum was the highest at 2.33 ± 0.18 g/L, which was 1.28 times higher than that of 1.82 ± 0.12 g/L of P. haeundaensis alone.


[image: Figure 2]
FIGURE 2. Comparison of cell mass and astaxanthin concentration by co-culture of Paracoccus haeundaensis and lactic acid bacteria.


The cell mass and astaxanthin concentrations from each co-culture using different lactic acid bacteria were compared. Astaxanthin concentrations were highest in the co-culture of P. haeundaensis and L. fermentum at 402.84 ± 12.60 μg/g-dried cell weight, which was 1.34 times higher than that of P. haeundaensis alone (301.14 ± 17.43 μg/g-dried cell weight). In addition, all co-cultures of P. haeundaensis and Lactobacillus spp. strains showed higher astaxanthin concentrations than P. haeundaensis monoculture, while the co-culture of P. haeundaensis with other genera, such as Enterococcus spp. and Bacillus subtilis, were even lower than those of P. haeundaensis.

When the amount of astaxanthin produced in 1 L of medium was calculated, the co-culture of P. haeundaensis and L. fermentum was highest at about 938.61 μg. This value is approximately 1.71 times higher than the 548.07 μg produced by P. haeundaensis, and 1.06 times higher than the 881.99 μg produced in the co-culture of P. haeundaensis and L. sakei. Therefore, L. fermentum was selected as the optimal strain for co-culture with P. haeundaensis.



Analysis of Astaxanthin Production According to Medium Composition

The LB medium is a basic nutrient medium widely used for bacterial cultures, and the PPES-II medium is a marine bacterial culture medium used for culturing P. haeundaensis in a previous study (Lee et al., 2004). Based on these two media, the optimum composition was prepared by modifying the media composition. Paracoccus haeundaensis and L. fermentum were co-cultured in LB, MLB, MLB50, PM, and PPES-II media in order to optimize the medium to increase the cell mass and astaxanthin concentration.

The highest yield of cell mass was 2.34 ± 0.08 g/L in the LB medium, while the cell mass in MLB and MLB50 was 2.29 ± 0.09 g/L and 1.66 ± 0.08 g/L, respectively. The lower the nutrient content of the medium, the less cell mass was produced. In the PPES-II medium, which contained lower nutrient contents than the modified LB medium, the cell mass was 0.36 ± 0.02 g/L. In contrast, the astaxanthin concentrations in the LB, MLB, and MLB50 were 401.46 ± 28.31 μg/g-dried cell weight, 420.63 ± 28.31 μg/g-dried cell weight, and 480.66 ± 23.65 μg/g-dried cell weight, respectively, and the astaxanthin concentration increased with decreasing nutrients in the LB medium. The astaxanthin concentration in the PPES-II medium was 490.12 ± 27.36 μg/g-dried cell weight. In order to supplement the astaxanthin production in the MLB50 and PPES-II media, the PM medium was prepared, which is a combination of the MLB50 and PPES-II media. The cell mass and astaxanthin concentration in PM were 1.82 ± 0.06 g/L and 560.31 ± 29.97 μg/g-dried cell weight, respectively, which was higher than that in the MLB50 and PPES-II media (Figure 3A).
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FIGURE 3. Comparison of cell mass and astaxanthin concentration by medium composition. (A) Optimizing the concentration of the dried cell mass and astaxanthin by varying the type of medium. (B) The concentration of the cell mass and astaxanthin produced after varying the concentration of ferric citrate in the PM medium.


To optimize the production of the co-culture cells and astaxanthin, the co-culture was performed in PM with different ferric citrate concentrations. The production of the cells did not significantly differ among the different concentrations of ferric citrate. As the concentration of ferric citrate in the PM medium changed, the astaxanthin concentration gradually increased from 548.16 ± 18.97 μg/g -dried cell weight at 0.1% ferric citrate to 817.49 ± 28.73 μg/g-dried cell weight at 0.01%. However, when the concentration of ferric citrate was lower than 0.01%, the astaxanthin concentration decreased (Figure 3B).

As a result of this experiment, we determined that the optimal medium for producing astaxanthin in the co-culture was a PM medium containing 0.01% ferric citrate, which was named as the PMF medium.



Analysis of Astaxanthin Production According to Inoculation Ratio

In order to confirm the optimal inoculation amount in the co-culture, the inoculation amount of P. haeundaensis was fixed at 10%, and L. fermentum was inoculated at different concentrations in the PMF medium. The cell mass and astaxanthin concentrations increased gradually up to 10% of the inoculation amount of P. haeundaensis, and the cell mass and astaxanthin concentrations were highest at 1.85 ± 0.07 g/L and 817.49 ± 21.84 μg/g-dried cell weight, respectively, when the inoculation amount of L. fermentum was 10%. However, when the inoculum of L. fermentum was 15%, the cell mass and astaxanthin concentration decreased to 1.31 ± 0.09 g/L and 294.36 ± 22.07 μg/g-dried cell weight, respectively (Figure 4A).
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FIGURE 4. Comparison of cells and astaxanthin concentrations by the ratio of inoculation. The optimization of the inoculation ratio of the two strain cultures was confirmed by (A) fixing the inoculation of Paracoccus haeundaensis at 10% and varying the inoculation volume of Lactobacillus fermentum; and (B) fixing the inoculation of L. fermentum at 10% and varying the inoculation volume of P. haeundaensis.


The inoculation amount of L. fermentum was fixed at 10%, and P. haeundaensis was inoculated at different concentrations. The cell mass and astaxanthin concentration at 1% of P. haeundaensis were 0.19 ± 0.01 g/L and 21.23 ± 1.99 μg/g-dried cell weight, respectively, and at 5% were 0.37 ± 0.03 g/L and 49.93 ± 3.39 μg/g-dried cell weight, respectively. In addition, the cell mass and concentration of astaxanthin at 15% of P. haeundaensis were 1.86 ± 0.08 g/L and 818.63 ± 22.69 μg/g-dried cell weight, respectively. Compared with the results of the 10% inoculation of P. haeundaensis, the cell mass and astaxanthin concentration in the 1 and 5% P. haeundaensis inoculations showed very low productivity, and the production at more than 15% P. haeundaensis was not significantly different compared to the production at 10% (Figure 4B). From these experiments, it was confirmed that the productivity was the highest when the inoculation amounts of P. haeundaensis and L. fermentum were both at 10%. In order to confirm the production of cell mass over time, the growth curve was confirmed while incubating for 72 h. Cell mass was measured at 3 h intervals. At the end of the experiment, the concentration of dried cells in co-culture was 1.82 ± 0.05 g/L, which was slightly increased compared to 1.64 ± 0.03 g/L in a single culture of P. haeundaensis. In contrast, the dried cell mass of L. fermentum single culture was 0.23 ± 0.02 g/L, and it was confirmed that the growth rate was slow at 25°C incubation temperature (Figure 5).


[image: Figure 5]
FIGURE 5. Growth curve of P. haeundaensis single culture, L. fermentum single culture and co-culture of P. haeundaensis, and L. fermentum.




Total Carotene in the Co-Culture of Paracoccus haeundaensis and Lactobacillus fermentum

To confirm the effect of media optimization on carotenoid synthesis, the carotenoids were analyzed by culturing P. haeundaensis in the LB and PMF media, respectively. In addition, to confirm the carotenoid change in the co-culture, carotenoids were analyzed from the co-culture of P. haeundaensis and L. fermentum in the PMF medium and compared with the results of P. haeundaensis single culture. The quantitative analysis of the carotenoids produced from P. haeundaensis in the LB and PMF medium and the co-culture in the PMF medium used zeaxanthin, canthaxanthin, β-carotene, and lycopene standards in HPLC analysis and are shown in Figure 6.
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FIGURE 6. High performance liquid chromatography chromatograms of the carotenoids extracted from Paracoccus haeundaensis and the co-culture with Lactobacillus fermentum. (A) Standard carotenoids, (B) P. haeundaensis cultured in the LB medium, (C) P. haeundaensis cultured in the PMF medium, (D) co-culture of P. haeundaensis and L. fermentum in the PMF medium.


The amount of carotenoids under each condition are shown in Table 2. When the concentrations of the carotenoids in the LB and PMF media were compared, the astaxanthin concentration increased significantly in PMF, while β-carotene and lycopene decreased significantly. The zeaxanthin and canthaxanthin tended to increase and decrease, respectively, but there was no significant difference in the concentrations. These results were related to the optimization of the composition of the medium, and in particular, it is assumed that the activity of CrtZ increased due to the Fe2+ ions contained in the PMF medium. As the activity of CrtZ increased, the biosynthesis of astaxanthin and zeaxanthin increased, and β-carotene and lycopene were shown to decrease due to their consumption as substrates in the carotenoid synthesis pathway.


Table 2. Carotenoid concentrations according to culture medium and the co-culture of Paracoccus haeundaensis and Lactobacillus fermentum.
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When P. haeundaensis and the co-culture carotenoid concentrations were compared in the PMF medium, the astaxanthin production increased 1.77 times, and the other carotenoids, except canthaxanthin, also increased significantly. It is assumed that the increase in the concentration of most carotenoids in the co-culture is related to the activity of enzymes involved in the carotenoid synthesis pathway.



RNA Levels of Carotenoid Biosynthesis Genes

In order to confirm the transcription level of the carotenoid biosynthesis genes of P. haeundaensis in the co-culture, cDNA was synthesized using reverse primers for each gene, and real-time qPCR was performed. The RNA levels of each gene were analyzed with Ct values and normalized to the rpoB gene transcript level (Figure 7). Among the six carotenoid biosynthesis genes, crtE, crtB, and crtW did not show a significant difference in relative RNA levels. The relative RNA level of the crtI gene was significantly increased by 3.2 times when co-cultured (0.879 ± 0.023) compared to that of P. haeundaensis alone (0.272 ± 0.010). In the co-culture, the relative RNA level of the crtY gene was 0.596 ± 0.029, which was 1.9 times higher than 0.312 ± 0.012 of P. haeundaensis. In addition, the crtZ gene was 8.748 ± 0.265 in the co-culture and increased by 1.9 times compared to 4.683 ± 0.172 in P. haeundaensis.
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FIGURE 7. Analysis of the RNA level of the co-culture. The RNA levels of the carotenoid biosynthesis genes crtE, crtB, crtI, crtY, crtZ, crtW, and housekeeping gene rpoB determined by real-time qPCR analysis. The RNA level of the carotenoid biosynthesis genes was analyzed with the Ct value, and the Ct value of rpoB was used as a control. The RNA level indicates mean ± standard deviation.




Cell Growth and Astaxanthin Production in the 5 L Co-Culture System

The co-culture of P. haeundaensis and L. fermentum was performed in a 5 L jar fermenter. As a medium for the 5 L fermentation, the PMF medium was used, and P. haeundaensis and L. fermentum strains were simultaneously inoculated and incubated for 72 h. The concentration of cells and astaxanthin were measured at 6-h intervals. The growth rate of the cells and the production rate of astaxanthin remained constant and there was no difference between the laboratory scale production and the 5 L jar fermenter. Regarding the cell concentration rate in the co-culture, the stationary phase was reached in 42 h in both the laboratory scale and the 5 L jar fermenter. At the end of the experiment, the dried cell concentration of the 5 L jar fermenter was 1.81 ± 0.04 g/L, which was about 99.6% compared to 1.81 ± 0.07 g/L on the laboratory scale cultured in flask. In addition, the maximum astaxanthin production in the co-culture culture was reached in 54 h in both samples. The astaxanthin concentration of the 5 L jar fermenter sample at 72 h was 808.72 ± 15.58 μg/g-dried cell weight, which was about 99.3% compared to 814.20 ± 35.03 μg/g-dried cell weight on the laboratory scale (Figure 8).


[image: Figure 8]
FIGURE 8. Growth and astaxanthin production curve of the co-culture of Paracoccus haeundaensis and Lactobacillus fermentum at the laboratory scale and in a 5 L jar fermenter.





DISCUSSION

In this study, we confirmed the astaxanthin production according to the co-culture of P. haeundaensis and L. fermentum. First, in order to identify the optimal medium, various mediums were prepared to confirm astaxanthin production in co-culture. When the composition of the marine bacterial medium PPES-II medium was added with modified LB medium, the production of astaxanthin and cell mass were increased. The medium to be used for co-culture was optimized by adjusting the concentration of ferric citrate in the medium composition. In some studies, there were reported that Fe2+ ions enhance the production of astaxanthin (Zhou et al., 2017). In the composition of the PM medium, 0.1% ferric citrate is present, and it has been shown that ferric citrate increases the astaxanthin production of the PPES-II medium and PM medium. To optimize the production of the co-culture cells and astaxanthin, the co-culture was performed in PM with different ferric citrate concentrations. The production of the cells did not significantly differ among the different concentrations of ferric citrate. As the concentration of ferric citrate in the PM medium changed, the astaxanthin concentration highly increased at 0.01%. As a result of this experiment, we determined that the optimal medium for producing astaxanthin in the co-culture was a PMF medium which is PM medium containing 0.01% ferric citrate, and Fe2+ ions contained in the medium were shown to increase the production of astaxanthin. Second, as a result of confirming the astaxanthin production by the inoculation amount, it was confirmed that the initial inoculation amount affects astaxanthin production. When the inoculation amount of L. fermentum is higher than the optimal inoculation amount, it seems to inhibit the growth of P. haeundaensis. In addition, L. fermentum grows slowly at 25°C. For this reason, both strains cannot grow during co-culture, and as a result, the production of cell mass seems to decrease. These results indicate that the optimization of the medium and the inoculation amount are important for the production of and astaxanthin.

Compared with the single culture of P. haeundaensis, the cell mass was increased in co-culture. It was thought that the growth of L. fermentum strain was inhibited and the cell mass of P. haeundaensis increased at a culture temperature of 25°C. However, as a result of single culture of L. fermentum at 25°C, an increase in cell mass was confirmed, although the growth was slow. Therefore, it is assumed that the increase in cell mass in co-culture was due to the growth of the L. fermentum strain, not the growth of the P. haeundaensis strain.

An increase in the transcription level of the crtI gene plays an important role in carotenoid biosynthesis, as CrtI converts phytoene to lycopene by removing eight hydrogen atoms and inducing four double bonds. In plants, this step is involved in several enzymes, such as phytoene desaturase, ζ-carotene desaturase, ζ-carotene cis-trans isomerase, and carotene cis-trans isomerase, but only one enzyme is involved in CrtI in bacteria. This step is the main regulatory step of the carotenoid biosynthesis pathway, and thus, CrtI plays a key enzyme role in the pathway (Schaub et al., 2012; Choi et al., 2018). Therefore, the increased transcription of the crtI gene from P. haeundaensis in the co-culture increases not only lycopene synthesis but also most of the carotenoids synthesized after this step.

The crtZ is a gene that converts β-carotene into zeaxanthin and synthesizes astaxanthin together with the crtW gene, and thus plays an important role in the synthesis of astaxanthin. When P. haeundaensis and L. fermentum were co-cultured, the RNA level of crtW did not significantly change, but crtZ increased approximately 1.9 times compared to that in the P. haeundaensis single culture. This result is closely related to the slight decrease in canthaxanthin and the increased content of zeaxanthin and astaxanthin in the co-culture. Increasing the RNA levels of the crtI and crtY genes enhances the induction of β-carotene biosynthesis, which increases the concentration of β-carotene, and the high concentration of the β-carotene, a substrate for CrtZ and CrtW enzymes, would enhance the synthesis of zeaxanthin and canthaxanthin with the CrtZ and CrtW enzymes, respectively. However, the increase in the expression of CrtZ induces more conversion of β-carotene to zeaxanthin, and it is presumed that the production of canthaxanthin from β-carotene by CrtW is relatively small. In addition, it is presumed that a slight decrease in the concentration of canthaxanthin in the co-culture is competitively limited to the use of CrtW β-carotene by the increase of the CrtZ enzyme, and is caused by the competitive inhibitor of increased zeaxanthin, another substrate of CrtW.

In several studies, L. fermentum has been reported to produce useful substances such as organic acids and vitamins (LeBlanc et al., 2011; Khalil et al., 2018), which are thought to increase the RNA level of astaxanthin biosynthetic enzyme from P. haeundaensis. However, it was not known exactly how the substance or interaction stimulates P. haeundaensis to promote the production of astaxanthin. The co-culture conditions of the 5 L jar fermenter were established to conditions for astaxanthin concentration on a larger scale. However, compared to the laboratory-scale flask culture, astaxanthin production has not improved at the fermenter scale, despite better control of process parameters such as temperature, pH, DO, etc. in 5 L jar fermenter. It appears that further research is needed to search for substances produced by L. fermentum that stimulate astaxanthin production from P. haeundaensis, and to find the optimal conditions for increasing astaxanthin production in a 5 L jar fermenter.

In this study, the co-culture of P. haeundaensis and L. fermentum increased astaxanthin concentration. This indicates that L. fermentum stimulates the astaxanthin production in the co-culture. These studies may be useful as reference for co-culture and astaxanthin production from carotenoid biosynthesis microorganisms.
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The benefits of the complex microscopic and industrially important group of microalgae such as diatoms is not hidden and have lately surprised the scientific community with their industrial potential. The ability to survive in harsh conditions and the presence of different pore structures and defined cell walls have made diatoms ideal cell machinery to produce a variety of industrial products. The prospect of using a diatom cell for industrial application has increased significantly in synch with the advances in microscopy, metabarcoding, analytical and genetic tools. Furthermore, it is well noted that the approach of industry and academia to the use of genetic tools has changed significantly, resulting in a well-defined characterization of various molecular components of diatoms. It is possible to conduct the primary culturing, harvesting, and further downstream processing of diatom culture in a cost-effective manner. Diatoms hold all the qualities to become the alternative raw material for pharmaceutical, nanotechnology, and energy sources leading to a sustainable economy. In this review, an attempt has been made to gather important progress in the different industrial applications of diatoms such as biotechnology, biomedical, nanotechnology, and environmental technologies.
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INTRODUCTION

The global trend of economy and society is shifting toward building a greener and more sustainable society to combat climate and health issues. This is a critical issue, which is being approached with various interdisciplinary strategies to produce a wide range of sustainable products. For instance, biotechnology research has invested a significant number of resources, time, and money in studying microorganisms to exploit them for human consumption in multiple ways. Furthermore, the decades of research and improvisation in cultivation strategies, extraction, and harvesting protocols strongly support a good return on investment in industrial applications of microbes. A pinch of soil and a drop of water contain a diversity of microbes that controls major biogeochemical cycles and subsequently have the potential of producing an abundance of sustainable products. Since the beginning of this century, a high amount of research work has been published on industrial applications of microbes such as bacteria, yeast, and microalgae (Figure 1). But, limited attention has been paid to diatoms which have the potential of becoming a robust sustainable industry because diatoms can continuously grow with an average annual yield of 132 MT dry diatoms ha–1 over almost 5 years (Wang and Seibert, 2017).
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FIGURE 1. Approximate number of research articles indexed in Scopus database (September 14, 2020) in the area of industrial application of different microbes (bacteria, yeast, algae, and diatoms).


Diatoms are dynamic microorganisms with rich diversity and detailed membrane design. They are the most dominating phytoplankton with an overall number of around 200,000 species having complex variability in dimensions and shapes (Round et al., 1990; Smetacek, 1999; Mann and Vanormelingen, 2013). Diatoms’ distinctive characteristic compared to the phytoplankton community is their silica cell wall, known as a frustule. This innate ability to uptake silicon from the environment has made them an interesting community of microbes since the 19th century. Few studies have stated the role of frustule biosilicate as pH buffering material which facilitates shifting of bicarbonate to CO2 dissolved in cell fluids (the latter is readily metabolized by diatoms) (Milligan and Morel, 2002).

The access to advanced microscopes and modern genetic tools enabled us to study the detailed frustule structure and validate metabolic pathways involved in absorption, transportation, and polymerization of silicon and other biomolecules like lipids (Knight et al., 2016; Zulu et al., 2018). Furthermore, this advanced knowledge of metabolic pathways and validation of diatom structure can be applied to produce a wide range of renewable products such as optoelectronics, biofuels, nutritional supplements, ecology tools, etc. (Marella et al., 2020).

Other common factors that have shaped the evolution of diatoms are their ability to adapt and grow in various natural resources; fresh and marine water, wastewater, rivers, and oceans. Their abundance and adaptability in a wide range of climate and geographical areas make them suitable for different applications (Jin and Agustí, 2018). It was reported that diatoms are responsible to produce yearly, 40% of the organic carbon and 20% of oxygen (Tréguer et al., 1995; Falkowski et al., 1998; Afgan et al., 2016). Besides, these photoautotrophic organisms are involved in biogeochemical cycles, which play a significant role in global carbon fixation, carbon sequestration, and silicon cycle. They are also suitable candidates to capture nitrogen and carbon from various sources, which can be exploited by waste management and the biofuel industry to create carbon-neutral fuels (Singh et al., 2017). Furthermore, these algae are used to produce nutraceutical compounds, such as vegetarian proteins, omega, and other essential fatty acids for pharmaceutical industries (Wen and Chen, 2001a,b).

Multiple epidemiological, clinical, and pre-clinical studies have shown that omega fatty acids such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are useful in slowing down age-related diseases such as cardiovascular diseases and cancer (Cole et al., 2010; Dyall, 2015; Thomas et al., 2015; Wang and Daggy, 2017). The development of diatoms strains rich in omega fatty acids can replace the dependence on fish as a source of omega oils and reduce the problems associated with seasonal variations and ocean pollution which might affect the biochemical composition of fish oil (Alves Martins et al., 2013). Also, various marine diatoms are considered for the commercial production of antioxidant pigments such as fucoxanthin and other carotenoids. It has been reported that these pigments exhibit various protective effects such as strong antioxidant activities (Xia et al., 2013).

Thus, the flexible and complex nature of diatoms offers immense possibilities to develop a wide range of sustainable products and contributes to carbon neutrality. Because of its dimensions, pore distributions, and geometries, it is studied to develop tools for nanotechnology and biomedical industry such as nanofabrication techniques, chemo and biosensing, particle sorting, and control of particles in micro- and nano-fluidics (Mishra et al., 2017). Silica and biosilica can be used to develop advanced nanomaterial for electronic and optical technologies which can be employed for ultra-sensitive detection of biological compounds (Dolatabadi et al., 2011).

Recent accomplishment in diatoms metabarcoding, a reference database of the global population of diatoms, has advanced its use extensively in studying ecological problems such as climate change, acidification, and eutrophication (Nanjappa et al., 2014). Because of its robust nature and potential to inhabit different photic regions, from the equator to the poles, diatoms offer the potential to develop tools and products for all geographical regions (Medlin, 2016). The technological and infrastructure advancements of diatoms-based applications are at a new level. Besides, it requires different kinds of optimization either in laboratory or large-scale research such as energy utilization for different steps, financial modeling, and collaborating with different industries to make diatom-based products commercially successful. However, the standardization at various levels such as optimization of culture conditions, genetic tools, genome and transcriptome sequencing make diatoms based products commercially viable.

Therefore, this review aims to provide a better understanding of the potential of diatoms research at a laboratory scale. We have tried to provide comprehensive information on a variety of diatoms applications such as energy, biomedical products, and environment monitoring which are being investigated at different levels. All these applications have the potential to contribute toward a greener tomorrow. The purpose of the research is to increase the sustainable economy while reducing the dependence on non-renewable resources. Therefore, recovering and producing various sustainable products like biofuels, feed, bioactive molecules, and services like environment monitoring embedded in diatoms is a promising opportunity to be seized as shown in Figure 2.
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FIGURE 2. Scheme of the different uses of diatoms for green industry.




BIOFUEL INDUSTRY

Fast globalization and industrialization have impacted the ecosystem widely but shutting or slowing down the globalization is not the solution. At the moment, almost 95% of all the transportation industry is based on a non-renewable source of energy (Rodrigue and Notteboom, 2013). Therefore, developing sustainable and carbon-neutral fuels could reduce the existing dependence on fossil fuels and contribute to bringing back harmony in nature without disrupting the existing economic development. Few economic aspects of biofuel production from microalgae such as biodiesel productivity, land use, and oil yield support the use of microalgae for commercial production as compared to corn and other food crops. The oil yield for microalgae with high oil content is almost 15-fold more as compared to corn. Whereas, the land use for corn and maize is 66-fold more as compared to microalgae (Brocks et al., 2003).

The microalgae such as diatoms are the promising feedstock to replace non-renewable sources of energy. It has been proven by geochemists that algal lipids are the major feedstocks of petroleum and these lipids act as the biomarker remaining stable for millions of years (Brocks et al., 2003). The main biomarker for the diatoms is the ratio of C28 and C29 steranes and highly branched isoprenoid alkenes which are found in high-quality oil fields around the globe (Katz et al., 2004).

Moreover, targeting the diatom lipids by manipulating and optimizing the growth and culture conditions such as light, stress, and nutrients can provide an interesting alternative to help meet the existing demands of commercial production of biofuel. Knowing the potential of diatoms to accumulate high lipids and varied compositions of fatty acids, diatoms are an underexploited area of the biofuel industry. The most predominant saturated and unsaturated fatty acids in diatom species are 14:0; 16:0, 16:1, 16:2, 16:3, 18:1, 18:2, 18:3, 20:4, and 20:5 (Dunstan et al., 1993; Sharma et al., 2020). Various reports have been published on different species of diatoms regarding the lipid yield and triacylglycerol accumulation (TAG) under different treatments as shown in Table 1.


TABLE 1. Lipid content and productivities of different microalgae diatom species (-: no data).

[image: Table 1]It is possible to improve the quality of biodiesel by optimizing the content of different fatty acids that impacts biodiesel properties; cetane number, level of emissions, cold flow, oxidative stability, viscosity, and lubricity (Knothe, 2005). Fatty acids with chain lengths from C16 to C18 should contribute the maximum amount in the final product (Knothe, 2009). Some researchers have reported that a high percentage of mono-unsaturation is also desirable for biodiesel (Knothe, 2012). Thus, optimizing the fatty acid profile along with increased biomass will significantly enhance their economic value.

Statistical analyses predicted that 100 mt/ha/year biomass of diatoms is required for commercial biofuel production (Gallagher, 2011). Over 10 years, productivity range was observed to be between 29 and 142 mt/ha/year (Sheehan et al., 1998; Huesemann and Benemann, 2009), these values motivate the researchers and industry experts to study diatom cell in-depth for the biofuel industry in both lab-scale and large scale.

Furthermore, the availability of advanced genetic tools can help to achieve the missing targets in developing diatoms cells as biofuel machinery (Radakovits et al., 2010; Tibocha-Bonilla et al., 2018). Based on theoretical calculations about the land area, lipid production, and photosynthetic energy conversion, the biofuel demand of the complete United States population could be met using only 5% of United States land (Levitan et al., 2014). Although various other factors that define the efficacy of biodiesel such as engine performance, that is based on (cylinder pressure, brake mean effective pressure, frictional mean effective pressure, power, torque, brake specific fuel combustion, brake thermal efficiency). The statistical data supports the use of microalgae-based biofuel but there are various limitations at a technological level for large-scale implementation of this project. Therefore, one of the alternatives is to use the blended form of biodiesel. It would be more efficient to make a blended version of petro-diesel and microalgae/diatoms based fuel for large-scale operation. The comparative studies of blended (20% microalgae fuel plus 80% petrodiesel) and 100% petrodiesel have no major performance variations. Furthermore, it was reported that there was a reduction in the CO, unburnt HC, and smoke emissions in blended form as compared to pure diesel (Soni et al., 2020).



BIOMEDICAL INDUSTRY


Drug Delivery Systems

The cost required to bring a new drug to the market has been estimated by the Tufts Centre for the Study of Drug Development at approximately 2.6 billion dollars (DiMasi et al., 2016). In addition, the current drug delivery systems have limited solubility, poor bio-distribution, lack of selectivity, premature degradation, and unfavorable pharmacokinetics (Aw et al., 2011a,b). Therefore, these limitations have motivated the research and development of alternative drug delivery systems to improve the performance of existing drugs (i.e., increasing bioavailability), while reducing undesirable effects. There is no doubt that existing biomedical technologies have increased the life span but the human society wants to improvise the quality of life further by adopting environment friendly methods. Therefore, we should speed up the process and conduct in-depth research on using diatom frustules, even other bio-inspired alternatives for biomedical applications.

Among the available drug delivery tools (liposomes, nanogels, carbon nanotubes), the intricate frustule characteristics of diatoms such as specific surface area, thermal stability, biocompatibility, and alterable surface chemistry, have attracted attention for its use in drug and gene delivery. It took million years of evolution for diatoms to manufacture this level of complex and delicate structure to protect from the unwanted conditions like high temperature and variable light fluctuations. 3-D section analyses of diatom frustules have shown the availability of multiple pore patterns that range from nanometer to micrometer (Chandrasekaran et al., 2014; Cicco et al., 2015; Ragni et al., 2017). These characteristics are sufficient to explore alternative and low-priced silica-based materials for the biomedical industry (Mishra et al., 2017; Terracciano et al., 2018). Diatoms’ frustule structure changes its homogenous nature, space, and intricate nature according to various environmental factors and silicon uptake efficiency (Knight et al., 2016). This ability can be used to change the frustule shape and pore size, which has multiple applications in the biomedical and nanotechnology industry. The process of biosilicification in diatoms is quite complex, it includes the role of silicic acid transporters, transportation of silica, and polymerization of silica monomers among other processes that have been extensively explained (Martin-Jézéquel et al., 2000; Knight et al., 2016). Moreover, a detailed investigation is being conducted to make the natural 3D porous structure an efficient substitute for delivery systems attributed to its chemical and mechanical features. For instance, some diatom species such as Coscinodiscus concinnus sp. (Gnanamoorthy et al., 2014), Thalassiosira weissflogii sp. (Aw et al., 2011a) are potential drug carriers candidates due to their amorphous nature and morphology. Additionally, various studies have shown that diatoms microcapsules are effective carriers for poorly soluble and water-soluble drugs, which can be applied in both oral and implant applications (Aw et al., 2011a; Ragni et al., 2017).

The defined structural architecture of diatoms, such as pore volume and controllable particle size, allows the synthesis of biomolecules at the micro- to nano-scale (Losic et al., 2005, 2010; Slowing et al., 2008). The growth of fibroblast and osteoblast has been observed on functionalized frustules supporting the idea of using biosilica from diatoms as smart support for cell growth (Ragni et al., 2017). Regarding modified diatoms, Losic et al. (2010) have designed the magnetically guided drug carrier via a functional surface of diatoms with dopamine-modified iron oxide. This modification has shown the capability of sustained release of poorly soluble drugs for 2 weeks, presenting an enhanced performance for drug delivery (Losic et al., 2010). Moreover, genetically modified biosilica has been used to selectively deliver anticancer drugs to tumor sites (Delalat et al., 2015). Overall, these findings have opened the doors to novel drug delivery systems using renewable material. Therefore, all properties of diatoms such as uniform pore structure, chemically inert and biocompatible, non-toxic, easy to transport, filtration efficiency, and specific drug delivery make it a potential model for drug delivery tools (Curnow et al., 2012; Milović et al., 2014; Rea et al., 2014; Vasani et al., 2015).



Analytical Tools

The controlled production of nanostructured silica is possible through chemical and mechanical treatment for a wide range of applications. This nanopore structure has a huge potential to attach the desired biomolecule (enzymes, DNA, antibodies) and develop label-free analytical tools or enhance the catalytic properties. It has also been shown that enzymes and DNA (oligonucleotides) can be conjugated to silica (Losic et al., 2005; Zamora et al., 2009). The encapsulation of enzymes in diatom biosilica exhibits improved enzymatic properties as compared to other immobilization technologies (Kato et al., 2020).

Additionally, luminescent nano- and micro-particles have gained the attention of the interdisciplinary scientific community (biology, chemistry, and physics). Current available fluorescent labeling agents are quantum dots, lanthanide-doped compounds, and organic fluorophore-tagged nanobeads, which offer good optical properties and a broad excitation spectrum. However, these agents have limitations in properties such as photobleaching and biocompatibility. For instance, De Stefano et al. (2009) studied diatoms’ potential to incorporate fluorophores with increased stability used to study the molecular event of antibody-antigen identification. Moreover, molecular recognition between antibody and antigen was observed in relation to the change in the photoluminescence spectrum of diatoms. Concluding that diatom’s frustules, due to their high sensitivity, low-cost, and availability are ideal alternative candidates for lab-on-particle applications (De Stefano et al., 2008, 2009).

There is no concrete evidence of diatoms’ presence in land animal bodies. Although, various studies showed the presence of diatoms in the internal organs and circulatory system of alive or dead animals in an aquatic environment (Ludes et al., 1996; Lunetta et al., 1998; Hürlimann et al., 2000; Lunetta and Modell, 2005; Horton et al., 2006; Levkov et al., 2017). The siliceous cell wall of this organism is resistant to degradation even under high acidic conditions for a long period (Lunetta and Modell, 2005). The investigation on the occurrence of these organisms inside dead bodies of aquatic environment that died from different causalities opened up a new possibility of forensic analysis through the examination of diatoms called ‘diatom axiom’ or ‘diatom test’(Lunetta et al., 1998). The diatom test is based on the hypothesis that the microalgae will not enter the systemic circulation and reach other internal organs and tissues such as bone marrow unless the circulation is functional. A forensic examiner can determine whether the individual was alive when it was entering the water by checking the presence of diatoms in various organs and tissues (Levkov et al., 2017). In addition, since diatoms are highly sensitive to environmental conditions, different water bodies have different diatom species abundance which allows forensics to identify the drowning site (Zhou et al., 2020).

Despite being a distinguishable method, the diatom test has limitations also. One of the major issues is the occurrence of diatoms in a drowning medium. The absence or low presence of diatoms in a water body can lead to a false positive or negative result. The presence of diatoms in different layers (water base, deeper, and surface) of the water body also can be varied (Levkov et al., 2017). Rapid death is another situation where the diatom test can be wrong. Instant death when an animal or human enters the water body for various reasons such as cold shock and cardiac diseases will give a negative result in the diatom test (Smol and Stoermer, 2010). The use of alcohol or drugs is another factor that can mislead in the diatom test (Ago et al., 2011). Recent advances in DNA Barcoding and pyrosequencing opened the possibility of increasing the accuracy of the diatom test by checking the presence of plankton specific genes (e.g., Rubisco gene) in animal tissue (Fang et al., 2019).



Biosensors and Nanomaterials

The advances in biotechnological tools have made it effective to characterize the frustules of diatoms for the fabrication of optoelectronics. The uptake of various elements such as zinc and germanium by diatom like Stephanodiscus hantzschii, Thalassiosira pseudonana, etc. to change the pore size, shape, and other characteristics which are being studied for a variety of functions such as paleolimnological indicator and photonic device application (Qin et al., 2008; Jaccard et al., 2009). It has been reported a relationship between the amount of Zn/Si (zinc/silicon) and free zinc ions which can be used as a proxy of paleolimnological indicators (Jaccard et al., 2009). The studies have raised intriguing questions about the uptake and the process of various elements which need detailed validations. Although, they have reported that they could only detect Zn and Fe as chemical elements. The analysis of various trace elements could be used as an environmental indicator which indeed will reduce the total workload needed to monitor large water bodies (Ellwood and Hunter, 2000).

The complex nanobiochemical machinery of diatoms can be exploited to fabricate a wide range of nanostructures with diverse optical and electronic properties (Rorrer et al., 2007). The ability to manufacture different pore size nanostructure molecules has inspired many research groups and industries to use diatoms in biosensing (De Tommasi, 2016). The incorporation of chemical elements such as germanium significantly affects the structure and size of frustule pores. A study tested the possibility of using Si-Germanium composite material in living diatoms in a two-stage photobioreactor cultivation process which reduced the pore size without disturbing the morphology (Rorrer et al., 2007). Another study reported that insertion of germanium in Nitzschia frustulum induces the nanocomb structure with blue photoluminescence (Qin et al., 2008). These nanostructure materials exhibit optical properties suitable for use in semiconductors and optoelectronics. Manufacturing of these materials combined with the silica frustule will improve the overall durability and range of applications in nanotechnology industries. These lab-scale scientific discoveries have shown that it is possible to create advanced nanomaterials in living diatoms.



Nanoparticles

The development of well-defined, advanced, and eco-friendly nanoparticles has attracted the attention of many researchers in the area of nanotechnology and its applications. Nanoparticles can be applied to study antimicrobial activity, catalyst, and filtering waste and chemical compounds. Biosynthesis of metallic nanoparticles in photoautotrophic organisms has gained the attention of nanotechnology researchers. Various approaches such as the sol-gel process, atomic layer deposition, chemical bath deposition, and inkjet printing process, have been used to modify the chemical composition of frustules. In this regard, an inexpensive chemical deposition technique was tested to deposit cadmium sulfide (CdS) on the surface on Pinnularia sp. without changing its morphology, since CdS has a wide range of applications in photodetectors and solar cells (Gutu et al., 2009).

Recently, it has been reported that diatoms can biosynthesize the nanoparticles such as gold and silver which has shown strong cytotoxicity against harmful microorganisms. Additionally, a highly ductile and malleable metal platinum (Pt) has been introduced in presence of dihydrogen hexachloroplatinate (IV) hexahydrate (DHH) in the living diatom Melosira nummuloides, without interfering the native morphology (Yamazaki et al., 2010). This is due to the platinum’s excellent resistance to corrosion and stability at high temperatures, hence having application in a broad spectrum of industries, besides biomedicine. Other various examples of the on-going investigation of diatoms silica-based materials and their applications in biomedicine are shown in Table 2.


TABLE 2. Biomedical applications of diatom silica-based materials using different diatom species.

[image: Table 2]We have discussed the major application of diatoms for established industries such as biofuels, nanomaterials, and biomedicine. However, diatoms also have other fascinating applications in environment monitoring, animal feed, and aquaculture, which indeed have a huge potential considering climate change and devastating impacts of globalization on ecology and environment.



ENVIRONMENTAL TECHNOLOGIES


River Ecology

Environment monitoring is an important aspect that is considered a necessity to deal with irregular changes or disturbances in our ecosystem. Therefore, researchers are developing tools using biotechnology and informatics to monitor the environment cost-effectively. Water resources are always under the influence of damaging anthropogenic pressures such as plastic waste and industrial sewage, which ultimately change or disturb the biogeochemical cycles and biodiversity. Besides, water is a universal solvent that holds the industries and economies together.

It is a well-established fact that diatoms hold the primary role in maintaining the aquatic ecosystem. Therefore, biodiversity assessment of diatom species in an environmental sample is one of the well-known strategies for biomonitoring. Presently, morphological assessment of the diatoms using microscopy is largely used which is time-consuming and requires special expertise (Larras et al., 2014). However, environmental metabarcoding has opened a quick way of analyzing the microbial DNA diversity in a natural environment such as flora and fauna (Bik et al., 2012; Taberlet et al., 2012). The metabarcoding approach is based on DNA sequencing a specific region (barcode) of the whole DNA extracted from an environmental sample (eDNA). For example, the sequencing data obtained from diatom metabarcoding are then used to assign precise taxonomic identification of the diatoms present in the eDNA sample, which are further compared with the conventional morphological database to confirm the efficacy of metabarcoding results. Diatoms metabarcoding tool has been optimized significantly to quantify the diversity of diatoms at the genus and species level (Vasselon et al., 2017; Kelly et al., 2018).

Currently, this approach is still in development, since various questions have been raised especially when deciding which are the most suitable barcodes. The barcodes that had been used are the ribosomal small subunit, cytochrome c, and the internal transcribed spacer region combined with the 5.8S rRNA gene (Zimmermann et al., 2011; Luddington et al., 2012).

Another main issue is processing the sequencing output data through computing. This method must be consistent with government policies for environmental regulation. For instance, MOTHUR is a comprehensive and efficient platform to study microbial diversity, but there are other bioinformatics software such as R, QIIME2 (Caporaso et al., 2010), LotuS (Hildebrand et al., 2014), and PIPITS (Gweon et al., 2015) that can be used to process a larger amount of data.

Additionally, various other research studies have supported the use of the diatoms metabarcoding approach as an alternative strategy to monitor river ecology on a timely basis. The results provide an estimated number of abundant and scarce species in samples obtained from different locations. Also, they give great insights into the fundamental status of the aquatic ecosystem (Larras et al., 2014). For instance, detailed evidence has been published by the Environmental Agency of the United Kingdom using diatoms indexes for river classification (Kelly et al., 2018). A similar study on detailed information on diatom biodiversity using metabarcoding has been conducted using environmental samples from Mayotte Island, France (Vasselon et al., 2017). Moreover, a recently published work studied the impact of treated effluents on benthic diatom communities that showed a systematic change in diatom community composition (Chonova et al., 2019). Concluding that detailed information about diatom diversity will give in-depth insights into climate change, micropollutants, and other organic pollutants, to study the disturbing effects of anthropogenic pressure on rivers. The use of metabarcoding for analyzing biodiversity is rapidly increasing and has been adopted by academic institutes and various companies/industries like Spygen (Canada), Naturemetrics (United Kingdom), IGAtech (Italy), Sinsoma (Austria), to name a few. This particular strategy has been adopted by public authorities as well and has shown the potential to be used as an additional screening tool to replace the existing methods, which require excessive infrastructure and human resources. It is indeed possible to make it a primary and permanent tool for river monitoring with advancements in sequencing, big data science, and artificial intelligence tools.



Phytoremediation

Besides the monitoring of river quality, water treatment is one of the major concerns for many countries around the world. In fact, human consumption has undoubtedly increased in the last few decades, subsequently, incrementing waste products presence in aquatic communities (Walker, 1983). Globally, almost 80% of the wastewater generated worldwide is discharged on rivers creating health and environmental hazards. The rise of nutrient accumulation in the aquatic system needs to be neutralized to maintain the balance in the environment. Increasing of pollution is disturbing the basic biogeochemical cycles, killing fish, depleting the dissolved oxygen, and producing different toxins, i.e., neurotoxins (Boyd, 1990). Hence, there is an urgent need to explore new ways and upscale the existing systems to test reports and mitigate pollution from rivers and lakes worldwide.

The use of microalgae for wastewater treatment has been a subject of research for a long period which could be applied in collaboration with small- and large-scale industries. The excess of industrial waste discharged in the aquatic system can be used as nutrient supply by diatoms. Different kinds of wastewater such as brewery (Choi, 2016), aquaculture (Tossavainen et al., 2019), and textile (El-Kassas and Mohamed, 2014) have been studied for phytoremediation capability and have shown interesting results. The published studies have established that diatoms and microalgae can treat the wastewater to an extent, therefore, it would be less damaging to treat the wastewater with microalgae/diatoms before discharging in water bodies. In addition, use the harvested biomass for different industrial products such as biofuel. It is safe to assume that it is possible to develop small scale business in collaboration with restaurants, breweries, textile industries, to name a few, to treat wastewater, and use the biomass for the production of valuable products such as fertilizers (Suleiman et al., 2020).

Heavy metal pollution is one of the major challenges which comes from the industries working with chemicals and dyes. Diatoms species are desirable organisms to study heavy metal pollution because of the simplicity of metal exposure, absorption, and detoxification of metal ions by single cells. This is a unique detoxification process of diatoms and microalgae due to metal-binding peptides known as phytochelatins (PCs) that protect photosynthetic organisms from heavy metals (Grill et al., 1985). Some intracellular PCs have been characterized in cultures of P. tricornutum exposed to different metals such as Cd, Pb, or Zn. Besides, they are used widely in waste degradation considering the unique structure of diatoms and their ability to respond to the changing environment (Glazer and Nikaido, 2007).

A study published in 2015 have reported a novel diatom Bacillariophyta sp. (BD1IITG) from petroleum biorefinery wastewater that can degrade phenol in a concentration range of 50−250 mg/L in Fog’s media (Das et al., 2016). Another example of the degradation of toxic molecules like phenylalanine hydroxylase into less toxic compounds using simple enzymatic oxidation has been identified in diatoms during the metabolism of phenanthrene and pyrene (Wang and Zhao, 2007). These results are relevant considering that around seven billion kg of phenol is produced for oil refining, pesticide production, and to use in the pharmaceutical industry. Traditional phenol removal techniques involve several steps including the generation of by-products, which increments the cost of the treatment (Senthilvelan et al., 2014). However, there are very few reports available on exploiting the potential of diatoms in biodegrading waste materials. It is interesting to note that the studies have shown interesting results but the field of algae biotechnology requires more entrepreneurs to join the pieces of industrial and academic research to build a successful circular economy. Furthermore, there are some upcoming and growing ventures and companies in microalgae working in diverse applications and producing valuable products such as healthcare, animal feed, water management, chocolates, etc. (Table 3).


TABLE 3. Different industries producing variety of products from microalgae and diatoms around the world.
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DIATOMS AS NUTRACEUTICALS AND FEEDS

Multiple epidemiological and clinical trials have shown the health benefits of omega fatty acids from fish oils and algae extracts (Cole et al., 2010; Cottin et al., 2011; Thomas et al., 2015; Wang and Daggy, 2017). Besides, there are few publications on cardio-protective and cognitive performance of omega fatty acids which have led to the commercial production of infant foods, infant formula, fortified snack bars, and other dairy products supplemented with omega fatty acids (Arterburn et al., 2007; Cottin et al., 2011).

Diatoms have an immense nutritional value that can be used to produce novel compounds such as antioxidants, vitamins, animal feed, and vegetarian protein supplements. Several photosynthetic pigments have been identified in diatoms including carotenoids such as fucoxanthin (Kuczynska et al., 2015). Additionally, Nitzschia laevis, Nitzschia inconspicua, Navicula saprophila, and Phaeodactylum tricornutum extracts have a noticeable amount of EPA and DHA that can be used as a nutritional feed in human diet and animal feed (Kitano et al., 1997; Wen and Chen, 2001a,b; Wah et al., 2015; Tocher et al., 2019).

Moreover, diatoms are known to have diverse defense mechanisms in form of chemical substances for them to be protected against pathogens. For instance, P. tricornutum has a high amount of omega-7 monounsaturated fatty acids such as palmitoleic acid (C16:1) and other bioactive compounds that are active against gram-positive pathogens (Desbois et al., 2009). Furthermore, the EPA-rich marine diatom, Odontella aurita, used as a dietary supplement has shown antioxidant effects in rats (Haimeur et al., 2012). O. aurita has been approved to be commercialized as food in France by following EC regulation 258/97 in 2002 (Pulz and Gross, 2004; Buono et al., 2014).

Increasing the content of these bioactive molecules in diatoms has attracted a large amount of research. Some studies have managed to enhance the production of flavonoid and polyphenol content by culture modifications, for instance, cultivation temperature and nutrient supplementation in Amphora sp. (Chtourou et al., 2015). The general tendency when changing the culture temperature is an increase in lipid content in most species, while the chemical composition varied between species (Renaud et al., 2002). For example, the total amount of saturated and monounsaturated fatty acids increases with temperature in Rhodomonas sp. (NT15) and Cryptomonas sp. (CRFI01). Whereas, there was a comparative decrease in polyunsaturated fatty acids in both Rhodomonas sp. (NT15) and Cryptomonas sp. (CRFI01) (Renaud et al., 2002).



GENETIC ENGINEERING OF DIATOMS

The debate on using genetically modified microalgae and diatoms is on-going. However, it is a more controlled alternative for the production of recombinant proteins or any precursor molecules, considering the use of bioreactors for their production. The employment of genetic engineering tools in diatoms, to produce or increase the yield of compounds, allows the companies to optimize their use in the applications mentioned above. Therefore, genetic engineering is a promising method and an important branch to be used in the diatoms industry to further enhance the economic value of diatoms. However, it comes with two big challenges, firstly, to redesign the natural metabolic pathways in order to increase the production of desired endogenous compounds, and secondly, producing new heterologous compounds.

In the last 20 years, several projects have shown that these challenges can be solved at lab scale, by optimization of transformation methods, utilization of different gene promoters, expression of recombinant proteins, gene silencing, and genome editing methods; such as targeted mutagenesis techniques using meganucleases, gene knockouts, TALENS, and CRISPR/Cas9. Marketable bioproducts like lipids, pigments, nanomaterials, food supplements, fuel, syntheses of chemicals, drugs, and metabolites have been produced in P. tricornutum, T. pseudonana, and other diatoms species. While most of these analyses are related to lipid production for biofuel or bioenergy purposes, other studies showed that diatoms are biological factories that can generate a wide range of products from food to pharmaceutics biomaterial industry (Lauritano et al., 2016; Mishra et al., 2017; Slattery et al., 2018; Dhaouadi et al., 2020; Sharma et al., 2020). In addition, there are few companies such as Algenol Biofuels, Synthetic Genomics, which have reported the use of genetically modified microalgae for the production of biofuels.

Moreover, the approach of synthetic biology along with high throughput sequencing technologies open the doors to understanding the whole genome, the proteins that it encodes, and the regulatory elements of the cell during cellular growth and division (Hildebrand and Lerch, 2015; Huang and Daboussi, 2017). Several sequencing projects have been performed in P. tricornutum and T. pseudonana strains (Armbrust et al., 2004; Bowler et al., 2008; Koester et al., 2018; Rastogi et al., 2018), generating the transcriptomic and proteomic data sets that make possible precise reconstructions of metabolic networks (Fabris et al., 2012; Levering et al., 2016). Recently, the Synthetic Diatoms Project website has been launched as a platform to provide information to grow, transform, edit, and analyze P. tricornutum and T. pseudonana1 These projects have been used as a springboard to facilitate genome annotation for other diatoms species: T. oceanica, T. weissflogii, Fragilariopsis cylindrus, Pseudo-nitzschia multiseries, Pseudo-nitzschia multistriata, Seminavis robusta, Fistulifera solaris, Cyclotella cryptica (Table 4).


TABLE 4. Sequence Database of different diatoms species.

[image: Table 4]Diatoms are a robust model for genome editing and cell transformation. Optimized methods of DNA delivery have been developed using biolistic or via electroporation. In both techniques, the transgenes are randomly integrated into the genome, with multiple integration events, variable transgene copy numbers, and chromosomal positions. The biolistic gene transfer method affects genome integrity due to the break and repair of the DNA double-strand by non-homologous end joining (NHEJ) (Zaboikin et al., 2017). However, this method is needed if the aim is to transform the chloroplast genome. An alternative transformation technique is the extrachromosomal-based expression approach that depends on vectors containing a yeast-derived sequence, which can be delivered through bacterial conjugation using E. coli (Karas et al., 2015).

An important element for genetic engineering is the promoter. The most commonly used are the light-regulated promoters of the fucoxanthin chlorophyll a/c-binding protein genes fcpA/B/C/D (LHCF) (Zaslavskaia et al., 2000; Nymark et al., 2013). Alternatively, the elongation factor 2 (EF2) promoter sequence is a constitutive promoter (Seo et al., 2015). Recently, the most abundant secreted protein in P. tricornutum was identified, named “highly abundant secreted protein 1” (HASP1), and the activities of its promoter and the signal peptide were characterized using green fluorescent protein (GFP) as a reporter (Erdene-Ochir et al., 2019). A couple of inducible promoters have been reported: like nitrate reductase (NR) and alkaline phosphatase gene promoters in P. tricornutum, which are induced under nitrogen or phosphate starvation respectively (Slattery et al., 2018; Fabris et al., 2020) and glutamine synthetase gene promoter, induced by a blue light pulse (De Riso et al., 2009; Erdene-Ochir et al., 2016). In addition, promoter regions containing diatom-infecting viruses (DIVs) mediated a significantly higher level expression of the reporter gene in cells in the stationary phase compared to the exponential phase of growth (Kadono et al., 2015). Other elements needed for genetic engineering are reporter genes and selection markers. Among reporter genes, beta-glucuronidase uidA (GUS), fluorescent proteins like GFP/YFP/CFP, chloramphenicol acetyltransferase conferring resistance to chloramphenicol (CAT) and luciferase (LUC) are the most employed, other reporter proteins are listed in Table 5. The classic selection markers in diatoms are genes that confer resistance to zeocin, phleomycin, and nourseothricin, as shown in Table 5 are the most used. An alternative to using selective markers is the use of auxotrophic strains, such as uracil, histidine, and tryptophan auxotrophs (Sakaguchi et al., 2011; Slattery et al., 2020). Moreover, it is considered that the urease gene, either in an inactive or edited form, is an interesting tool for the selection of P. tricornutum and T. pseudonana strains (Weyman et al., 2015; Hopes et al., 2016; Slattery et al., 2018). An endogenous selectable marker in diatoms was generated by point mutations at a conserved residue Gly290 to Ser/Arg in the phytoene desaturase (PDS1) gene, which confers resistance to the herbicide norflurazon (Taparia et al., 2019).


TABLE 5. Diatoms genetic engineering.

[image: Table 5]Concerning heterologous recombinant protein expression, diatom gene codon optimization is required for optimal expression; to avoid silencing expression and better protein translation. Although it has not been reported in diatoms, different projects which were done in green algae, have shown that including introns in the expression cassette can increase transcript abundance (Baier et al., 2018, 2020; Kong et al., 2019). In addition, 5′-UTR and 3′-UTR of nitrate reductase (NR) allow the control of timing and level of transgene expression in C. fusiformis (Poulsen and Kröger, 2005). Down-regulation of gene expression can be achieved through silencing by expressing antisense repeat sequences of target genes (Table 5).

Industrial processes using diatoms are cost-effective and have performed well in large-scale cultures (Benedetti et al., 2018). This is supported by the plasticity to adapt to extreme environmental conditions of diatoms, making them great candidates for sustainable biofactories (Kung et al., 2012; Cho et al., 2015; d’Ippolito et al., 2015). Altogether, these developments in metabolic pathways and synthesis of heterologous compounds represent promising insights for the improvement of yield, quality of products, and sustainability in the use of diatoms as cell factories.



CONCLUSION AND FUTURE PERSPECTIVES

The documented studies stated the astounding nature and possible all-round use of diatoms. This is one of the approaches to increase human consumption of renewable products and contributes toward reducing carbon emissions. Although the commercial application of diatoms still needs improvements, it is indeed a crucial research area for human wellbeing. For example, developments in diatoms research can lead to innovative products in domains of drug delivery, sensing, and detection parts to build complex biomedical devices and nanoparticles for waste degradation. Moreover, recent advancements in sequencing technology and processing large biological datasets have made it possible to label and store the global biodiversity of diatoms in all geographical locations.

One of the major challenges in diatom-based industries is scaling up the process for large-scale manufacturing which is dependent on many micro and macro factors such as cultivation, harvesting, drying, genetic modification, lack of genomic, proteomic, and metabolic information, etc. However, it is possible to overcome these challenges in near future with advancements in genetic tools, bioreactors, and other infrastructure changes. In general, there are many challenges in bio-based industries at different levels; academic/industrial research, infrastructure, policies, education, and information gaps. The advancements in academic research and discoveries are consistent considering the publications but it requires support from other domains such as the development of infrastructure, reducing the knowledge gaps between scientific researcher and entrepreneurs, changes in the policies at both national and international level. And to conclude, the recent research phenomenon blasted in the last decade, which is diatoms’ industrial potential, still leaves many unsolved questions. Major questions will involve studying the extent of genetic or artificial manipulation without compromising its intact structure and delicate silica pattern. The unfolding of various missing links in genetic engineering, cultivation, and harvesting will make it possible to replicate complex plant pathways in diatoms. These tools have opened the door to study diatoms for eco-friendly processes.

Although the use of silica for food and agriculture has been approved by the FDA and is also labeled/classified as non-carcinogenic by the International Agency for Research on Cancer, this could be a big step toward accelerating its use at the biomedical level. It is not yet approved for biomedicine as it requires long-term evidence (Terracciano et al., 2018). All the biomedical inventions are scrutinized by multiple stakeholders like research leaders, public authorities such as provincial and federal government, before they reach the stage of commercial distribution. It is understandable considering that it will be used directly in the human body. Therefore, an innovative and different approach is required to bring in the academic researchers and bio-entrepreneurs to speed up the innovation rate in biomedical industry without harming the screening process set by public health authorities. The collaboration between entrepreneurs and researchers will allow thorough evaluation of the market for new inventions, manufacturing, investment, and globalization of the product. It seems plausible considering the rapid advancements in the biomedical infrastructure around the world. This has been demonstrated by the quick inventions in response to COVID-19 and should be adopted to be applied in other biotech based industries (Harris et al., 2020). The simultaneous advancements in the use of silica-based support system for drug delivery along with the change in infrastructure in pharmaceutical industries and hospitals to deliver these technologies to the users is possible in the near future. The other requirement is to join the gap of vast and complex scientific information and knowledge between entrepreneurs and academic researchers.



AUTHOR CONTRIBUTIONS

NS and ID-P conceived, designed, and led the study. NS, DS, AD-G, EF, and AM collected and analyzed the data, and prepared the figures and tables. NS, DS, AD-G, EF, AM, FM-M, HG, and ID-P authored and reviewed the drafts of the manuscript, and approved the final manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We acknowledge that financial support for this review was funded by the Canada Research Chair on plant specialized metabolism Award No. 950-232164 to ID-P. Thanks are extended to the Canadian taxpayers and to the Canadian Government for supporting the Canada Research Chairs Program. Additional support in the form of scholarships to NS, DS, AD-G, EF, and AM from Mitacs—Acceleration program grants nos. IT12310 and IT16463 to ID-P is also acknowledged.


FOOTNOTES

1
https://www.syntheticdiatoms.org/


REFERENCES

Afgan, E., Baker, D., van den Beek, M., Blankenberg, D., Bouvier, D., Èech, M., et al. (2016). The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2016 update. Nucleic Acids Res. 44, W3–W10.

Ago, K., Hayashi, T., Ago, M., and Ogata, M. (2011). The number of diatoms recovered from the lungs and other organs in drowning deaths in bathwater. Leg. Med. (Tokyo) 13, 186–190. doi: 10.1016/j.legalmed.2011.04.002

Alves Martins, D., Rocha, F., Castanheira, F., Mendes, A., Pousão-Ferreira, P., Bandarra, N., et al. (2013). Effects of dietary arachidonic acid on cortisol production and gene expression in stress response in Senegalese sole (Solea senegalensis) post-larvae. Fish Physiol. Biochem. 39, 1223–1238. doi: 10.1007/s10695-013-9778-6

Armbrust, E. V., Berges, J. A., Bowler, C., Green, B. R., Martinez, D., Putnam, N. H., et al. (2004). The genome of the diatom thalassiosira pseudonana : ecology, evolution, and metabolism. Science 306, 79–86. doi: 10.1126/science.1101156

Arterburn, L. M., Oken, H. A., Hoffman, J. P., Bailey-Hall, E., Chung, G., Rom, D., et al. (2007). Bioequivalence of docosahexaenoic acid from different algal oils in capsules and in a DHA-Fortified food. Lipids 42:1011. doi: 10.1007/s11745-007-3098-5

Aw, M. S., Simovic, S., Addai-Mensah, J., and Losic, D. (2011a). Polymeric micelles in porous and nanotubular implants as a new system for extended delivery of poorly soluble drugs. J. Mater. Chem. 21, 7082–7089. doi: 10.1039/c0jm04307a

Aw, M. S., Simovic, S., Addai-Mensah, J., and Losic, D. (2011b). Silica microcapsules from diatoms as new carrier for delivery of therapeutics. Nanomedicine (Lond) 6, 1159–1173. doi: 10.2217/nnm.11.29

Bai, X., Song, H., Lavoie, M., Zhu, K., Su, Y., Ye, H., et al. (2016). Proteomic analyses bring new insights into the effect of a dark stress on lipid biosynthesis in Phaeodactylum tricornutum. Sci. Rep. 6:25494.

Baier, T., Jacobebbinghaus, N., Einhaus, A., Lauersen, K. J., and Kruse, O. (2020). Introns mediate post-transcriptional enhancement of nuclear gene expression in the green microalga Chlamydomonas reinhardtii. PLoS Genet. 16:e1008944. doi: 10.1371/journal.pgen.1008944

Baier, T., Wichmann, J., Kruse, O., and Lauersen, K. J. (2018). Intron-containing algal transgenes mediate efficient recombinant gene expression in the green microalga Chlamydomonas reinhardtii. Nucleic Acids Res. 46, 6909–6919. doi: 10.1093/nar/gky532

Benedetti, M., Vecchi, V., Barera, S., and Dall’Osto, L. (2018). Biomass from microalgae: the potential of domestication towards sustainable biofactories. Microbial Cell Fact. 17:173.

Bik, H. M., Porazinska, D. L., Creer, S., Caporaso, J. G., Knight, R., and Thomas, W. K. (2012). Sequencing our way towards understanding global eukaryotic biodiversity. Trends Ecol. Evol. 27, 233–243. doi: 10.1016/j.tree.2011.11.010

Bowler, C., Allen, A. E., Badger, J. H., Grimwood, J., Jabbari, K., Kuo, A., et al. (2008). The phaeodactylum genome reveals the evolutionary history of diatom genomes. Nature 456, 239–244.

Boyd, C. E. (1990). Water Quality in Ponds for Aquaculture. Auburn StateAL: Alabama Agricultural Experiment Station.

Brocks, J. J., Buick, R., Logan, G. A., and Summons, R. E. (2003). Composition and syngeneity of molecular fossils from the 2.78 to 2.45 billion-year-old mount bruce supergroup, pilbara craton, Western Australia. Geochimica et Cosmochimica Acta 67, 4289–4319. doi: 10.1016/s0016-7037(03)00208-4

Buggé, J. A. (2015). Electroporation-Mediated Transformation and Post-Transcriptional Gene Regulation of Nitrate Reductase in the Marine Diatom Thalassiosira Pseudonana. Worcester, MA: Clark University.

Buono, S., Langellotti, A. L., Martello, A., Rinna, F., and Fogliano, V. (2014). Functional ingredients from microalgae. Food Funct. 5, 1669–1685. doi: 10.1039/c4fo00125g

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336.

Chandrasekaran, S., Sweetman, M. J., Kant, K., Skinner, W., Losic, D., Nann, T., et al. (2014). Silicon diatom frustules as nanostructured photoelectrodes. Chem. Commun. 50, 10441–10444. doi: 10.1039/c4cc04470c

Cho, C., Choi, S. Y., Luo, Z. W., and Lee, S. Y. (2015). Recent advances in microbial production of fuels and chemicals using tools and strategies of systems metabolic engineering. Biotechnol. Adv. 33, 1455–1466. doi: 10.1016/j.biotechadv.2014.11.006

Choi, H.-J. (2016). Parametric study of brewery wastewater effluent treatment using Chlorella vulgaris microalgae. Environ. Eng. Res. 21, 401–408. doi: 10.4491/eer.2016.024

Chonova, T., Kurmayer, R., Rimet, F., Labanowski, J., Vasselon, V., Keck, F., et al. (2019). Benthic diatom communities in an alpine river impacted by waste water treatment effluents as revealed using DNA metabarcoding. Front. Microbiol. 10:653. doi: 10.3389/fmicb.2019.00653

Chtourou, H., Dahmen, I., Jebali, A., Karray, F., Hassairi, I., Abdelkafi, S., et al. (2015). Characterization of Amphora sp., a newly isolated diatom wild strain, potentially usable for biodiesel production. Bioprocess Biosystems Eng. 38, 1381–1392. doi: 10.1007/s00449-015-1379-6

Cicco, S. R., Vona, D., De Giglio, E., Cometa, S., Mattioli-Belmonte, M., Palumbo, F., et al. (2015). Chemically modified diatoms biosilica for bone cell growth with combined drug-delivery and antioxidant properties. ChemPlusChem 80, 1104–1112. doi: 10.1002/cplu.201402398

Cole, G. M., Ma, Q.-L., and Frautschy, S. A. (2010). Dietary fatty acids and the aging brain. Nutr. Rev. 68, (Suppl 2), S102–S111.

Cottin, S. C., Sanders, T. A., and Hall, W. L. (2011). The differential effects of EPA and DHA on cardiovascular risk factors. Proc. Nutrition Soc. 70, 215–231. doi: 10.1017/s0029665111000061

Curnow, P., Senior, L., Knight, M. J., Thamatrakoln, K., Hildebrand, M., and Booth, P. J. (2012). Expression, purification, and reconstitution of a diatom silicon transporter. Biochemistry 51, 3776–3785. doi: 10.1021/bi3000484

d’Ippolito, G., Sardo, A., Paris, D., Vella, F. M., Adelfi, M. G., Botte, P., et al. (2015). Potential of lipid metabolism in marine diatoms for biofuel production. Biotechnol. Biofuels 8:28. doi: 10.1186/s13068-015-0212-4

Daboussi, F., Leduc, S., Maréchal, A., Dubois, G., Guyot, V., Perez-Michaut, C., et al. (2014). Genome engineering empowers the diatom Phaeodactylum tricornutum for biotechnology. Nat. Commun. 5:3831.

Das, B., Mandal, T. K., and Patra, S. (2016). Biodegradation of phenol by a novel diatom BD1IITG-kinetics and biochemical studies. Int. J. Environ. Sci. Technol. 13, 529–542. doi: 10.1007/s13762-015-0857-3

Davis, A., Crum, L. T., Corbeil, L. B., and Hildebrand, M. (2017). Expression of Histophilus somni IbpA DR2 protective antigen in the diatom Thalassiosira pseudonana. Appl. Microbiol. Biotechnol. 101, 5313–5324. doi: 10.1007/s00253-017-8267-8

De Riso, V., Raniello, R., Maumus, F., Rogato, A., Bowler, C., and Falciatore, A. (2009). Gene silencing in the marine diatom Phaeodactylum tricornutum. Nucleic Acids Res. 37:e96. doi: 10.1093/nar/gkp448

De Stefano, L., Lamberti, A., Rotiroti, L., and De Stefano, M. (2008). Interfacing the nanostructured biosilica microshells of the marine diatom Coscinodiscus wailesii with biological matter. Acta Biomaterialia 4, 126–130. doi: 10.1016/j.actbio.2007.09.003

De Stefano, L., Rotiroti, L., De Stefano, M., Lamberti, A., Lettieri, S., Setaro, A., et al. (2009). Marine diatoms as optical biosensors. Biosens. Bioelectron. 24, 1580–1584. doi: 10.1016/j.bios.2008.08.016

De Tommasi, E. (2016). Light manipulation by single cells: the case of diatoms. J. Spectroscopy 2016:2490128.

Delalat, B., Sheppard, V. C., Rasi Ghaemi, S., Rao, S., Prestidge, C. A., McPhee, G., et al. (2015). Targeted drug delivery using genetically engineered diatom biosilica. Nat. Commun. 6:8791.

Desbois, A. P., Mearns-Spragg, A., and Smith, V. J. (2009). A fatty acid from the diatom Phaeodactylum tricornutum is antibacterial against diverse bacteria including multi-resistant Staphylococcus aureus (MRSA). Mar. Biotechnol. 11, 45–52. doi: 10.1007/s10126-008-9118-5

Dhaouadi, F., Awwad, F., Diamond, A., and Desgagne-Penix, I. (2020). Diatoms’ breakthroughs in biotechnology: Phaeodactylum tricornutum as a model for producing high-added value molecules. Am. J. Plant Sci. 11, 1632–1670. doi: 10.4236/ajps.2020.1110118

DiMasi, J. A., Grabowski, H. G., and Hansen, R. W. (2016). Innovation in the pharmaceutical industry: new estimates of R&D costs. J. Health Econom. 47, 20–33. doi: 10.1016/j.jhealeco.2016.01.012

Dolatabadi, J. E. N., Mashinchian, O., Ayoubi, B., Jamali, A. A., Mobed, A., Losic, D., et al. (2011). Optical and electrochemical DNA nanobiosensors. TrAC Trends Anal. Chem. 30, 459–472. doi: 10.1016/j.trac.2010.11.010

Dunahay, T. G., Jarvis, E. E., and Roessler, P. G. (1995). Genetic transformation of the diatoms cyclotella cryptica and navicula saprophila. J. Phycol. 31, 1004–1012. doi: 10.1111/j.0022-3646.1995.01004.x

Dunstan, G. A., Volkman, J. K., Barrett, S. M., Leroi, J.-M., and Jeffrey, S. W. (1993). Essential polyunsaturated fatty acids from 14 species of diatom (Bacillariophyceae). Phytochemistry 35, 155–161. doi: 10.1016/s0031-9422(00)90525-9

Dyall, S. C. (2015). Long-chain omega-3 fatty acids and the brain: a review of the independent and shared effects of EPA, DPA and DHA. Front. Aging Neurosci. 7:52. doi: 10.3389/fnagi.2015.00052

Eilers, U., Bikoulis, A., Breitenbach, J., Büchel, C., and Sandmann, G. (2016). Limitations in the biosynthesis of fucoxanthin as targets for genetic engineering in Phaeodactylum tricornutum. J. Appl. Phycol. 28, 123–129. doi: 10.1007/s10811-015-0583-8

El-Kassas, H. Y., and Mohamed, L. A. (2014). Bioremediation of the textile waste effluent by Chlorella vulgaris. Egyptian J. Aquatic Res. 40, 301–308. doi: 10.1016/j.ejar.2014.08.003

Ellwood, M. J., and Hunter, K. A. (2000). The incorporation of zinc and iron into the frustule of the marine diatom Thalassiosira pseudonana. Limnol. Oceanography 45, 1517–1524. doi: 10.4319/lo.2000.45.7.1517

Erdene-Ochir, E., Shin, B.-K., Huda, M. N., Kim, D. H., Lee, E. H., Song, D.-G., et al. (2016). Cloning of a novel endogenous promoter for foreign gene expression in Phaeodactylum tricornutum. Appl. Biol. Chem. 59, 861–867. doi: 10.1007/s13765-016-0235-y

Erdene-Ochir, E., Shin, B.-K., Kwon, B., Jung, C., and Pan, C.-H. (2019). Identification and characterisation of the novel endogenous promoter HASP1 and its signal peptide from Phaeodactylum tricornutum. Sci. Rep. 9:9941.

Fabris, M., George, J., Kuzhiumparambil, U., Lawson, C. A., Jaramillo-Madrid, A. C., Abbriano, R. M., et al. (2020). Extrachromosomal genetic engineering of the marine diatom phaeodactylum tricornutum enables the heterologous production of monoterpenoids. ACS Synthetic Biol. 9, 598–612. doi: 10.1021/acssynbio.9b00455

Fabris, M., Matthijs, M., Rombauts, S., Vyverman, W., Goossens, A., and Baart, G. J. E. (2012). The metabolic blueprint of Phaeodactylum tricornutum reveals a eukaryotic Entner–Doudoroff glycolytic pathway. Plant J. 70, 1004–1014. doi: 10.1111/j.1365-313x.2012.04941.x

Falciatore, A., d’Alcalà, M. R., Croot, P., and Bowler, C. (2000). Perception of environmental signals by a marine diatom. Science 288, 2363–2366. doi: 10.1126/science.288.5475.2363

Falkowski, P. G., Barber, R. T., and Smetacek, V. V. (1998). Biogeochemical controls and feedbacks on ocean primary production. Science 281, 200–207. doi: 10.1126/science.281.5374.200

Fang, T., Liao, S., Chen, X., Zhao, Y., Zhu, Q., Cao, Y., et al. (2019). Forensic drowning site inference employing mixed pyrosequencing profile of DNA barcode gene (rbcL). Int. J. Legal Med. 133, 1351–1360. doi: 10.1007/s00414-019-02075-4

Ford, N. R., Hecht, K. A., Hu, D., Orr, G., Xiong, Y., Squier, T. C., et al. (2016). Antigen binding and site-directed labeling of biosilica-immobilized fusion proteins expressed in diatoms. ACS Synth Biol. 5, 193–199. doi: 10.1021/acssynbio.5b00191

Ford, N. R., Xiong, Y., Hecht, K. A., Squier, T. C., Rorrer, G. L., and Roesijadi, G. (2020). Optimizing the design of diatom biosilica-targeted fusion proteins in biosensor construction for bacillus anthracis detection. Biology 9:14. doi: 10.3390/biology9010014

Gallagher, B. J. (2011). The economics of producing biodiesel from algae. Renewable Energy 36, 158–162. doi: 10.1016/j.renene.2010.06.016

Gannavarapu, K. P., Ganesh, V., Thakkar, M., Mitra, S., and Dandamudi, R. B. (2019). Nanostructured Diatom-ZrO2 composite as a selective and highly sensitive enzyme free electrochemical sensor for detection of methyl parathion. Sensors Actuators B: Chem. 288, 611–617. doi: 10.1016/j.snb.2019.03.036

Glazer, A. N., and Nikaido, H. (2007). Microbial Biotechnology: Fundamentals of Applied Microbiology. Cambridge: Cambridge University Press.

Gnanamoorthy, P., Anandhan, S., and Prabu, V. A. (2014). Natural nanoporous silica frustules from marine diatom as a biocarrier for drug delivery. J. Porous Mater. 21, 789–796. doi: 10.1007/s10934-014-9827-2

Grill, E., Winnacker, E. L., and Zenk, M. H. (1985). Phytochelatins: the principal heavy-metal complexing peptides of higher plants. Science 230, 674–676. doi: 10.1126/science.230.4726.674

Gutu, T., Gale, D. K., Jeffryes, C., Wang, W., Chang, C.-H., Rorrer, G. L., et al. (2009). Electron microscopy and optical characterization of cadmium sulphide nanocrystals deposited on the patterned surface of diatom biosilica. J. Nanomater. 2009:860536.

Gweon, H. S., Oliver, A., Taylor, J., Booth, T., Gibbs, M., Read, D. S., et al. (2015). PIPITS: an automated pipeline for analyses of fungal internal transcribed spacer sequences from the illumina sequencing platform. Methods Ecol. Evol. 6, 973–980. doi: 10.1111/2041-210x.12399

Haimeur, A., Ulmann, L., Mimouni, V., Guéno, F., Pineau-Vincent, F., Meskini, N., et al. (2012). The role of Odontella aurita, a marine diatom rich in EPA, as a dietary supplement in dyslipidemia, platelet function and oxidative stress in high-fat fed rats. Lipids Health Dis. 11, 147–147. doi: 10.1186/1476-511x-11-147

Harada, H., Nakatsuma, D., Ishida, M., and Matsuda, Y. (2005). Regulation of the expression of intracellular β -Carbonic anhydrase in response to CO 2 and light in the marine diatom Phaeodactylum tricornutum. Plant Physiol. 139, 1041–1050. doi: 10.1104/pp.105.065185

Harris, M., Bhatti, Y., Buckley, J., and Sharma, D. (2020). Fast and frugal innovations in response to the COVID-19 pandemic. Nat. Med. 26, 814–817. doi: 10.1038/s41591-020-0889-1

Hempel, F., and Maier, U. G. (2012). An engineered diatom acting like a plasma cell secreting human IgG antibodies with high efficiency. Microbial Cell Factories 11:126. doi: 10.1186/1475-2859-11-126

Hempel, F., Bozarth, A. S., Lindenkamp, N., Klingl, A., Zauner, S., Linne, U., et al. (2011a). Microalgae as bioreactors for bioplastic production. Microbial Cell Factories 10:81. doi: 10.1186/1475-2859-10-81

Hempel, F., Lau, J., Klingl, A., and Maier, U. G. (2011b). Algae as protein factories: expression of a human antibody and the respective antigen in the diatom Phaeodactylum tricornutum. PLoS One 6:e28424. doi: 10.1371/journal.pone.0028424

Hildebrand, F., Tadeo, R., Voigt, A. Y., Bork, P., and Raes, J. (2014). LotuS: an efficient and user-friendly OTU processing pipeline. Microbiome 2:30. doi: 10.1186/2049-2618-2-30

Hildebrand, M., and Lerch, S. J. L. (2015). Diatom silica biomineralization: parallel development of approaches and understanding. Sem. Cell Dev. Biol. 46, 27–35. doi: 10.1016/j.semcdb.2015.06.007

Hopes, A., Nekrasov, V., Kamoun, S., and Mock, T. (2016). Editing of the urease gene by CRISPR-Cas in the diatom Thalassiosira pseudonana. Plant Methods 12:49.

Horton, B. P., Boreham, S., and Hillier, C. (2006). The development and application of a diatom-based quantitative reconstruction technique in forensic science. J. Forensic Sci. 51, 643–650. doi: 10.1111/j.1556-4029.2006.00120.x

Huang, W., and Daboussi, F. (2017). Genetic and metabolic engineering in diatoms. Philos. Trans. R. Soc. B: Biol. Sci. 372:20160411. doi: 10.1098/rstb.2016.0411

Huesemann, M. H., and Benemann, J. R. (2009). “Biofuels from microalgae: review of products, processes and potential, with special focus on Dunaliella sp,” in The Alga Dunaliella: Biodiversity, Physiology, Genomics and Biotechnology, eds A. Ben-Amotz, J. E. Polle, and D. V. W. Subba Rao (New Hampshire, NH: Science Publishers).

Hürlimann, J., Feer, P., Elber, F., Niederberger, K., Dirnhofer, R., and Wyler, D. (2000). Diatom detection in the diagnosis of death by drowning. Int. J. Legal Med. 114, 6–14. doi: 10.1007/s004149900122

Ifuku, K., Yan, D., Miyahara, M., Inoue-Kashino, N., Yamamoto, Y. Y., and Kashino, Y. (2015). A stable and efficient nuclear transformation system for the diatom Chaetoceros gracilis. Photosynth Res. 123, 203–211. doi: 10.1007/s11120-014-0048-y

Jaccard, T., Ariztegui, D., and Wilkinson, K. J. (2009). Incorporation of zinc into the frustule of the freshwater diatom Stephanodiscus hantzschii. Chem. Geol. 265, 381–386. doi: 10.1016/j.chemgeo.2009.04.016

Jensen, E. L., Yangüez, K., Carrière, F., and Gontero, B. (2020). Storage compound accumulation in diatoms as response to elevated CO2 concentration. Biology 9:5. doi: 10.3390/biology9010005

Jin, P., and Agustí, S. (2018). Fast adaptation of tropical diatoms to increased warming with trade-offs. Sci. Rep. 8:17771.

Kadono, T., Miyagawa-Yamaguchi, A., Kira, N., Tomaru, Y., Okami, T., Yoshimatsu, T., et al. (2015). Characterization of marine diatom-infecting virus promoters in the model diatom Phaeodactylum tricornutum. Sci. Rep. 5:18708.

Karaman, E. S., Wang, Z., Di Benedetto, G., Zunino, J. L., Meng, X., and Mitra, S. (2019). Fabrication of supercapacitors and flexible electrodes using biosilica from cultured diatoms. Mater. Today Energy 11, 166–173. doi: 10.1016/j.mtener.2018.11.004

Karas, B. J., Diner, R. E., Lefebvre, S. C., McQuaid, J., Phillips, A. P. R., Noddings, C. M., et al. (2015). Designer diatom episomes delivered by bacterial conjugation. Nat. Commun. 6:6925.

Kato, K., Lee, S., and Nagata, F. (2020). Efficient enzyme encapsulation inside sol-gel silica sheets prepared by poly-L-lysine as a catalyst. J. Asian Ceramic Soc. 8, 396–406. doi: 10.1080/21870764.2020.1747167

Katz, M. E., Finkel, Z. V., Grzebyk, D., Knoll, A. H., and Falkowski, P. G. (2004). Evolutionary trajectories and biogeochemical impacts of marine eukaryotic phytoplankton. Annual Rev. Ecol. Evol. Systemat. 35, 523–556. doi: 10.1146/annurev.ecolsys.35.112202.130137

Kelly, M., Boonham, N., Juggins, S., Kille, P., Mann, D., Pass, D., et al. (2018). A DNA Based Diatom Metabarcoding Approach for Water Framework Directive Classification of Rivers. Bristol: Environnment Agency.

Kitano, M., Matsukawa, R., and Karube, I. (1997). Changes in eicosapentaenoic acid content of Navicula saprophila, Rhodomonas salina and Nitzschia sp. under mixotrophic conditions. J. Appl. Phycol. 9, 559–563.

Knight, M. J., Senior, L., Nancolas, B., Ratcliffe, S., and Curnow, P. (2016). Direct evidence of the molecular basis for biological silicon transport. Nat. Commun. 7, 11926–11926.

Knothe, G. (2005). Dependence of biodiesel fuel properties on the structure of fatty acid alkyl esters. Fuel Process. Technol. 86, 1059–1070. doi: 10.1016/j.fuproc.2004.11.002

Knothe, G. (2009). Improving biodiesel fuel properties by modifying fatty ester composition. Energy Environ. Sci. 2, 759–766. doi: 10.1039/b903941d

Knothe, G. (2012). Fuel properties of highly polyunsaturated fatty acid methyl esters. prediction of fuel properties of algal biodiesel. Energy Fuels 26, 5265–5273. doi: 10.1021/ef300700v

Koester, J. A., Berthiaume, C. T., Hiranuma, N., Parker, M. S., Iverson, V., Morales, R., et al. (2018). Sexual ancestors generated an obligate asexual and globally dispersed clone within the model diatom species Thalassiosira pseudonana. Sci. Rep. 8:10492.

Kong, F., Yamaoka, Y., Ohama, T., Lee, Y., and Li-Beisson, Y. (2019). Molecular genetic tools and emerging synthetic biology strategies to increase cellular oil content in Chlamydomonas reinhardtii. Plant Cell Physiol. 60, 1184–1196. doi: 10.1093/pcp/pcz022

Kotzsch, A., Pawolski, D., Milentyev, A., Shevchenko, A., Scheffel, A., Poulsen, N., et al. (2016). Biochemical composition and assembly of biosilica-associated insoluble organic matrices from the diatom Thalassiosira pseudonana. J. Biol. Chem. 291, 4982–4997. doi: 10.1074/jbc.m115.706440

Kuczynska, P., Jemiola-Rzeminska, M., and Strzalka, K. (2015). Photosynthetic pigments in diatoms. Mar. Drugs 13, 5847–5881. doi: 10.3390/md13095847

Kung, Y., Runguphan, W., and Keasling, J. D. (2012). From fields to fuels: recent advances in the microbial production of biofuels. ACS Synthetic Biol. 1, 498–513. doi: 10.1021/sb300074k

Larras, F., Keck, F., Montuelle, B., Rimet, F., and Bouchez, A. (2014). Linking diatom sensitivity to herbicides to phylogeny: a step forward for biomonitoring? Environ. Sci. Technol. 48, 1921–1930. doi: 10.1021/es4045105

Lauritano, C., Andersen, J. H., Hansen, E., Albrigtsen, M., Escalera, L., Esposito, F., et al. (2016). Bioactivity screening of microalgae for antioxidant, anti-inflammatory, anticancer, anti-diabetes, and antibacterial activities. Front. Mar. Sci. 3:68. doi: 10.3389/fmars.2016.00068

Levering, J., Broddrick, J., Dupont, C. L., Peers, G., Beeri, K., Mayers, J., et al. (2016). Genome-Scale model reveals metabolic basis of biomass partitioning in a model diatom. PLoS One 11:e0155038. doi: 10.1371/journal.pone.0155038

Levitan, O., Dinamarca, J., Hochman, G., and Falkowski, P. G. (2014). Diatoms: a fossil fuel of the future. Trends Biotechnol. 32, 117–124. doi: 10.1016/j.tibtech.2014.01.004

Levkov, Z., Williams, D. M., Nikolovska, D., Tofilovska, S., Èakar, Z., Williams, M., et al. (2017). The Use of Diatoms in Forensic Science: Advantages and limitations of the diatom test in cases of drowning. The Archaeological and Forensic Applications of Microfossils: A Deeper Understanding of Human History. London: Geological Society of London,

Lin, G., Wang, Y., Guo, L., Ding, H., Hu, Y., Liang, S., et al. (2017). Verification of mutagen function of Zeocin in Nannochloropsis oceanica through transcriptome analysis. J. Ocean University country-regionChina 16, 501–508. doi: 10.1007/s11802-017-3231-x

Losic, D., Mitchell, J. G., and Voelcker, N. H. (2005). Complex gold nanostructures derived by templating from diatom frustules. Chem. Commun. 39, 4905–4907. doi: 10.1039/b508733c

Losic, D., Yu, Y., Aw, M. S., Simovic, S., Thierry, B., and Addai-Mensah, J. (2010). Surface functionalisation of diatoms with dopamine modified iron-oxide nanoparticles: toward magnetically guided drug microcarriers with biologically derived morphologies. Chem. Commun. 46, 6323–6325. doi: 10.1039/c0cc01305f

Luddington, I. A., Kaczmarska, I., and Lovejoy, C. (2012). Distance and character-based evaluation of the V4 region of the 18S rRNA Gene for the identification of diatoms (Bacillariophyceae). PLoS One 7:e45664. doi: 10.1371/journal.pone.0045664

Ludes, B., Coste, M., Tracqui, A., and Mangin, P. (1996). Continuous river monitoring of the diatoms in the diagnosis of drowning. J. Forensic Sci. 41, 425–428.

Lunetta, P., and Modell, J. H. (2005). “Macroscopical, microscopical, and laboratory findings in drowning victims,” in Forensic Pathology Reviews. Forensic Pathology Reviews, ed. M. Tsokos (Totowa, NJ: Humana Press).

Lunetta, P., Penttilä, A., and Hällfors, G. (1998). Scanning and transmission electron microscopical evidence of the capacity of diatoms to penetrate the alveolo-capillary barrier in drowning. Int. J. Legal Med. 111, 229–237. doi: 10.1007/s004140050159

Mann, D. G., and Vanormelingen, P. (2013). An inordinate fondness? the number, distributions, and origins of diatom species. J. Eukaryotic Microbiol. 60, 414–420. doi: 10.1111/jeu.12047

Marella, T. K., López-Pacheco, I. Y., Parra-Saldívar, R., Dixit, S., and Tiwari, A. (2020). Wealth from waste: diatoms as tools for phycoremediation of wastewater and for obtaining value from the biomass. Sci. Total Environ. 724:137960. doi: 10.1016/j.scitotenv.2020.137960

Martin-Jézéquel, V., Hildebrand, M., and Brzezinski, M. A. (2000). Silicon metabolism in diatoms: implications for growth. J. Phycol. 36, 821–840. doi: 10.1046/j.1529-8817.2000.00019.x

Medlin, L. K. (2016). Evolution of the diatoms: major steps in their evolution and a review of the supporting molecular and morphological evidence. Phycologia 55, 79–103. doi: 10.2216/15-105.1

Milligan, A. J., and Morel, F. M. M. (2002). A proton buffering role for silica in diatoms. Science 297, 1848–1850. doi: 10.1126/science.1074958

Milović, M., Simović, S., Lošić, D., Dashevskiy, A., and Ibrić, S. (2014). Solid self-emulsifying phospholipid suspension (SSEPS) with diatom as a drug carrier. Eur. J. Pharm. Sci. 63, 226–232. doi: 10.1016/j.ejps.2014.07.010

Mishra, M., Arukha, A. P., Bashir, T., Yadav, D., and Prasad, G. B. K. S. (2017). All new faces of diatoms: potential source of nanomaterials and beyond. Front. Microbiol. 8:1239. doi: 10.3389/fmicb.2017.01239

Muto, M., Tanaka, M., Liang, Y., Yoshino, T., Matsumoto, M., and Tanaka, T. (2015). Enhancement of glycerol metabolism in the oleaginous marine diatom Fistulifera solaris JPCC DA0580 to improve triacylglycerol productivity. Biotechnol. Biofuels 8:4. doi: 10.1186/s13068-014-0184-9

Nanjappa, D., Audic, S., Romac, S., Kooistra, W. H. C. F., and Zingone, A. (2014). Assessment of species diversity and distribution of an ancient diatom lineage using a DNA metabarcoding approach. PLoS One 9:e103810. doi: 10.1371/journal.pone.0103810

Niu, Y. F., Yang, Z. K., Zhang, M. H., Zhu, C. C., Yang, W. D., Liu, J. S., et al. (2012). Transformation of diatom Phaeodactylum tricornutum by electroporation and establishment of inducible selection marker. Biotechniques 52, 1–3.

Nowak, A. P., Sprynskyy, M., Brzozowska, W., and Lisowska-Oleksiak, A. (2019). Electrochemical behavior of a composite material containing 3D-structured diatom biosilica. Algal Res. 41:101538. doi: 10.1016/j.algal.2019.101538

Nymark, M., Sharma, A. K., Sparstad, T., Bones, A. M., and Winge, P. (2016). A CRISPR/Cas9 system adapted for gene editing in marine algae. Sci. Rep. 6:24951.

Nymark, M., Valle, K. C., Hancke, K., Winge, P., Andresen, K., Johnsen, G., et al. (2013). Molecular and photosynthetic responses to prolonged darkness and subsequent acclimation to re-illumination in the diatom Phaeodactylum tricornutum. PLoS One 8:e58722. doi: 10.1371/journal.pone.0058722

Poulsen, N., and Kröger, N. (2005). A new molecular tool for transgenic diatoms. FEBS J. 272, 3413–3423. doi: 10.1111/j.1742-4658.2005.04760.x

Poulsen, N., Chesley, P. M., and Kröger, N. (2006). Molecular genetic manipulation of the diatom thalassiosira Pseudonana (Bacillariophyceae)1. J. Phycol. 42, 1059–1065. doi: 10.1111/j.1529-8817.2006.00269.x

Pulz, O., and Gross, W. (2004). Valuable products from biotechnology of microalgae. Appl. Microbiol. Biotechnol. 65, 635–648. doi: 10.1007/s00253-004-1647-x

Qin, T., Gutu, T., Jiao, J., Chang, C.-H., and Rorrer, G. L. (2008). Biological fabrication of photoluminescent nanocomb structures by metabolic incorporation of germanium into the biosilica of the diatom Nitzschia frustulum. ACS Nano 2, 1296–1304. doi: 10.1021/nn800114q

Radakovits, R., Eduafo, P. M., and Posewitz, M. C. (2011). Genetic engineering of fatty acid chain length in Phaeodactylum tricornutum. Metab. Eng. 13, 89–95. doi: 10.1016/j.ymben.2010.10.003

Radakovits, R., Jinkerson, R. E., Darzins, A., and Posewitz, M. C. (2010). Genetic engineering of algae for enhanced biofuel production. Eukaryot. Cell 9, 486–501. doi: 10.1128/ec.00364-09

Ragni, R., Cicco, S., Vona, D., Leone, G., and Farinola, G. M. (2017). Biosilica from diatoms microalgae: smart materials from bio-medicine to photonics. J. Mater. Res. 32, 279–291. doi: 10.1557/jmr.2016.459

Rastogi, A., Maheswari, U., Dorrell, R. G., Vieira, F. R. J., Maumus, F., Kustka, A., et al. (2018). Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms. Sci. Rep. 8:4834.

Rea, I., Martucci, N. M., De Stefano, L., Ruggiero, I., Terracciano, M., Dardano, P., et al. (2014). Diatomite biosilica nanocarriers for siRNA transport inside cancer cells. Biochim. Biophys. Acta 1840, 3393–3403. doi: 10.1016/j.bbagen.2014.09.009

Renaud, S. M., Thinh, L.-V., Lambrinidis, G., and Parry, D. L. (2002). Effect of temperature on growth, chemical composition and fatty acid composition of tropical Australian microalgae grown in batch cultures. Aquaculture 211, 195–214. doi: 10.1016/s0044-8486(01)00875-4

Rodrigue, J.-P., and Notteboom, T. (2013). The geography of cruises: itineraries, not destinations. Appl. Geography 38, 31–42. doi: 10.1016/j.apgeog.2012.11.011

Rorrer, G., Jeffryes, C., Chang, C.-H., Lee, D.-H., Gutu, T., Jiao, J., et al. (2007). Biological Fabrication of Nanostructured Silicon-germanium Photonic Crystals Possessing Unique Photoluminescent and Electroluminescent Properties. Bellingham, DC: SPIE.

Round, F. E., Crawford, R. M., Mann, D. G., and Press, C. U. (1990). Diatoms: Biology and Morphology of the Genera. Cambridge: Cambridge University Press.

Sabatino, V., Russo, M. T., Patil, S., d’Ippolito, G., Fontana, A., and Ferrante, M. I. (2015). Establishment of genetic transformation in the sexually reproducing diatoms pseudo-nitzschia multistriata and pseudo-nitzschia arenysensis and inheritance of the transgene. Mar. Biotechnol. (NY) 17, 452–462. doi: 10.1007/s10126-015-9633-0

Sakaguchi, T., Nakajima, K., and Matsuda, Y. (2011). Identification of the UMP synthase gene by establishment of uracil auxotrophic mutants and the phenotypic complementation system in the marine diatom Phaeodactylum tricornutum. Plant Physiol. 156, 78–89. doi: 10.1104/pp.110.169631

Sakaue, K., Harada, H., and Matsuda, Y. (2008). Development of gene expression system in a marine diatom using viral promoters of a wide variety of origin. Physiol. Plant. 133, 59–67. doi: 10.1111/j.1399-3054.2008.01089.x

Schellenberger Costa, B., Jungandreas, A., Jakob, T., Weisheit, W., Mittag, M., and Wilhelm, C. (2012). Blue light is essential for high light acclimation and photoprotection in the diatom Phaeodactylum tricornutum. J. Exp. Bot. 64, 483–493. doi: 10.1093/jxb/ers340

Selvaraj, V., Muthukumar, A., Nagamony, P., and Chinnuswamy, V. (2018). Detection of typhoid fever by diatom-based optical biosensor. Environ. Sci. Poll. Res. 25, 20385–20390. doi: 10.1007/s11356-017-9362-1

Senthilvelan, T., Kanagaraj, J., Panda, R. C., and Mandal, A. B. (2014). Biodegradation of phenol by mixed microbial culture: an eco-friendly approach for the pollution reduction. Clean Technol. Environ. Pol. 16, 113–126. doi: 10.1007/s10098-013-0598-2

Seo, S., Jeon, H., Hwang, S., Jin, E., and Chang, K. S. (2015). Development of a new constitutive expression system for the transformation of the diatom Phaeodactylum tricornutum. Algal Res. 11, 50–54. doi: 10.1016/j.algal.2015.05.012

Sharma, N., Fleurent, G., Awwad, F., Cheng, M., Meddeb-Mouelhi, F., Budge, S., et al. (2020). Red light shift an effective alternative to boost biomass and lipids in Phaeodactylum tricornutum. Appl. Sci. 10:2531. doi: 10.3390/app10072531

Sheehan, J., Dunahay, T., Benemann, J., and Roessler, P. (1998). Look Back at the U.S. Department of Energy’s Aquatic Species Program: Biodiesel from Algae. Golden, CO: National Renewable Energy Laboratory.

Shrestha, R. P., and Hildebrand, M. (2015). Evidence for a regulatory role of diatom silicon transporters in cellular silicon responses. Eukaryot. Cell 14, 29–40. doi: 10.1128/ec.00209-14

Shrestha, R. P., and Hildebrand, M. (2017). Development of a silicon limitation inducible expression system for recombinant protein production in the centric diatoms Thalassiosira pseudonana and Cyclotella cryptica. Microbial Cell Factories 16:145.

Singh, A. K., Sharma, N., Farooqi, H., Abdin, M. Z., Mock, T., and Kumar, S. (2017). Phycoremediation of municipal wastewater by microalgae to produce biofuel. Int. J. Phytoremediation 19, 805–812. doi: 10.1080/15226514.2017.1284758

Singh, R., Khan, M. J., Rane, J., Gajbhiye, A., Vinayak, V., and Joshi, K. B. (2020). Biofabrication of diatom surface by tyrosine-metal complexes:smart microcontainers to inhibit bacterial growth. ChemistrySelect 5, 3091–3097. doi: 10.1002/slct.201904248

Slattery, S. S., Diamond, A., Wang, H., Therrien, J. A., Lant, J. T., Jazey, T., et al. (2018). An expanded plasmid-based genetic toolbox enables cas9 genome editing and stable maintenance of synthetic pathways in Phaeodactylum tricornutum. ACS Synthetic Biol. 7, 328–338. doi: 10.1021/acssynbio.7b00191

Slattery, S. S., Wang, H., Giguere, D. J., Kocsis, C., Urquhart, B. L., Karas, B. J., et al. (2020). Plasmid-based complementation of large deletions in Phaeodactylum tricornutum biosynthetic genes generated by Cas9 editing. Sci. Rep. 10:13879.

Slowing, I. I., Vivero-Escoto, J. L., Wu, C.-W., and Lin, V. S. Y. (2008). Mesoporous silica nanoparticles as controlled release drug delivery and gene transfection carriers. Adv. Drug Deliv. Rev. 60, 1278–1288. doi: 10.1016/j.addr.2008.03.012

Smetacek, V. (1999). Diatoms and the ocean carbon cycle. Protist 150, 25–32. doi: 10.1016/s1434-4610(99)70006-4

Smol, J. P., and Stoermer, E. F. (2010). The Diatoms: Applications for the Environmental and Earth Sciences. Cambridge: Cambridge Press.

Soni, A. K., Kumar, S., and Pandey, M. (2020). Performance comparison of microalgae biodiesel blends with petro–diesel on variable compression ratio engine. J. Instit. Eng. (India): Series E. https://doi.org/10.1007/s40034-020-00183-0

Suleiman, A. K. A., Lourenço, K. S., Clark, C., Luz, R. L., da Silva, G. H. R., Vet, L., et al. (2020). From toilet to agriculture: fertilization with microalgal biomass from wastewater impacts the soil and rhizosphere active microbiomes, greenhouse gas emissions and plant growth. Resources Conserv. Recycl. 161:104924. doi: 10.1016/j.resconrec.2020.104924

Taberlet, P., Coissac, E., Hajibabaei, M., and Rieseberg, L. H. Environmental DNA. Mol. Ecol. 21, 1789–1793.

Tanaka, A., Ohno, N., Nakajima, K., and Matsuda, Y. (2016). Light and CO 2 /cAMP signal cross talk on the promoter elements of chloroplastic β -carbonic anhydrase genes in the marine diatom Phaeodactylum tricornutum. Plant Physiol. 170, 1105–1116. doi: 10.1104/pp.15.01738

Taparia, Y., Zarka, A., Leu, S., Zarivach, R., Boussiba, S., and Khozin-Goldberg, I. (2019). A novel endogenous selection marker for the diatom Phaeodactylum tricornutum based on a unique mutation in phytoene desaturase 1. Sci. Rep. 9:8217.

Terracciano, M., De Stefano, L., and Rea, I. (2018). Diatoms green nanotechnology for biosilica-based drug delivery systems. Pharmaceutics 10:242. doi: 10.3390/pharmaceutics10040242

Thomas, J., Thomas, C. J., Radcliffe, J., and Itsiopoulos, C. (2015). Omega-3 fatty acids in early prevention of inflammatory neurodegenerative disease: a focus on Alzheimer’s Disease. BioMed. Res. Int. 2015:172801.

Tibocha-Bonilla, J. D., Zuñiga, C., Godoy-Silva, R. D., and Zengler, K. (2018). Advances in metabolic modeling of oleaginous microalgae. Biotechnol. Biofuels 11:241.

Tocher, D. R., Betancor, M. B., Sprague, M., Olsen, R. E., and Napier, J. A. (2019). Omega-3 long-chain polyunsaturated fatty acids, EPA and DHA: bridging the gap between supply and demand. Nutrients 11:89. doi: 10.3390/nu11010089

Tossavainen, M., Lahti, K., Edelmann, M., Eskola, R., Lampi, A.-M., Piironen, V., et al. (2019). Integrated utilization of microalgae cultured in aquaculture wastewater: wastewater treatment and production of valuable fatty acids and tocopherols. J. Appl. Phycol. 31, 1753–1763. doi: 10.1007/s10811-018-1689-6

Tréguer, P., Nelson, D. M., Van Bennekom, A. J., DeMaster, D. J., Leynaert, A., and Quéguiner, B. (1995). The silica balance in the world ocean: a reestimate. Science 268, 375–379. doi: 10.1126/science.268.5209.375

Trentacoste, E. M., Shrestha, R. P., Smith, S. R., Glé, C., Hartmann, A. C., Hildebrand, M., et al. (2013). Metabolic engineering of lipid catabolism increases microalgal lipid accumulation without compromising growth. Proc. Natl. Acad. Sci. U S A. 110, 19748–19753. doi: 10.1073/pnas.1309299110

Vasani, R. B., Losic, D., Cavallaro, A., and Voelcker, N. H. (2015). Fabrication of stimulus-responsive diatom biosilica microcapsules for antibiotic drug delivery. J. Mater. Chem. B 3, 4325–4329. doi: 10.1039/c5tb00648a

Vasselon, V., Rimet, F., Tapolczai, K., and Bouchez, A. (2017). Assessing ecological status with diatoms DNA metabarcoding: scaling-up on a WFD monitoring network (Mayotte island, France). Ecol. Indicat. 82, 1–12. doi: 10.1016/j.ecolind.2017.06.024

Wah, N. B., Ahmad, A. L. B., Chieh, D. C. J., and Hwai, A. T. S. (2015). Changes in lipid profiles of a tropical benthic diatom in different cultivation temperature. Asian J. Appl. Sci. Eng. 4, 91–101.

Walker, W. W. Jr. (1983). Significance of eutrophication in water supply reservoirs. J. AWWA 75, 38–42. doi: 10.1002/j.1551-8833.1983.tb05056.x

Wang, H., and Daggy, B. P. (2017). The role of fish oil in inflammatory eye diseases. Biomed. Hub. 2, 1–12. doi: 10.1159/000455818

Wang, J.-K., and Seibert, M. (2017). Prospects for commercial production of diatoms. Biotechnol. Biofuels 10:16.

Wang, X. C., and Zhao, H. M. (2007). Uptake and biodegradation of polycyclic aromatic hydrocarbons by marine seaweed. J. Coastal Res. SI50, 1056–1061.

Wen, Z. Y., and Chen, F. (2001a). A perfusion–cell bleeding culture strategy for enhancing the productivity of eicosapentaenoic acid by Nitzschia laevis. Appl. Microbiol. Biotechnol. 57, 316–322. doi: 10.1007/s002530100786

Wen, Z.-Y., and Chen, F. (2001b). Application of statistically-based experimental designs for the optimization of eicosapentaenoic acid production by the diatom Nitzschia laevis. Biotechnol. Bioeng. 75, 159–169. doi: 10.1002/bit.1175

Weyman, P. D., Beeri, K., Lefebvre, S. C., Rivera, J., McCarthy, J. K., Heuberger, A. L., et al. (2015). Inactivation of Phaeodactylum tricornutum urease gene using transcription activator-like effector nuclease-based targeted mutagenesis. Plant Biotechnol. J. 13, 460–470. doi: 10.1111/pbi.12254

Wu, S., Gu, W., Huang, A., Li, Y., Kumar, M., Lim, P. E., et al. (2019). Elevated CO2 improves both lipid accumulation and growth rate in the glucose-6-phosphate dehydrogenase engineered Phaeodactylum tricornutum. Microbial Cell Factories 18:161.

Xia, S., Wang, K., Wan, L., Li, A., Hu, Q., and Zhang, C. (2013). Production, characterization, and antioxidant activity of fucoxanthin from the marine diatom Odontella aurita. Mar. Drugs 11, 2667–2681. doi: 10.3390/md11072667

Xie, W. H., Zhu, C. C., Zhang, N. S., Li, D. W., Yang, W. D., Liu, J. S., et al. (2014). Construction of novel chloroplast expression vector and development of an efficient transformation system for the diatom Phaeodactylum tricornutum. Mar. Biotechnol. (NY) 16, 538–546. doi: 10.1007/s10126-014-9570-3

Yamazaki, T., Sasanuma, H., Mayama, S., and Umemura, K. (2010). Cultivation of melosira nummuloides cells in the presence of platinum: preparation of metal-containing frustules. Phys. Status Solidi c 7, 2759–2762. doi: 10.1002/pssc.200983808

Yoshinaga, R., Niwa-Kubota, M., Matsui, H., and Matsuda, Y. (2014). Characterization of iron-responsive promoters in the marine diatom Phaeodactylum tricornutum. Mar. Genom. 16, 55–62. doi: 10.1016/j.margen.2014.01.005

Zaboikin, M., Zaboikina, T., Freter, C., and Srinivasakumar, N. (2017). Non-Homologous end joining and homology directed DNA repair frequency of double-stranded breaks introduced by genome editing reagents. PLoS One 12:e0169931. doi: 10.1371/journal.pone.0169931

Zamora, P., Narváez, A., and Domínguez, E. (2009). Enzyme-modified nanoparticles using biomimetically synthesized silica. Bioelectrochemistry 76, 100–106. doi: 10.1016/j.bioelechem.2009.05.006

Zaslavskaia, L. A., Lippmeier, J. C., Kroth, P. G., Grossman, A. R., and Apt, K. E. (2000). Transformation of the diatom Phaeodactylum tricornutum (Bacillariophyceae) with a variety of selectable marker and reporter genes. J. Phycol. 36, 379–386. doi: 10.1046/j.1529-8817.2000.99164.x

Zhang, C., and Hu, H. (2014). High-efficiency nuclear transformation of the diatom Phaeodactylum tricornutum by electroporation. Mar. Genomics 16, 63–66. doi: 10.1016/j.margen.2013.10.003

Zhou, Y., Cao, Y., Huang, J., Deng, K., Ma, K., Zhang, T., et al. (2020). Research advances in forensic diatom testing. Forensic Sci. Res. 5, 98–105. doi: 10.1080/20961790.2020.1718901

Zimmermann, J., Jahn, R., and Gemeinholzer, B. (2011). Barcoding diatoms: evaluation of the V4 subregion on the 18S rRNA gene, including new primers and protocols. Organ. Divers. Evol. 11:173. doi: 10.1007/s13127-011-0050-6

Zulu, N. N., Zienkiewicz, K., Vollheyde, K., and Feussner, I. (2018). Current trends to comprehend lipid metabolism in diatoms. Progress Lipid Res. 70, 1–16. doi: 10.1016/j.plipres.2018.03.001


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Sharma, Simon, Diaz-Garza, Fantino, Messaabi, Meddeb-Mouelhi, Germain and Desgagné-Penix. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	MINI REVIEW
published: 26 February 2021
doi: 10.3389/fmars.2021.647344





[image: image]

Cephalotoxins: A Hotspot for Marine Bioprospecting?

Cátia Gonçalves* and Pedro M. Costa*

UCIBIO – Applied Molecular Biosciences Unit, Departamento de Ciências da Vida, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa, Almada, Portugal

Edited by:
Marlen Ines Vasquez, Cyprus University of Technology, Cyprus

Reviewed by:
Adrianna Ianora, Anton Dohrn Zoological Station, Italy
Giovanna Romano, Anton Dohrn Zoological Station, Italy

*Correspondence: Cátia Gonçalves, cv.goncalves@campus.fct.unl.pt; Pedro M. Costa, pmcosta@fct.unl.pt

Specialty section: This article was submitted to Marine Biotechnology, a section of the journal Frontiers in Marine Science

Received: 29 December 2020
Accepted: 15 February 2021
Published: 26 February 2021

Citation: Gonçalves C and Costa PM (2021) Cephalotoxins: A Hotspot for Marine Bioprospecting? Front. Mar. Sci. 8:647344. doi: 10.3389/fmars.2021.647344

Molluscs provided one of the pioneering approved pharmaceuticals from the seas: the painkiller ziconotide, developed from an ω-conotoxin isolated from cone snails. As marine biotechnologists are turning towards the immense range of novel bioproducts from marine invertebrates, little attention has been given to cephalotoxins, a group of obscure proteinaceous toxins produced by the salivary glands of coleoids, i.e., octopuses, squids and cuttlefishes. These toxins, for which there is empirical evidence for acting as immobilisers at least against crustaceans, are proteinaceous substances among the many that comprise the venomous mixtures secreted by these animals. Despite the ecological and economical importance of cephalopods, little is known about cephalotoxins, beginning with the actual span of taxa that secrete them. Indeed, cephalopods are long suspected for producing specific toxins as part of their predation and defence mechanisms, making them a promising group of marine animals for the bioprospecting of novel compounds. Despite scant or absent toxicological or otherwise experimental evidence for their bioreactivity, advances in “omics” methods have shed some light in the molecular structure of cephalotoxins. There are reports of cephalotoxins being complex glycoproteins that take part in a myriad of novel compounds being produced by the salivary glands. Still, there is no consensus of cephalotoxins being a conserved form of proteins. As Blue Biotechnology and marine bioprospecting for novel bioreactives are gaining momentum, the present review will provide the state-of-the-art on cephalotoxins, highlighting old and new research and existing gaps in the current knowledge.
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INTRODUCTION

Marine toxins are likely as diversified as the oceans’ immense biodiversity and result from co-evolutionary processes between the organisms that secrete them and their target recipients, whether prey, predators or parasites. Along with other types of natural products, these substances are considered to hold high-value bioproducts due to their potential specificity against molecular receptors and metabolic pathways. Many toxins from animals are peptides or high molecular weight proteins that interact with specific enzymes and ion channels (e.g., sodium and/or potassium ion channels), thus affecting, for example, neuromuscular, cardiovascular and immune systems (Zhang, 2015; Ponte and Modica, 2017). For these reasons, toxinology has been rising as a promising field with direct implications for drug discovery, novel therapeutic alternatives and even ecologically friendly antifoulants and pesticides. Although still lagging behind research on their terrestrial counterparts, such as snakes, bees and scorpions, marine toxinology is on the rise as researchers and bio-based industrialists become increasingly aware for the uncanny value of the oceans as an almost limitless source of novel bioproducts (see for instance Molinski et al., 2009; Leal et al., 2020).

Venoms are complex mixtures of toxins, enzymes, peptides and salts, which renders molecule isolation, identification and determination of substance-specific bioreactivity challenging. Their efficacy results from the interaction of these compounds, not just from toxins as noxious agents but also from permeabilisers like proteolytic enzymes. Still, several venomous or poisonous species of snakes, lizards, and leeches have already been used to produce toxin-based drugs for clinical applications directed against disease-induced pain (e.g., from osteoarthritis and multiple sclerosis), as anticoagulants for specific coronary interventions and also for hypertension or specific types of diabetes (see Bordon et al., 2020 for a review). Additionally, studies on wasp venoms are revealing promising alternatives for traditional antibiotics and even as antiviral and anti-seizure therapeutics (Vila-Farrés et al., 2012; Sample et al., 2013; Castro e Silva et al., 2020). In turn, pushed by the recent premises of the “Blue Growth” revolution, the last decade witnessed a growing interest in marine bioproducts, toxins included. Indeed, marine ecosystems are nowadays acknowledged to be a highly valuable source of pharmaceutically active toxins (see Greener, 2020). Notwithstanding, marine invertebrates are considered the most promising group of animals possessing toxins in face of their richness. Marine animals such cnidarians (jellyfishes, sea anemones, hydrozoans), echinoderms (starfishes, sea urchins), annelids (polychaetes), nemertines, bryozoans (moss animals), sponges, tunicates and molluscs (gastropods, cephalopods) stand out as toxin-secreting eumetazoans (see Kem, 2005; Zhang, 2015; Rodrigo and Costa, 2019). As examples, recent investigations highlighted bryostatins, which are heterocyclic molecules produced by bryozoans, and other cyclic peptides produced by endosymbiotic micro-organisms from some tunicates, as high-potential compounds for cancer therapeutics (Kem, 2005; Watters, 2018). As yet another example, clinical trials on toxic peptides from sun anemone have been revealed favourable results for the treatment of autoimmune diseases, due to their effects as strong potassium channel blockers (Prentis et al., 2018). However, the most prominent example among biotechnological applications of marine bioproducts is the approved painkiller ziconotide (commercialised as Prialt), developed from a ω-conotoxin found in the venom of the cone snail Conus magus (Williams et al., 2008). This case has recently been followed by trabectedin (Yondelis), an anti-cancer quinoline first isolated from a tropical tunicate (Cuevas and Francesch, 2009), which, albeit not primarily a toxin, yields leverage to drug development from marine bioproducts.

As more species of marine invertebrates join the ranks of toxin-secreting marine animals, attention is turning to one of the oldest-known venomous group of molluscs, the cephalopods. Perhaps surprisingly, only a few toxins have yet been described for these predators but the broad range of bioactive compounds in their venomous saliva, which includes neurotoxic proteins and peptides, amines and permeabilising enzymes, yields high promises for marine bioprospecting (see Cooke et al., 2017). Recent advances in marine “venomics” (see von Reumont et al., 2014) can shed new lights on these obscure toxins. Cephalotoxins, in particular, appear to be a unique class of toxins whose exact nature remains elusive even though their discovery dates from the mid-XX century. In this review we will summarise the scant knowledge on these toxins that are produced by the salivary glands of cephalopods, endeavouring a fresh biotechnological perspective for the bioactives secreted by these important and ubiquitous animals.



CEPHALOTOXINS AND OTHER COLEOID TOXINS

The interest on cephalotoxins, albeit when they were not termed as such, rose in the late XIX century when Lo Bianco (1888) studied the toxicity of octopus saliva to crabs. These observations showed that after injecting secretions from octopus’ posterior salivary glands directly into crab gills, the target experienced hindered locomotion, progressing rapidly towards complete immobilisation and eventually death (see also Ghiretti, 1960). The active substance that causes this paralysing action was latter purified by Ghiretti (1959) from the posterior salivary glands of Sepia officinalis, identified as a proteinaceous compound and called cephalotoxin. From that time onwards, the composition of salivary secretions of cephalopods gained attention and several constituents have since been isolated and identified, with emphasis on neurotoxins and neuropeptides (Table 1). It is now clear that the complexity of these secretions is reflected in a broad range of biologically active compounds, proteinaceous or not. This includes biological amines, namely tyramine, histamine, p-hydroxyphenyl-ethanol-amine (octopamine), 5-hydroxytryptamine (5-HT or serotonin), noradrenaline or dopamine (Henze, 1913; Bottazzi and Valentini, 1924; Erspamer, 1948; von Euler, 1952; Erspamer and Asero, 1953; Hartman et al., 1960). Several enzymes have also been identified in cephalopod saliva, such as hyaluronidase, chitinase, phospholipase A2, peptidase S1, metalloprotease, carboxypeptidase (Romanini, 1952; Fry et al., 2009; Cornet et al., 2014; Whitelaw et al., 2016), as well as tachykinins (Eledoisin, OctTK-I, and OctTK-II) and CAP domain- (CRISP [Cysteine-rich secretory proteins], Antigen 5 [Ag5], and Pathogenesis-related [PR-1]) -bearing proteins (Erspamer and Anastasi, 1962; Kanda et al., 2003; Fry et al., 2009). However, the number of cephalopod species covered in terms of its toxin identification is still acknowledged to be very low (Cooke et al., 2017). From both Superorders of Class Cephalopoda, Octopodiformes accounts for the highest number of investigated species (about 14 from a total of 300). As for Decapodiformes, i.e., cuttlefishes and squids, not even 2% of all known species have been studied for the characterisation of salivary gland secretions. The number of species for which there is detailed information on cephalotoxins is even smaller. The octopuses Octopus vulgaris, Hapalochlaena maculosa, and Eledone cirrhosa, were the first to have α- and β-cephalotoxin, hapalotoxin, and Eledone toxin identified, respectively (McDonald and Cottrell, 1972; Cariello and Zanetti, 1977; Savage and Howden, 1977). Indeed, Hapalochlaena spp. (the famous blue-ringed octopus) is particularly known for the potency of its neurotoxic agents, which are lethal and devoid of known antidote. Later, Sheumack et al. (1978) was able to identify tetrodotoxin (TTX) in the posterior salivary glands of the octopus Hapalochlaena maculosa as well. This non-peptidic neurotoxin is not, however, exclusive to octopus’ salivary glands since it was found in multiple body parts of the animal, including arms, cephalothorax and abdomen (Yotsu-Yamashita et al., 2007). It must be noted, though, that TTX is a secondary metabolite best-known from pufferfishes (Tetraodontidae) as well as in other marine animals and amphibians, with its synthesis being associated to endosymbiotic bacteria (Lago et al., 2015). Despite the aforementioned studies, information on the bioreactivity and structural properties of cephalotoxins is still very limited. However, cephalotoxins from octopuses and Sepia esculenta have been conclusively identified as functional proteins. The latter species, in particular, yielded, to date, the only complete cephalotoxin amino acid sequence available from a curated record at UniProt, which illustrates how little is known about these substances whose existence is known for more than a century. Toxins from Sepia pharaonis and Sepia prashadi, and from the squid Doryteuthis (Amerigo) pealeii have also been identified as unknown cytotoxic proteins secreted by posterior salivary glands (Kem and Scott, 1980; and purified by Karthik et al. (2015, 2019), which may indicate potential cephalotoxin candidates.


TABLE 1. A comparative overview cephalotoxins and other major proteinaceous or peptidic neurotoxins considered specific of cephalopods.
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Secretion, Delivery, and Mode-of-Action

As carnivores, cephalopods use envenomation as a means for hunting, however, it may also confer defence against predators (Chichery and Chichery, 1988; Norman and Reid, 2000). Naturally, the secretion of cephalotoxins by salivary glands and their delivery via a wound created by the typical parrot beak of coleoids indicates a major role in feeding. The salivary glands (anterior and posterior) are the constituents of the digestive system responsible for secreting substances that intervene directly in the capture of prey, as well as in lubricating and protecting the digestive tract, besides contributing to the predigestive process (see Fernández-Gago et al., 2018 and references therein for details). The anterior salivary glands of cephalopods are located behind the buccal mass and are compound tubuloacinar glands mostly composed by granular and mucous secretory cells (Fernández-Gago et al., 2018). However, the disposition of the posterior salivary glands, where active toxins are secreted, is more variable. While octopuses and cuttlefishes possess a pair of posterior salivary glands, squids have only a single gland (see for instance Boucaud-Camou and Boucher-Rodoni, 1983). The posterior salivary glands are adjacent to the digestive gland and are tubular as well. In octopodids, granular and mucous cells are strongly present in glandular epithelia, the latter being responsible for the production of acidic glycoconjugate mucins (Fernández-Gago et al., 2018). In sepioids (cuttlefishes), the mucous cells of salivary glands secrete tryptophan-rich proteinaceous substances (Boucaud-Camou, 1968). Interestingly, enterochromaffin cells (a type of neuroendocrine cells) have been detected in the posterior salivary glands of octopods as well, albeit absent in sepioids (Boucaud-Camou and Boucher-Rodoni, 1983). In turn, salivary gland morphoanatomy for the Teuthoidea (squids) is scarce. In any case, the relationship between salivary gland structure, biochemistry and toxin secretion remains somewhat elusive.

The buccal mass plays a paramount role in toxin delivery. Here is located the posterior salivary gland duct, running within the salivary papilla, and the anterior salivary gland duct, both opening into the buccal cavity. During an attack, the toxic secretions produced by the posterior salivary glands are delivered to the prey through a wound created by quick bite rather than by injection through the two-piece beak (also called rostrum). Toxins with immobilising properties, with the aid of permeabilising enzymes plus cardioexcitatory and vasodilatory substances, are promptly disseminated through the prey’s circulatory system, rapidly affecting mobility and motor coordination (Zhang, 2015; Lobo-da-Cunha, 2019). Likely, the copious amount of mucus comprising neutral glycoproteins, sialic acid, dipeptidase and hyaluronidase secreted by the anterior salivary glands, is the delivery vehicle of the bioactive compounds secreted by the posterior salivary glands (Budelmann et al., 1997; Ponte and Modica, 2017).

The number of detailed studies on the toxicological effects of cephalopod salivary secretions is still considerably low. Most bioassays were performed on decapod crustaceans and in general report the paralysing properties of crude secretions from a few species of octopuses, squids and cuttlefishes (Ghiretti, 1959; McDonald and Cottrell, 1972; Songdahl and Shapiro, 1974; Cariello and Zanetti, 1977; Savage and Howden, 1977; Ueda et al., 2008; Cornet et al., 2014). However, there are some studies performed on mice that suggest toxicity to vertebrates as well (Ueda et al., 2008). Whenever the chemical nature of these secretions was investigated, cephalotoxins were consistently present and considered the compounds with highest toxic activity. Cephalotoxins seem to a have a powerful paralysing action against models as distinct as crustaceans and mice by blocking the electrical and mechanical responses of muscles (McDonald and Cottrell, 1972), even though the exact mechanisms are not known. Songdahl and Shapiro (1974) also stated that the speed of the toxicological reaction may be dose-dependent. Further, Ueda et al. (2008) demonstrated that distinct cephalopod species secrete toxins with different potencies against the same target species, i.e., whereas salivary extracts from cuttlefish were lethal to crabs and non-toxic to mice, extracts from squid revealed higher toxicity against mice. Cariello and Zanetti (1977) verified a similar toxicological reaction of the cephalotoxins upon octopus itself, causing significant lethality as well. Additionally, toxicological studies on strains of Gram-positive and Gram-negative bacteria confirmed that peptidic extracts of the Sepia officinalis posterior salivary glands revealed bactericidal and antimicrobial activities (Cornet et al., 2014). Disclosing allo- or orthosteric ligands for cephalotoxins in target organisms would provide a major leap in understanding mode-of-action of these toxins and eventually explore their biotechnological potential.



Molecular Characterisation of Cephalotoxins

Knowledge on the molecular structure of cephalotoxins is scant or incomplete. The most complete characterisation of these toxins, so far, was obtained by Ueda et al. (2008), who disclosed a full 1052-amino acid sequence for a cephalotoxin variant from the posterior salivary glands of the golden cuttlefish, Sepia esculenta. This form, termed SE-cephalotoxin by the same authors appears to be a ≈ 100 kDa monomeric protein whose amino acid sequence was determined from isolated cDNAs. The same authors also purified the protein by high-performance liquid chromatography (HPLC) and confirmed the findings by Western Blotting. Some of the most distinctive features of the protein is glycosylation at five distinct sites and the presence of four conserved domains, namely EGF-like, Sushi, TSP type-1 and LDL-receptor class A (Figure 1). Some of these, particularly the EFG- (epidermal growth factor) like domain have already been described in venom proteins such as in the gigantoxins from the cnidarian Stichodactyla gigantea, which interfere with sodium channels and have paralytic activities against crustaceans (Shiomi et al., 2003). Cephalotoxins may thus be considered as belonging to the class commonly referred to as EGF (neuro)toxins.
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FIGURE 1. Sequence and a predicted 3D model of SE-cephalotoxin. Conserved domains are highlighted in the sequence, namely EGF-like, Sushi, TSP type-1, and LDL-receptor class A. Molecule was produced with Swiss-Model from the UniProt record B2DCR8 (CTX_SEPES). Glycosylation is not represented. See Ueda et al. (2008) for further details.


Despite the absence of further cephalotoxin mRNA or amino acid sequences from curated databases, cephalotoxin-like proteins (possibly non-toxic) have been found in a number of aquatic organisms, from fish to the exoskeleton of some corals (e.g., Ramos-Silva et al., 2013). However, the role and evolution of these proteins remains obscure. Still, important insights have been provided by Ruder et al. (2013), who used an RNA-Seq transcriptomic approach to study multiple toxins secreted by octopus, cuttlefish and squid, revealing for the first time the existence of cephalotoxin-like proteins in all these three major groups by homology matching.




PROSPECTS FOR POTENTIAL BIOTECHNOLOGICAL APPLICATIONS

As mentioned earlier, it is believed that the immobilising or paralysing activity of cephalotoxins against invertebrate prey, especially arthropods, can result from the interference with specific ion channels or receptors. On the very least, cephalotoxins could be explored for the development of natural and safer pesticides against arthropods (namely insecticides). Nonetheless, verified effects on murines open excellent prospects for biomedical applications, similarly to conotoxins and TTX, especially for the development of safer and non-addictive painkillers. In fact, Cariello and Zanetti (1977) reported cephalotoxins from O. vulgaris to be able to block glutamate-mediated synaptic transmission, a signalling process involved precisely in pain sensation (see for instance Wozniak et al., 2012). Nonetheless, only few bioactives from the cephalopod salivary glands are indeed under scientific scrutiny for potential applications. Among such studies, research on extracts from Sepia pharaonis and Sepia prashadi posterior salivary glands revealed antimicrobial activity against avian bacterial pathogens and also a potential function as an anti-metastatic agent (Karthik et al., 2015, 2017, 2019). These findings suggest that, adding to neurotoxic effects, biocidal and anti-proliferative properties of cephalotoxins and other components of cephalopod venoms can point to novel antibiotics and anti-cancer drugs, further confirming the rising interest of cephalopod toxins for biotechnology. It must be noted that even TTX, albeit being ubiquitous among many animal taxa (cephalopods included) and one of the best-known and most lethal non-peptidic neural ion channel blockers, has also been considered for the development of analgesic and anaesthetic drugs in advanced cancer patients (Hagen et al., 2007). Indeed, under the trade name Tectin, TTX is already in phase III trials for the treatment of pain resulting from chemotherapy treatments (Newman and Cragg, 2014). To these applications we may add the potential deployment of TTX in the treatment for opioid dependence and management of withdrawal symptoms, with has already started phase IIa clinical trials as Tetrodin (Butler, 2005; Shi et al., 2009; Song et al., 2011). Similarly, the TTX-based drug Tocudin, has also started preclinical studies as a formulation intended for local anaesthesia (Butler, 2005). These findings highlight the high prospects set upon potential applications of marine animal toxins. Proteinaceous toxins such as cephalotoxins and conotoxins may offer advantages over those derived from primary or secondary metabolites, as they can be safer, more easily eliminated (by proteolytic activity) and, very importantly, directly cloned into adequate vectors for heterologous expression. In the latter case, constraints posed by protein secretion and post-translational modifications, such as glycosylation, can be circumvented by choosing eukaryote models, like yeast.



LESSONS LEARNED AND FUTURE PERSPECTIVES

Even though the discovery and description of coleoid venomous secretions dates back to the XIX century, their toxins remain obscure. Cephalotoxins, albeit being consensually found to be the most bioreactive substances in the venom secreted by the posterior salivary gland of these animals (whereas the anterior gland provides the mucin-rich vehicle of delivery), are no exception. Their potent neurotoxic and potential cytotoxic effects, together with the proteinaceous nature, makes them particularly appealing for drug discovery. Such endeavour requires, nonetheless, more solid knowledge on their molecular structure and their interaction with target receptors. With this respect, “omics” approaches, particularly proteomics and transcriptomics, can greatly assist in the filling-in of proteins secreted by the salivary glands of cephalopods by screening multiple peptides and proteins in single runs. These approaches may therefore provide a scaffold to support downstream finer structural details of the substances. The “big picture” must also be complemented with finely tuned toxicity and bioreactivity testing to provide the comprehensive bottom-up perspective needed to devise effective applications.
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Coastal countries have traditionally relied on the existing marine resources (e.g., fishing, food, transport, recreation, and tourism) as well as tried to support new economic endeavors (ocean energy, desalination for water supply, and seabed mining). Modern societies and lifestyle resulted in an increased demand for dietary diversity, better health and well-being, new biomedicines, natural cosmeceuticals, environmental conservation, and sustainable energy sources. These societal needs stimulated the interest of researchers on the diverse and underexplored marine environments as promising and sustainable sources of biomolecules and biomass, and they are addressed by the emerging field of marine (blue) biotechnology. Blue biotechnology provides opportunities for a wide range of initiatives of commercial interest for the pharmaceutical, biomedical, cosmetic, nutraceutical, food, feed, agricultural, and related industries. This article synthesizes the essence, opportunities, responsibilities, and challenges encountered in marine biotechnology and outlines the attainment and valorization of directly derived or bio-inspired products from marine organisms. First, the concept of bioeconomy is introduced. Then, the diversity of marine bioresources including an overview of the most prominent marine organisms and their potential for biotechnological uses are described. This is followed by introducing methodologies for exploration of these resources and the main use case scenarios in energy, food and feed, agronomy, bioremediation and climate change, cosmeceuticals, bio-inspired materials, healthcare, and well-being sectors. The key aspects in the fields of legislation and funding are provided, with the emphasis on the importance of communication and stakeholder engagement at all levels of biotechnology development. Finally, vital overarching concepts, such as the quadruple helix and Responsible Research and Innovation principle are highlighted as important to follow within the marine biotechnology field. The authors of this review are collaborating under the European Commission-funded Cooperation in Science and Technology (COST) Action Ocean4Biotech – European transdisciplinary networking platform for marine biotechnology and focus the study on the European state of affairs.

Keywords: bioprospecting, blue growth, marine biodiversity, marine natural products, sustainability, ethics, responsible research and innovation (RRI), marine bioeconomy


INTRODUCTION

Marine environments provide a plethora of ecosystem services leading to societal benefits (Townsed et al., 2018). These services are mostly linked to supporting services (primary production and nutrient cycling), provisioning services (such as food) and cultural services, including tourism. The recent advancements of science and technology have facilitated the implementation of marine biotechnology, where marine organisms and their compounds are identified, extracted, isolated, characterized and used for applications in various sectors to benefit the society, ranging from food/feed to pharmaceutical and biomedical industries. Life in marine environments is diverse with wide environmental gradients in the physical, chemical, and hydrological parameters such as temperature, light intensity, salinity, and pressure. Marine organisms have adapted to these diverse environments by developing a broad spectrum of forms, functions, and strategies that play a crucial role for survival, adaptation and thriving in the multitude of these competitive ecosystems.

Among the vast array of evolutionary traits present in extant marine phyla, the production of biomolecules (secondary metabolites, enzymes, and biopolymers) is one of the most stimulating for biotechnology. Biomolecules mediate chemical communication between organisms, act as a protective barrier against adverse environmental conditions, serve as weapons for catching prey or for protection against predators, pathogens, extreme temperature or harmful UV radiation and are primordial in many other life-sustaining processes. Biomolecules have evolved to improve the organisms’ survival performance in their marine habitats and they are usually capable of exerting biological activity even at low concentrations to counteract dilution/dispersion effects occurring in the sea. The unique and complex structures of many marine metabolites enable the discovery of new and innovative applications with a commercial interest. Over 50% of the medicines currently in use originate from natural compounds, and this percentage is much higher for anticancer and antimicrobial treatment agents (Newman and Cragg, 2020). Apart from biomolecules, other properties and functions of marine organisms can also be beneficial and of interest to various industries, including the removal and degradation of individual chemical compounds or organic matter, as well as the development of intricate biochemical processes. However, marine resources remain largely underexplored and undervalorized.

Joint explorations of field and experimental biologists as well as chemists, supported by the recent advancements of techniques to access the ocean, fueled the increase in knowledge levels from the mid 20th century on. By the turn of the century, marine natural products chemistry became a mature and fully established subfield of chemistry with a focus on isolation and structure elucidation of secondary metabolites (Baslow, 1969; Faulkner, 2000; Gerwick et al., 2012).

Besides carrageenans or other polysaccharides that were extracted from seaweeds and widely used as food additives and cosmetic ingredients since the 1930s, modern marine biotechnology expanded after the 1970s with the intensification of research on marine organisms and their secondary metabolites (Rotter et al., 2020a). The first studies focused on natural products isolated from representative taxa inhabiting marine ecosystems like sessile macroorganisms including sponges, cnidarians, bryozoans, and tunicates, revealing a unique chemical diversity of bioactive metabolites (de la Calle, 2017). Multicellular organisms from all types of habitats were also reported to host complex and specialized microbiota (the holobiont concept, Margulis, 1991; Souza de Oliveira et al., 2012; Simon et al., 2019). These symbiotic microbial communities have major impacts on the fitness and function of their hosts and they contribute to the production of several secondary metabolites that play important roles against predators, pathogens or fouling organisms (Wilkins et al., 2019). This is especially true for soft-bodied, sessile organisms such as cnidarians and sponges, which are the best studied invertebrates and the most prolific source of bioactive molecules (Mehbub et al., 2014; Steinert et al., 2018). In fact, microorganisms make up approximately 40–60% of the sponge biomass (Yarden, 2014) and many bioactive molecules have been demonstrated or predicted to have a microbial origin (Gerwick and Fenner, 2013). Moreover, microorganisms represent nearly 90% of the living biomass in the oceans and are fundamental for the function and health of marine ecosystems by managing biogeochemical balances (de la Calle, 2017; Alvarez-Yela et al., 2019). They can produce a plethora of secondary metabolites with less stringent ethical and environmental requirements for research and product scale-up processes. Due to the broad range of manipulation possibilities, microorganisms are gaining importance for sustainable marine biotechnology and almost 60% of the new marine natural products nowadays are derived from microorganisms (Carroll et al., 2019). Nevertheless, macroorganisms still represent an active source and field of research for novel natural metabolites.

A simplified marine biotechnology workflow (Figure 1) depicts that product development from marine organisms is an inherently transdisciplinary and multidimensional task. The scientific community, industry, policy makers and the general public have a role to play in this process. Initially, the scientific community, while adhering to the ethical and legal guidelines, conducts systematic bioprospecting and screenings of marine organisms, elucidates the structure of bioactive molecules and their mechanisms of action, and sets up the protocols for product development. Often the financing of product development is dictated by the societal needs and challenges (such as health, well-being, or environmental protection) and suitable intellectual property (IP) protection. However, due to the transdisciplinary character of any biotechnology research, the co-design of processes and co-creation of knowledge is a necessary step in advancing the biodiscovery pipeline that ensures a faster product uptake. This also involves the collection of information about people’s perceived and actual needs, which is of paramount importance. Outreach activities are therefore conducted to engage the public in protecting the marine environment and promoting its sustainable use. Their feedback to both the scientific and industrial communities, either through directed questionnaires (in case of market research/analyses aiming to provide feedback on novel food, cosmeceuticals, and other products), workshops or other means of communication, often represents a key milestone for increasing consumers’ acceptance of bio-based products. Subsequent steps in new marine product development, e.g., scale-up, delivery format, validation of potency and toxicity, in vivo testing and implementation of statistically powered pre-clinical studies are generally performed by the pharmaceutical, biotechnological, biomedical, and food/nutraceuticals sectors.
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FIGURE 1. A simplified representation of the marine biotechnology pipeline that is intrinsically interdisciplinary, combining basic and applied research with industry and business sectors.


The present article reviews some of the important aspects of marine biotechnology workflow. As marine biotechnology is an important contributor to bioeconomy, this concept is introduced in section “Bioeconomy.” In section “Marine biodiscovery areas,” we elaborate on hotspots of marine biodiscovery, from water column, the seafloor, microbial biofilms, beach wrack, to side streams. Section “Marine organisms and their potential application in biotechnology” introduces the main marine organisms being targeted for biotechnological research. Section “Methodology for exploration of marine bioresources” provides an overview of the general marine biotechnology pipeline and its key elements: organism isolation, data analysis and storage, chemical methods for isolation, and characterization of compounds. Production and scaling-up to guarantee sufficient supply at the industrial level are presented in section “Production upscaling.” Section “Use case scenarios” presents interesting use case scenarios where marine biotechnology can significantly address the societal challenges such as energy production, agronomy, bioremediation, food, feed, cosmetics, bio-inspired materials, and pharmaceuticals. Furthermore, the legislative and ethical issues arising from the development of marine biotechnology should not be overlooked and they are presented in section “Legislation and funding.” Section “Communication and stakeholder engagement in development finalization” concludes with a discussion on the importance of science communication both to raise consumer awareness on new products and establish new collaborations on one hand and implement knowledge transfer channels with stakeholders from the industrial, governmental and public sectors, on the other hand. The establishment of efficient communication that enables productive collaboration efforts is essential for the market entry and successful commercialization of marine biotechnology products. We conclude with an overview of the marine biotechnology roadmap in Europe.



BIOECONOMY

Marine biotechnology is recognized as a globally significant economic growth sector. The field is mostly concentrated in the European Union (EU), North America and the Asia-Pacific (Van den Burg et al., 2019). Some of the globally renowned marine biotechnology centers are in China (e.g., the Institutes of Oceanology, the institutes of the Chinese Academy of Sciences), Japan (e.g., Shimoda Marine Research Center), United States (e.g., Scripps Institute of Oceanography), Australia (e.g., Australian Institute of Marine Science). In other countries, marine biotechnology is an emerging field to address global economic challenges, such as in South America (Thompson et al., 2018), Middle East (Al-Belushi et al., 2015) and Africa (Bolaky, 2020). However, the proper implementation of the field has its limitations: the lack of investment, need for appropriate infrastructure and human capital (Thompson et al., 2017, 2018). To enable the development of the marine bioeconomy, national or global partnerships with the leading research labs are established (Vedachalam et al., 2019), including European participation.

The European Commission defines blue bioeconomy as an exciting field of innovation, turning aquatic biomass into novel foods, feed, energy, packaging, and other applications1. This is also reflected in the revised EU Bioeconomy Strategy2, setting several priorities that are relevant for marine biotechnology, such as developing substitutes to plastics and to other fossil-based materials that are bio-based, recyclable and marine-biodegradable. In the European Union, blue economy (including all the sectors) reached €750 billion turnover and employed close to 5 million people in 2018 (European Commission, 2020). Marine biotechnology is a niche within the ocean-based industries. As this is a growing field, it is projected that in 2030 many ocean-based industries will outperform the growth of the global economy as a whole, providing approximately 40 million full-time equivalent jobs (Rayner et al., 2019). Besides creating new jobs, the development of marine biotechnology can contribute to the existing employment structures by diversification of additional income for fishermen or aquaculture specialists. In this aspect, the policy making sector is aware that future marine research priorities should include improved techniques for mass production and processing of marine biomass (European Commission, 2019). This imposes several challenges: (i) the need for harmonization and later standardization of processes, protocols and definitions; (ii) the need to establish ethical guidelines that will be endorsed and respected by national administrative authorities and concern the fair share and use of biological resources; (iii) the need to bridge the collaboration and communication gap between science and industry on one hand, and policy makers on the other. This entails some changes in the mode of action. For example, networking activities such as brokerage events and participatory workshops should be used for the exchange of expertise, opinion and potential co-creation of strategic documents. (iv) There is a need to develop strategies for showcasing individual expertise, such as the creation of open access repositories of experts and their contacts. (v) Finally, there is a need to sustain the investment into ocean observations that provide evidence of regulatory compliance and support the valuation of natural assets and ecosystem services (Rayner et al., 2019). Open science, also through full access to research publications (embraced by Plan S and supported by the EC3) and access to data are of key importance here, enabling fair access to public knowledge.



MARINE BIODISCOVERY AREAS

The marine environment with its unique physico-chemical properties harbors an extraordinary source of yet undiscovered organisms (Figure 2) and their chemical/biochemical compounds to develop commercially interesting bio-based products.
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FIGURE 2. Various formations and taxa with valorization potential for marine biotechnology.


Since the early 21st century, the exploration of marine microbial biodiversity has been driven by the development of high-throughput molecular methods such as High Throughput Sequencing (HTS), and their direct application on intact seawater samples without requiring any prior isolation or cultivation of individual microorganisms (Shokralla et al., 2012; Seymour, 2019). The HTS approach utilizes specific gene regions (barcodes) to provide massive amounts of genetic data on the various microbial communities with continuing improvements in data quality, read length and bioinformatic analyses methods, leading to a better representation of the genetic based taxonomic diversity of the sample. HTS methods detect both the most abundant community members but also the rare species, which cannot otherwise be retrieved by traditional culture-dependent methods. The Global Ocean Sample Expedition (GOS4) led by J. Craig Venter Institute is exemplary for that. Recently, the most important step forward in elucidating world-wide eukaryotic biodiversity were cross-oceanic expeditions such as Malaspina, Tara Oceans, and Biosope (Grob et al., 2007; Claustre et al., 2008; Bork et al., 2015; Duarte, 2015; de Vargas et al., 2015). These studies have also confirmed that much of the eukaryotic plankton diversity in the euphotic zone is still unknown and has not been previously sequenced from cultured strains. The Tara Oceans dataset also provided significant new knowledge to protistan diversity, identifying many new rDNA sequences, both within known groups and forming new clades (de Vargas et al., 2015).

The isolation of DNA from environmental samples – eDNA – is already well established in the field of microbiology and marine monitoring (Diaz-Ferguson and Moyer, 2014; Pawlowski et al., 2018). Metabolic engineering is being used for characterization of bacterial communities in sediments since the 1980’s (Ogram et al., 1987) and monitoring entire microbial populations in seawater samples (Venter et al., 2004). However, this approach has been applied to the analyses of macroorganisms only in recent years (Thomsen et al., 2012; Kelly et al., 2017; Jeunen et al., 2019). The study of eDNA in the water column (Keuter et al., 2015) or in seafloor sediments (Keuter and Rinkevich, 2016) has received considerable attention for high-throughput biomonitoring using metabarcoding of multiple target gene regions, as well as for integrating eDNA metabarcoding with biological assessment of aquatic ecosystems (Pawlowski et al., 2018). In addition, targeted detection of species using quantitative Polymerase Chain Reaction (qPCR) assays have been implemented for both micro- and macroorganisms (Gargan et al., 2017; Hernández-López et al., 2019) in seawater samples. The potential for using eDNA in aquatic ecosystems has been the topic of several concerted actions (like DNAqua-Net COST Action5; Leese et al., 2016) and there have been considerable efforts to standardize DNA approaches to supplement or replace the existing methods, often dictated by regulatory frameworks such as the European Union Water Framework Directive– EU WFD [Directive 2000/60/EC] and the Marine Strategy Framework Directive – EU MSFD [Directive 2008/56/EC]. In-depth knowledge on the biodiversity of marine microorganisms has been substantially improved with the adaptation of various DNA barcoding protocols and approaches (Leese et al., 2016; Paz et al., 2018; Weigand et al., 2019). Although metagenomic data generated from eDNA samples can provide vast amounts of new information, datasets from complex microbial communities are difficult to process. Metagenome assemblies and their functional annotations are challenging (Dong and Strous, 2019). A large fraction (>50%) of the detected genes has no assigned function. The use of functional metagenomics applications and tools (including metagenomics coupled with bioactivity screening/enzyme screening, meta-transcriptomics, meta-proteomics, meta-metabolomics), is key to solve this problem. One of the most used applications of functional metagenomics is the activity-based screening of metagenomics libraries. Enzyme discovery is currently the largest field of its use, including marine enzymes (Hårdeman and Sjöling, 2007; Di Donato et al., 2019).

High throughput sequencing offers a culture-independent characterization of microbial diversity, but the biotechnological exploitation of marine microorganisms often requires their cultivation in pure cultures and the optimization of production yield for the compounds of interest. It is estimated that over 85% of microorganisms are unculturable under the current laboratory cultivation techniques (Wade, 2002; Lloyd et al., 2018). This is the “great plate anomaly,” a consequence of the difficulties in mimicking the complexity of natural habitats in the laboratory (i.e., cultivations under finely tuned conditions for various parameters, such as temperature, salinity, oxygen, agitation and pressure, and use of species-specific growth substrates with trace elements). Additionally, cell-to-cell interactions, occurring both between symbiotic and competing organisms in the natural environment may be absent when pure cultures (axenic) are grown in laboratory conditions (Joint et al., 2010). Other strategies, like mimicking in situ nutritional composition and physico-chemical conditions as well as the addition of signaling molecules are used to increase the diversity of isolated marine microorganisms (Bruns et al., 2003). It is however important to realize the limitations of methods and tools used in culture-based techniques. For example, the sampling and isolation of bacteria from seawater relies on filters with specific retention characteristics (e.g., 0.22 micron pore size), that typically fail to capture the smaller bacteria (Hug et al., 2016; Ghuneim et al., 2018). Hence, the establishment of pure microbial cultures remains one of the main hurdles in the discovery of bioactive constituents in microorganisms. To increase the number of harnessed microbes, a new generation of culture approaches has been developed that mimic the proximity of cells in their natural habitat and exploit interspecific physiological interactions. Several techniques, such as diffusion chambers (Kaeberlein et al., 2002), the iChip (Nichols et al., 2010), as well as the recently developed miniaturized culture chips (Chianese et al., 2018) have been employed to address microbial cultivation problems. Another reason preventing the wider valorization of marine microorganisms is that some strains cannot exist in nature without their symbionts: often microorganisms that are associated or in symbiosis with marine macroorganisms are the true metabolic source of marine natural products (McCauley et al., 2020). To uncover the potential of these species, many microbiological studies are focusing on bulk-community dynamics and how the performance of ecosystems is supported and influenced by individual species and time-species interaction (Kouzuma and Watanabe, 2014). Such advancements in the field of microbial ecology provide robust background knowledge for biotechnological exploitation. Hence, as natural communities are complex and difficult to assess, characterize and cultivate in artificial conditions, researchers use synthetic microbial communities of reduced complexity in their laboratory studies. These artificial communities are prepared by retaining only the microorganisms carrying out a specific biosynthetic process, as well as those providing culture stability and performance, to enable their use in biotechnological applications (Großkopf and Soyer, 2014).

To maximize the biotechnological potential of our oceans it is essential to exploit microbial communities with their complex networking systems engaged in cooperation and competition. Currently, the integrative omics approach provides comprehensive information describing the community through sophisticated analyses from genes to proteins and metabolites. Shotgun metagenome analysis allows the sequencing of genomes of the dominant organisms to link the enzymes of interest directly to organisms. Functional metagenomics is an excellent tool for studying gene function of mixed microbial communities, with a focus on genomic analysis of unculturable microbes and correlation with their particular functions in the environment (Lam et al., 2015). The conventional approach to construction and screening of metagenomic libraries, which led to the discovery of many novel bioactive compounds as well as microbial physiological and metabolic features, has been improved by sequencing of complete microbial genomes from selected niches. Metatranscriptomics and metaproteomics, important for further functional analysis of microbial community composition, may indicate their role in many crucial processes such as carbon metabolism and nutrition acquisition (Shi et al., 2009).

The development of sequencing, computational and storage capacities reduced the financial and time investment needed for new discoveries of biotechnological interest. This is now enabled with genome mining, the process of extracting information from genome sequences to detect biosynthetic pathways of bioactive natural products and their possible functional and chemical interactions (Trivella and de Felicio, 2018; Albarano et al., 2020). It is used to investigate key enzymes of biosynthetic pathways and predict the chemical products encoded by biosynthetic genes. This can reveal the locked bioactive potential of marine organisms by utilizing the constantly evolving sequencing technologies and software tools in combination with phenotypic in vitro assays. This approach can facilitate natural products discovery by identifying gene clusters encoding different potential bioactivities within genera (Machado et al., 2015). These bioactive molecules are usually synthesized by a series of proteins encoded by biosynthetic gene clusters (BGCs) which represent both a biosynthetic and an evolutionary unit. The complete genome sequence of several marine microorganisms revealed unidentified BGCs even in highly explored species, indicating that the potential of microorganisms to produce natural products is much higher than that originally thought (Lautru et al., 2005). BGCs are mostly classified based on their product as: saccharides, terpenoids, polyketide synthases (PKSs), non-ribosomal peptide synthetases (NRPSs), and ribosomally synthesized and post-translationally modified peptides (RiPPs). PKS and NRPS have long been attractive targets in genome mining for natural products with applications in medicine. For example, salinilactam A was the first compound spotted by genome mining from a marine-derived actinomycete (Zerikly and Challis, 2009) and the angucyclinones, fluostatins M–Q, produced by Streptomyces sp. PKU-MA00045 were isolated from a marine sponge (Jin J. et al., 2018). In parallel, a recent increase in discoveries of novel RiPP classes revealed their bioactive potential in the biomedical field, e.g., as novel antibiotics (Hudson and Mitchell, 2018). Thus, different methodologies are currently available for RiPP genome mining, focused on known and/or novel classes finding, including those based on identifying RiPP BGCs, or identifying RiPP precursors using machine-learning classifiers (de los Santos, 2019; Kloosterman et al., 2021).

With the development of in situ molecular tools (such as fluorescence in situ hybridization – FISH), it is possible to quantify and follow the dynamics of specific bacterial groups (Pizzetti et al., 2011; Fazi et al., 2020). Such tools may also help to uncover whether microbial communities with explicit characteristics can favor biosynthesis processes for specific compounds of interest.


Water Column, Seafloor, and Sediments

Spatial and temporal distribution patterns, as well as the actual abundance of phytoplankton, bacterioplankton and viruses are defined by a variety of physico-chemical parameters (e.g., light availability, nutrient supply, temperature, water column stratification) and biological processes (e.g., microbial activity, competition, zooplankton grazing pressure, viral lysis) (Field et al., 1998; Kirchman, 2000; Mousing et al., 2016). Seafloor provides diverse habitats for organisms. Besides forming stromatolites in the sediments surface, cyanobacteria can secrete or excrete extracellular polymeric substances (EPS) (Golubic et al., 2000) that can further stabilize sediments and protect them from antimicrobial compounds and other various biotic and abiotic stressors (Costa et al., 2018). Ocean sediments cover the greatest portion of the Earth’s surface and host numerous bacterial phyla and individual species, the biosynthetic capabilities of which are largely unknown. This is particularly true for the poorly accessible deep seas. As an example, phylogenetic studies from the ultra-oligotrophic eastern Mediterranean Sea have shown that sediments down to almost 4,400 m depth host a vast diversity of bacteria and archaea (Polymenakou et al., 2015). More importantly, a large fraction of 16S rDNA sequences retrieved from the same environment (∼12%) could not be associated with any known taxonomic division, implying the presence of novel bacterial species (Polymenakou et al., 2009). Moreover, the OceanTreasures expedition revealed new and diverse actinobacteria strains adapted to life in the ocean (i.e., marine obligates) with biotechnological potential and other bacteria that are capable of producing exopolysaccharides, obtained from sediments collected off the Madeira Archipelago, Portugal, down to 1,310 m in depth (Prieto-Davó et al., 2016; Roca et al., 2016).

Given that the world’s ocean average depth is 2,000 m, the advent of diving and vessel-operated sampling equipment and techniques, such as dredges, collectors and remotely operated vehicles (ROVs), allowed exploring previously inaccessible environments (such as hydrothermal vents and deep sea), opening new prospects and horizons for marine biotechnology. The exploration of these extreme environments requires specific equipment, skills, and resources for long cruises, which include systematic mapping, especially in the deep ocean and seabed.

Submarine caves were recently recognized as biodiversity hotspots (Gerovasileiou and Voultsiadou, 2012; Gerovasileiou et al., 2015), with most of them being largely unexplored. The organisms hosted in these environments are of particular biotechnological interest. A range of mesophilic and thermotolerant microorganisms have been reported from submarine caves and cavities, characterized by elevated concentrations of hydrogen sulfide (Canganella et al., 2006), while methanogenic and sulfate reducing microbial species with potential applications in biogas production and bioremediation have been isolated from similar environments (Polymenakou et al., 2018). Besides biogas production, the biotechnological interest of bacteria originating from unique submarine caves could be even greater in terms of their secondary metabolites.



Biofilms

Biofilm formation is an important life strategy for microorganisms to adapt to the wide range of conditions encountered within aquatic environments (Figure 2). Biofilms are complex and dynamic prokaryotic and eukaryotic microbial communities. Besides being a novel species bank of hidden microbial diversity and functional potential in the ocean, biofilms are increasingly being recognized as a source of diverse secondary metabolites (Battin et al., 2003; Zhang W. et al., 2019). Scarcity of some microbial species in seawater prevents their capture in global sequencing efforts and they can only be detected when their relative abundance increases during biofilm formation. The biofilm microbiome can be analyzed by metagenomic approaches such as Illumina and visualized by microscopic imaging techniques such as CARDFISH (Parrot et al., 2019). Mass spectrometry imaging (MSI) techniques, such as DESI-MSI allows the identification and spatial distribution and localization of marine microbial natural products in the biofilm (Papazian et al., 2019; Parrot et al., 2019).

The main component of biofilms, accounting for up to 90% of the dry biomass, are EPS, which comprise polysaccharides, proteins, extracellular DNA, lipids and other substances, forming a complex 3-D structure that holds the cells nearby (Flemming and Wingender, 2010). This matrix of EPS keeps the biofilm attached to the colonized surface (Battin et al., 2007; Flemming and Wingender, 2010). Moreover, the dense EPS matrix provides a protective envelope against biocides and antibiotics produced by other (micro)organisms, and physical stress. Exopolysaccharides can remain bound to the cell surface or be directly released into the aquatic environment. The assessment of the distribution of specific microbes within the biofilm and their exopolysaccharide composition is therefore of crucial importance for biotechnological applications (Pereira et al., 2009; Lupini et al., 2011; Fazi et al., 2016). EPS composition varies greatly depending on the microorganisms present and environmental conditions (e.g., shear forces, temperature, nutrient availability, Di Pippo et al., 2013). This compositional variability suggests the contribution of various biosynthetic mechanisms, that are, in turn, dependent on environmental and growth conditions (De Philippis and Vincenzini, 2003; Pereira et al., 2009). EPS are responsible for adhesion of microorganisms to surfaces, aggregation of microbial cells, cohesion within the biofilm, retention of water, protection, and enzymatic activity (Žutić et al., 1999). Furthermore, they are important for the absorption of organic and inorganic compounds, exchange of genetic material, storage of excess carbon and they can serve as a nutrient source (Flemming and Wingender, 2010). These features can be exploited in different applications. The biodegradable and sustainable carbohydrate-based materials in biofilms provide mechanical stability and can be exploited as packaging materials, films, prosthetics, food stabilizers and texturizers, industrial gums, bioflocculants, emulsifiers, viscosity enhancers, medicines, soil conditioners, and biosorbents (Li et al., 2001; Roca et al., 2016). Furthermore, the extracellular proteins and enzymes can find interesting applications in medical biofilm dispersion or bioconversion processes. In addition, EPS contain biosurfactants with antimicrobial activity and extracellular lipids with surface-active properties that can disperse hydrophobic substances, which can be useful for enhanced oil recovery or bioremediation of oil spills (Baldi et al., 1999; Flemming and Wingender, 2010). Understanding the molecular mechanisms behind various secondary metabolites that are used for interspecies communication within biofilms will also be useful in combating the biofilm-forming pathogenic bacteria (Barcelos et al., 2020).

Biofilms are involved in marine biofouling and defined as the accumulation of microorganisms, algae and aquatic animals on biotic and abiotic surfaces, including human-made structures that are immersed in seawater (Amara et al., 2018). The environmental impact of biofouling is significant due to the reduction of the water flow and the increase of debris deposition below the aquaculture farms (Fitridge et al., 2012). Biofouling can seriously affect the environmental integrity and consequently impact the worldwide economy. Ships’ hulls can increase fuel consumption by up to 40% due to the increased drag and weight of the ships (Amara et al., 2018) and can also increase ship propulsion up to 70% (Trepos et al., 2014), resulting in a rise in carbon dioxide and sulfur dioxide emissions by 384 and 3.6 million tons per year, respectively (Martins et al., 2018). The transport delays, the hull repairs and the biocorrosion cost an additional 150 billion dollars per year (Schultz, 2007; Hellio et al., 2015). Moreover, ships might transport invasive fouling species, thus threatening indigenous aquatic life forms (Martins et al., 2018). The use of antifouling paints incorporating biocides like heavy metals and tributyltin was the chemical answer to the fouling issue, but these substances are known to leach into the water and pose deleterious effects to many non-target species (Yebra et al., 2004; Amara et al., 2018). Marine natural products, originating from bacteria as well as higher organisms, can represent an environmentally friendly alternative to synthetic biocides (Eguía and Trueba, 2007; Adnan et al., 2018; Bauermeister et al., 2019) and an economically advantageous solution to foul-release polymers (Trepos et al., 2014; Chen and Qian, 2017; Pereira et al., 2020). In particular, the compounds that inhibit quorum sensing signals that regulate the microbial colonization and formation of aggregates could mitigate the impact of biofilms (de Carvalho, 2018; Salehiziri et al., 2020).

Biofilms are useful as a core part of the nitrification bioreactors, operated in recirculating aquaculture systems and are called biofilters, as they convert excreted ammonia from animals to nitrates. This restores healthy conditions for farmed fish and shrimp. Aquaculture biofilms have a complex microbiome, the composition of which varies depending on the farmed species and culture conditions. However, these biofilms can also harbor pathogens that can be harmful for farmed fish. Therefore, careful manipulation of microbial communities associated with fish and their environment can improve water quality at farms and reduce the abundance of fish pathogens (Bentzon-Tilia et al., 2016; Bartelme et al., 2017; Brailo et al., 2019).



Beach Wrack

Beach wrack (Figure 2) consists of organic material (mainly seagrasses and seaweeds) washed ashore by storms, tides, and wind. According to the European Commission Regulation (EC) No 574/2004 and the European Waste Catalog (EWC), waste from beaches is defined as “municipal wastes not otherwise specified” (Wilk and Chojnacka, 2015). Therefore, specific regulations within each country are implemented concerning the collection of municipal solid waste (Guillén et al., 2014) which typically results in large amounts of unexploited beach wrack. Moreover, the removal of wrack eliminates valuable nutrients that may affect sandy beach and dune ecosystem’s food chains, and it can cause a reduction in species abundance and diversity (Defeo et al., 2009). For example, the role of Posidonia oceanica “banquettes” (dead leaves and broken rhizomes with leaf bundles) is fundamental in protecting beaches from erosion, and its removal can have a dramatic negative impact on P. oceanica ecosystem services, including the conservation of beaches (Boudouresque et al., 2016). On the other hand, a high deposition of beach cast can be encountered from the blooms of opportunistic macroalgae as a result of elevated nutrient loading. In such cases, a removal of beach cast is seen as a mitigation action to remove excess nutrients from the marine environments (Weinberger et al., 2019). The collected beach wrack and its chemical constituents could find use in interesting biotechnological applications, but such harvesting interventions should also take into account the ecological role that algae and plant debris play in the coastal ecosystems (Guillén et al., 2014). Collection and handling methods should therefore be tailored to fit the characteristics of each coastal system, including the type of the dominant species and the quantities of biomass. Solutions should then be verified from economical, technical, and environmental perspectives.

As beach wrack often includes contaminants, the decay of this biomass can lead to the reintroduction of toxic pollutants into the aquatic environment. Before the implementation of industrial agriculture practices in the 20th century, beach wrack was used in Europe as a fertilizer (Emadodin et al., 2020). The high salt content was reduced by leaving the biomass on the shore for weeks to months so that the salt could be washed out by the rain. The implementation of adapted recycling methods should be included for further processing of wrack biomass before its removal from the coastal ecosystem. Besides high salt content, sand removal is another obstacle for the immediate utilization of beach wrack. New technologies, including the magnetic modification of marine biomass with magnetic iron oxide nano- and microparticles and its subsequent application for the removal of important pollutants can be considered (Angelova et al., 2016; Safarik et al., 2016, 2020).

Coastal biomass displays good biotransformation potential for biogas, which is comparable to higher plants containing high amounts of lignin. Besides biogas production, the bioactive substances of this biomass (mainly exopolysaccharides) can be used to develop cosmetics, as well as for pharmaceutical and biomedical products (Barbot et al., 2016). This biomass may also be used for the removal of various types of contaminants by biosorption (Mazur et al., 2018). Hence, there is interest in the adoption of circular economy principles for the sustainable management of coastal wrack biomass. This can enable the production of valuable solutions, while at least partially substituting the use of fossil fuels, the use of electricity at a biogas plant and the use of chemical fertilizers (using degassed or gasified/torrefied biomass), thus avoiding “dig and dump” practices and landfill emissions. The implementation of these methods can also contribute to local small-scale energy unit development in coastal regions (Klavins et al., 2019).



Seafood Industry By-Products/Side Stream Valorization

Fish represent the main commodity among marine resources; of the 179 million tons of global production over 85% was used for direct human consumption in 2018 (FAO, 2020). Due to the lack of adequate infrastructures and services to ensure proper handling and preservation of the fish products throughout the whole value chain, 20–80% of marketed fish biomass is discarded or is wasted between landing and consumption (Gustavsson et al., 2011; Ghaly et al., 2013). In addition, large quantities of marine by-products are generated mainly as a result of fish and shellfish processing by industrial-scale fisheries and aquaculture (Ferraro et al., 2010; Rustad et al., 2011; Radziemska et al., 2019). Besides fish, the phycocolloid industry also generates considerable amounts of seaweed by-products that are good sources of plant protein, cellulosic material and contain taste-active amino acids. They can also be used in food flavoring (Laohakunjit et al., 2014), animal feed (Hong et al., 2015) or as feedstock biomass for bioenergy (Ge et al., 2011).

The by-products are often treated as waste, despite containing valuable compounds. Direct composting and combustion should be avoided in favor of recovery of valuable compounds. The biorefinery concept integrates biomass conversion processes and equipment to produce value-added chemicals, fuels, power and heat from various types of side stream (waste) biomass. In this context, marine biorefinery employs recycling/reutilization of marine waste biomaterials to produce higher-value biologically active ingredients/components, such as minerals, proteins, peptides, lipids, long-chain ω-3 fatty acids, enzymes, and polysaccharides (Nisticò, 2017; Kratky and Zamazal, 2020; Kumar et al., 2020; Prabha et al., 2020). The processed leftovers from fish and shellfish typically include trimmings, skins and chitin residues from crustacean species, heads, frames (bone with attached flesh) and viscera. Only a small portion of these cut-offs is further processed, mostly into fish meal and fish oil, while a part is processed to extract value-added compounds that can be used in the pharmaceutical and nutraceutical products (Senevirathne and Kim, 2012) for prevention and management of various disease conditions, such as those associated with metabolic syndromes (Harnedy and FitzGerald, 2012). Extracted collagen can be used for wound healing dressings, drug delivery, tissue engineering, nutritional supplement, as an antibiofilm agent, or as an ingredient in cosmetics and pharmaceutical products (Abinaya and Gayathri, 2019; Shalaby et al., 2019). Gelatin and chondroitin have applications in the food, cosmetic and biomedical sectors. Chitin and chitosan resulting from shellfish are other examples of marine by-products with applications in the food, agriculture and biomedicine sectors (Kim and Mendis, 2006). Hydroxyapatite derived from fish bone has demonstrated relevance for dental and medical applications (Kim and Mendis, 2006) and can also be used as feed or fertilizers in agriculture or horticultural use. Cephalopod ink sac is considered a by-product that is discharged by most processing industries (Hossain et al., 2019). However, the ink from squid and cuttlefish can be a potential source of bioactive compounds, such as antioxidant, antimicrobial, or chemopreventive agents (Smiline Girija et al., 2008; Zhong et al., 2009; Shankar et al., 2019). Moreover, microbes that live in fishes’ slimy mucus coating can be explored as drug-leads for the pharmaceutical industry (Estes et al., 2019). The main challenge for the valorization of all these by-products is their very short shelf-life, implying that the processing steps should be fast enough to prevent oxidation and microbial degradation.



MARINE ORGANISMS AND THEIR POTENTIAL APPLICATION IN BIOTECHNOLOGY

All groups of marine organisms have the potential for biotechnological valorization (Figure 2). Table 1 presents the different groups of marine organisms and their main biotechnological applications that are currently being developed, while a more detailed discussion on this topic follows in subsequent sections.


TABLE 1. A non-exhaustive example list of the most prominent marine taxa, their use and challenges toward production scale-up.

[image: Table 1]

Metazoans

Most initial studies on marine natural products focused on marine metazoans such as sponges, cnidarians, gastropods and tunicates, as they were representative organisms of the studied marine ecosystems and relatively easy to collect by scuba diving (reviewed in Molinski et al., 2009). These sessile organisms with limited motility tend to produce a vast assemblage of complex compounds with defensive (e.g., antipredatory, antifouling) or other functional properties such as communication or chemoreception (Bakus et al., 1986). The first described drugs from the sea that were used in clinical trials decades after their discoveries were vidarabine (ara-A®) and cytarabine (ara-C®), two chemical derivatives of ribo-pentosyl nucleosides extracted in the 1950s from a Caribbean marine sponge, Tectitethya crypta (Bergmann and Feeney, 1951). Other early drugs originating from the sea were ziconotide, a synthetic form of ω-conotoxin, extracted from the Pacific cone snail Conus magus and commercialized under the trade name Prialt® for the treatment of chronic pain (Olivera et al., 1985; Jones et al., 2001), ω-3 acid ethyl esters (Lovaza®) from fish for hyperlipidemia conditions, the anticancer drugs Eribulin Masylate (E7389) macrolide marketed as Halaven®, and Monomethyl auristatin E derived from dolastatin peptides isolated from marine shell-less mollusk Dolabella auricularia commercialized as Adcetris® (Jimenez et al., 2020). In 2007, about 40 years after its initial extraction from the Caribbean ascidian Ecteinascidia turbinata, ecteinascidin-743 (ET-743), also known as trabectedin or its trade name Yondelis®, was the first marine-derived drug to be approved for anticancer treatments (Rinehart et al., 1990; Corey et al., 1996; Martinez and Corey, 2000; Aune et al., 2002). Multiple strategies were tested to produce the drug at the industrial scale, including mariculture and total synthesis, and eventually a semisynthetic process starting from cyanosafracin B, an antibiotic obtained by fermentation of Pseudomonas fluorescens, solved the problem (Cuevas et al., 2000; Cuevas and Francesch, 2009). Since then, the discovery of marine-derived compounds extracted from metazoans is expanding (Molinski et al., 2009; Rocha et al., 2011) and sponges and cnidarians are the most prominent as far as novel marine natural products discovery is concerned (Qi and Ma, 2017; Blunt et al., 2018; Carroll et al., 2020). The annual number of new compounds reported for each is consistently high at approximately 200 along the past decade, while the respective number for other widely investigated marine phyla, such as mollusks, echinoderms and tunicates (subphylum Chordata), is limited between 8 and 50 for the same period (Carroll et al., 2020). Bryozoans are acknowledged as an understudied group of marine metazoans with regard to metabolites production, with the newly discovered natural products fluctuating from zero to slightly over 10 in the last few years (Blunt et al., 2018; Carroll et al., 2020). Those pronounced differences in marine product discovery either reflect an innate trend toward the production of complex secondary metabolites (Leal et al., 2012) or the study effort toward a phylum or another taxonomic group, often due to the lack of taxonomic expertise for some groups. Yet, the differences in discovered marine products do not appear to reflect the biodiversity included within each group, since sponges, cnidarians, bryozoans, and echinoderms each include a comparable number (6,289–11,873) of accepted species (Costello and Chaudhary, 2017; WoRMS Editorial Board, 2020). At the same time, mollusks are one of the richest marine metazoan phyla in terms of biodiversity with 48,803 extant species (WoRMS Editorial Board, 2020) but a poor source of novel marine products (17 new metabolites in 2017, according to Carroll et al., 2020). While sponges and cnidarians, in particular corals, can be cultured on a large-scale to support drug discovery (Duckworth and Battershill, 2003; Leal et al., 2013), the provision of marine invertebrates in sufficient quantities for implementing a battery of activity tests on their natural products is challenging as sustainable supply has always been a bottleneck.

Sponges are prominent candidates for bioproduction-oriented cultivation, due to their simple body plan and regenerative capacity, and their richness in bioactive substances. While sponge farming in the open sea has been proposed (and often accomplished) as an effective strategy to resolve the supply bottleneck and ensure sustainable production of sponge-derived compounds (Duckworth, 2009), it is still limited by the necessity to destructively collect primary material from wild populations in various phases of the cultivation. Little progress has been made toward “closed life cycle cultivation,” i.e., successfully inducing reproduction and recruitment of larvae to the aquaculture (Abdul Wahab et al., 2012). Cell culturing can provide advantages in terms of control of desirable biological characteristics and fine-tuning of production (Sipkema et al., 2005), while recent advances have shown potential for the establishment of sponge cell lines and the development of sustainable processes to produce sponge metabolites (Pérez-López et al., 2014; Conkling et al., 2019).

Since many marine invertebrates host massive associations with microbes, the origin of detected metabolites can be the organism itself, its symbionts (e.g., bacteria) or the food source (e.g., algae) of the metazoan (Loureiro et al., 2018). Hence, metazoans can act as concentrators of natural compounds. Symbionts can produce molecules of biotechnological interest, e.g., enzymes or polyhydroxyalkanoates – PHAs (Bollinger et al., 2018). The antitumor depsipeptide kahalalide F (Shilabin and Hamann, 2011; Salazar et al., 2013), produced by the alga Bryopsis spp. at very low concentrations, was originally identified from the sea slug Elysia rufecens that feed on Bryopsis algae and accumulate this natural compound at 5,000 fold higher concentrations (Hamann et al., 1996). The cultivation of particular metazoan-associated microorganisms is thus becoming a promising opportunity to discover new metabolites (Esteves et al., 2013).



Macroalgae and Seagrasses

Seaweeds, or marine macroalgae gained wide interest in recent years due to the opening of new applications and markets (i.e., biofuel, feed and food supplements, food ingredients, nutraceuticals, and cosmetics), which contributed to the development of aquaculture on several species (Stévant et al., 2017). The term “seaweed” includes macroscopic and multicellular marine red, green, and brown algae. Seaweeds are a rich source of proteins, minerals, iodine, vitamins, non-digestible polysaccharides, and bioactive compounds with potential health benefits. They are present in almost all shallow water habitats. Like phytoplankton, the distribution patterns of seaweed species are controlled by several abiotic environmental factors and biological interactions. Dense beds of large brown seaweeds (i.e., Fucus and Sargassum species) are frequently found together with red and green algae of smaller size. The competition for space between species is strong, and the removal of one species can impact the structure of the whole community. However, invasive species can be valorized for biotechnological applications and in some areas this has showed promising results and has been already used for skincare products (Rotter et al., 2020b). By harvesting invasive seaweeds, the adverse effects on local biodiversity can also be mitigated. In addition to their nutritional value, seaweeds exhibit antimicrobial, immunostimulatory and antioxidant properties (Gupta and Abu-Ghannam, 2011). Due to the growing demand for marine proteins and lipids in the fishfeed industry over the last 20 years, the use of seaweed extracts as prophylactic and therapeutic agents in shellfish and fish aquaculture has become increasingly popular (Vatsos and Rebours, 2015). There are also other macroalgal biomolecules (mainly polysaccharides and carotenoids) that can be used as functional food, nutraceuticals and cosmeceuticals. In 2016 alone, over 32.8 million tons of seaweed were produced from capture and aquaculture worldwide, and the seaweed production increased around 10% annually in the last 3 years, mainly due to an increase in the aquaculture sector (European Commission, 2020). Globally, over 95% of seaweeds are produced through aquaculture (FAO, 2020) with Asian countries being the leaders in this activity, whereas the European seaweed production is primarily based on the harvesting of natural resources (Ferdouse et al., 2018; FAO, 2020), primarily kelp (Laminariales) and in smaller volumes knotted wrack (Ascophyllum nodosum) for production of alginates and seaweed meals or extracts, respectively. Saccharina latissima is presently the species that is cultivated in Europe on a large scale. The yield of the active substances extracted from seaweed is ranging from less than 1% up to 40% of the dry algal mass, depending on various factors, such as target metabolite, species and season (Pereira and Costa-Lotufo, 2012). To increase the value of commercial seaweeds it is important to study the remaining biomass after the extraction of the target substances and find new strategies for its further valorization, for example with the Gelidium sesquipedale and Pterocladiella capillacea biomass remaining after agar extraction (Matos et al., 2020). Understanding the physiological effects of seaweeds or seaweed extracts is a complicated task; similarly to other marine organisms their properties differ depending on the geographical origin and season of harvest. The extraction method of the bioactive components can affect the efficacy of the final extracts. The feasibility of using any of these extracts on a commercial scale needs to be examined to define the extraction cost and reveal how the extracts can be delivered under intensive farming conditions. It is finally worth mentioning that seaweeds can act as habitats for endophytes (Flewelling et al., 2015; Manomi et al., 2015; Mandelare et al., 2018). Endophytes are microorganisms (bacteria and fungi) that live in the plant tissue and in many cases support the plant immunity and growth under extreme or unfavorable conditions and against pathogens and pests (Liarzi and Ezra, 2014; Bacon and White, 2016; Gouda et al., 2016). Endophytes are a rich source of secondary metabolites with potential use in medical, agricultural and industrial applications (Liarzi and Ezra, 2014; Gouda et al., 2016).

Seagrasses are higher plants (angiosperms) that live in marine environments, and along with macroalgae, they play a significant role in coastal ecosystems as they provide food, habitat, and are nursery areas for numerous vertebrates and invertebrates. When harvested sustainably, they can be a potential source to produce bioactive compounds as seagrasses are very resistant to decomposition (Grignon-Dubois and Rezzonico, 2013). Seagrasses are rich in secondary metabolites like polyphenols, flavonoids, and fatty acids, which are the key factors involved in the adaptation to biotic and abiotic environments and for the defense mechanism (Custódio et al., 2016). Many different bioactivities including antioxidant, antiviral and antifungal activities are frequently found in extracts of marine seagrasses such as Halodule uninervis or Posidonia oceanica (Bibi et al., 2018; Benito-González et al., 2019). Seagrasses have potential cytotoxic, antimicrobial, and antifouling activity (Zidorn, 2016; Lamb et al., 2017). Luteolin, diosmetin, and chrysoeriol have been often detected in seagrass tissues (Guan et al., 2017). Zosteric acid from the genus Zostera is one of the most promising natural antifoulants due to its low bioaccumulation and no ecotoxicity effects (Vilas-Boas et al., 2017). Seagrass secondary metabolites are often produced by their associated microorganisms such as fungi or bacteria (Panno et al., 2013; Petersen et al., 2019).

A recent study demonstrated that the presence of seagrasses might contribute to a reduction of 50% in the relative abundance of bacterial pathogens that can cause disease in humans and marine organisms (Lamb et al., 2017). Their preservation can therefore benefit both humans and other organisms in the environment. Achamlale et al. (2009) analyzed the content of rosmarinic acid, a phenolic compound with economic interest, from Zostera noltii and Z. marina beach wrack. Its high amount obtained from seagrass flotsam represents a high value-added potential for this raw material and a real economical potential for industries such as cosmetic and herbal ones. Additionally, chicoric acid, another phenolic compound with demonstrated therapeutic applications and high value on the nutraceutical market, has been found in high amounts in Cymodocea nodosa detrital leaves (Grignon-Dubois and Rezzonico, 2013). Considering the rare occurrence of this compound in the plant kingdom, this makes the abundant beach-cast seagrass biomass of interest for dietary and pharmaceutical applications. However, to maintain the ecological stability, novel approaches need to be designed, such as chemical synthesis of seagrass biomolecules, to prevent the over-harvesting of these protected species.



Microalgae

Microalgae have high growth rates and short generation times and can double their biomass more than once per day in the fastest growing species. Microalgal biomass yields have been reported to be up to 20 kg/m2/year for microalgal cultures (Varshney et al., 2015) and they have the potential of transforming 9–10% of solar energy into biomass with a theoretical yield of about 77 g of biomass/m2/day, which is about 280 ton/ha/year (Melis, 2009; Formighieri et al., 2012), however practical yields in large scale cultivation are much lower (e.g., 23 g/m2/day, Novoveská et al., 2016). As their specific growth rate is 5–10 times higher than those of terrestrial plants, the interest in microalgal biotechnology has increased over the last decades. Microalgal biomass could be considered as genuine “cell factories” for the biological synthesis of bioactive substances used in the production of food, feed, high-value chemicals, bioenergy, and other biotechnological applications (Skjånes et al., 2013; de Morais et al., 2015; de Vera et al., 2018). Large-scale cultivation of marine microalgae is usually performed on land, although near-shore cultivation facilities have been tested (Wiley et al., 2013). Saltwater is pumped from the ocean and introduced into ponds or bioreactors where marine microalgae are cultivated on a larger scale. While land is still needed for microalgae cultivation, this does not have to be the high-quality arable land required for agricultural activities. Microalgal production may utilize wastewater as a nutrient source and/or recycled CO2 from industrial facilities or geothermal power plants (Sayre, 2010; Hawrot-Paw et al., 2020).

Microalgae-based production combines several bioprocesses: cultivation, harvesting, extraction and isolation of active components. Parameters to be controlled in cultures include levels of carbon dioxide, light, oxygen, temperature, pH, and nutrients as they have a crucial effect on biomass activity and productivity. The control of predators in industrial scale microalgae production must also be considered (Rego et al., 2015). The biochemical composition of microalgae can be manipulated by optimizing parameters or by applying specific environmental stress conditions, such as variations in nitrate concentration, light spectrum and intensity or salinity, to induce microalgae to produce a high concentration of target bioactive compounds (Markou and Nerantzis, 2013; Yu X. et al., 2015; Vu et al., 2016; Chokshi et al., 2017; Smerilli et al., 2017).

Microalgal species can produce valuable compounds including antioxidants, enzymes, polymers, lipids, polyunsaturated fatty acids, peptides, vitamins, toxins, and sterols (Moreno-Garcia et al., 2017; Vignesh and Barik, 2019). Microalgae also contain pigments such as chlorophylls, carotenoids, keto-carotenoids, and phycobiliproteins (Zullaikah et al., 2019). Due to their contents, microalgae are considered as a promising feedstock for renewable and sustainable energy, cosmetics, food/feed industry both as whole biomass and as nutritional components, colorants or stabilizing antioxidants and for the synthesis of antimicrobial, antiviral, antibacterial and anticancer drugs (Suganya et al., 2016; Moreno-Garcia et al., 2017). Microalgal biomass can also be used in bio-surfactants, bio-emulsifiers, and bioplastics. Unused biomass can be utilized as bio-fertilizer or it can be digested for biomethane or biohydrogen production (Skjånes et al., 2008, 2013). Among microalgae, marine dinoflagellates are efficient producers of bioactive substances, including biotoxins, some of the largest, most complex and powerful molecules known in nature (Daranas et al., 2001). Biotoxins are of great interest not only due to their negative impact on seafood safety, but also for their potential uses in biomedical and pharmaceutical applications (de Vera et al., 2018). Nonetheless, the supply of these metabolites remains challenging due to their low cellular abundance and the tremendous difficulties involved in large-scale microalgae production (Gallardo-Rodríguez et al., 2012; Molina-Miras et al., 2018).

Currently, the most lucrative large-scale production systems focus on pigments (Novoveská et al., 2019), for example, the production of β-carotene from genus Dunaliella. Nannochloropsis species rich in ω-3 fatty acids are used for eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) production. The cultivation of Haematococcus pluvialis in large quantities for the commercial production of astaxanthin has also attracted worldwide interest, as this compound is considered to be a “super antioxidant” with numerous applications, ranging from human nutraceuticals and cosmetics to aquaculture feed additives and beverages (Kim et al., 2016; Shah et al., 2016). Many other marine microalgae are being investigated as they are genetically adapted to a variety of environmental conditions. The basis of these adaptations and/or acclimation mechanisms are still being uncovered (Mühlroth et al., 2013; Brembu et al., 2017a,b; Mühlroth et al., 2017; Alipanah et al., 2018; Sharma et al., 2020). Consequently, several research groups have been bioprospecting new microalgal strains that accumulate bioactive compounds of interest (Nelson et al., 2013; Bohutskyi et al., 2015; Erdoǧan et al., 20166).

Selection and breeding of marine algae lag some 10,000 years behind similar activities for terrestrial plants. Recent developments in the fields of molecular biology, genomics and genetic engineering have enabled the implementation of detailed functional studies and precise editing of traits/properties of marine microalgae (Nymark et al., 2016, 2017; Kroth et al., 2018; Sharma et al., 2018; Serif et al., 2018; Slattery et al., 2018; Nymark et al., 2019; Sharma et al., 2020). The molecular biology and genomics tool-box for marine microalgae is growing rapidly and we will soon be able to optimize growth, stack properties and transfer complete metabolic pathways from one species to another or from other types of organisms (Noda et al., 2016; Slattery et al., 2018; Nymark et al., 2019; Sharma et al., 2020).



Bacteria and Archaea

Marine environments are known to host unique forms of microbial life (Poli et al., 2017). So far, an increasing number of thermophilic, halophilic, alkalophilic, psychrophilic, piezophilic, and polyextremophilic microorganisms (mostly bacteria and archaea) have been isolated. They are capable of proliferating even under extreme conditions as a result of their adaptation strategies involving diverse cellular metabolic mechanisms. As the survival strategies of extremophiles are often novel and unique, these microorganisms produce secondary metabolites or enzymes of biotechnological interest. An example is the enzymes of thermophilic or psychrophilic bacteria that are capable of degrading polysaccharides, proteins and lipids for various applications in the food industry or modifying exopolysaccharides for tissue engineering (Poli et al., 2017). In a recent study, bacteria were isolated across the water column of the CO2-venting Kolumbo submarine volcano (Northeast Santorini, Greece) and the strains originating from the hydrothermally active zone in the crater’s floor (500 m depth) were found to be several-fold more tolerant to acidity, antibiotics and arsenic, compared to the strains isolated from overlying surface waters (Mandalakis et al., 2019).

Many archaea are extremophiles. Enzymes derived from extremophiles (extremozymes) are superior to the traditional catalysts because they can perform industrial processes even under harsh conditions, where conventional proteins are completely denatured (Egorova and Antranikian, 2005). Hyperthermophiles, whose preferred growth temperatures lie above 80°C, consist mostly of archaea. Ideal extremozymes for application in a sustainable biorefinery with lignocellulosic waste material as feedstock should exhibit high specific activities at high temperatures combined with superior thermostability (Krüger et al., 2018). Over 120 genomes of hyperthermophiles have been completely sequenced and are publicly available. Of these, interesting strains belonging to extremophilic archaea that grow at elevated temperatures have been studied in detail such as the genera Pyrococcus, Thermococcus, or Thermotoga found in the marine environment (Krüger et al., 2018). Thermostable archaeal enzymes were reported to have higher stability toward high pressure, detergents, organic solvents and proteolytic degradation (Sana, 2015). However, marine organisms, especially those in biofilms or adapted to live in extreme environments, such as hyperthermophiles, may be recalcitrant to typical lysis methods, hindering protein extraction or modifying the yield of this important step. The hyperthermophile and radiotolerant archaeon Thermococcus gammatolerans, which was isolated about 2,000 m deep in the Pacific Ocean, is a typical example of such a difficult non-model organism (Zivanovic et al., 2009; Hartmann et al., 2014). Chitin is the second most abundant polysaccharide after cellulose, but its use as a feedstock is limited by the inability to hydrolyze it into simple sugars. Several chitinases have been characterized by extremely thermophilic archaea from marine biotopes (Straub et al., 2018; Chen et al., 2019). Recently, the first thermophilic chitinase able to hydrolyze the reducing end of chitin was reported in Thermococcus chitonophagus, potentially expanding the opportunities for using this material (Andronopoulou and Vorgias, 2004; Horiuchi et al., 2016).

Halophilic archaea (haloarchaea) comprise a group of microorganisms from hypersaline environments, such as solar salterns, salt lakes and salt deposits. These microorganisms can synthesize and accumulate both C40 and C50 carotenoids (Giani et al., 2019). The bioactivity of the carotenoid extracts of some haloarchaea indicates their antioxidant, antihemolytic, and anticancer activity (Galasso et al., 2017; Hou and Cui, 2018). The main haloarchaeal carotenoid, bacterioruberin, a C50 carotenoid, presents higher antioxidant capacity when compared to other commercially available carotenoids, such as ß-carotene (Yatsunami et al., 2014).

Some groups of bacteria, like actinobacteria (commonly named actinomycetes) and cyanobacteria, stand out for their capacity to synthesize secondary metabolites. About 660 new natural products from marine bacteria were discovered between 1997 and 2008, with 33 and 39% of them originating from cyanobacteria and actinobacteria (Williams, 2009). Since then, the new hits from marine bacteria exhibited an accelerated increase. The number of marine bacterial natural products identified each year from 2010 to 2012 was approximately 115, from 2013 to 2015 was 161, while it increased to 179 in 2016 (Blunt et al., 2018). It is estimated that 10% of all marine bacteria are actinomycetes (Subramani and Aalbersberg, 2013; Subramani and Sipkema, 2019). With less than 1% of the actinomycetes isolated and identified so far, the marine environment represents a highly promising resource in the field of biodiscovery. Between 2007 and 2017, 177 new actinobacterial species belonging to 29 novel genera and three novel families were described (Subramani and Sipkema, 2019). The Gram-positive actinobacteria are a major chemically prolific source of bioactive metabolites with anticancer, antimicrobial, antiparasitic, anti-inflammatory, antibiofilm activities, and antifouling properties, among others (Prieto-Davó et al., 2016; Bauermeister et al., 2018, 2019; Cartuche et al., 2019, 2020; Girão et al., 2019; Pereira et al., 2020). There are several marine-derived actinomycete metabolites described in the literature. Marinone and neomarinone, a pair of sesquiterpene napthoquinones, generated considerable interest in the biosynthesis community because terpenes are extremely rare in bacteria and because the biosynthetic gene cluster could represent a unique mechanism to produce hybrid polyketides through combinatorial biology (Pathirana et al., 1992). Cyclomarin A, a cyclic heptapeptide, also generated interest due to its uniquely modified amino acids and potent anti-inflammatory activity (Renner et al., 1999; Lee and Suh, 2016). The importance of these microorganisms (Potts et al., 2011) is clearly illustrated by the obligate marine actinomycetes from species Salinispora tropica that produce salinosporamide A (marizomib), a unique and highly potent β-lactone-γ-lactam proteasome inhibitor currently in Phase III trials as anticancer agents (Mincer et al., 2002; Feling et al., 2003; Fenical et al., 2009). Marinomycins A-D are also chemically unique bioactive metabolites with potent cytotoxicity toward cancer cell lines, possessing unprecedented polyol-polyene carbon skeletons with unique biological activities evaluated in vivo tumor models (Kwon et al., 2006), and currently being evaluated in clinical trials. Streptomyces sp. are a source of novel anticancer compounds as they exhibit significant in vitro cytotoxicity and pronounced selectivity in a diversity of cancer cell lines (Hughes et al., 2009a,b) and show potent antibiotic activity against several human pathogenic strains (Nam et al., 2010; Jang et al., 2013). However, as non-medical applications require less strict bioassays for certification, a recent trend for Streptomyces-derived antimicrobial compounds is their use in antifouling and antibiofilm products due to their capacity to inhibit the growth of biofilm-forming species (Cheng et al., 2013; Bauermeister et al., 2019; Pereira et al., 2020).

Cyanobacteria are found in a wide variety of environments and are prolific producers of bioactive secondary metabolites. Cyanometabolites are characterized by antimicrobial, anti-inflammatory, antioxidant, anticoagulant, anticancer, antiprotozoal, and antiviral activities. Therefore, cyanobacteria are suitable sources of bioactive compounds for medical, food, and cosmetics applications (Silva et al., 2018; Demay et al., 2019; Kini et al., 2020). To date, 2,031 cyanobacterial metabolites have been described, among which 65% are peptides (Jones et al., 2020). Based on the similarities of their structure and biological activity, they have been organized in 55 unique bioactive classes, such as cyanopeptolins, anabaenopeptins, aerucyclamides, aeruginosines, and microginins (Welker and van Döhren, 2006; Huang and Zimba, 2019; Janssen, 2019). Frequently a single strain will produce a diverse cocktail of peptides (Supplementary Figure 1). The peptides are highly diverse often containing unusual amino acids such as the heptapeptides, the microcystins which contain an unusual hydrophobic amino acid, Adda (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid. Related pentapeptides, nodularins are the only other compounds to contain this amino acid. A high number of cyanopeptides was isolated from cyanobacteria previously classified to the polyphyletic genus Lyngbya. After taxonomic revision, the new genus – Moorea – being the source of more than 40% of all reported marine cyanobacterial natural products, was described. These include curacin, apratoxins, cryptophycins, and dolastatins. A total synthesis of several bioactive cyanopeptides has been successfully elaborated, which opened new opportunities for structure-activity studies and better evaluation of their potential (White et al., 1997; Chen et al., 2014; Yokosaka et al., 2018).

Cyanobacteria synthesize low molecular weight toxins (cyanotoxins), such as microcystins, anatoxins, saxitoxins, β-methylamino-L-alanine (BMAA), and cylindrospermopsin (Janssen, 2019). Amongst cyanotoxins, microcystins are the most geographically widespread and are not restricted to any climatic zone or other geographic range (Welker and van Döhren, 2006; Overlingė et al., 2020). To date, over 279 microcystin variants have been identified and structurally characterized (Spoof and Catherine, 2017). Microcystins are potent inhibitors of type 1 and type 2A protein phosphatases (Bouaïcha et al., 2019). Modified nodularin and microcystins compounds comprise the cytotoxic agents and can be used for the therapy of various diseases (Enke et al., 2020).

Marine firmicutes and proteobacteria have been also shown to produce diverse bioactive compounds, like indole derivatives, alkaloids, polyenes, macrolides, peptides, and terpenoids (Soliev et al., 2011). Firmicutes represent 7% of the bioactive secondary metabolites produced by microorganisms. The genus Bacillus is a relevant representative of the Firmicutes phylum and is a common dweller of the marine environment. It shows high thermal tolerance and rapid growth in liquid media (Stincone and Brandelli, 2020). Species of the genus Bacillus are a prolific source of structurally diverse classes of secondary metabolites and among them, macrolactins, cyclic macrolactones consisting of 24-membered ring lactones, stand out due to their antimicrobial, anticancer, antialgal and antiviral activities (Gustafson et al., 1989; Li et al., 2007; Azumi et al., 2008; Berrue et al., 2009; Mondol et al., 2013).

Although Proteobacteria is the most abundant phylum in the ocean, representing 55% of ocean bacteria (Sunagawa et al., 2015), these bacteria are scarcely explored in terms of their biotechnological potential while holding many biosynthetic gene clusters in their genomes, potentially linked with the production of bioactive compounds (Buijs et al., 2019). More than 15% of their genome is dedicated to natural products biosynthesis with structural features that include halogenation, sulfur-containing heterocycles, non-ribosomal peptides and polyketides with unusual biosynthetic pathways (Timmermans et al., 2017). Thus, proteobacteria are promising cell factories and remain an attractive source of new drug leads (Buijs et al., 2019). For example, more than 20 biosynthetic gene clusters are found in a single genome of pigmented Pseudoalteromonas strains (Paulsen et al., 2019), comparable to the prolific phylum Actinobacteria. Apart from their important ecological role in marine ecosystems, marine members of Pseudoalteromonas have proven to be important producers of various antibiotics (Bowman, 2007; Fehér et al., 2010; Chen et al., 2012). A Pseudoalteromonas strain isolated from Huon Estuary in southern Tasmania, Australia also shows potent algicidal activity on harmful algae species implicated in bloom events (Lovejoy et al., 1998). Additionally, these microorganisms have also been found to produce several pigmented compounds with antifouling activity (Egan et al., 2001, 2002; Holmström et al., 2002).

The establishment of (pure) cultures of all bacterial divisions still remains the main challenge and this is an essential prerequisite for the development of marine biodiscovery. While genomics allows access to the genetic information of uncultured microorganisms, the availability of the organisms is essential to develop their full potential (Joint et al., 2010).



Fungi

Marine fungi are widespread in the oceans and colonize different ecological niches; they are found associated with organisms of all trophic levels and can act as saprobes, symbionts and parasites (Wang et al., 2012; Raghukumar, 2017; Poli et al., 2018). Despite the increasing effort of marine mycologists to contribute to the discovery of new species (Abdel-Wahab et al., 2017; Bovio et al., 2018; Devadatha et al., 2018; Poli et al., 2017, 2020), marine fungi are still an understudied group compared to other marine microorganisms (Tisthammer et al., 2016). Jones et al. (2015) estimated that about 10,000 species of marine fungi are still waiting to be described. Marine fungal strains can be isolated from different substrates, such as invertebrates, decaying wood, seawater, sediment, seaweeds, and mangrove detritus. Many factors influence the occurrence and distribution of marine fungi including hydrogen ion activity, hydrostatic pressure, ionic composition and concentration, osmotic response, oxygen availability, salinity, tidal exposure, temperature, availability of substrates for growth (Pang et al., 2016). Since fungi are major marine decomposers, their distribution and seasonal variability typically follow the abundance of the organic matter and its seasonal variability. The highest levels of fungal biomass are encountered in coastal environments and the upper 30 m of the sea surface, rather than in deep seawaters (Wang et al., 2012). On the contrary, deep-sea sediments represent the sink for organic matter creating a habitat where fungi are the dominant eukaryotic microbes (Nicoletti and Andolfi, 2018; Amend et al., 2019). Around 120 fungal species have been retrieved from sediments of deep-sea hydrothermal vents (Xu et al., 2018). Several other substrates have been investigated for the isolation of marine fungi, however, due to the increasing interest in natural products, the most studied fungal communities are those associated with invertebrates, algae, and plants (Garzoli et al., 2015; Bovio et al., 2017; Gnavi et al., 2017; Raghukumar, 2017; Garzoli et al., 2018; Marchese et al., 2020). Nevertheless, the uncultivable fungi, described by using HTS techniques, still represent the major component of the marine fungal community (Comeau et al., 2016; Rämä et al., 2017; Xu et al., 2018). Marine fungi can produce hydrolytic and/or oxidative enzymes including alginate lyase, amylase, cellulase, chitinase, glucosidase, inulinase, keratinase, ligninase, lipase, nuclease, phytase, protease, and xylanase (Bonugli-Santos et al., 2015). These enzymes can have their optimum activity at temperatures ranging from 35 to 70 °C, and at pH values spanning from 3 to 11. The ability of marine fungi to adapt to high saline conditions and extreme pH represents a major biological advantage over terrestrial fungi, and it gives them a higher versatility in biotechnological applications.

Marine fungi produce diverse bioactive molecules (Silber et al., 2016). Besides, their biotechnological potential is still incontestable: among the 1,277 new natural products described in 2016, marine fungi account for 36% of these newly described molecules (Blunt et al., 2018). In comparison, the respective percentage of molecules originating from marine bacteria was only 14%. In 5 years (2010–2015), 285 antibacterial and antifungal compounds were isolated from marine fungi (Nicoletti and Andolfi, 2018). The first reported group of bioactive compounds from marine fungi were cephalosporins, a class of β-lactam antibiotics originally isolated from the Acremonium chrysogenum (which was previously known as Cephalosporium) by Giussepe Brotzu in 1945. Most of the published work on secondary metabolites of marine fungi has focused on a few genera, mainly Penicillium, Aspergillus, Fusarium, and Cladosporium (Imhoff, 2016; Marchese et al., 2020). Marine fungi are found to be a promising source of pharmacologically active metabolites (Imhoff, 2016) with novel anticancer, antibacterial, antiviral, anti-plasmodial, anti-inflammatory, but rarely antifouling, activities (Rajasekar et al., 2012; Bovio et al., 2019a). They are also useful in the production of biosurfactants (Cicatiello et al., 2016; Pitocchi et al., 2020), enzymes (Nicoletti and Andolfi, 2018), and bioremediation (Bovio et al., 2017). Interestingly, endophytic fungi that are associated with macroalgae produce biologically active secondary metabolites with antibacterial, antifungal anticancer and other beneficial properties (Mathan et al., 2013; de Felício et al., 2015; Teixeira et al., 2019). Furthermore, marine fungal enzymes can be used for cleaning, textile, leather, biofuel, pulp, and paper industries; for food and beverages; for animal feed; for environmental, pharmaceutical and cosmetic applications (Bonugli-Santos et al., 2015).



Thraustochytrids

The thraustochytrids represent a unique protist group of eukaryotic microorganisms that provides bioactive compounds including antimicrobial agents. In contrast to their common referral as microalgae, these marine heterotrophic protists (a fungus-like clade of Stramenopiles, class Labyrinthula of the Chromista kingdom) are not microalgae because they are not photosynthetic and lack plastids (Leyland et al., 2017). Under culture conditions that are different for various species, each one of the thraustochytrid taxa develops ectoplasmic networks generated by a unique organelle termed the sagenogen (or sagenogenetosome). Some growing cells exhibit gliding mobility associated with the ectoplasmic networks. Their reproduction activities involve the formation of heterokont, biflagellate zoospores (Porter, 1990). Yet, the level of diversity of thraustochytrids remains to be uncovered since an increasing number of strains and species are being discovered. Thraustochytrid species are usually characterized either by their developmental modes, sorus form or their spore type (Porter, 1990). However, these traditional systematic approaches are insufficient, as only a limited list of morphological characters is available. This facilitated the development of molecular markers, of which the most common are the 18S rDNA sequences (Mo et al., 2002). Yet, due to the limitation of 18S rRNA clone library construction and the emerged cultivation-dependent approaches, the diversity of thraustochytrid species is far from elucidated (Liu et al., 2017).

The thraustochytrids have been isolated from a wide range of coastal, open sea (where they were collected by “pollen traps”) and deep-sea habitats that are often rich in organic materials (Raghukumar, 2002). They are major colonizers of mangrove environments, feeding on decaying materials (Morabito et al., 2019), while playing an important ecological role as active degraders of organic materials and primary consumers (Mo and Rinkevich, 2001). In fact, thraustochytrids, as other heterotrophic marine protists, can consume dissolved organic matter and particulate organic matter as energy sources, and as a result, they are considered to share a distinct ecological niche in marine ecosystems with specific roles in marine biogeochemical cycles (Liu et al., 2017).

Thraustochytrids, considered as oleaginous microorganisms, are developing into an increasingly important marine source of polyunsaturated fatty acids (PUFAs) for a wide range of biotechnological applications (primarily for the industrial production of the ω-3 fatty acid DHA). Some thraustochytrids including species of Schizochytrium and Aurantiochytrium produce long chain polyunsaturated lipids like DHA (C22:5 n3) and docosapentaenoic acid (DPA, C22:5 n6) (Heggeset et al., 2019). To produce their DHA, thraustochytrids use a sophisticated system that differs from the classical fatty acid synthase system (synthesized by a polyketide synthase, instead by the standard fatty acid synthesis), yet, very little has been developed regarding process optimization and their optimal use (Aasen et al., 2016). They are also known to be pathogens of edible invertebrates and common contaminants of marine invertebrate cell cultures (Rinkevich and Rabinowitz, 1993; Ilan et al., 1996; Bowels et al., 1999; Rinkevich, 1999; Rabinowitz et al., 2006) as they are found on surfaces and within the bodies of most marine organisms. Based on these characteristics, the thraustochytrids are considered as an alternative to fish oil and an eco-friendly solution to overfishing. In addition, they are further known to produce saturated fatty acids which are renewable sources of biofuels, for biodiesel, and as a potential source of squalene and carotenoids, two other commercially important compounds that show an increasing market potential (Aasen et al., 2016).

Thraustochytrids also have novel extracellular lipases, for which sequences have not yet been elucidated (Ishibashi et al., 2019). Thraustochytrid strains produce enzymes with multiple hydrolytic activities and a wide range of them is being secreted constitutively, including agarases, amylases, pectinases, chitinases, and carrageenases. They thus have potential in diverse industrial applications (Shirodkar et al., 2017). They are probably the only eukaryotic group that may digest tarballs. Further, the oil from one strain of thraustochytrids (Schizochytrium sp.) has been designated safe for human and for animal consumption by the United States Food and Drug Administration (US FDA7). Thus, it is not surprising that 731 patents on thraustochytrids were published between 1999 and 2018 (US and Eurasia are top in the list), with most patents targeting the use of their chemicals for human well-being purposes, especially the use of ω-3 oils (Colonia et al., 2020).

The development of the research on thraustochytrids has largely facilitated the exploration of novel thraustochytrid strains and species from various marine habitats. Since the beginning of this century, research efforts are involved in fermentative trials, to select appropriate thraustochytrid strains for the industry and for the optimization of culture conditions to obtain high yields (Rabinowitz et al., 2006; Xie et al., 2017).



Viruses

While viruses are identified as pathogens in many marine organisms, little research effort has been put toward their presumed role as associated organisms. There are an estimated 1030 virioplankton in the world’s oceans, the majority of which are bacteriophages (Parsons et al., 2012). Viruses can live as virioplankton, which is a dynamic component of the marine environment, with a turnover time of 2–4 days, or associated to macro- or microorganisms encompassing enormous genetic diversity and serving as a reservoir of genes for prokaryotic communities (Angly et al., 2006; Dinsdale et al., 2008). They contribute to the global carbon cycling as well as influence pathways of their host’s metabolism (Hernandes Coutinho et al., 2017, 2018, 2019). The presence of viruses and virus-like particles (VLPs) in association with corals (Blackall et al., 2015), sea cucumbers (Nerva et al., 2019a) and sponges (Webster and Taylor, 2011) has been reported using morphological and molecular approaches. In the sponge phylum, elaborate microscopical studies have demonstrated a variety of morphological entities that can be hosted in different body compartments of the host, such as within the cells of the sponge or the associated microbes, or the extracellular matrix and the epithelium (Pascelli et al., 2018). While functional, mutualistic roles have been envisaged for viruses and VLPs associated with corals (van Oppen et al., 2009), relevant studies have been lacking in sponges. Specifically, most marine viruses are cyanophages and are important players in biogeochemical cycles and drivers of the evolution of their hosts (Brussaard et al., 2008) by influencing microbial population size through their lytic capacity, altering their metabolic output and providing an immensely diverse pool of genetic material available for horizontal gene transfer. Only recently, viruses infecting and replicating in marine fungi were reported and many new mycoviruses were identified in a handful of studies (Nerva et al., 2016, 2017, 2019b). Contrary to most bacterial viruses, mycoviruses do not cause lysis of the fungal host cell and accumulate to high levels without specific cytotoxic effects as persistent and often cryptic infections creating multi-level interactions with their hosts: they can modulate host behavior to successfully spread and survive in the environment and provide adaptive advantages (Mehle et al., 2012; Selman et al., 2012; Son et al., 2015). Very recently it has also been highlighted how mycoviruses can modulate the production of secondary metabolites for example mycotoxins (Nerva et al., 2019a). Based on this evidence, the search for mycoviruses within each fungal isolate and the investigation of their contribution to biosynthetic processes is of high biotechnological interest, and it may open a new avenue in the discovery of unique natural products.

By some estimations, bacteriophages are the most abundant entities on this planet (Harada et al., 2018). Their valorization in early anti-infection trials was hampered by the discovery of antibiotics but it is being reintroduced due to the global emergence of antibiotic resistance (Coffey et al., 2010; Fernández-Ruiz et al., 2018). Bacteriophages can be used as an alternative to antibiotics, either against resistant pathogens (Mattey and Spencer, 2008) or for steering aquaculture processes that rely on massive use of antibiotics (Culot et al., 2019). Additionally, bacteriophage biotechnology is directed to control bacterial pathogens in important crops and to limit the risk of pathogens reaching food chains by decontamination of livestock (Harada et al., 2018). Bacteriophages can also be used as cost-efficient, highly stable and specific biosensors to effective detection of pathogenic bacteria (Singh S. et al., 2020).



METHODOLOGY FOR EXPLORATION OF MARINE BIORESOURCES


Data Analysis, Storage, and Sharing

Classical taxonomy, based on morphological traits, is still the basis of the (macro)species description. However, omics approaches have become increasingly popular in recent decades due to decreasing costs of DNA sequencing, the availability of mass spectrometry (metabolomics, lipidomics, and proteomics) and the development of bioinformatics. The major limitations that prevent taking the full advantage of the rapidly growing volumes of biological data from omics technologies, are the lack of standardization and/or description of experimental/sampling conditions, as well as lack of big data analytics experts. Other limitations are the lack of user friendly bioinformatic annotation pipeline tools and well curated and populated sequence and data repositories (Glöckner and Joint, 2010). Being coupled with subsequent network analyses, bioinformatics and biostatistics, these tools would enable faster detection of new marine species and their biomolecules and faster adoption of molecular protocols. Typically, biodiversity data is generated from long-term monitoring campaigns or novel exploratory expeditions and are presented as lists of species presence and (relative) abundance. As these lists can be lengthy, their manual inspection is time-consuming and limits access to important pieces of information. Visualizing these data using network analysis tools can uncover important associations and relations between species in a specific location (Orlando-Bonaca and Rotter, 2018; Mozetič et al., 2019). Importantly, other traits can be included in the biodiversity datasets (i.e., chemodiversity, physical parameters), which can uncover complex network associations of marine organisms and their compounds and can help to determine the target organisms for biotechnological exploitation. Bioinformatics approaches are typically developed and used for assembly, alignment, gene/genome annotation, function prediction, and data integration. After determining the species and compounds of interest, the next step is to compare the organism growth/metabolic engineering conditions, productivity and yields of the compound(s) of interest. Novel approaches such as the use of Solid-Phase Microextraction (SPME) have been recently demonstrated as a successful means of non-invasive untargeted metabolome screening of marine organisms (Bojko et al., 2019). This method comprises the use of specially coated probes that combine metabolite sampling and extraction in a single step, thus allowing in vivo metabolomic screening in the marine environment, while allowing both polar and non-polar metabolites to be extracted efficiently (Reyes-Garcés et al., 2018), thus emerging as a useful field tool to discover novel compounds of interest from complex marine holobionts. Statistical models are then often used for the determination of differential expression of genes or metabolites of interest and determination of optimization protocols. These are necessary steps for the development of scale-up production protocols.

Bioprospecting of marine microorganisms using state-of-the-art molecular methods generates vast amounts of data. By digitalizing these data, scientists have now access to biodiversity data that can be integrated, thus providing an organic link between species distribution and genome diversity (La Salle et al., 2016). However, not all data are open access, as data providers may have their own policies concerning privacy and confidentiality, which limits scientists to share their experience and collaboration. Importantly, any data provider should develop internal metadata guidelines that provide minimal information about the data stored that will enable their use in the future. In 2011, the European Commission (EC) launched a new Open Data Strategy for Europe after realizing that data generated by the public sectors are vast and although financed by the public funds, data are not always available and accessible. Hence, the EC highlighted the unused potential of public sector data to spur innovation, economic growth, and answer to societal challenges such as food security and healthcare8. As a result, Europe now hosts at least two infrastructure initiatives, publicly hosting many marine microbial strains: MIRRI (Microbial resource research infrastructure9) and EMBRC (the European marine biological resource center10). MIRRI is an infrastructure initiative for preserving microbes that can be cultured for future exploitation and providing coordinated actions to facilitate access to genetic resources – data, microbial strains, and expertise. EMBRC and LIFEWATCH (European Infrastructure Consortium11) connect marine stations that provide direct access to the sea, marine resources, and different services. A review of the past and current European initiatives is provided in the Supplementary Table 1 within Rotter et al. (2020a). Also useful for marine biotechnology development are databases of chemical structure: ChemSpider, databases of carbohydrate structures and other glycobiology-related fields (e.g., Glycosmos, Glycomics at Expasy, GlyGen, and CarboMet), MarinLit, a database of marine natural products literature that has been active since the 1970s, CyanoMetDB, a comprehensive database dedicated to cyanobacterial secondary metabolites (Jones et al., 2020), and the newly developed Natural Products Atlas, an open access database for microbial natural products discovery (van Santen et al., 2019). These databases (Table 2) play an important role in facilitating track and trace of the specimen and the chemical compounds they synthesize, thus enabling a rapid dereplication (Blunt et al., 2012; Collins, 2019). Importantly, the policy making and scientific community are supporting the public availability of all information and materials from these databases to avoid the fragmentation of expertise, unbalanced database access, and the estimated $10 billion annual losses due to incorrect reference material (Collins, 2019).


TABLE 2. Overview of databases, useful for the marine biotechnology pipelines.
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The Chemical Inventory

There is a wide range of marine natural products, from relatively small primary and secondary metabolites, with molecular weight usually lower than 1,500 Da, which comprise around 34,000 compounds according to the latest version of the marine natural products database MarinLit (Table 2) with a wide range of biological activities, to macromolecules such as enzymes and polysaccharides. Proteins, carbohydrates, and lipids from marine organisms are crucial in our diet but can also be involved in the development of novel processes for the production of higher value-added products. A wide range of applications has been described for marine enzymes in the food industry and human health, and marine polysaccharides have also found multiple biomedical and tissue engineering uses (Fernandes, 2014; Eswara Rao et al., 2017; Joshi et al., 2019). However, only a fraction of the enzymes derived from marine organisms has been isolated and characterized. Hence, enzymes as biocatalysts from marine organisms are a relatively untapped resource for discoveries.

Dereplication is a crucial step in any natural product discovery used to identify known metabolites in complex and heterogeneous matrices with a broad concentration of bioactive molecules, preventing the re-isolation and re-characterization of known bioactive compounds (Gaudêncio and Pereira, 2015; Kildgaard et al., 2017). The last two decades have seen a revolution in the development of new dereplication strategies. These usually consist of the combination of analytical techniques: chromatography (usually high pressure liquid chromatography, HPLC or UHPLC) with a detection method, mass spectrometry (MS) in the high resolution (HRMS) mode and/or with ion fragmentation (MS/MS), or nuclear magnetic resonance (NMR). The remarkable advances in analytical instrumentation along with the development of suitable databases have enabled the development of the fast dereplication processes required in current drug discovery programs based on natural products (Pérez-Victoria et al., 2016). The use of LC-MS/MS based molecular network workflows enable the unearthing of the real chemical inventory of chemical extracts and downstream fractions, and significantly increase the annotation rate of metabolites (Oppong-Danquah et al., 2018), allowing the targeted isolation of new metabolites (Li et al., 2018). Furthermore, biological activities can be mapped into such networks, facilitating the rapid discovery of (new) compounds that are responsible for bioactivity (Fan et al., 2019).

Open-access knowledge bases containing tandem mass (MS/MS) spectrometry data such as the Global Natural Products Social Molecular Networking (GNPS, Table 2) or structures of microbial natural products (The Natural Products Atlas, Table 2) have been greatly enhancing the efficiency of dereplication processes leading to the identification of new molecules and natural product scaffolds (Wang et al., 2016). Small Molecule Accurate Recognition Technology (SMART), using NMR data, constitutes a step forward in the automatic identification or classification of new natural products, especially when combined with GNPS. Metabolite identification based on high resolution – HR-MS/MS and NMR along with freely accessible and commercial databases was reviewed by Wolfender et al. (2019). The next steps are: (i) the use of ZINC, Reaxys, ChEMBL, PubChem or StreptomeDB 3.0 databases, and/or NMR databases for virtual bioactivity screening (Table 2). These use either structure-based or ligand-based computational approaches to predict quantitative structure-activity relationship (QSAR), based on active and inactive known molecule, or to predict binding sites based on the chemical similarity to known ligands to identify protein targets of bioactive molecules (Pereira et al., 2014, 2015; Sterling and Irwin, 2015; Cockroft et al., 2019; Cruz et al., 2019; Dias et al., 2019). Additionally, (ii) the use genomic data in combination with molecular networks enables dereplication also at the frontier between chemistry and biology (van der Hooft et al., 2020), (iii) the creation of a globally available NMR raw data bank (Gaudêncio and Pereira, 2015; McAlpine et al., 2019), and (iv) the creation of computer based tools to compare and integrate such global NMR data bank can all be used for advancing the automated identification of chemical structures (Zhang et al., 2020a).



Biotechnological Production of Secondary Metabolites

The efficiency and rate of secondary metabolite production by microorganisms are heavily dependent on their culture/growth conditions and potential for up-scaling. Indeed, one of the driving forces for the production of specific metabolites, compared to the constitutive ones that are usually produced in any conditions, is the simulation of the marine microbes-native environment, including the interactions with other microorganisms as usually occurs in nature (Takahashi et al., 2013; Vallet et al., 2017). Consequently, standard conditions do not always support fungal or bacterial production of interesting secondary metabolites (Reich and Labes, 2017). To increase the availability of microbial biomass and minimize the environmental damage impacts of organismal collections, new strategies are needed to develop sustainable in vitro approaches for the cultivation of whole organisms or of individual cell types from targeted marine species (Rinkevich, 1999, 2005, 2011; Barnay-Verdier et al., 2013; Ventura et al., 2018; Maristem COST Action12). This is also of importance for sponges and corals, which host endosymbiotic intracellular microorganisms. The appropriate cultivation settings should provide the optimal conditions for the holobionts (Rinkevich, 1999).

When cultured, microorganisms do not always continue to produce the same metabolites (Wijffels, 2008). To mimic the naturally occurring interactions, the co-culture (solid media) or mixed fermentation (liquid media) with other organisms have been demonstrated to stimulate the production of secondary metabolites (Romano et al., 2018), some modulating the quorum sensing, with application both in antibiotics and anticancer pharma sectors (Bertrand et al., 2014). The interactions can be modulated to mimic the natural environment for chemical-ecological study, including symbiosis studies. For example, specific antagonistic organisms can be introduced to promote the synthesis of antibiotics (Bertrand et al., 2014; Romano et al., 2018; Bovio et al., 2019b). Enhanced lipid production in microalgae has been documented in co-cultivation of microalgae and bacteria, including cyanobacteria (Ferro et al., 2019; Gautam et al., 2019; Toyama et al., 2019), as well as in co-cultivation of microalgae and fungi (Arora et al., 2019). Growth-enhancement in microalgae has been documented in co-cultivation of microalgae with other microalgae (Ishika et al., 2019), as well as with fungi (Li H. et al., 2019; Wang et al., 2019) and protozoa (Peng et al., 2016).

Some studies have shown that bacterial genomic data reveal an inconsistency between the number of gene clusters identified using bioinformatic approaches as potentially producing secondary metabolites and the number of chemically characterized secondary metabolites produced under standard fermentation conditions (Reen et al., 2015; Romano et al., 2018). Therefore, cultivation-based techniques have been developed aimed at stimulating expression of these “silent” genes. In 2002, Bode and collaborators highlighted that the modification of cultivation parameters such as temperature or salinity can activate silent genes that determine the synthesis of new secondary metabolites; this method is called OSMAC approach (One Strain – Many Compounds, Bode et al., 2002). The OSMAC strategy is a powerful tool that can activate many silent biogenetic gene clusters in microorganisms to produce more natural products or to induce the expression of poorly expressed bioactive metabolites (Abdelmohsen et al., 2015; Pan et al., 2019). This activation can be achieved in several ways. (i) By co-cultivation of different species, antibiotics can be produced as a response to a bacterial challenge (Cueto et al., 2001). (ii) Elicitation with microbial lysates or with microbial cell components can be applied. (iii) Chemical elicitation by the addition of compounds of non-biological origin. This results in changes in the metabolomic profiles, e.g., the increase in the production of the antibiotic jadomycin B, in Streptomyces venezuelae after the addition of ethanol or the alteration of the antibiotic production of Bacillus circulans and Bacillus polymyxa after the addition of DMSO to the fermentation media (Dull et al., 1994; Chen et al., 2000; Pettit, 2011; Zhu et al., 2014; Abdelmohsen et al., 2015). Also, other epigenetic modifiers such as 5-azacytidine and suberoyl bis-hydroxamic acid, are widely recognized as effective tools to stimulate the production of secondary metabolites and to find new bioactive molecules in microorganisms (Adpressa and Loesgen, 2016; González-Menéndez et al., 2018; Romano et al., 2018). Therefore, once the marine bacteria strains exhibit promising activities, it is important to focus on different cultivation media and conditions to enhance the production of the desired metabolites.



Extraction, Fractionation, Isolation, Structure Elucidation, and Bioactivity Screening

There is a great need for exploring new extraction protocols to identify bioactive ingredients. Extraction is the first step needed to obtain natural products from organisms. Several extractions methods can be applied, depending on the organisms and the compounds of interest. At lab scale, maceration, or percolation with solvents (organic or water) at room temperature are the most commonly used methods for macroorganisms. The selection of the solvent depends on the solubility of the metabolites of interest, but there are other aspects such as cost and safety that are considered. To increase efficiency, avoid the use of large amounts of solvents and reduce extraction time, some greener and automated extraction methods have been developed such as super-critical fluid extraction – SFC (Essien et al., 2020), subcritical water extraction – SWE (Zhang et al., 2020b), a moderate electric field – MEF (Gavahian et al., 2018), ultrasound (Kumari et al., 2018), pressurized liquid extraction – PLE, microwave assisted extraction – MAE and enzyme-assisted extraction – EAE (Grosso et al., 2015). They all share the advantages of time reduction, optimized solvent consumption, reproducibility and selectivity, rendering these procedures suitable for both analytical and industrial processes.

Microorganisms that grow in liquid media require several steps to obtain biomass for biochemical extraction. Biorefinery is costly and requires a long biomass processing that involves multiple unit operations, including cultivation, harvesting, product extraction and stabilization. All of these contribute to the commercial competitiveness of bioproducts. One major bottleneck is the initial amount of the biomass of organisms available. Another issue is the differences in bioactive molecules produced by the same organisms but grown under different environmental conditions or different seasons. Homogenization can take place only if they can be cultivated under the same conditions, which is not always possible. Extraction, which directly impacts the product properties, is one of the main commercial constraints in the production of fuels, food and feed, and high-value products like polysaccharides and pigments. Extraction is a highly specific process which has to be adopted to obtain the desired products (Rizwan et al., 2018). Recently, it has been suggested that “milking” of secondary metabolites from marine organisms can significantly reduce the time and cost of this process (Hejazi and Wijffels, 2004; Kim et al., 2016). “Milking” is a term used to describe a non-destructive regenerative extraction of target metabolites from marine organisms while keeping the cells metabolically active just like producing milk from cows. Unlike conventional biorefinery, which requires a time-consuming cultivation step and intensively energy-consuming harvesting and cell disruption steps, the milking process does not require the reculturing of cells from the exponential stage of the cultivation process nor harvesting and cell disruption (Hejazi and Wijffels, 2004). Milking has been demonstrated in two microalgal species; Dunaliella salina for β-carotene and Botryococcus brauni for hydrocarbon (Hejazi et al., 2004; Moheimani et al., 2014). These microalgae have a weak or no cell wall and release storage compounds to the cultivation medium under stress (exocytosis), which remain the prerequisite for the success of milking.

Generally, crude extracts consist of a complex mixture of natural products that require several fractionation and purification steps to obtain pure compounds. The separation method used depends on the physical or chemical properties of the individual natural product and the amount needed. Chromatography, especially column chromatography, is the main method used to obtain pure natural products from a complex mixture. Several chromatographic options can be used depending on the polarity, size or ionic strength of the compounds of interest. Ideally, the process would involve a one-step purification and a scale-up system that allows working with the amounts of crude extract that are at the same time relevant for the industrial level (Ebada et al., 2008; Zhang et al., 2018).

Suitable and standardized scalable extraction and purification methods are not yet established. New separation techniques are necessary, capable of treating dilute solutions or solutions containing only minute amounts of target molecules in the presence of vast amounts of accompanying compounds in both small and large-scale processes, even in the presence of particulate matter. In addition to standard separation procedures, applications of magnetic (nano)particles in batch systems, magnetically stabilized fluidized beds or magnetically modified two-phase systems can be used successfully for the separation of natural products (Safarik and Safarikova, 2004). In most cases, magnetic carriers bearing an immobilized affinity or hydrophobic ligand or ion-exchange groups, or magnetic biopolymer particles having affinity to the isolated molecule are mixed with a sample containing target compound(s). Following an incubation period when the target compound(s) bind to the magnetic particles, the whole magnetic complex is easily and rapidly removed from the sample using an appropriate magnetic separator. After washing out the contaminants, the isolated target compound(s) can be eluted and used for further work. All the steps of the purification procedure can take place in one single vessel. The separation process can be performed directly in crude samples containing suspended solid material (Safarik and Safarikova, 2004). Magnetic techniques based on the application of magnetic nano- and microparticles have been successfully used for the preconcentration, detection and determination of different types of xenobiotics, viruses, microbial pathogens and protozoan parasites in water samples (Safarik et al., 2012). Currently, magnetic solid-phase extraction (Safarikova and Safarik, 1999) is one of the most often used preconcentration procedure used in (bio)analytical chemistry.

The structure elucidation of secondary metabolites is of critical importance, especially when developing products for the pharmaceutical sector. Marine natural products have unique complex chemical scaffolds, and their structures are classically elucidated by the combination of HR-MS, 1D and 2D NMR data analysis. Computer techniques are being developed to aid structure elucidation such as Computer-Assisted Structure Elucidation (Burns et al., 2019) but are still in their infancy. To determine the absolute configuration of metabolites, single-crystal X-ray diffraction, NMR advanced Mosher’s methods (for alcohols), Marfey’s method (for aminoacids) are often used (Bhushan and Brückner, 2011; Cimmino et al., 2017). Computational approaches such as density functional theory (DFT) coupled with (i) NMR, (ii) chiroptical methods e.g., electronical circular dichroism (ECD), vibrational circular dichroism (VCD) spectroscopy and (iii) optical rotation are being successfully employed in identification of relative and absolute configuration of marine natural products (Merten et al., 2015; Batista et al., 2018; Menna et al., 2019; Wang and Hamann, 2019; Fan et al., 2020; Marcarino et al., 2020; Zhu and Sun, 2020). The elucidation of biosynthetic pathways from genomic sequence data is also used to support the absolute configuration assignment (Hu et al., 2018; Kim et al., 2020).

Screening for biological activity of marine extracts or purified compounds is an important next step in determining their applicability for a specific purpose. It is typically done using in vitro, ex vivo or in vivo approaches. The bioassay-guided identification and purification of novel compounds is a common practice (Strömstedt et al., 2014; White et al., 2019). First, the selection of the extraction protocol may affect the possibility of testing for biological activity, as not all solvents that are used for extractions are biocompatible. Second, an array of selected bioassays can be performed to discover novel bioactive compounds, encompassing for example antimicrobial, anticancer, antiviral, antiparasitic, anti-inflammatory, nematotoxic or entomotoxic activities. These bioassays are usually very specific, fast and often in a high-throughput format. They test for individual bioactivity, such as inhibition of a specific enzyme, or inhibition of bacterial growth using only one bacterial species. Since the amount of the extracted material is usually limited, a limited array of bioassays can be performed on a given extract/compound. Therefore, the choice of bioassays and their quality determine the potential of the extract/compound for future applicability. In contrast to the use of dereplication to avoid the rediscovery of compounds from different extracts/bioresources, the use of different bioassays for the same extract is encouraged to avoid missed opportunities for alternative bioactivities. Namely, there is a myriad of bioactive compounds in any extract and it is becoming accepted that any compound can execute multiple bioactivities. Repurposing of compounds with known bioactivity for a different one is increasingly becoming an attractive proposition because it involves the use of de-risked compounds, with potentially lower overall development costs and shorter development timelines (Pushpakom et al., 2019). Importantly, as in any application, the compounds in original or transformed form inevitably end up in the environment, an important bioassay to include in the screening process is the (eco)toxicity assessment (Walker, 2008; Yan et al., 2019). No product safety risks can be taken, especially considering the tragic case with the sedative drug thalidomide (Thalidomid®) prescribed to relieve pregnancy nausea, in which one of the stereoisomers had the desired bioactivity and the other caused birth defects in thousands of children. This tragedy marked a turning point in product testing, resulting in the development of systematic toxicity testing (Kim and Scialli, 2011). Hence, in the last decade in silico methods have been developing to assess both bioactivity and toxicity of known bioactive compounds and their synthetic analogs or novel compounds with known chemical structures (Yang et al., 2018; Liu et al., 2019; Brzuzan et al., 2020). In addition, the virtual screening technique called target fishing (Singh N. et al., 2020) can help recognizing the molecular target of the discovered marine natural products.

Screening and preclinical validation have been essentially performed in rodents, mostly because, among the model organisms used in pharmaceutical and biomedical research, they have a large repository of genetic/molecular tools available and are genetically similar to humans. However, ethical and economic concerns associated with low throughput (Giacomotto and Ségalat, 2010), have potentiated the search for alternative models that may be used as the first line of screening. This decreases the burden on mammalian models, that still need to be used as a final step of validation prior to clinical trials. In vitro and ex vivo screenings using cell lines and tissues representative of both healthy and pathological human conditions, are currently used to identify biological activities of marine-derived extracts (Laizé et al., 2014; Kolanti et al., 2016; Yuan et al., 2017; Carson et al., 2018b; Martínez Andrade et al., 2018; Sun et al., 2018). Nevertheless, the results obtained, even if promising, still need to be validated in vivo. Zebrafish has become a model of increasing interest for human disorders and it allows both low-throughput screening using adults, and high-throughput screening using larvae, thus fitting the requirements to develop vertebrate whole-animal assays (Lee et al., 2017). The increasing number of molecular tools and the development of mutants and transgenic fish (Hwang et al., 2013; Cornet et al., 2018), capable of highlighting almost any given tissue (Chen et al., 2017), allowing in vivo follow-up of treatments through fluorescence microscopy is also an asset, associated to their easy maintenance, short life cycle, large progeny and translucent larvae.



PRODUCTION UPSCALING

The long-term socio-economic sustainability of production is an important aspect of marine biotechnology. It relies on the stakeholders’ capabilities to manage the resource sustainably and to provide the social, economic, and regulatory conditions to ensure a living income. Therefore, wild harvesting is not desirable as it could endanger the species itself or its associated species and impact the whole marine ecosystem. The quality and quantity of the product should not be dependent on the seasonal fluctuations and abundance of biomass or its target compound. From an economic and social perspective, commercial/industrial activities preferably maintain regular volumes of production throughout the year. The translation of research laboratory discoveries into commercial items that entail obtaining and maintaining the supply levels and safety requirements are nowadays recognized as the major hurdles in bringing marine natural-product-based molecules to market (Taylor, 2015; Newman and Cragg, 2020). With regards to sustainability and zero-waste principle, an important consideration when growing marine biomass and isolating bioactive compounds is cascading, circular economy and zero waste/waste utilization. The biorefinery should be designed typically in a cascading approach to exploit all bioactive and not just the dominant or more economic compounds. The biological leftovers from a cascading process could ultimately be valorized as a feed or low end as biomass for production of bioenergy (Tedesco and Stokes, 2017; Álvarez-Viñas et al., 2019).

After the target product is known, the best production pathway is identified (Chubokov et al., 2016). There are two general production upscaling methods (Figure 3). One is the culture of organisms in tanks, ponds or bioreactors or to a certain extent at sea infrastructures for seaweed, sponges and corals. Alternatively, the naturally harvested biomass is directly used or molecules of interest are synthesized. When the organisms that naturally produce the compounds of interest are used (Figure 3, left), the desired properties for scaled-up products are a short production cycle and a high yield per unit (Li S. et al., 2019). One of the possible approaches for product harvesting is to trap the secondary metabolites secreted by the invertebrate or associated microorganisms to the surrounding water. This strategy has the advantage of preserving the producer organism with no stress or injury. The proof of concept was described recently for a device that traps the secreted metabolites with Amberlite XAD-16 (Vlachou et al., 2018). Based on this concept, the group patented and built Somartex® (self operating marine trapping extractor) for testing in different marine locations13. Alternatively, compounds of interest can be produced with plasmid-based expression systems in well-established prokaryotic and eukaryotic hosts, such as Bacillus subtilis, Escherichia coli, Saccharomyces cerevisiae (Kroll et al., 2010; Mao et al., 2017; Miao et al., 2020), the yeast genus Pichia as well as cell systems. These recombinant expression systems have dramatically increased the opportunities for biotechnology and commercialization of products. The selection of the expression plasmids to be used depends on the combination of important factors, such as the selection of replicons, promoters (either homologous or heterologous ones), selection markers and cloning sites (Rosano and Ceccarelli, 2014). Systems biology and CRISPR/Cas systems are used to improve bioprocess performance (Tripathi and Shrivastava, 2019). Appropriate growth media and growth conditions (e.g., batch, fed-batch, and continuous or perfusion modes and optimization of physico-chemical parameters in bioreactors) have to be adapted next, followed by the establishment of effective purification strategies (Tripathi and Shrivastava, 2019; Duzenli and Okay, 2020). Finally, product yield optimization is achieved by fine-tuning the metabolic pathways. This promising process is not yet fully implemented in practice due to the combinatorial complexity of optimizing metabolic pathways and the potential cellular toxicity resulting in the overexpression of key pathways (Chubokov et al., 2016).
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FIGURE 3. Production scale-up possibilities.


Instead of culturing the whole organisms, another possible focus is to establish cell lines using marine invertebrates (Figure 3, right). So far, this has not been successfully implemented. Nevertheless, some research groups are working on the improvement of invertebrate cell culture and recently a substantial increase in both the rate and number of cell divisions in sponge cells has been reported by optimization of the nutrient medium (Conkling et al., 2019). A final approach for addressing the supply issue, especially for macroorganism-derived marine natural products is de novo chemical synthesis or laboratory polymerization of natural monomers (Kristufek et al., 2017; John et al., 2019). This method can be very costly with many steps and low yields due to the chemical complexity of the compounds that often have many functional groups and chiral centers. An example is halichondrin B, a potent cytotoxic macrolide isolated from the sponge Halichondria okadai with a staggering 32 stereocentres (Hirata and Uemura, 1986; Ledford, 2010). Its structurally truncated analog, eribulin, has 19 stereocentres and is an FDA-approved drug for the treatment of metastatic breast cancer. However, its supply still consists of a 62-step chemical synthesis (Ledford, 2010). When an entirely chemical production is required, strategies will very much depend on the kind of structure to be synthesized, but in some particular cases, as the synthesis of peptides or their derivatives, solid-phase approaches have proved to be the method of choice for their efficient production (Martín et al., 2014). In addition, biosynthetic steps merged with chemical synthesis steps offer a simplified option for the total synthesis of some natural products (Kirschning and Hahn, 2012). Enzymatic synthesis mimicking natural biosynthesis is also used to produce natural products (Greunke et al., 2017).



USE CASE SCENARIOS

Marine biotechnology is considered to be one of the main pillars of bioeconomy. The main use case scenarios are discussed below, following the order of the marine biotechnology products pyramid value, presenting industrial sectors and products with substitution potential (Figure 4). A short, non-exhaustive overview presenting some of the European companies that specialize in delivering marine biotechnology products is included in Table 3.
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FIGURE 4. Marine biotechnology products pyramid values. Adapted from Day et al. (2016). The price/quantity ratio is depicted by the areas of the triangles.



TABLE 3. A non-exhaustive overview of the European companies offering marine biotechnology products.
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The development of marine natural products is typically connected with enormous financial investments to sustain experimentation costs (Giugni and Giugni, 2010), especially in the medical sector. Intellectual property, primarily in the form of patents, facilitates the commercialization potential (Starling-Windhof et al., 2020). The growing number of marine-based drugs that are entering clinical trials is paired by a cumulative increase in the number of published patents (Mandhare et al., 2019). When successfully passing all the clinical trials phases of the drug discovery pharmaceutical pipeline, a natural product takes up to 15–20 years before entering the market (Taylor, 2015).


Energy

In terms of bioenergy, microalgae have been widely evaluated for the production of biodiesel, especially due to their chemical composition and global abundance (Chisti, 2007; Schenk et al., 2008; Singh and Dhar, 2011). Marine microalgae can contain high levels of lipids and their doubling rates exceed most terrestrial plants, making them suitable to produce biofuel. Together with a large liquid fuel market and the need to break the dependence on fossil fuels, renewable fuel generated from algae was a celebrated prospect. One of the approaches was to apply electro-extraction of valuable biofuel compounds from microalgae, avoiding the use of solvents and other chemicals (Brennan and Owende, 2010; Goettel et al., 2013). However, while the technology is well-known and technically feasible, producing biodiesel from microalgae is not economically feasible with the current technology (Williams and Laurens, 2010; Quinn and Davis, 2015; Abdo et al., 2016; Novoveska et al., 2018). The main reason for this is that microalgae cannot be grown at sufficiently dense cultures due to their inherent demand for light. As the culture grows denser, the microalgae become photon deprived due to self-shading, which limits the maximum achievable density of the culture. In addition, harvesting costs are high as the biomass must be separated from large volumes of water. Currently, the research on genetic modification of marine microalga Nannochloropsis and Phaeodactylum tricornutum for biofuel production is still ongoing to overcome these obstacles (Du et al., 2018; Nymark et al., 2019).

Seaweed aquaculture can contribute to a sustainable supply of biomass for profitable biofuel production especially in the form of biogas and bioethanol, with the advantage of not competing with food crops for land or freshwater resources (Borines et al., 2011; Fernand et al., 2017). However, biogas and bioethanol production should focus on the use of residual and overabundant marine biomass to avoid competition with the biomass requirements of the seaweed biopolymers industry. The simultaneous production of combustible biomethane and disposal of undesirable marine biomass in a synergistic waste management system is a concept with environmental and resource-conserving advantages (Barbot et al., 2016). In addition to the direct use of biomass for biofuel, seaweed can be used in renewable energy systems as an alternative to solid electrolytes used in dye-sensitized photovoltaic cells. Research conducted by Bella et al. (2015) on derived products from algae using green chemistry and multivariate-based preparation methods and smart activation via spontaneous sublimation, provides a concrete starting point for third generation solar cells. These findings are also supported by Anand and Suresh (2015) who suggested that the exploration of vast marine pigment resources for their potential use as sensitizers in solar cells could provide low-cost and environmentally friendly alternatives to expensive ruthenium metal complex.



Food, Feed and Nutraceuticals

A large portion of human food and animal feed may need to be sourced from sustainable marine origins to address future food supply challenges, i.e., an increasing human population and a decline in terrestrial food resources (Olsen, 2011).

Whole marine organisms can be a source for innovative or new foods, especially those that are adapted from diets, incorporating seaweed or jellyfish, that are common in specific geographical areas. Seaweeds have traditionally been used in Asia and Northern Europe as food ingredients, and are recently becoming more popular throughout European cuisine, although they are still considered an unusual foodstuff (Barbier et al., 2020). There is a current trend of consumers adopting organic, local and “natural” foods from clean environments, which should increase acceptance and popularity of marine sourced foods/food ingredients. Jellyfish have been an important food source in Chinese cuisine for over 1,000 years (Hsieh et al., 2001). By adapting the harvesting (using local species), preprocessing (omitting the use of alum salts) and preparation techniques, jellyfish are more recently being introduced as a food source in western-style cuisine (also as part of scientific projects, supported by the European Commission; two of which are PULMO14 and GoJelly15). Therefore, opportunities exist to develop food-friendly processing protocols. However, strict regulatory mechanisms [e.g., Novel Food Regulation (EU) No 2015/2283] are another important bottleneck in the delivery of novel food (ingredients) from marine organisms. A novel food is defined as food that was not consumed to a significant degree within the EU countries before 15 May 1997, when the first Regulation on novel foods came into force [Regulation (EC) No 258/97; 2015/2283]. Furthermore, there are some safety considerations due to the bioaccumulation of toxic substances, which may present a risk of chronic poisoning, thus favoring culturing rather than harvesting, where possible. Seaweeds can accumulate heavy metals (arsenic, cadmium, mercury, and lead) when present in their surrounding environment. Therefore, in the EU, the identification and registration of potential toxic substances are covered by the REACH Regulation [Regulation (EC) No 1907/2006] and the allowed threshold values for some heavy metals in seaweed which are used as dietary supplements are covered within the Commission Regulation 1881/2006.

In addition to whole organisms, compounds from fish, shellfish, micro- and macroalgae, bacteria and fungi are used in the food and feed industries as natural preservatives, pigments, stabilizers, gelling agents, functional food ingredients, nutraceuticals, dietary supplements and prebiotics (Boziaris, 2014). Nutrition products with bioactive ingredients are envisioned to have medical benefits such as anticancer, antiinflammatory, antioxidant, antiosteoporotic, antimicrobial, antidiabetic, hypocholesterolemic, and adipogenesis inhibition. Marine-derived polymers are also used as gelling, stabilizing, thickening, flocculent, and binding agents. Examples include polyunsaturated and ω-3 fatty acids, astaxanthin, chitin, chitosan, chitooligosaccharides, chondroitin sulfate and glucosamine from shark cartilage and crustacean by-products, and spirulin from cyanobacteria (Boziaris, 2014; Harnedy and FitzGerald, 2015; Suleria et al., 2016). Moreover, the food and beverage industries use cold-active enzymes derived from marine organisms in the processing of heat-sensitive ingredients/products. The use of such enzymes avoids heat-induced changes to the nutritional and organoleptic properties of foods (Nikolaivits et al., 2017). The efficient release of the bioactive compounds for application in the food and feed industries can be aided by marine-derived enzymes having unique catalytic specificity and the ability to operate under extreme conditions. If any compounds are considered novel foods, there may be additional requirements, e.g., the supply of a scientific dossier concerning their quality and safety, which may require human intervention studies to validate their efficacy and safety.

A scheme of the process of using marine organisms as a source of food or feed is shown in Figure 5. To efficiently use marine organisms as a source of food and feed, the process of identification, isolation and nutritional value analysis is used to select species that could be used to produce food and feed. The next step represents the establishment of cultivation systems and feeding experiments that generate sufficient quantities of food/feed, using a comparative analysis with a control group that uses classic food/feed sources to compare the overall quality and palatability with the existing products.


[image: image]

FIGURE 5. The potential for using marine organisms in food and feed industries and for bioremediation processes.


Fish meal is characterized by high protein contents, digestible energy and balanced composition of essential amino acids, minerals, and vitamins (Kaushik et al., 2004), while fish oil contains long-chain PUFAs and are mostly used in animal feed formulations to raise aquaculture and terrestrial livestock. Although vast improvements have been made both in feed conversion efficiency and in utilizing waste streams (discards, offal), this situation is not sustainable (Guttormsen, 2002). The fish feed industry is therefore looking for sources of oils to replace fish oils and microalgae are a promising source, not only for essential lipids, but also for essential amino acids (Dineshbabu et al., 2019; Tibbetts et al., 2020). In addition, live feeds (in contrast to formulated feeds) are indispensable for the rearing of larvae of most marine fish species (Nielsen et al., 2017). Live feeds are usually based on Artemia or rotifers, while copepods are also becoming more common as live feeds, having a superior lipid composition, compared to other live feed organisms (Nielsen et al., 2017). To produce live feed organisms, the production of their prey organisms, typically microalgae, is necessary, and the microalgae have to be optimized for their content of essential lipids and amino acids for feeding zooplankton organisms (Vu et al., 2016).



Agronomy

Marine phytobiomass is currently being explored for different purposes in the agricultural sector (i.e., fertilizers, heat production in biogas plants, feeds) with large quantities available along the coastlines (Mossbauer et al., 2012). Biofertilizers are products containing living microorganisms or natural substances that can improve chemical and biological soil properties, stimulating plant growth, and restoring soil fertility (Ronga et al., 2019). Historically, seagrasses and seaweeds were used as organic soil amendments in coastal areas to increase soil fertility and harvest yields (Acksel et al., 2017; Michalak and Chojnacka, 2018; Franzén et al., 2019). Marine biomass can also be used for crop protection. As an example, Posidonia oceanica was found to reduce weed pressure after application (Grassi et al., 2015) and the extraction of venom from jellyfish, namely Rhopilema esculentum and Nemopilema nomurai, can be used as a natural insecticide (Yu et al., 2005; Yu H. et al., 2015). The chemical properties of marine biomass applied to land might also affect the microbial decomposition leading to improved soil structures and increased carbon sequestration rates with positive feedbacks to land restoration and the climate. The long-term application of marine biomass to soil formed humus-rich top-soils. The tannins in the biomass influenced the residence time of organic matter (Kagiya et al., 2019). Accordingly, the exploration of marine biomass and their extracts have the potential to push the agriculture sector toward new market chains and more sustainable production. But the short-term availability of nutrients is slower in comparison with other conventional fertilizers. In response to this, controlled composting processes were developed to increase nutrient use efficiency. They can however cause environmental trade-offs due to increased risk of N2O and NH3 releases during the compost production (Han et al., 2014). In addition, marine biomass can exceed the legal thresholds of undesired substances due to their ability to accumulate anthropogenic chemicals (Malea et al., 2018; Franzén et al., 2019). Thus, the use of marine biomass directly as organic fertilizer in crop production requires additional research and innovation, particularly to provide biomass with a homogenous structural and chemical quality. In any case, the establishment of either resilient production chains for processing beach wrack biomass (Emadodin et al., 2020) or a predictable yield of farmed seagrass and seaweed are necessary to ensure that the direct biomass use for agriculture will become economically resilient in the future (Chiaiese et al., 2018; Philis et al., 2018).

Plant biostimulants are nowadays used to enhance the nutrition efficiency, abiotic stress tolerance, crop yield and quality traits (du Jardin, 2015; Popko et al., 2018). Biostimulants are extracts derived from organic material that can stimulate the growth and development of several crops under both optimal and stress conditions. Biostimulants are heterogenic, representing a composite of polysaccharides, minerals, vitamins, oils, fats, acids, pigments, and hormones (El Boukhari et al., 2020). Protein hydrolyzates have been reported to exert stimulatory effects on plants (Colla et al., 2017). Extracts made by seaweeds, microalgae and cyanobacteria have been identified to contain phytohormones (as auxins, cytokinins, gibberellins) and plant growth regulators (as abscisic acid, jasmonic acid, polyamines, ethylene) which are known to play key roles in plant growth, development and defense (Sharma et al., 2014). Moreover, high protein content in some cyanobacteria with specific amino acid profiles are sought to provide amino acids for key phytohormones (Sharma et al., 2014; García-Gonzalez and Sommerfeld, 2016; Chiaiese et al., 2018; Mógor et al., 2018). Microalgal extracts are therefore increasingly used as biostimulants and biofertilizers in agriculture. Finally, chitosan can be used as a coating for fertilizers, pesticides, herbicides, nematocides, and insecticides for their controlled release to soil and chitosan films are used to coat seeds and leaves to prevent microbial infection (Sudha et al., 2014).



Bioremediation, Ecosystem Restoration, Climate Change Mitigation

Marine biotechnology offers a broad range of bioremediation applications (either using whole cells or their metabolites, Figure 5). Marine invertebrates have been used in antifouling management and control, particularly sponges (Stowe et al., 2011; Ganapiriya et al., 2012). Bacteria from the phyla Proteobacteria, Actinobacteria, Cyanobacteria, Bacteroidetes, and Firmicutes can be used as an alternative process for the degradation of aromatic pollutants, such as polycyclic aromatic hydrocarbons (Nikolaivits et al., 2017). These bacterial communities have a great biodegradation potential for various types of hydrocarbons, aromatics and carbohydrates in oil-polluted sediments and petroleum spills (Atlas and Hazen, 2011; Acosta-González and Marqués, 2016). Hydrocarbon-degrading bacterial taxa have been uncovered on plastic marine debris using HTS, which supports the theory of potential plastic degradation in the ocean by consortia of microbial taxa (Zettler et al., 2013). Microorganisms synthesize enzymes that can degrade plastics, e.g., lipases, alkane hydroxylases, laccases, and others. However, the interactions between plastic and microbial consortia need to be further investigated to provide realistic mitigation measures (Urbanek et al., 2018). Marine fungi represent potential bioremediation agents: fungi that produce lignin-degrading enzymes are used in decolorization of highly colored effluents from paper, pulp mills, textile and dye-making industries (D’Souza et al., 2006), they also have strong oil degradative capabilities (Simister et al., 2015; Bovio et al., 2016) or are used in the bioremoval of copper and zinc from sediments (Cecchi et al., 2019). Both micro- and macroalgae have been shown to remove nutrients, heavy metals, some pharmaceutical compounds and even capture free floating microplastics from surrounding waters (Sundbæk et al., 2018; Mondal et al., 2019; Bulgariu and Bulgariu, 2020). Additionally, seaweed farms provide habitat and shelter for a variety of marine organisms. Due to their high detoxification efficiency, low cost and demand for nutrients, seaweeds and seagrasses could be used as biosorbents to remove pollutants from wastewater (Pennesi et al., 2015).

Microalgae can also bioaccumulate heavy metals. Therefore, they are used in bioremediation of effluents from industries with toxic heavy metals (Dwivedi, 2012; Rath, 2012; Kumar et al., 2015; Zeraatkar et al., 2016). Among them, Chlorella, Scenedesmus, Tetraselmis, and Arthrospira are reported to bio-sequester toxic heavy metals with high uptake capacity (Pérez-Rama et al., 2002; Aksu and Dönmez, 2006; Gokhale et al., 2008; Şeker et al., 2008; Mirghaffari et al., 2015). Microalgae remove heavy metals through adsorption or absorption mechanisms (Brembu et al., 2011). Roy et al. (1993) reported that the sorption of heavy metals is a two-step process. The first step is rapid surface adsorption by cell wall polysaccharides and other functional groups such as carboxyl, hydroxyl, sulfate, and other charged groups, which differ in affinity and specificity for various organic and inorganic compounds (Crist et al., 1981; Volesky, 1990; Bulgariu and Gavrilescu, 2015). The second step is a slow process that requires energy for the uptake of heavy metals into the cell interior (Wang et al., 2010). Like other organisms, microalgae synthesize metal-binding peptides, namely the cysteine rich metallothionein, which neutralize the toxic effects caused by heavy metals (Cobbett and Goldsbrough, 2002; Perales-Vela et al., 2006).

In addition to heavy metal biosorption, microalgae have bioremediation potential of emerging contaminants, primarily synthetic organic chemicals (Sutherland and Ralph, 2019). Emerging contaminants typically fall into several broad categories, including pharmaceuticals, personal care products, illicit drugs, artificial sweeteners, pesticides, plasticizers, and flame retardants (Petrie et al., 2015; Norvill et al., 2016; Tran and Gin, 2017). Reported rates for adsorption of emerging contaminants have been variable, with adsorption rates reported to be from 0 to 100% (Peng et al., 2014; de Wilt et al., 2016; Guo et al., 2016; Ali et al., 2018; Gojkovic et al., 2019).

Macroalgae are dominant primary producers in coastal areas and open seas, but a substantial part of this biomass is transported to deep sea and sediment, where the macroalgal carbon is sequestered from the atmosphere (Krause-Jensen and Duarte, 2016; Ortega et al., 2019). Micro- and macroalgae have recently been getting attention due to their potential for C-capture which is important to mitigate climate change (Matsunaga et al., 2005; Vaz-Pinto et al., 2014; Singh and Dhar, 2019), and can be further used for value-added products using the biorefinery approach. Further, they are of strategic importance to provide bio-based fertilizers from marine organisms as the compost may increase the carbon storage within the soil, thus reducing carbon dioxide emissions (Radziemska et al., 2019). Moreover, when seaweeds are used as a feed additive, the methane emission from cattle is reduced. Ruminants and mainly cattle are considered as a major culprit in the emission of greenhouse gas, mainly in the form of enteric methane (Herrero and Thornton, 2013) with a high impact on climate change. This causes high pressure on the livestock sector forced to take mitigating actions to reduce the production of greenhouse gasses, but on the other hand, it needs to increase production efficiency because of the ever-increasing population and the globally changing consumption patterns. Ruminant production is currently the largest anthropogenic contributor to the global methane budget (Dangal et al., 2017). To address this environmental challenge, the potential of the marine red seaweed Asparagopsis taxiformis added as a feed amendment to reduce enteric methane emission was evaluated. This resulted in methane reduction of 98% without inhibiting the fermentation process or live-weight-gain on beef cattle (Kinley et al., 2020; Roque et al., 2019). At this stage, a few – mainly tropical – seaweed species have been evaluated via in vitro studies for their methane reducing capacity (Machado et al., 2014).

Among metazoans, sponges have been investigated as a natural bioremediation solution (Fu et al., 2007; Stabili et al., 2008), due to their capacity, as active filter-feeders, to primarily feed on the ultraplankton fraction (less than five microns particle size) of the particulate matter (Pile, 1999), along with dissolved organic matter (de Goeij et al., 2008a,b) in the surrounding seawater. Additionally, sponges – or their microsymbionts – show the capacity to accumulate metallic trace elements, as well as various organic pollutants (Bauvais et al., 2015; Gentric et al., 2015), rendering them prominent candidate bioindicators or bioremediators.



Cosmetics and Cosmeceuticals

Marine compounds can be incorporated into skincare and make-up products. Their drug-like benefits produce pharmaceutical hybrids in which the bioactive ingredients are added to the topical or oral cosmetics to produce a cosmeceutical with enhanced properties. There are examples of products that are already on the market derived mostly from microorganisms (bacteria, microalgae, fungi), but also from macroalgae, fish and corals (Martins et al., 2014; Corinaldesi et al., 2017; Brunt and Burgess, 2018). Examples of substances of interest for cosmetic applications are (i) mycosporine-like amino acids (MAAs), produced by marine organisms under high UV stress (cyanobacteria, micro- and macroalgae). These compounds absorb UV radiation between 310 and 360 nm and are considered as photoprotective and antiageing agents (de la Coba et al., 2009); (ii) exopolysaccharides, produced by several microorganisms that increase the moisture content of the skin (Satpute et al., 2010); (iii) carotenoid and polyphenolic compounds that can act as antioxidants and also have anti-inflammatory properties (Sachindra et al., 2007; Lopes et al., 2016; Mourelle et al., 2017); and (iv) enzymes and peptides that may act as anti-aging agents by protecting collagen stores (Chen et al., 2011). Potassium alginate and fucoidan from brown algae, aluminum silicate from sea mud, chitin from crustaceans, shell “powder” from oysters, and carrageenan from red algae are some examples of less differentiated but widely used marine active ingredients. Marine jellyfish and fish-derived collagen (developed also within the GoJelly project14) and gelatin are also excellent functional ingredients for the cosmetic industry. Importantly, many of the marine skincare products that are already in the market are not pure compounds but treated extract or enriched mixtures (Martins et al., 2014).

Examples of cosmeceuticals used for hydrating, moisturizing, anti-wrinkle and anti-aging that use algal extracts are, among others: Biotherm® by Blue Therapy, La Mer®, Elemis®, OceanBasis®, Guam algae® by Lacote, and La Prairie®. Microalgae extracts are used in Dermochlorella DG® by CODIF Research & Nature, XCELL-30® by Greensea, Alguronic Acid® by Algenist and Alguard® by Frutarom. Fungal extracts are used in Eyedeline and Brighlette by Lipotec. Resilience® by Estée Lauder uses pseudopterosin typetricyclic diterpene glycosides isolated from soft corals. They show wound-healing, anti-inflammatory and analgesic properties to prevent irritation caused by exposure to the sun or chemicals. Other interesting and potent marine-derived cosmetic ingredients are Hyadisine®, Antarticine®, and Hyafini®, derived from extremophilic marine microorganisms (Martins et al., 2014). Marine polymers are increasingly used in cosmetic products, e.g., SeaCode® by Lipotec with a mixture of extracellular glycoproteins and other glucidic exopolymers produced by fermentation of a Pseudoalteromonas sp. from Antarctic waters for soothing and reducing irritation of sensitive skin against chemicals, and with hydrating, anti-wrinkle and expression lines attenuator properties. Despite these marketed examples, the marine environment remains an undervalorized resource for cosmetic discovery.



Bio-Inspired Materials

Biomolecules and biomaterials from marine sources have useful characteristics such as increased salt tolerance, pressure tolerance, cold adaptivity, and heat tolerance. They may have novel physical, chemical/stereochemical as well as original biochemical properties (Trincone, 2011). Although there are wide possibilities for use of marine based products for the development of bio-inspired materials in medicine (such as replacement heart valves, bone implants or hips and joints, Khrunyk et al., 2020), there are still several challenges that must be solved. For instance, the isolation and purification of the biopolymers play an important role in targeted drug delivery and control of the sustained drug release concentrations. Moreover, the reproducibility of materials composition maintaining the same properties from the same species, regions and even seasons, is another challenge that needs to be solved. Algae, jellyfish, sponges, ascidians, mussels, crustaceans, have been reported as commercially important, new, and potential biomaterial resources. Their polysaccharides, enzymes, peptides, lipids, pigments, bioceramics, biominerals, and toxins can be used in the biomedical field. Applications of these materials include hard and soft tissue engineering, bio-adhesives, dental biomaterials, and drug and cell delivery systems. Bioactive ceramic materials are developed from corals, shells and sea urchins, using them as sources for hydroxyapatite synthesis, which is the main inorganic material in bone structure (Palaveniene et al., 2018; Pawelec and Planell, 2019; Haugen et al., 2019). The structural organization of marine organisms, particularly sponges, has inspired many technical solutions in fabrications of biomaterials, architecture and aerodynamics (Macha et al., 2019). Several sponge taxa are known to produce inorganic skeletal elements (spicules) composed of amorphous hydrated silica, through an enzymatic process (Voigt et al., 2017). This process, along with properties of the sponge-produced siliceous structures has led to several mimicking attempts targeting biomaterials for mainly biomedical (Müller et al., 2006, 2007; Schröder et al., 2007; Barros et al., 2016) or optical applications (Müller et al., 2009). Silica-based materials are used in many high-tech products including microelectronics and optoelectronics. Further, the silica-forming enzymes, silicateins, from both demosponges (marine and freshwater sponges) and hexactinellid sponges can be used for the production of highly ordered inorganic–organic composite materials with defined optical, electrical, and mechanical properties (Schröder et al., 2009). Diatoms are valuable in terms of their waste as they produce nanostructured and mesoporous biosilica shells (frustules) with a highly ordered hierarchical architecture. These unique, morphological, chemical, and mechanical properties make the biosilicate of diatoms a very attractive nanomaterial for a wide range of applications (Pletikapić et al., 2012). Diatom frustules have good mechanical properties, low density and a high surface area, hence they can be used as fillers to improve the mechanical properties of polymers (Lamastra et al., 2017). Some studies have shown that solid frustules increase the modulus and yield strength of the epoxy matrix (Taşdemirci et al., 2008; Gültürk et al., 2013). The application of various wastes as additives for composite production has attracted great interest to the scientific community due to its beneficial environmental effects: (i) waste material management, (ii) production of biodegradable products, and (iii) cost.

Recent developments of electronic devices that possess functionalities of biological synapses are used to advance in mapping the functions of the human brain. In this perspective, biocompatible artificial synapses based on seaweed matrix biopolymer (ι-carrageenan) with silver dynamics added, has the potential for constructing neuromorphic systems, using an environmentally benign material (Kim and Lee, 2018). Oyster shells, chitin from the exoskeleton of crustaceans and collagen extracted from cartilaginous or bony fish skin byproducts can be used to produce biomedical scaffolds (Gheysari et al., 2020). Biopolymers, such as sodium alginate, carrageenan and fucoidan derived from marine algae, chitosan obtained by deacetylation of the chitin extracted from the exoskeleton of crabs and shrimps, and porous silica shell of marine diatoms are used for the development of drug and cell delivery systems, hydrogels and bioactive coatings and also scaffolds for next generation of tissue engineering products (Figure 6, Kim, 2013; Posocco et al., 2015; Cardoso et al., 2016; Perale and Hilborn, 2016; Roman et al., 2019), and nanotoxicity studies (Ciglenečki-Jušić and Svetličić, 2015). The potential of the isolated algal plasma membrane is also underexplored. The plasma membrane is highly permeable for anionic fluorescent dyes, thus a method for sealing reconstructed plasma membranes would increase the attractiveness of these transport vehicles toward the development of a new generation of drug delivery systems (Ivošević DeNardis et al., 2020). Collagen can also be extracted from jellyfish to produce medical devices and biomaterials (such as scaffolds and hydrogels) useful for wound healing and regenerative medicine. This is the so-called next generation collagen by Jellagen PTY Ltd16, already on the market as biomaterial for 2- and 3-D cell cultures and as a universal collagen scaffold. Fish-derived gelatin is another alternative to commonly used gelatin in medical devices, usually sourced from bovines or porcine hides and skins (Gelatin Manufacturers Institute of America [GMIA], 2019). Indeed, marine-animal sourcing of gelatin can ensure a higher standard of safety as it does not carry the intrinsic risks of disease transmissions typical of farming animals (e.g., the Creutzfeldt Jakob disease risk, ISO 22442). These novel applications that represent a realistic alternative to currently used and sourced materials are foreseen in the new European regulatory framework for the medical devices industry, the Medical Devices Regulation [Regulation (EU) 2017/745].
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FIGURE 6. The potential for using marine organisms to produce biomaterials for medical use.


The global study by Geyer et al. (2017) showed that in 2015 only 9% of world-wide plastics were recycled, while 12% was incinerated and 79% was disposed to landfills and natural environment. This can represent an opportunity to use macroalgae and microalgae as a potential feedstock to produce sustainable, recyclable/and or compostable plastic while offsetting our carbon footprint. Algal biomass can be used for packaging in a variety of ways: firstly, raw seaweed fronds are pre-treated and used as single-use disposable plates (e.g., serving fish on a pre-treated, dried and shaped blade of seaweed). Secondly, several compounds can be extracted from algae to serve as precursors to produce films, lining for packaging or packaging material itself (bioplastics). Currently, the most common algae-based precursors for bioplastics are poly-lactic acid (PLA), polyhydroxyalkanoates (PHAs), starch, cellulose, proteins, lipids and other polysaccharides such as alginates and carrageenans (Zhang C. et al., 2019). PLA is currently the compound with the most commercial interest. The monomer of PLA is a lactic acid which is derived from carbohydrates during fermentation and then polymerized into PLA. Many macroalgal and microalgal species are carbohydrate rich and therefore suitable as a feedstock for PLA production. However, due to the slow degradation of PLA, there is an active ongoing search for other polymers (Jem and Tan, 2020). In addition, macroalgae can serve as a substrate to cultivate marine bacteria capable of synthesizing PHAs, which are a biodegradable plastic alternative (Ghosh et al., 2019). Several species of cyanobacteria and microalgae have also been recorded to produce PHAs (Costa et al., 2019).



Healthcare and Well-Being


Approved Drugs From Marine Origin

The increasing standard of life inherently represents a growing demand for pharmaceuticals, nutraceuticals and cosmeceuticals. Marine organisms, such as algae, sponges, mollusks (including cone snails), cyanobacteria, actinobacteria, fungi, tunicates and fish biosynthesize metabolites with significant biological activities for therapeutic and industrial applications, with anticancer, anti-inflammatory, anti- and pro-osteogenic, anti-obesity, antimicrobial, antiviral, and anticoagulant activities (Majik et al., 2014; Surget et al., 2017; Carson et al., 2018a,b; Jin Q. et al., 2018; Kumar, 2019; Mayer et al., 2020). To date, seventeen clinically approved drugs of marine origin include: cytarabine (Cytosar-U®), nelarabine (Arranon®), fludarabine phosphate (Fludara®), trabectedin (Yondelis®), eribulin mesylate (Halaven®), brentuximab vedotin (Adcetris®), plitidepsin (Aplidin®), polatuzumab vedotin (PolivyTM), enfortumab vedotin-ejfv (PADCEVTM), and more recently, lurbinectedin (Zepzelca®) and belantamab mafodotin (BLENREP®) for cancer treatment, ziconotide (Prialt®) for severe chronic pain, ω-3-acid ethyl esters (Lovaza®), eicosapentaenoic acid ethyl ester (Vascepa®), and ω-3-carboxylic esters (Epanova®) for hyper-triglyceridemia treatment, and ι-carrageenan (carragelose) and vidarabine (Vira-A®; US discontinued17) for antiviral treatment (Martins et al., 2014; Jimenez et al., 2020). These lists have prospects of increasing soon as dozens of marine natural products are currently under clinical trials.



Potential Future Prospects in Healthcare and Well-Being

Compounds originating from marine organisms are also used in nutraceuticals, healthcare and well-being. Carotenoids are pigments that serve as antioxidants with many health benefits including prevention or slowdown of some chronic diseases, cellular damage and aging. Specifically, carotenoids have the potential to reduce the risk of inflammation, heart disease, cancer (Griffiths et al., 2016), type 2 diabetes (Sluijs et al., 2015), obesity (Gammone and D’Orazio, 2015) and even some neurodegenerative diseases (Cho et al., 2018). Phlorotannins are bioactive compounds from brown seaweeds with potential use in food, pharmaceutical and cosmeceutical industries (Li et al., 2011). The cyanobacteria from the Baltic Sea, both the bloom-forming species such as Nodularia spumigena (Fewer et al., 2013; Niedermeyer et al., 2014) and the cyanobacterial species that are rarely reported in the sea (Mazur-Marzec et al., 2015), produce metabolites of pharmaceutical potential. Dolastatin 10, produced by the cyanobacterium Symploca sp. was of great interest as an anticancer drug due to its potent in vitro anticancer activity. However, it was dropped from Phase II clinical trials due to its toxic side-effects and the lack of significant clinical activity (Perez et al., 2005; Tidgewell et al., 2010). Many analogs of dolastatin were synthesized and tested through the years and their use as payload in antibody-drug conjugates (ADC) allowed their successful use in the clinics, as seen with brentuximab vedotin (Adcetris®), now used as a treatment for different types of lymphomas (Tan, 2013; Jager and Hutchings, 2015). Nostoc sphaeroides and other cyanobacteria have been used for the treatment of diarrhea, hepatitis and hypertension. N. sphaeroides is also used as an important ingredient of medicines (Barsanti and Gualtieri, 2014). N. ellipsosporum produces a bioactive compound called cyanovirin, a low-molecular-weight protein with potent activity against various human immunodeficiency viruses type 1 (HIV-1), HIV-2 and simian immunodeficiency viruses (Boyd et al., 1997; Dey et al., 2000; Lotfi et al., 2018). The extracts of the growth media and cell extracts of unicellular microalgae Chlamydomonas pyrenoidosa and Chlorella vulgaris possess antibacterial activity against both Gram-negative and Gram-positive bacteria (Hussein et al., 2018). Similarly, extracts of diatoms, green algae and dinoflagellates have antifungal activities (Dewi et al., 2018). Genomes of higher eukaryotes encode hundreds of kinases, many of which having important roles in controlling the molecular machinery of cell proliferation, survival and motility. Recent studies of the arctic marine hydrozoan Thuiaria breitfussi revealed a family of bioactive breitfussins, molecules that act as cell specific kinase inhibitors (Hansen et al., 2019). Two of the breitfussins were shown to selectively inhibit the survival of several cancer cell lines. The highest inhibition was verified for the triple negative breast cancer cell line MDA-MB-468. These results open a very promising avenue for the development of selective kinase inhibitors for use in cancer therapy. It is also worth noticing that the compounds were isolated from a sessile marine organism, which may hint on where to find potential cell active compounds (i.e., defense related molecules). Recently, fermented Pacific oyster extracts (Ihn et al., 2019) have proven to be efficient in inhibiting osteoclastogenesis in rodents, thus being proposed as a possible treatment for another highly prevalent human pathology, osteoporosis, which has greatly increased in the human population with the increase in life expectancy.

Among marine organisms, sponges have been considered as a “drug treasure” during the past 70 years, due to the huge diversity of their secondary metabolites with an equal variety of biotechnological properties (Schröder et al., 2003; Müller et al., 2004; Perdicaris et al., 2013). In the early 1950s, pharmaceutical interest for marine sponges started by the investigation of the Caribbean sponge Tectitethya crypta (=Cryptotethya crypta de Laubenfels, 1949) and extraction of the nucleosides: spongouridine (3-β-D-arabofuranosyluracil), spongothymidine (3-β-D-arabofuranosylthymine) and spongosine (9-β-D-ribofuranosyl-2-methoxyadenine) (Bergmann and Feeney, 1950, 1951; Bergmann and Burke, 1956). These unique nucleosides were the basis for the synthesis of the antiviral drug ara-A, as well as the first marine-derived anticancer agent, ara-C, currently used in the routine treatment of patients with leukemia and lymphoma (Proksch et al., 2002). Besides the above-mentioned bioactivities, sponges produce many immunosuppressive, neurosuppressive and muscle relaxant compounds (Anjum et al., 2016). Numerous bioactive substances, important in public health disease treatment and control, have been isolated from marine sponges. The most promising drugs are those for treatment of malaria, manzamines, with antiplasmodial (Yousaf et al., 2002) and even immunomodulating activity (Ang et al., 2001), as well as activities against atherosclerosis (Stead et al., 2000), cardiovascular diseases (Barrese and Taglialatela, 2013) and against the novel corona virus 2019-nCoV (Vijayaraj et al., 2020). A group of particular interest is the microtubule-stabilizing drugs, potent macrolide secondary metabolites isolated from New Zealand marine sponge Mycale hentscheli: peloruside A, mycalamide A and pateamine as well as zampanolide from the Tongan sponge Cacospongia mycofijiensis (Miller et al., 2010). Peloruside A stabilizes microtubules and thus possesses promising activities against cancer, neurodegenerative and autoimmune diseases (Kanakkanthara et al., 2016). A recently identified microbiome of sponge host Mycale hentscheli shows remarkable chemical diversity and biosynthetic potential of multiple symbionts, including microtubule-inhibiting and eukaryotic translation-inhibiting bioactive compounds (Rust et al., 2020).

Jellyfish extracted molecules (proteins, peptides, mucins) have antioxidant, wound healing and antimicrobial properties (Merquiol et al., 2019; Nudelman et al., 2019). The most famous jellyfish-derived compound is the green fluorescent protein (GFP), one of the most important tools in molecular biology research, serving as a molecular marker alongside other that found important applications in wider scientific research, and was awarded the Nobel Prize in Chemistry in 2008 to Osamu Shimomura, Martin Chalfie, and Roger Tsien.



LEGISLATION AND FUNDING

The potential of marine biotechnology may significantly contribute to achieving 14 out of 17 United Nations (UN) Sustainable Development Goals (SDGs)18. First and foremost, the discovery of biodiversity and the sustainable use of marine bioresources contributes to SDG14 (Life below water). The new solutions and processes developed, such as new bioremediation methods or alternative fertilizers contribute to SDGs 6 (Clean water and sanitation), 13 (Climate action) and 15 (Life on land). Importantly, alternative food, feed and fertilizer sources contribute to SDG2 (Zero hunger). The use of marine algal biomass as an alternative energy source contributes to SDG 7 (Affordable and clean energy). The valorization of waste, also food by-products can contribute to the decrease of urban pollution (SDG11, Sustainable cities and communities). The development of new products in nutraceutical, cosmeceutical and medical industries contributes to SDG3 (Good health and well-being). Promotion of resource efficiency and technological development contribute to SDG12 (Responsible consumption and production) and 9 (Industry, innovation and infrastructure); the establishment of partnerships between governments, industry, civil society and the scientific sector contributes to SDG17 (Partnerships for the goals). Indirectly, successful biotechnological development can lead to new products, new industries and new job openings. With a proactive interregional collaboration, good practice examples can be taken by regions that are lagging in terms of regional development and job security, which contributes to SDGs 1 (No poverty), 10 (Reduced inequalities), and 8 (Decent work and economic growth).

Table 4 briefly outlines the strategies and funding mechanisms in the EU that directly or indirectly tackle marine biotechnology. They can also serve as a tool for streamlining current efforts and consolidating future directions. Depending on the funding scheme these tools can act at European-, regional-, national-, and bilateral-scale. The European Technology Platform for Sustainable Chemistry (SusChem) has issued a new Strategic Innovation and Research Agenda in 2019 with a vision where sustainable chemistry and biotechnology provide solutions for future generations. The SusChem priorities align well with the field of marine biotechnology as the priorities are (i) advanced materials and advanced processes for circular economy and resource efficiency, and (ii) low carbon economy toward mitigating climate change and protecting environmental and human health. The European Green Deal [COM(2019), 640] is an EU growth strategy to transition into a prosperous society with a resource-efficient and competitive economy. National funding mechanisms can sometimes provide partial financing through research programs and national projects. At the European scale, Horizon2020 and its successor, Horizon Europe framework programs are the ones directly funded by the EU budget. The marine biotechnology sector significantly benefits from the Horizon funding mechanism, intending to directly address societal challenges and promote the development of innovative societies through international cooperation and collaboration of academic and industrial partners. Some financing opportunities have limited country participation depending on the governmental organizations (national ministries) that typically endorse the respective national participation. Therefore, the establishment of collaborations between scientific institutions and the policy making sector is of extreme strategic importance. An example is the Action ERA-NET COFUND on Blue Bioeconomy – unlocking the potential of aquatic bioresources, which is currently running with limited participation from 16 European countries. Another source of funding at the European level stems from the European Regional Development Fund. Marine biotechnology is not uniformly represented as a strategic priority at the regional and transregional levels. The Interreg Baltic Sea Region, for example, has marine biotechnology at the core of blue growth. Marine biotechnology is also encompassed in the Interreg Mediterranean and Atlantic transnational collaborations. Another funding source is the European Maritime and Fisheries Fund. This is implemented at the national scale, through co-financing operational programs. Moreover, marine biotechnology is a part of the maritime economy, a high-potential economic sector. The co-funding programs come along with the national ones that are financed by the Public Investments Programs. Among the Joint Programming Initiatives (JPIs), JPI-Oceans has a priority in marine biotechnology, with limited country participation. To a lesser extent LIFE programs, funded by Environment Directorate-General, could also indirectly be used to better manage marine biodiversity.


TABLE 4. A list of European strategies and funding mechanisms that directly or indirectly include marine biotechnology.
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During the whole development process, the policy framework imposes guidelines throughout the whole technology readiness level scale. The scientific and technological breakthroughs must also be addressed to local, national and international policies that protect and promote the ocean health and functioning aspects of ecosystems. In the field of marine biotechnology, the Convention on Biological Diversity (CBD) and the Nagoya Protocol on Access to Genetic Resources and the Fair and Equitable Sharing of Benefits Arising from their Utilization as well as the United Nations Convention on the Law of the Sea (UNCLOS) are of particular relevance (Lallier et al., 2014). Nagoya protocol has clear implications for scientists working on genetic resources, including those doing biotechnology research on marine organisms, as well as any user of genetic resources along the biodiscovery pipeline (Broggiato et al., 2018). Bioprospecting, a term that defines screening for new organisms and their compounds with biotechnological value, is controlled at different levels. In Exclusive economic zones, these resources are under the sovereignty of the coastal country, which requires special permits to sample habitats of interest. In many cases, bioprospecting in the waters of a third country is allowed only if the country provides its access and use of the genetic resources either for commercial interest or for academic research, even if the material taken is of negligible intrinsic value. The “gold mine” syndrome (according to which each crude sample contains a hidden treasure) hampers the ability of partners to agree on an a priori chain value (Querellou, 2010). The exclusive access to these potential economic benefits can only be obtained through patents associated with the use of “marine genetic resources” for an inventive purpose or process. Another challenge is the access and benefit sharing of resources collected in areas beyond national jurisdiction (Collins et al., 2019). The ocean is a common good and negotiations are necessary to find the solution for the fair and equitable benefit sharing from the utilization of marine genetic resources (Rabone et al., 2019).

Overall, there are currently many legal and practical challenges along the pathway for the commercialization of products derived from marine organisms as legislation is not progressing at the same rate as technology. Serious burdens that delay the market entry of products are the safety assessments and compliances for marine biotechnology products. Another clear practical challenge involves the potential spatial conflicts, in other words, the impacts of different existing marine uses such as tourism or maritime commerce, with the exploration and use of marine biota. The recent increase in interest in marine spatial planning over the past two decades has opened opportunities to overcome conflicts and to proactively determine simultaneous and integrated uses. The above mentioned Maritime Spatial Planning Directive (2014/89/EU) addresses this facet of marine uses. However, of note is the progress made by many non-EU countries who are also taking initiative to develop plans for their coastal and exclusive economic zones (Collie et al., 2013; Portman, 2016; Smythe and McCann, 2018).

Marine exploitation needs increased governance practices as well as ethical practices. Hence, policy involvement is necessary while developing products and processes from marine sources and this may be ensured through the Responsible Research and Innovation concept (see more in section “Communication and stakeholder engagement in development finalization”). This new perspective of conducting science which has to be transdisciplinary, tackling the complex interactions between nature, society and governance is nowadays called the social-ecological systems (Folke et al., 2005; Rozzi et al., 2015; Nakicenovic et al., 2016). This mode of governance takes into consideration different dimensions: economic (cost-efficiency), political, social, legal (European and national legislation) and scientific (e.g., environmental issues) ones. The marine biotechnology sector is thus complex, multi-dimensional and is facing uncertainties. Therefore, the adoption of governance adapted to social-ecological systems considering different aspects of this sector is challenging but necessary.



COMMUNICATION AND STAKEHOLDER ENGAGEMENT IN DEVELOPMENT FINALIZATION

Transdisciplinary collaborations, such as marine biotechnology, seek to produce knowledge through integration and collaboration to address societal challenges (Misra and Lotrecchiano, 2018). These complex collaborations are high-risk, high-impact and are needed to establish modern, innovative societies (Rotter et al., 2020b). On one hand, this demands the creation of teams with varying expertise, including scientific organizations, industrial actors, policy makers and the civil society, i.e., the quadruple helix (Rotter et al., 2020b and Figure 4 therein). On the other hand, these collaborations need to establish efficient communication channels to share infrastructure, experts, expertise and data, which is endorsed by the open access policy of scientific information. These collaborations are endorsed by the Responsible Research and Innovation framework (RRI). RRI aims at an interactive process where societal actors, researchers and innovators actively cooperate to co-define, co-design and co-construct solutions, services and products that are socially acceptable, sustainable and resolve important societal issues (Theodotou Schneider, 2019). This ensures the uptake of the results in science, industry, policy and society. This is an increasingly popular narrative in the European policy making sector, oriented toward publicly funded research that should be inclusive, sustainable and involve policy makers and the general public (von Schomberg, 2013; Jakobsen et al., 2019). If the public perception of a certain product is not positive, the rest of the development may be put on hold. In fact, low public product awareness and acceptance is an important barrier for product commercialization. This is especially the case for commodity products, for which consumer appreciation is decisive, in contract to high end products like medical drugs and industrially valorizable compounds. One solution is the financing of transdisciplinary collaborative networks (such as the European COST Action Ocean4Biotech, Rotter et al., 2020a), where representatives from transdisciplinary communities can co-create knowledge to develop solutions that are efficient, safe, of general public interest and legally feasible.

There are three features within the RRI framework (Owen et al., 2012): (i) science is made for society defining societal challenges, setting targets and impact; (ii) science is made with society and innovations should be constantly iterated by monitoring the economic, social, environmental impact and including the general public and the policy making sector; and (iii) science is responsible and should include the principle of openness, ethics, and financial responsibility toward financers, technology or product users. As marine ecosystems become important in the quest for sustainable development, it is important to ensure that citizens will understand the cause-effect of societal actions and inactions and how human and ocean health are tightly connected. At the same time, citizens, scientists, policy makers and industry are responsible for the ocean’s health to ensure sustainable and long-lasting marine resources. Thus, the RRI roadmap (Theodotou Schneider, 2019) facilitates building trust among these diverse stakeholders, which is the prerequisite for systemic innovation. True and active involvement will increase our understanding of marine bio-based information, knowledge and upcoming marine bio-based products, and catalyze the increase of ocean literacy toward ocean health and sustainable marine biotechnology. Applying the RRI Roadmap will enable a faster industry uptake, where currently there is a lack of coordination and cooperation along the value chain as well as lack of knowledge and insufficient information exchange (Marine Board, 2010). Moreover, these barriers, together with the lack of effective training in the art of science communication, demand a structural change in the academic curricula, especially when training future marine biotechnologists. International marine biotechnology education programs (such as “A Blue Biotechnology Master for a Blue Career”19) are a way to transferring knowledge from the scientific community to the industrial sector for blue biotechnology business development by employing high skilled graduates.



MARINE BIOTECHNOLOGY ROADMAP IN EUROPE

Oceans harbor a vast variety of organisms that offer biological and chemical diversity with metabolic abilities unrivaled in terrestrial systems. Still, many of the known organisms and bioactive compounds have not been exploited to their full commercial and possibly also functional potential. Despite this, it is clear that marine contribution can address the societal challenges, especially health and wellbeing, demographic change (the increase of the global population and the need for sustainable food sources), climate change and resource efficiency (Hurst et al., 2016). Hence, in 2016, a marine biotechnology strategic research and innovation roadmap was presented, uncovering five thematic areas: enabling infrastructure, exploration of the environment, biomass production and processing, product innovation and policy support (Hurst et al., 2016). The year 2021 marks the start of the 10-year period that should enable the achievement of long-term goals and focus especially on the collaborative and financial efforts to advance in the development of all value chains as presented in Figure 4. Marine biotechnology is also embedded in various European territories through smart specialization strategies. These are policy approaches that are tailored based on the specific requirements in various European territories with the aim a smart, sustainable and inclusive Europe that will shift toward and resource-efficient blooming economy (Doussineau et al., 2020). Marine biotechnology in Europe is still in its early stages, evidenced by a high number of publications (globally, around a third of marine biotechnology publications are European), a low number of patents (globally, 13% patents filed in connection with new marine molecules are European) and a high knowledge fragmentation (most of the 12,500 blue biotechnology entreprises employ 10 people or less) (Doussineau et al., 2020). National initiatives have been supported in Europe, for instance in Norway and Ireland with the construction of a National Marine Biodiscovery Laboratory in Ireland20 (Gabrielsen, 2012; Bekkby et al., 2013). Regional initiatives in marine biotechnology, such as in the Germany’s northernmost state Schleswig Holstein has led to the establishment of the GEOMAR Centre for Marine Biotechnology, formerly KiWiZ in Kiel. Moreover, the continuous financial support is important for the regional development of the field, evidenced by past and current network initiatives (e.g., Submariner network21 in the Baltic sea basin, BLUEMED initiative22 and B-Blue23 in the Mediterranean Sea basin and Ocean4Biotech24 that centralizes all European expertise and beyond). Overall, we propose that regional national and transnational initiatives should be fostered to set up long-term inventories of marine biomaterial open to the public with a strong emphasis on taxonomy and geographic information (Leal et al., 2016). These initiatives stimulate the representatives from research, industry and policy sectors to jointly collaborate with the aim of transforming the results of scientific research work and technological breakthroughs into industrial, economic and commercial successes.
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Supplementary Figure 1 | Identification of key compounds in Microcystis aeruginosa PCC 7806extracts. 1 – Aeruginosin 684; 2 – M + 2H 392 & MH + 783; 3 – Linear MC-LR; 4 – M + 2H 615; 5 – MC-LR & DMLR (20%); 6 – Cyanopeptolin A; 7 – Aerucyclamide D; 8 – Cyanopeptolin 963A (–H2O); 9 – Aerucyclamide A; 10 – Aerucyclamide C; 11 – Aerucyclamide B. Other traces of cyanopeptolins, 895, B & C are also present.
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Marine natural products have emerged as an important source for drug development, notably in the field of anticancer therapy. Still, the limited effectiveness of current therapies for central nervous system tumors indicates the need to identify new therapeutic targets and also novel pharmacological agents. In this context, proteasome inhibitors are appearing as a promising new treatment for these diseases. Herein, cytotoxic extracts produced by four marine bacteria recovered from the Brazilian endemic ascidian Euherdmania sp. were screened to evaluate their potential as proteasome inhibitors. The extract from marine Streptomyces sp. BRA-346 was selected for further investigation due to the potent proteasome inhibitory activity it displayed. Bioassay-guided fractionation led to an enriched fraction (proteasome inhibition IC50 = 45 ng/mL), in which the presence of dihydroeponemycin (DHE), known for its proteasome inhibitory effect, and related compounds were annotated by mass spectrometry and further confirmed by comparison with DHE standard. Both DHE and the epoxyketone-containing fraction were evaluated in glioma cell lines, displaying high cytotoxicity in HOG and T98G cells (GI50 of 1.6 and 1.7 ng/mL for DHE, and 17.6 and 28.2 ng/mL for the BRA-346 fraction, respectively). Additional studies showed that the epoxyketone-containing fraction (at GI50 levels) led to an accumulation of ubiquitinated proteins and up-regulation of genes related to ER-stress response, suggesting treated cells are under proteasome inhibition. DHE induced similar effects in treated cells but at concentrations 25 times its GI50, suggesting that the other epoxyketone compounds in the bacteria extract derived fraction may contribute to enhance proteasome inhibition and further cellular effects in glioma cells. These findings revealed the molecular pathways modulated by this class of compounds in glioma cells and, moreover, reinforced the potential of this marine bacteria in producing a cocktail of structurally-related compounds that affect the viability of glioma cells.

Keywords: marine natural products, cytotoxicity, proteasome inhibitors, epoxyketones, ER-stress response


INTRODUCTION

The marine environment encompasses more than 90% of the volume of the biosphere, housing an enormous and still majorly unknown number of species. The most optimistic estimate from the Census of Marine Life points out to barely 10% of properly described species in the oceans1 (Snelgrove, 2010; National Oceanic and Atmospheric Administration, 2020). However, if a broader concept of diversity is considered, one that includes genetic and chemical diversities, it becomes even more evident that this surface has hardly been scratched (Mora et al., 2011; Snelgrove, 2016). Indeed, from a chemical diversity perspective, the possibilities of exploring this multitude of molecules are virtually limitless, once a marine organism, such as an invertebrate, may be contemplated as a complex ecosystem in itself, with billions of associated microbial cells interacting and responding to biotic and abiotic factors through the production of their metabolites to warrant the holobiont’s homeostasis (Cheng et al., 2020; McCauley et al., 2020).

The uniqueness of the metabolites produced by marine species gathered interest from the scientific community for their potent biological activities, resulting in the development of thirteen drugs, of which most are being used to treat cancer2 (Jimenez et al., 2020; Midwestern University, 2020). In such realm, tunicates – filter-feeding animals distributed across the ocean – are among the most resourceful organisms considering the return of pharmacological capital (Palanisamy et al., 2017; Bauermeister et al., 2019), being recognized for the ability to produce nitrogen-containing compounds, like alkaloids, peptides and their derivatives (Watters, 2018). Didemnin B, a depsipeptide isolated from Trididemnum solidum, was the first marine natural product to enter clinical trials, back in 1986, having been later discharged due to marked cardio and muscular toxicity and lack of efficacy (Rinehart et al., 1981; Vera and Joullié, 2002). Nonetheless, plitidepsin (Aplidin®), also known as dehydrodidemnin B, isolated from Aplidium albicans, has been recently approved by the ATGA (Australian Therapeutics Goods Administration) for treatment of hematological cancers in association with dexamethasone3 (Sakai et al., 1996; Alonso-Álvarez et al., 2017; Therapeutic Goods Administration, 2020), and is now under clinical trials for COVID-19 (White et al., 2021). Additionally, trabectedin, an alkaloid isolated from Ecteinascidia turbinata, and its synthetic derivative, lurbinectedin, make up for the three tunicate-sourced anticancer drugs approved for clinical use4 (Rinehart et al., 1990; Markham, 2020). Both didemnin B and trabectedin are recognized as products of the metabolism of symbiotic bacteria, emphasizing the importance of the associated microbiota on the chemical versatility previously attributed to tunicates (Tsukimoto et al., 2011; Xu et al., 2012; Schofield et al., 2015; Bauermeister et al., 2019).

Although the majority of current anticancer drugs have been obtained from natural sources (Newman and Cragg, 2020), only a few marine compounds are included in this arsenal. However, marine natural products have already distinguished themselves from their outnumbered terrestrial counterparts in terms of their mode of action (Pereira et al., 2019). Plitidepsin, for example, is a first in the class drug that impairs de novo protein synthesis by blocking the function of eEF1A2 (eukaryotic elongation factor 1A2), a protagonist protein in delivering amino-acylated tRNA to ribosomes and thereby promoting polypeptide elongation (Mateyak and Kinzy, 2010; Losada et al., 2016). However, a secondary role to eEF1A2, which favors cancer cells, involves the elimination of misfolded proteins through clustering them for lysosome degradation or tagging them for proteasome degradation. Therefore, inhibition of this elongation factor causes the accumulation of toxic misfolded proteins in the cytoplasm, which then leads to cell death (Hotokezaka et al., 2002; Losada et al., 2020). In fact, provoking cell buildup of misfolded proteins revealed to be a successful anticancer strategy, and one such approach involves hampering the catalytic function of the proteasome itself.

The proteasome is a multicatalytic enzyme complex responsible for most non-lysosomal cellular proteolysis. In fact, the proteasome can be considered the headquarter of protein turnover, influencing many cellular processes such as cell cycle, angiogenesis, immune response, apoptosis, and gene expression. The altered proteostasis of cell cycle regulators (cyclins, tumor suppressors, and oncogenes) and apoptosis-related proteins influence cancer development. For example, non-degradation of cyclin-dependent kinase inhibitors and Ik-Bα prevents cell cycle progression and activation of NF-kB, which switches on prosurvival genes (BCL-2) (Catalgol, 2012; Thibaudeau and Smith, 2019). In light of this, inhibition of the 20S proteasome core particle (20S-CP) is a validated strategy for cancer therapy, where impairment of the chymotrypsin-like activity (ChTL, beta 5) is sufficient to achieve cancer cell apoptosis with a favorable therapeutic window (Kisselev et al., 2012).

In this context, microorganisms have been proven as a promising source of proteasome inhibitors, including the α′-β′-epoxyketones epoxomicin, eponemycin and related compounds (Sugawara et al., 1990; Hanada et al., 1992), and the β-lactone-γ-lactam marizomib (Feling et al., 2003; Potts et al., 2011). Among them, epoxomicin led to the development of carfilzomib (kyprolis®, Onyx Pharmaceuticals), approved by the United States Food and Drug Administration (2020) in 2012 for the treatment of patients with relapsed or refractory myeloma (Muchtar et al., 2016). Additionally, marizomib, produced by the marine free-living actinobacteria Salinispora tropica, is undergoing phase III clinical trials for the treatment of hematological and central nervous system tumors (Jimenez et al., 2020). The α′-β′-epoxyketone inhibitors bind to the β5-subunit of the proteasome, exhibiting a potent and highly specific inhibitory effect on the chymotrypsin-like activity (Kim et al., 1999). Marizomib, in turn, inhibits three catalytic subunits of the proteasome, with, generally, a greater affinity toward the β5 subunit (Potts et al., 2011).

Herein, we evaluated the presence of proteasome inhibitors in cytotoxic extracts of bacteria isolated from the Brazilian endemic tunicate Euherdmania sp. The genus Euherdmania comprises merely 13 species and none have been so far characterized for their secondary metabolism nor associated microbiota (Monniot, 1983; Lotufo and Silva, 2006). Still, a previous effort to access the biological activity of crude extracts obtained from tunicates collected on the coast of Ceará State (Jimenez et al., 2003) highlighted the extract from Euherdmania sp. for a prominent cytotoxic activity against leukemia, melanoma, and colorectal tumor cell lines. Using a HPLC-MS/MS analysis and comparison with standard compounds, the presence of a series of α′-β′-epoxyketones related to eponemycin, including dihydroeponemycin (DHE), were verified in Streptomyces sp. BRA-346 extract along with a potent inhibitory activity of the proteasome. Then, the antiglioma activities of DHE and BRA-346 fraction-containing a cocktail of α′-β′-epoxyketones were evaluated focusing on the modulation of pathways related to the unfolded protein response (UPR).



MATERIALS AND METHODS


Bacteria and Extracts

Four bacteria isolated from the ascidian Euherdmania sp., BRA-339, BRA-341, BRA-346, and BRA-386, collected at Taíba beach, Brazilian northeast coast (3°34.125′S; 38°54.469′W), were used for this work and the procedure used was previously described in Velasco-Alzate et al. (2019). Briefly, ascidian samples were sorted for epibionts and debris, dipped in ethanol 70% for superficial decontamination and kept under sterile conditions. Samples were suspended in sterile seawater (1:1 w/v), macerated, and separated into two aliquots: the first was heated to 55°C over 10 min to minimize the growth of Gram-negative bacteria prior to inoculation; the second was directly inoculated onto 90 mm Petri dishes filled with starch-casein agar (SCA) prepared with reconstituted seawater. Cycloheximide (0.1 mg/mL) was added to isolation plates to reduce fungal contamination. Colonies owning an actinomycete-phenotype (color, presence of spores, texture, etc.) were picked out, transferred to fresh A1 (soluble starch, peptone, yeast extract, reconstituted seawater, and agar) medium dishes and subjected to subsequent replatings onto A1 dishes for purification.

Purified bacteria strains were cryopreserved in the microorganism strain bank of the Laboratory of Marine Bioprospecting and Biotechnology at the Federal University of Ceara. The selection of strains was based on the high cytotoxic activity observed against colon carcinoma cell lines (Supplementary Table 1). A license for the collection of tunicates was granted by Biodiversity Authorization and Information System (SISBIO, authorization number 48522-2). A license for genetic access was granted by the National System for the Management of Genetic Heritage and Associated Traditional Knowledge (SISGen, authorization number AC0781C).

The extracts were obtained from the growth of bacteria strains in Erlenmeyer flasks (250 mL) containing 100 mL of A1 liquid medium (peptone, soluble starch, yeast extract, and reconstituted seawater) for 7 days at 140 rpm maintained at 26°C. To recover the extracts, 100 mL of ethyl acetate was added to the bacteria culture for 1 h under 60 rpm at 26°C. The organic phases were separated from culture bacteria media and collected. The solvent was then removed under reduced pressure and extracts were recovered.



MTT Assay

The colon carcinoma cell line [HCT-116 (ATCC CCL-247)] was used for the MTT assay. This assay measures cellular metabolic function based on reduction of tetrazolium salt, MTT 3-(4,5-dimethylthia-zol-2-yl)-2,5-diphenyltetrazolium bromide, to the formazan by mitochondrial dehydrogenases of viable cells. An increase in the formazan concentration indicates greater cell proliferation (Mosmann, 1983).

Cells were cultured in RPMI media supplemented with 10% SBF and 1% penicillin-streptomycin and seeded in 96-well plates (1 × 104 cells per well) 24 h before the test. The extracts and fractions were dissolved in DMSO and tested at increasing concentrations (0.0032–50 μg/mL) for 72 h of incubation at 37°C, 5% of CO2. DMSO 0.5% was used as a negative control, reflecting 100% cell viability. After the incubation period, the media was removed and an MTT solution (5 mg/mL) was added to plates for an additional incubation (3 h). Next, the supernatant was discarded and the precipitate (formazan) was dissolved in DMSO to measure absorbance at 570 nm. Three independent experiments were performed and absorbance values were normalized using blank as 0%, and negative control (DMSO, 0.5%) as 100% of cell proliferation. Inhibitory concentration mean (IC50) values and their 95% confidence intervals (CI95%) were calculated using non-linear regression by GraphPad Prism 7.0. (GraphPad Software, Inc., San Diego, CA, United States).



Proteasome Inhibition Assay

The EtOAc bacteria crude extracts, obtained as described above, were assayed against the purified 20S-CP from Saccharomyces cerevisiae cells. Yeast 20S proteasome complex was purified in-house from S. cerevisiae using affinity, ion exchange, and size exclusion chromatography, as previously described (Souza et al., 2018). The assay procedures were carried out according to Souza et al. (2018) with minor modifications. Briefly, bacteria crude extracts were diluted in DMSO and assayed by pipetting 1 μL in 384-well black v-shape microplates containing 19 μL of the yeast proteasome at 1 μg/mL, in Tris 10 mM pH 7.5, SDS 0.01%. The yeast proteasome was exposed to the extracts for 2 h before addition of 5 μL of the fluorogenic proteasome substrate Suc-LLVY-Amc at 200 μM (final substrate concentration was 40 μM). The fluorescence was monitored in each well for 1 h, every 2 min, using the Clario (BMG Labtech) plate reader. Liquid handling was assisted by the Versette (Thermo Scientific) automated pipetting system. Each experiment was conducted in triplicates. Remaining proteasome activity (%) for test samples was calculated relative to the DMSO control group, carried out in the same assay plate, however, in the absence of the tested samples. The control group corresponds to 100% proteasome activity and was obtained by incubating the enzyme in the reaction buffer with 5% DMSO before adding the substrate. The intrinsic fluorescence of the samples was also accounted for in the measurement of the fluorescence in each well before the addition of the substrate. Initial experiments were carried out at single concentrations (50 μg/μL) of the crude extracts. Inhibition curves were performed at ten inhibitor concentrations, with final concentrations ranging from 0.003 to 50 μg/mL, in a dilution factor of threefold. The data were plotted as average ± SD of enzyme activity (%) as a function of logarithmic concentrations of the inhibitor. Curves were fitted using the normalized four-parameter concentration-response equation with variable slope implemented in Prism (Graph Pad, San Diego, v. 7.0).

To assess the inhibitory potential of dihydroeponemycin (DHE) (ApexBio, A8172), epoxomicin (ABCAM, ab144598), and epoxyketone-containing fraction obtained from the fractionation of the BRA-346 extract (BRA-346 fraction) on human purified proteasome catalytic subunit, the 20S Proteasome Activity Assay (Merck Millipore, Cat. No. APT280) was used. DMSO (0.3%) was used as the negative control. The entire test was performed according to manufacturer protocol (Zhang et al., 2011). To calculate the half-maximum inhibitory concentration (IC50) of epoxyketone-containing fraction, the sample was evaluated in graded concentrations (0.001, 0.01, 0.1, 1, and 10 μg/mL). The emission fluorescence converted values (%) were compared to the negative control. Assays were analyzed using GraphPad Prism 7.0 software.



Molecular Identification of BRA-346

For molecular identification, genomic DNA of the isolated BRA-346 strain was obtained from pure culture as previously described by Pinto et al. (2020) using phenol:chloroform:isoamyl alcohol-based protocol. The gene 16S rRNA was amplified by polymerase chain reaction (PCR) using primers 27F (5′- AGAGTTTGATCCTGGCTCAG-3′) e 1494R (5′-ACGGCTACCTTGTTACGACTT-3′) (Heuer et al., 1997). The PCR reaction was also performed as previously described by Pinto et al. (2020). The PCR product was stained using SYBRTM Safe DNA Gel (Life Technologies), analyzed by electrophoresis on agarose gel 1%, and purified with ExoSAP-IT (Affymetrix). Sequencing of amplicons was conducted at the Laboratory of Human Molecular Genetics (LGMH), Department of Genetics of Federal University of Pernambuco (UFPE) using Bigdye TM terminator v3.1 cycle sequencing kit (Thermo Fisher). Sequences forward and reverse were analyzed and edited using Geneious Prime 2020.2 software5. The obtained sequence was deposited in Genbank6 under the number MW342808 and compared with sequences from EzBioCloud database7.



Fractionation of BRA-346 Extract

BRA-346 strain was grown in Erlenmeyer flasks (30 × 1 L) containing 250 mL of A1 medium at 26°C, 180 rpm. The crude extract (1.35 g) recovered with ethyl acetate was dissolved in 100 mL of MeOH/H2O (8:2, v/v) and partitioned with n-hexane and EtOAc (2 mL × 100 mL), followed by treatment with anhydrous Na2SO4. The organic solvents were dried by distillation under reduced pressure and, subsequently, by compressed airflow, providing their respective fractions: BRA-346 hexane (506.3 mg) and BRA-346 ethyl acetate (416.5 mg). The resultant MeOH/H2O mixture was dried by solvent distillation under reduced pressure and lyophilized, yielding BRA-346 MeOH/H2O (375.6 mg).

The BRA-346 EtOAc fraction (400.5 mg) was fractionated on a Sephadex LH-20 column (50 mm × 30 mm i.d.) using a mixture of MeOH/CH2Cl2 (8:2, v/v) to provide 20 fractions of approximately 10 mL each, which were monitored by thin layer chromatography (TLC) to yield five fractions, F1-4 (5.6 mg), F5-8 (25.0 mg), F9-11 (65.1 mg), F12-14 (217.5 mg), and F15-20 (86.5 mg), which were screened for cytotoxicity. F12-14 showed the most significant activity, therefore, an aliquot of this fraction (20.0 mg) was subjected to solid phase extraction (SPE) eluted with A (H2O), B (MeOH/H2O 1:1, v/v), C (MeCN/H2O 7:3, v/v), D (MeCN), and E (CHCl3/MeOH 9:1, v/v) to provide their respective fractions, A (0.7 mg), B (5.0 mg), C (9.0 mg), D (0.9 mg), and E (0.3 mg) as described by Cutignano et al. (2015). All obtained fractions were evaporated under reduced pressure to remove solvents and diluted in DMSO before screening for cytotoxicity. Fraction C was selected for sequential studies based on its proteasome inhibitory activity and HPLC-MS/MS analysis. Supplementary Table 2 shows the yield and biological activity data of extract and fractions.



HPLC-MS/MS Data Acquisition and Molecular Networking

BRA-346 crude extract and fractions A, B, C, D, and E were analyzed by HPLC-MS/MS for metabolic profiling. Dihydroeponemycin (DHE) (ApexBio, A8172), epoxomicin (ABCAM, ab144598) were used as standards for comparison. The analyses were acquired on an HPLC System (Shimadzu) coupled to a micrOTOF QII mass spectrometer (Bruker Daltonics), equipped with an electrospray ionization source (operating in positive ionization mode), and a quadrupole and a time of flight (TOF) analyzers. Chromatographic separation was performed on a Supelco Ascentis Express C18 column (5 μm, 150 mm × 3.0 mm), equipped with a pre-column. The column temperature was maintained at 40°C. The elution was carried out with a linear gradient of the mobile phase, starting with 5–100% acetonitrile for 25 min with a flow rate of 0.7 mL/min. Both solvents (H2O and ACN) contained 0.1% formic acid. The injection volume was 15 μL (1.0 mg/mL). The parameters used in the ionization source were as follows: voltage: 3.5 kV, cone: 4.5 kV, drying gas: 9.0 L/min, gas temperature: 220°C, m/z range: 50–1,500. A data-dependent acquisition (DDA) method was used, which selects to fragment, separately, all ions above 1.0E3 of intensity, in this method a collision energy ramp of 20–75 eV was used to fragment the ions.

The HPLC-MS/MS data were converted to the .mzXLM format, a file type compatible with the GNPS platform (Wang et al., 2016), using the MSConvert software. The molecular network was constructed following the workflow on the GNPS platform. GNPS is an online platform8, which deposits and shares a mass spectrometry data library (MS-MS), allowing the identification of natural products, mainly of marine origin, and which has been widely used in metabolomics works. Briefly, the data (.mzXML) was transferred to the GNPS server (ucsd.edu). The MS/MS spectra were grouped by spectral similarity using cosine score, and the parameters used are described in Supplementary Table 3. After the construction of the molecular network, the file was viewed and analyzed in the Cytoscape software (v. 3.2).



Mechanistic Studies in Glioma Cells


Sulforhodamine B (SRB) Assay

Due to the presence of proteasome inhibitors in the BRA-346 fraction, which can interfere on the turnover protein, and possible over and underestimation of cell viability by the MTT assay in glioblastoma cell lines (Stepanenko and Dmitrenko, 2015), SRB assay was used to evaluate initial cytotoxicity studies of the BRA-346 epoxyketone-containing fraction and dihydroeponemycin in glioma cell lines.

This is a colorimetric assay developed in 1990 which quantifies the total proteins and can be used for investigating cell proliferation and screening of the anticancer drugs. It entails the binding of sulforhodamine B dye to basic amino-acid residues of cell proteins, allowing measure increase or decrease of cellular mass (Skehan et al., 1990). SRB assay setup permits the identification of three main values: mean growth inhibitory concentration (GI50) when the treated cells growth 50% in relation to “time-zero” plate cells; total growth inhibitory concentration (TGI), when treated cells do not growth in relation to cells seeded in “time-zero” plate; and mean lethal concentration (LC50), when 50% cells died in relation observed cells concentration in “time-zero” plate. Cell proliferation was calculated as: % of control cell growth = 100 × (absorbance sample value − absorbance “time-zero” plate)/(absorbance negative control − absorbance “time-zero” plate) for 50% of cell proliferation; and absorbance sample value = absorbance “time-zero” plate for 0% of cell proliferation (Vichai and Kirtikara, 2006; NCI, 20219), and each drug concentration was related. The percentage of proliferation was set range to −100% to +100% to facilitate finding GI50 and LC50 values. These values can be observed in the screening methodology applied by USA-NCI (National Cancer Institute, 2021).

Glioma cell lines [HOG (CVCL_D354) and T98G (ATCC CRL-1690)], certified by Rede PREMIUM FMUSP, São Paulo, Brazil (ATCC – STR Profile Report method), were used. Both cell lines were cultured in RPMI media supplemented with 10% SBF and 1% penicillin-streptomycin and seeded in 96-well plates (6 × 103 cells per well). 24 h later, a plate designated by “time-zero,” containing only cells, was fixed with 100 μL/well of 10% trichloroacetic acid (TCA) and stored at 4°C for 1 h. Meanwhile, DHE and the epoxyketone-containing fraction, both dissolved in DMSO, were tested on the test plates at increasing concentrations (0.0032–50 μM or μg/mL) for 24, 48, and 72 h of incubation at 37°C and under a 5% CO2 atmosphere. As a negative control, i.e., 100% cell growth, 0.5% DMSO was used. After each incubation period, the medium of test plates was removed, cells were fixed with 100 μL/well of 10% TCA and plates were stored for 1 h at 4°C. This solution was removed and all plates were washed three times with deionized water. After that, 100 μL of 0.4% SRB solution was added to each well and kept at 37°C and 5% CO2 for 30 min. The SRB solution was removed by washing three times with 1% acetic acid and, to solubilize the bound SRB, fixed cells were dissolved in 200 μL/well of 10 mM Tris Base before the absorbance of each well was measured at 570 nm. Three independent experiments were performed. Mean growth inhibitory concentration (GI50), total growth inhibitory concentration (TGI), and mean lethal concentration (LC50) were calculated by interpolation of normalized data by GraphPad Prism 7.0. (GraphPad Software, Inc., San Diego, CA, United States).



Western Blotting

Accumulation of ubiquitinated proteins and expression of HSP70 were evaluated by Western blotting as molecular markers of proteasome inhibition. With this purpose, HOG and T98G cells were seeded in 100 mm dishes at 1 × 106 cells/mL. After 24 h, the cells were treated with DHE or BRA-346 epoxyketone-containing fraction at concentrations corresponding to GI50 values obtained after 48 h incubation (1.6 and 1.7 ng/mL for DHE, and 17.6 and 28.2 ng/mL for the BRA-346 fraction for HOG and T98G, respectively). Incubation time was set at 36 h to evaluate the onset of the effects. DHE was further tested in both cell lines at 40 ng/mL, approximately 25 times the GI50 values obtained after 48 h incubation. Proteins of treated and untreated cells were extracted using a buffer containing 100 mM Tris (pH 7.6), 1% Triton X-100, 150 mM NaCl, 2 mM PMSF, 10 mM Na3VO4, 100 mM NaF, 10 mM Na4P2O7, and 4 mM EDTA and their quantification was performed by the Bradford assay (Bradford, 1976) with a BSA curve (1 mg/mL) as standard. The proteins were submitted to SDS-PAGE then transferred to a nitrocellulose membrane for immunodetection. Antibodies against ubiquitin P4D1 (#3936) and α-tubulin (#2144) were obtained from Cell Signaling, while that against HSP70 (#648002) from BioLegend. Three independent experiments were performed. Band intensities were quantified by the UN-SCAN-IT gel 6.1 program that captures and quantifies the pixels in each band. Values associated to test proteins were normalized by standard α-tubulin for the relative expression measure.



RNA Extraction and qRT-PCR

HOG and T98G cells were seeded in 100 mm dishes at 1 × 106 cells/mL and 24 h later treated with DHE or BRA-346 epoxyketone-containing fraction at concentrations corresponding to GI50 values obtained after 48 h incubation (1.6 and 1.7 ng/mL for DHE, and 17.6 and 28.2 ng/mL for the BRA-346 fraction for HOG and T98G, respectively). Incubation time was set at 36 h to evaluate the onset of the effects. DHE was further tested in both cell lines at 40 ng/mL, approximately 25 times GI50 values obtained after 48 h incubation. For the quantitative PCR analysis, total RNA was extracted from cells using Trizol (as recommended by the manufacturer). Sixteen genes related to UPR and to the ubiquitin-proteasome system (UPS) were analyzed in control and treated cells. The primer sequences are described in Supplementary Table 4. RNA samples were quantified and used for the production of cDNA that was performed according to the High-Capacity cDNA Reverse Transcription Kit protocol (Thermo Fisher Scientific) with the addition of ribonuclease inhibitor RNaseOUTTM (Thermo Fisher Scientific), according to the following steps: 10′ at 25°C; 2 cycles from 60′ to 37°C and one cycle from 5′to 85°C. Sybr Green PCR Master Mix and solution of the forward and reverse primers were added to the cDNA. Hypoxanthine phosphoribosyltransferase 1 (HPRT1) and beta-actin (ACTB) were used as reference genes. Quantitative PCR (qPCR) was performed using an ABI 7500 Sequence Detector System and the qPCR reaction volume was 12 μL, which steps were 2′ at 50°C and 10′ at 95°C for the maintenance stage, 40 cycles of 15′ at 95°C and 1′ at 60°C for the PCR stage; and 15′ at 95°C, 1′ at 60°C and 15′ at 95°C for the melting curve stage. Three independent experiments were performed. For the analysis of relative expression, the values from the Cycle Threshold (CT) average of each gene were used and the values were normalized by the average reference genes values by the 2–ΔΔCT method (Livak and Schmittgen, 2001). The software MeV (Multiple Experiment Viewer10) was used to construct the heatmap. Network construction was performed using modulated genes in both glioma cell lines (1.4-fold-change) and the GeneMANIA database11.




Statistical Analysis

Statistical analyses were performed using GraphPad InStat 7.0. (GraphPad Software, Inc., San Diego, CA, United States). For comparisons, ANOVA and Tukey multiple post-test were used. A p-value < 0.05 was considered statistically significant.




RESULTS


Screening of Euherdmania sp. Associated Bacteria

Since our prior study showed the cytotoxic potential of an extract obtained from the Brazilian endemic ascidian Euherdmania sp. (Figure 1A) (Jimenez et al., 2003), we proceeded with the isolation of four bacteria strains (Figure 1B and Supplementary Table 1) associated with the ascidian and evaluation of the cytotoxicity of their respective extracts in the colorectal carcinoma cells HCT-116. All tested extracts presented cytotoxicity with IC50 values varying from 0.03 (BRA-346) to 5.15 μg/mL (BRA-341) (Figure 1C and Supplementary Table 1). The extracts were further evaluated for their inhibitory potential against the proteasome chymotrypsin-like (ChTL) catalytic subunit (Figure 1C) for which only the extract from BRA-346 significantly inhibited this enzymatic activity, with IC50 of 0.42 μg/mL (Figure 1D).
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FIGURE 1. (A) Photo of the ascidian Euherdmania sp. collected on the northeast coast of Brazil. (B) Photographs of Euherdmania sp. associated bacteria: BRA-339, BRA-341, BRA-346 and BRA-386. (C) Graph showing the chymotrypsin-like (ChTL) enzymatic activity of proteasome purified from Saccharomyces cerevisiae (1 μg/mL) after 2 h of incubation with bacterial extracts at 50 μg/mL (left axis; n = 3) and IC50 values of the bacterial extracts against HCT-116 cell line assessed by MTT assay after 72 h of incubation (right axis; n = 3, in concentrations ranging from 0.0032 to 50 μg/mL). (D) Concentration-response curve of BRA-346 extract on the ChTL enzymatic (IC50 = 0.42 μg/mL) activity. The ChTL substrate (LLVY-AMC) was set at a concentration of 40 μM.


Therefore, BRA-346 was selected for further studies, including molecular identification of the bacteria, bioassay-guided fractionation of the extract and mechanism of action (MoA). Through 16S rRNA sequencing and comparison with the EzBioCloud database, BRA-346 was identified as Streptomyces sp. (MW342808), with close similarity (above 99%) to Streptomyces amphotericinicus (KX777593) (National Center for Biotechnology Information, 2020).

The BRA-346 strain was grown in liquid media and extracted with ethyl acetate. The crude extract was then subjected to a fractionation process guided by cytotoxicity against HCT-116 cell line, assessed through the MTT assay (Supplementary Figure 1 and Supplementary Table 2). Ultimately, fraction C, obtained after a SPE step applied to a mid-polarity fraction eluted from the ethyl acetate partition subjected to a Sephadex LH-20 column, was shown to produce the highest cytotoxicity, with IC50 of 30 ng/mL, being 20 times more potent than the second most active one, fraction B (Supplementary Figure 1), and was selected to the MoA studies.



Proteasome Inhibitors Detected in Streptomyces sp. BRA-346 Extract and Fractions

Studies with BRA-346 fraction C were conducted to confirm the proteasome inhibitory activity and to access its chemical profile. Known proteasome inhibitors, including DHE and epoxomicin, were included in this analysis as positive controls. BRA-346 fraction inhibited 92.6% of the ChTL enzymatic activity at 1 μg/mL, while comparable inhibition of this enzyme by DHE and epoxomicin, by 94.6 and 93.9%, were reached at 12 and 16.6 μg/mL, respectively (Figure 2A), which is equivalent to nearly 30 μM of either compound. BRA-346 fraction showed an IC50 of 0.04 μg/mL (Figure 2B), a potency 10 times greater than that of the crude extract (IC50 = 0.42 μg/mL) when tested against the proteasome ChTL subunit.
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FIGURE 2. Evaluation of proteasome inhibition by dihydroeponemycin, epoxomicin, and BRA-346 epoxyketone-containing fraction, and molecular networking profile of proteasome inhibitors, BRA-346 crude extract, and fractions. (A) Comparative graph of inhibition of the catalytic activity of the Chymotrypsin-like (ChTL) subunit of the proteasome by dihydroeponemycin and epoxomicin (at 12 and 16.6 μg/mL, respectively), and BRA-346 fraction (fraction C Supplementary Figure 1) (at 1 μg/mL) through the enzymatic assay. Data were analyzed using GraphPad Prism 7.0 software by ANOVA followed by Tukey multiple comparison test, ****p-value < 0.0001. (B) Dose-response curve of the proteasome inhibition test by BRA-346 fraction, with IC50 value = 0.04 μg/mL, confidence interval (CI 95%) = 0.02 to 0.07. All values were obtained from three independent experiments. (C) Molecular network profile of dihydroeponemycin, BRA-346 crude extract and fractions A, B, C, D, and E. Compounds were analyzed by grouping from the fragmentation profile data of the compounds obtained by the ESI positive mode (ESI+). Only clusters related to dihydroeponemycin are shown. Nodes represent the ions present in the samples, which are indicated by related colors. Highlighted nodes refer to dihydroeponemycin (m/z 401.2) and analog ions present in the BRA-346 fractions.




Chemical Characterization of Eponemycin Analogs

HPLC-MS/MS analysis of the extract and fractions A, B, C, D, and E were conducted to investigate the chemical nature of the proteasome inhibitor present in the BRA-346 extract. Data was used to build a molecular network using the GNPS platform (Figure 2C). Two known proteasome inhibitors, DHE and epoxomicin, were included in the HPLC-MS/MS analysis for comparison. The fractionation was efficient and allowed the detection and identification of several compounds that were not observed in crude extract. The ion of m/z 401.26, compatible with DHE, was observed in DHE (Figure 2C) and exclusively in fraction C (Figure 2C and Supplementary Figure 2), while epoxomicin compatible signals were not detected in the extract or fractions. The molecular networking actually highlighted the presence of a large family of epoxyketone derivatives mainly in BRA-346 fraction C, but also in other fractions. Therefore, aiming at the identification of these compounds we decided to investigate their fragmentation pathway.

Present MS/MS data and that of Schorn et al. (2014) were used to propose the fragmentation pathways for DHE (Figure 3), and to guide the dereplication of compounds from the same family. As expected, the elimination of water makes up the picture of major ions, since there is an OH group in the central part of the molecule that can be easily eliminated due to its proximity to a more acidic alpha-carbonyl hydrogen. This route is represented in pathway C (Figure 3). The second water elimination could occur directly by a mechanism suggested in pathway E, however, a primary carbocation would have been formed, which does not occur due to its large instability. Thus, the alternative route goes through opening of the epoxide by an initial hydrogen rearrangement, affording an enol ion and presumably balancing the keto form (Li et al., 2007). Through this path, the elimination of a second water (m/z 365) can occur expending low energy. An additional loss of H2CO confirms the actuality of this pathway. Furthermore, elimination of an amide from the same ion at m/z 365, resulting in ion m/z 153, and the subsequent elimination of the side chain, affording ion at m/z 109, which is thermodynamically favored due to conjugations extended (Figure 3), will be useful to recognize additional derivatives. The ion at m/z 109 can also be produced directly after loss of water from the epoxide moiety (fragmentation mechanism is present at Supplementary Material, Supplementary Figure 4 and Supplementary Scheme 2).
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FIGURE 3. Major putative ions detected in ESI-MS/MS analysis of a commercial standard dihydroeponemycin and the ion at (retention time) tR 12.0 min (m/z 401). Analyses were carried out on Bruker Daltonic machines and the isolated protonated molecule was excited at a CID chamber applying N2 as the collision gas.


Fragmentation pathways A, B, D, and E also start as previously described (Schorn et al., 2014) and some important fragments with m/z 214 (A), m/z 258 (B), m/z 188 (D) m/z 275, and m/z 257 (E) can be useful to define possible modifications at the molecule moiety. Additional important information can be assessed by fragmentation of ion m/z 188. After elimination of the side chain through a retro-heteroene reaction (Crotti et al., 2005), the amine has freedom to undergo a long hand displacement reaction (McLafferty and Tureek, 1993), thus affording a water elimination product (ion at m/z 170, Figure 3). Now, two mechanisms for water elimination can occur from the same part of the molecule. The open-ring form of the ion at m/z 170 can lose H2CO affording a final ion at m/z 140, confirming, once again, opening of the epoxide ring. The cyclic ion at m/z 170 can be opened by an anchimeric assistance (Lopes et al., 2002) and, at the same concerted process, the epoxide is also opened. Sequential loss of water and of CO affords the ion at m/z 96, that can be helpful to find new derivatives in combination with the previously described ions.

Once the main fragmentation mechanisms were defined, we started to analyze the LC-UV-MS/MS data for the structural determination of possible derivatives (Figure 4 and Supplementary Figures 3–13 in the Supplementary Material shows de MS/MS data of all identified compounds). The first step was to confirm the spectrum of DHE (compound 13) detected in BRA-346 fraction C at retention time (tR) 12.0 min. The perfect spectral match between the commercial DHE and the ion at m/z 401 present in BRA-346 fraction C undoubtedly confirmed its occurrence (see spectra in Supplementary Figure 2). A substance with m/z 401 with two losses of water and the ion at m/z 109 with significant intensity (see spectra in Supplementary Figure 3) were observed at tR 10.6 min. This initial analysis suggests that it could be a slightly more polar isomer. Additionally, the second H2O elimination is the most intense ion in the spectrum (which does not occur in the DHE spectrum) and there is a lower intensity ion from a third H2O elimination. These information suggest an expected reduction of the carbonyl group in the side chain and a double-bond in the same position as eponemycin 12. MS/MS analysis also shows an ion at m/z 151, which confirms the double-bond, as proposed for compound 9. As expected, eponemycin (m/z 399) was detected at a lower tR (11.4 min) than DHE. Only the initial pathway A shown in Figure 3 could not be observed in the MS/MS analysis for eponemycin (Scheme 2 in Supplementary Material). Also, the ion at m/z 109 was formed directly from the ion at m/z 363 (losses of two molecules of water). The majority of other ions have two mass units less than the observed for DHE, confirming the chemical structure.
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FIGURE 4. LC-MS/MS analysis of BRA-346 fraction C (BRA-346 epoxyketone-containing fraction) and proposed structures for eponemycin derivatives.


Previous work from Schorn et al. (2014) showed several analogs of eponemycin with lower side chains. In the present work compounds with tR at 9.0 min (compound 2, m/z 371), 9.6 min (compound 4, m/z 329), 10.2 min (compound 7, m/z 315), 10.7 min (compound 10, m/z 387), and 10.8 min (compound 11, m/z 313) showed spectral feature consistent with this family of compounds. For all compounds, the major fragmentation pathway starts with the loss of water and ends with the diagnostic ion at m/z 109 (see Supplementary Figure 10). Pathway A (green) presented in Scheme 3 (Supplementary Material) was important to confirm the size of the side chain and a double-bond replacing the hydroxyl group present in DHE. These information suggest N-(1-(2-(hydroxymethyl)oxiran-2-yl)-4-methyl-1-oxopentan-2-yl)-2-propionamidoacrylamide as the structure for compound 11 (Figure 4). For compound 10, the fragment related to the side chain elimination was key for structure elucidation. Therein, demetallation may occur only at the isobutane section and the ion at m/z 109 also confirms that there are no modifications in the epoxide chain. Based on this, we propose compound 10 as N-(3-hydroxy-1-((1-(2-(hydroxymethyl)oxiran-2-yl)-4-methyl-1-oxopentan-2-yl)amino)-1-oxopropan-2-yl)-6-methylheptanamide (Figure 4). Compound 7 has two more mass units than compound 11, but in this case, the hydroxyl group remains in the structure and the side chain has only one alpha carbonyl carbon. Therefore, it was not possible to observe elimination from the side chain and all ions were afforded from the initial pathway C (Scheme 6 in the Supplementary Material). In this case, the ion at m/z 109 was a minor signal, but all ions collectively allowed confirmation of compound 7 as 2-acetamido-3-hydroxy-N-(1-(2-(hydroxymethyl)oxiran-2-yl)-4-methyl-1-oxopent-4-en-2-yl)propanamide (Figure 4). Like 10, compound 4 also owns a demetallation at the same site, probably by an oxidation of the metabolites followed by CO elimination, resulting in a loss of carbon for the molecule moiety. Once again, pathway C is not held as the most important, but pathway D (Figure 3 and Supplementary Scheme 8) contributed to the final elucidation. The initial ion from pathway D has less restrictions and an additional ion can be observed at m/z 130. The mechanism of all other ions formation are in agreement with the proposition displayed in Figure 3 and we confirm the compound as N-(3-hydroxy-1-((1-(2-(hydroxymethyl)oxiran-2-yl)-1-oxopent-4-en-2-yl)amino)-1-oxopropan-2-yl)butyramide. Compound 2 is another compound with an eponemycin core, owning a small side chain and a second carbonyl group. The presence of a second carbonyl group was already described in some analogs annotated by Schorn et al. (2014). The ions observed in the spectra and the major fragmentation pathways (Supplementary Figure 12 and Supplementary Scheme 10, respectively, in Supplementary Material) are fully in agreement with a protonated ion of N-(3-hydroxy-1-((1-(2-(hydroxymethyl)oxiran-2-yl)-4-methyl-1-oxopent-4-en-2-yl)amino)-1-oxopropan-2-yl)-3-oxopentanamide.

The last group of compounds had higher mass values than eponemycin. In all cases, we observed the increased number of oxygen atoms and no modifications in the carbon skeleton. We observed two ions with m/z 417 with identical spectra and their only difference is the tR. Comparison to a previously published spectrum (Schorn et al., 2014) confirms the presence of the same major ions. Detailed analysis in Supplementary Figure 7 and Supplementary Scheme 5 indicate no other possibility than the expected addition of water to the double-bond. In this case, we can assume that one compound is similar to that previously published and the other is an isomer of position. Therefore, we believe that compound 6 can be the first to be eluted, but keeping in mind that this order can be reversed with compound 8. Compound 3 (3-hydroxy-N-(3-hydroxy-1-((1-(2-(hydroxymethyl)oxiran-2-yl)-4-methyl-1-oxopent-4-en-2-yl)amino)-1-oxopropan-2-yl)-6-methylheptanamide) has been previously identified (Schorn et al., 2014) and the ions observed herein are in full agreement (Supplementary Figure 11 and Supplementary Scheme 9). Compound 5, a minor signal in the HPLC-MS/MS analysis, has an additional hydroxyl group and an expected reduction of the carbonyl group in the side chain. Therefore, we verified the occurrence of pathway E (Supplementary Figure 9 and Supplementary Scheme 7) and the ions at m/z 275 and 255 confirmed we had an unmodified residue of 3-hydroxy-N-(1-(2-(hydroxymethyl)oxiran-2-yl)-4-methyl-1-oxopentan-2-yl)propanamide. Moreover, the ion at m/z 109 reinforces this information. Hence, we propose compound 5 as 2-((1,3-dihydroxy-6-methylheptyl)amino)-3-hydroxy-N-(1-(2-(hydroxymethyl)oxiran-2-yl)-4-methyl-1-oxopentan-2-yl)propanamide. Finally, compound 1 showed the highest oxidation level for all series. In this case, the core is still the same as eponemycin and a new hydroxyl group was observed in the terminal isobutil group and in the side chain. While it is not possible to define the position of all groups, it is indeed possible to confirm the presence of a terminal hydroxyl group, which afforded the fragment ion from the heteroene reaction. So, a putative structure is presented in Figure 4 and details on spectrum and fragmentation pathways are offered in the Supplementary Figure 13 and Supplementary Scheme 11.



Cytotoxicity and Molecular Markers of Proteasome Inhibition of DHE and Streptomyces sp. BRA-346 Epoxyketone-Containing Fraction: Studies in Glioma Cells

The activities of DHE and Streptomyces sp. BRA-346 epoxyketone-containing fraction were further evaluated in glioma cell lines HOG and T98G, since proteasome inhibitors are emerging as promising compounds in the treatment of glioblastoma multiforme, which remains a poorly manageable disease with high mortality rates (World Health Organization, 2020). The analysis was based on the assessment of cytotoxicity and the evaluation of molecular markers related to proteasome inhibition. Table 1 and Supplementary Figure 14 show the results of the SRB analysis after 24, 48, and 72 h incubation. Generally, growth inhibitory activity was amplified 10-fold when incubation time increased from 24 to 48 h for both DHE and BRA-346 epoxyketone-containing fraction but remained constant when the incubation time was further increased to 72 h. The sensitivity of both cell lines was similar for DHE, with 48 h incubation GI50 values of 1.6 and 1.7 ng/mL for HOG and T98G cells, respectively, while T98G cells were slightly less sensitive to BRA-346 epoxyketone-containing fraction, with GI50 of 28.2 ng/mL when compared to 17.6 ng/mL in HOG cells.


TABLE 1. Evaluation of cell growth inhibition of HOG and T98G cell lines exposed to dihydroeponemycin (DHE) and BRA-346 epoxyketone-containing fraction through SRB assay after 24, 48, and 72 h treatment.
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To investigate the molecular changes incited by DHE and BRA-346 epoxyketone-containing fraction, glioma cells were exposed to the samples and incubated for 24, 36, or 48 h. Protein expression analysis demonstrated an increase in HSP70 and ubiquitinated proteins levels in both HOG and T98G cells treated with the BRA-346 epoxyketone-containing fraction, but no significant changes were observed when cells were treated with DHE at GI50 levels (Figures 5A,B and Supplementary Figure 15). Nonetheless, at concentration 25 times higher (40 ng/mL or 100 nM, Figure 5C) and 36 h of incubation, DHE induced comparable cellular effects with those of BRA-346 epoxyketone-containing fraction at 17.6 and 28.2 ng/mL in HOG and T98G cells, respectively (Figures 5A,C and Supplementary Figure 15).
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FIGURE 5. Dihydroeponemycin (DHE) and BRA-346 epoxyketone-containing fraction led to the accumulation of ubiquitinated proteins and HSP70 in glioma cell lines HOG and T98G. (A) Glioma cells treated with BRA-346 fraction at GI50 levels (17.6 and 28.2 ng/mL for HOG and T98G, respectively) for 3 different times of exposition (24, 36, and 48 h). (B) Glioma cells treated with DHE at GI50 levels (1.6 and 1.7 ng/mL for HOG and T98G, respectively) for 3 different times of exposition (24, 36, and 48 h). (C) Glioma cells treated with DHE at 40 ng/mL (100 nM) for 36 h of exposure. Negative controls (DMSO 0.1%) were set at 0, 36, and 48 h. Experiments were repeated three times.


We then turn to evaluate gene expression of treated cells, revealing a similar profile for both DHE at 25 times GI50 and BRA-346 epoxyketone-containing fraction (Figures 6A,C). DHE, at GI50 levels, had limited effects on the genes analyzed as also observed for protein alterations. Genes with a 1.4-fold-change were included in the network by GeneMANIA (see text footnote 11), which highlighted UPR as the main modulated mechanism for both DHE and BRA-346 fraction (Figures 6B,D). At 40 ng/mL, among the sixteen genes analyzed, DHE increased the expression of 9 and 13 genes in HOG and T98G cells, respectively (Figures 6B,D and Supplementary Table 5). BRA-346 epoxyketone-containing fraction, on the other hand, upregulated 12 and 5 genes at 17.6 and 28.2 ng/mL in HOG and T98G cell lines, respectively. Six genes were upregulated for both treatments in HOG – ATF6, CALR, DDIT3, HSPA4, HSPA5, and PPP1R15A – and five genes – CANX, DDIT3, HSPA5, MAPK8, and PPP1R15A – in T98G cells (Figure 7). The analysis of functions related to the modulated genes showed that both DHE and BRA-346-fraction are inducing a UPR phenotype, as expected by the inhibition of proteasome function, and ultimately leading treated cells to apoptosis (Figure 7).
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FIGURE 6. Molecular changes promoted by dihydroeponemycin (DHE) and BRA-346 epoxyketone-containing fraction in glioma cells. (A,C) Heatmap of gene expression of HOG and T98G cells treated with DHE and BRA-346 epoxyketone-containing fraction for 36h. DHE was evaluated at GI50 (n = 1) and 25xGI50 (40 ng/mL) (n = 3), while the BRA-346 fraction was tested at GI50 levels (17.6 and 28.2 ng/mL) (n = 3). Values for relative expression were established in comparison to control values and the heatmap was constructed by MeV 4.9.0 software (http://mev.tm4.org). All genes analyzed are related to ER-stress, except for BAX, which mostly relates to apoptosis. (B,D) The networks illustrate interactions of 1.4-fold-change in genes modulated by DHE at 40 ng/mL and BRA-346 epoxyketone-containing fraction (17.6 and 28.2 ng/mL) treatment in HOG and T98G. The up-regulated genes in the quantitative PCR analysis are illustrated as crosshatched circles and the interacting genes included by software modeling are indicated by non-crosshatched circles. The main networks and function of genes are indicated by colored lines and color in circles are described in the legend.
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FIGURE 7. Schematic representation of upregulated UPR-related genes in HOG and T98G cells by DHE or BRA-346 epoxyketone-containing fraction. Each gene selected for validation acts on the unfolded protein response (UPR) and endoplasmic reticulum stress (ER-stress) and shows different regulation in HOG and T98G cells for each treatment. Treatments were performed with DHE at 40 ng/mL (both cell lines) and BRA-346 epoxyketone-containing fraction at 17.6 and 28.2 ng/mL for HOG and T98G, respectively. Genes in green were found to be upregulated following exposure to both DHE and BRA-346 epoxyketone-containing fraction; genes in red were upregulated only by BRA-346 epoxyketone-containing fraction; genes in pink were upregulated only by DHE; and genes in black were not upregulated. Data of relative expression were obtained from average values for each gene normalized by the average values for reference genes by the 2− ΔΔCT method from three experiments (Supplementary Table 5).





DISCUSSION

Marine bacteria have been studied in the last years due to their large potential to produce molecules with interesting biological activities, including antibacterial, antifungal, antitumor, anti-inflammatory, antimalaria, and antiviral actions (Manivasagan et al., 2014). The chemical diversity of such bioactive marine natural products range from peptides, alkaloids, terpenes, lactones, and steroids (Hu et al., 2015) to complex secondary metabolites that have offered new mechanisms of action to be untangled by pharmacological sciences (Reen et al., 2015). Of the four extracts tested, three displayed a relevant cytotoxicity against HCT-116 cells and may be promising sources of anticancer compounds. However, the extract derived from BRA-346, besides its high cytotoxicity, also presented a potent inhibition of proteasome ChTL activity. Proteasome inhibitors have been shown to be important pharmacological resources for the treatment of central nervous system tumors. Therefore, this extract was selected herein for a further investigation of its chemical composition and antiglioma potential.

Herein, we present a Streptomyces bacterium recovered from an ascidian collected in the northeast coast of Brazil, Euherdmania sp., produces antiproteasome compounds. Evaluation of the most potent fraction obtained through a bioassay-guided fractionation protocol of this extract revealed potent proteasome inhibitory properties along with the presence of a family of eponemycin related compounds, including dihydroeponemycin (DHE). Both DHE and the bacteria epoxyketone-containing fraction showed potent cytotoxicity against human oligodendroglioma and glioblastoma cell lines (HOG and T98G, respectively), resulting in significant changes in expression levels of genes and proteins related to ER-stress, unfolded protein response (UPR) and the ubiquitin-proteasome system (UPS).

The proteasome is a multicatalytic enzyme complex dedicated to recycling intracellular proteins. The main function of such organelle is to degrade damaged or unnecessary proteins, thus maintaining cell proteostasis (Voges et al., 1999; Bard et al., 2018). In the context of cancer, a malady inflicted by intense protein synthesis at the cellular level, the proteasome has been established as a valuable target, as its downmodulation implies poor handling of unwanted and unfolded proteins, along with further cell perturbations leading to cell-apoptosis (Manasanch and Orlowski, 2017; Jang, 2018). Importantly, proteasome inhibitors display a favorable therapeutic window, selectively killing cancer cells in humans, and are within the most tolerated chemotherapeutic options for multiple myeloma, for example. Proteasome inhibitors that reached the clinic are small peptides with an electrophilic warhead that can bind to the catalytic subunits of the proteasome and impair the proper function of the enzymatic complex (Micale et al., 2014; Park et al., 2018). Examples are bortezomib and carfilzomib, the latter belonging to the epoxyketone class, which was inspired by the actinobacteria-derived natural product epoxomicin. Many other bacterial natural products have been reported with these features, including carmaphycin, eponemycin, and other non-ribosomal peptides. These compounds form covalent bonds with threonine residues in the N-terminal region present in the catalytic active β subunits of the proteasome, leading to irreversible binding and, thus, inhibition of proteasome activity (Borissenko and Groll, 2007). Proteasome inhibitors use, including bortezomib and carfilzomib, is indicated for multiple myeloma patients, but many studies have highlighted its potential in the treatment of gliomas (Areeb et al., 2016; Wang et al., 2018; Tang et al., 2019). Nonetheless, the proper functioning of the ubiquitin-proteasome system is also relevant for other nervous system diseases, including neurodegenerative ones, where the accumulation of unfolded or mutated proteins generating protein aggregates and inclusion bodies trigger the death of neurons (Cacabelos, 2017; Momtaz et al., 2020). Thus, proteasome inhibitors may impact the therapy of many diseases, highlighting the importance of better understanding their mechanism of action and the pathways modulated by these compounds in treated cells.

The occurrence of the epoxyketone proteasome inhibitor, dihydroeponemycin (DHE), in fractions obtained from the Streptomyces sp. BRA-346 extract was suggested by comparison of the HPLC-MS/MS spectra with the commercially available DHE. In fact, detailed dereplication studies showed the presence of several ions related to eponemycin in BRA-346 fraction. Eponemycin was first isolated from the extract of the bacterium Streptomyces hygroscopicus, recovered from a soil sample from the Philippines, showing cytotoxicity toward HCT116 cells with IC50 value of 9.7 ng/mL (Sugawara et al., 1990). Herein, BRA-346 epoxyketone-containing fraction restrains proliferation of HCT116 cells, displaying IC50 value of 30 ng/mL. The activity of this fraction against the proteasome ChTL catalytic subunit was also confirmed by enzymatic assay, revealing an IC50 value of 45 ng/mL. DHE and tetrahydroeponemycin was first described as the product of hydrogenation of eponemycin over palladium carbon (Sugawara et al., 1990), and while DHE showed IC50 of 13 ng/mL in HCT116, tetrahydroeponemycin was not active at 1 μg/mL, reinforcing the importance of the epoxy group in the biological activity. DHE was also shown to inhibit the proteasome activity in micromolar concentrations (Meng et al., 1999). More recently, Schorn et al. (2014) described the biosynthetic gene cluster responsible for the production of eponemycin and, through heterologous expression in Streptomyces albus J1046, described several putative epoxyketone derivatives, including DHE. Herein, we compare the obtained MS/MS data of BRA-346 fraction C with that described by Schorn et al. (2014). As expected, a comparison of MS/MS data with previously published spectra shows there are slight differences in the initial fragmentation pathways (Schorn et al., 2014). Distinct ESI-MS/MS equipments can apply a variety of collision gases which results in a non-linear transfer of collisional energy in the CID chamber, therefore resulting in different numbers of initiating pathways since the protonated molecule (Demarque et al., 2016). All ions observed have their fragmentation pathways rationalized through the ESI-CID-MS/MS gas-phase chemistry concepts (Demarque et al., 2016). Thus, we started our analysis by proposing the expected fragmentation pathways from DHE and compared MS/MS data for the ions grouped in the same cluster, leading to the identification of thirteen eponemycin analogs in BRA-346 fraction C (designated, from now on, as BRA-346 epoxyketone-containing fraction), including DHE and eponemycin itself.

Meng et al. (1999) described that DHE antitumor activity, as also observed for structurally related compounds, is explained through inhibition of the proteasome function, but epoxyketone-containing antitumor natural products may differ in their antiproliferative activity, proteasome subunit binding specificity, and rates of proteasome inhibition. Considering the intriguing structure-activity relationship for this class of compounds (Kim et al., 1999; Groll et al., 2000) and the emerging knowledge on the antiglioma effects of the proteasome inhibitors (Di et al., 2016; Zhang et al., 2018; Veggiani et al., 2019), we further assayed DHE and BRA-346 epoxyketone-containing fraction in glioma cells HOG and T98G, revealing their potent antiproliferative effects in the ng/mL-range and the modulation of ER-stress related and pro-apoptotic related genes, along with unfolded protein response and the ubiquitin-proteasome system itself.

BRA-346 epoxyketone-containing fraction at GI50 levels promoted an increased expression of HSP70 and ubiquitinated proteins, while DHE required higher concentrations, corresponding to 25 times the GI50, to achieve a comparable effect. Accumulation of ubiquitinated proteins is regarded as one hallmark feature of proteasome inhibition, since misfolded proteins are labeled by multiple ubiquitin molecules to be degraded by the proteasome (Myung et al., 2001). Therefore, proteasome inhibitors prevent the degradation of ubiquitinated proteins, promoting an accumulation of these in the cytoplasm, as demonstrated in HUVECs and neuronal cells (Canu et al., 2000; Myeku and Figueiredo-Pereira, 2011). Furthermore, HSP70 is a family of chaperones related to proper functioning and maintenance of the cell as it supports the folding of new proteins, improving the transport of proteins out of the ER. The high expression levels of such chaperones in both cell lines promoted by proteasome inhibitors, as observed herein for both DHE and BRA-346 epoxyketone-containing fraction, can be interpreted as the ultimate attempt to restore homeostasis by handling excessive unwanted proteins, which, in turn, may be a consequence of proteasome inhibition (Bush et al., 1997; Mayer and Bukau, 2005). The difference in the potency of DHE and the BRA-346 fraction, considering the relation of GI50 levels and the accumulation of ubiquitinated proteins, may be explained by the presence of several epoxyketone in the fraction, some owning, supposably, higher potencies that enhance the observed effects. The presence of other compounds not related to eponemycin cannot be excluded at this moment, since the studied fraction is indeed very complex.

That said, we then turned to evaluate the effects of DHE and BRA-346 epoxyketone-containing fraction on genes related to pathways that showed modulation of ER-stress response in gliomas (Markouli et al., 2020). While notable differences were observed between responses elicited by each cell line, a similar molecular profile, in which most of the assessed genes were found to be upregulated by both DHE and the BRA-346 epoxyketone-containing fraction was revealed, reflecting a compensatory mechanism undergoing in cells exposed to either treatment to overcome ER disturbances (Kadowaki and Nishitoh, 2013). Figure 7 illustrated the genes upregulated for both treatments (in green) or individually (DHE: pink; BRA-346 fraction: red) in both cell lines. Despite slight differences, the main functions impaired by either treatment are related to unfolded protein response (UPR) in glioma cell lines. Indeed, UPR is triggered by an overload of unfolded proteins in the ER lumen and accounts, in principle, for a transitory state aimed at re-establishing normal ER function, mainly characterized by synthesis, maturation, and export of proteins (Walter and Ron, 2011). Still, as many natural compounds have been shown to induce transitory or sustained UPR, we wish to highlight that to the best of our knowledge, this is the first report on the effects of DHE on glioma cells assessed to this extent and, moreover, in comparison to a complex natural fraction containing a myriad of structurally related epoxyketones.

HSPA5 refers to the gene that encodes GRP78 or BiP protein, a key chaperone for newly synthesized proteins, supporting co-translational modifications, which is an essential component of the UPR and an important target to cancer therapy (Wang et al., 2009; Lu et al., 2020). As a matter of fact, GRP78, a member of the HSP70 family of proteins, is the common initial response that detaches and activates the downstream ER-stress sensors, therefore a typical marker to UPR (Kopp et al., 2019). However, different cells may, indeed, launch then handle UPR in distinct manners, even if subjected to similar stressors, as the intrinsic capacity for protein synthesis varies among cell types (Bertolotti et al., 2000; Carrara et al., 2013). In thyroid cancer cells, proteasome inhibitors such as PSI, epoxomicin and MG132 induced upregulation of GRP78 and CHOP at mRNA and protein levels (Wang et al., 2007). HSPA4, in turn, encodes a large heat-shock chaperone from the HSP110 family, HSPA4 (also referred to as Apg-2), which works in concert with HSP70s to restore proper protein folding activity and counter ER-stress (Zuo et al., 2016). While HSPA4 has not been as broadly assessed as their closely related HSP70 assemblage, it has been associated to maintenance of neuronal functions under stress conditions (Okui et al., 2000) and a significant correlation was observed between the expression of this chaperone and increased levels of the antiapoptotic marker Bcl-2 in inflammatory cells, further suggesting an interplay of the protein in cell survival pathways (Adachi et al., 2015). Herein, both genes, HSPA4 and HSPA5, which respond to misfolded or unfolded proteins, as shown in the networks in Figure 6, were found upregulated in HOG cells exposed to either DHE or BRA-346 epoxyketone-rich fraction, indicating these cells are under proteotoxic stress due to proteasome malfunction and signalizing an attempt to neutralize misfolded proteins. In T98G cells, however, expression of HSPA4 was not affected by the treatments. Thus, it may be suggested that T98G cells represent a more resistant cell line to ER-stress elicited by compounds of this chemical class. Indeed, the product of the XBP1 gene, a typical downstream response of the dimerization and activation of the ER transmembrane protein IRE-1 UPR sensor further stimulating the UPR (Ron and Walter, 2007; Kadowaki and Nishitoh, 2013), also remained mostly unaltered in T98G cells.

PERK is a second transmembrane protein that acts as a sensor for ER-stress and, mainly, blocks general protein translation and cell cycle while also stimulating antioxidant systems to compensate for ER saturation. ATF4, a transcription factor encoded by the gene ATF4, is a key downstream marker for activation of this pathway which can contribute to survival or cell death (Okada et al., 2002; Iurlaro and Muñoz-Pinedo, 2016; Rozpedek et al., 2016). Studies highlighted the modulation of PERK-eIF2a-ATF4 pathway by proteasome inhibitors like bortezomib in human myeloma and squamous carcinoma cell lines, evidencing that this class of compounds may activate UPR-related molecular markers (Fribley et al., 2004; Obeng et al., 2006). Still, prolonged ER-stress can lead to apoptosis in cancer cells, for these overturn the survival process into a cell death trigger (Jimbo et al., 2003; Kim and Kim, 2018). In this sense, the PPP1R15A gene, found to be upregulated in both cell lines following exposure to either treatment, encodes the GADD34 protein. Its expression is stress-dependent and elicited following phosphorylation of the initiation factor eIF2a, a key event to activate UPR. Once GADD34 levels rise, it binds protein phosphatase 1 (PP1) to dephosphorylate eIF2a, generating a feedback loop that reverses eIF2a signalization (Reid et al., 2016). GADD34 is essential for progression of UPR as it has been shown that sustained activation of eIF2a drives cells out of UPR and, therefore, out of survival mode. Therefore, its increase in cellular levels is related to both cell survival and death, as its transcription is amplified in an attempt to normalize protein synthesis, prevented by the PERK pathway. The reversal of the inhibition of the translation process leads not only to the production of apoptotic proteins, but also to those related to cell continuity (Ma and Hendershot, 2003; Adams et al., 2019; Féral et al., 2021). The activation of this pathway reinforces the importance of proteasome inhibitors as an interesting option for cancer therapy.

At treatment level, the distinction between the expression of genes CALR and CANX, can be noted; while the BRA-346 fraction mostly increased CARL, DHE enhanced CANX. These genes encode calreticulin and calnexin, respectively, which are ER-resident Ca2+-binding chaperones involved in protein folding (Wang et al., 2012). Inhibition of the proteasome can modulate these proteins, promoting an increase in apoptosis mediated by exposure to calreticulin, as observed in glioma and multiple myeloma cell lines treated with bortezomib and carfilzomib, respectively (Jarauta et al., 2016; Comba et al., 2019). In fact, increased expression of calreticulin is associated, mostly, to the third arm for eliciting UPR, that is the pathway initiated by ATF6, an ER transmembrane protein which is translocated to be cleaved in the Golgi apparatus into a functional transcription factor (Hetz, 2012). Therefore, ATF4, ATF6, and XPB1 are transcription factors in close relation within UPR pathways and all three branches may be activated in a situation of ER-stress like these presented herein. Indeed, throughout treatments and cells lines, an evident and consistent upregulation of DDIT3, a gene that encodes the homologous protein CHOP, a pro-apoptotic factor connected majorly to the PERK pathway is as well, even if to a lower extent, downstream to the ATF6 and to IRE-1 branches (Fribley et al., 2009; Iurlaro and Muñoz-Pinedo, 2016). Furthermore, the increase in CHOP, by bortezomib, amplifies cytotoxicity in multiple myeloma and breast cancer cells when combined with inhibitors of early and intermediate autophagy processes, modulating apoptosis and the autophagic pathway (Kawaguchi et al., 2011; Komatsu et al., 2012). Actually, autophagy, the lysosome-mediated degradation of defective proteins, protein aggregate and even damaged organelles, is also included among cell survival strategies during ER stress, and is actively interconnected to UPR (Rashid et al., 2015). The changeover signal between pathways, however, is largely unknown. Still, besides CHOP, MAPK8 and closely related MAPK9, also known by JNK-1 and JNK-2, respectively, may be partly to blame in such a process and the duration of the signaling may be determinant cell fate (Wei et al., 2008). Interestingly, the treatments employed herein have distinguished between the expression of both these genes, as only DHE notably increased expression of MAPK9, but MAPK 8 increased under either treatment.

Nonetheless, unrepaired or aggravation of ER-stress promotes cell death for the benefit of the organism and, in such a situation, UPR is no longer portrayed as a survival mechanism (Tabas and Ron, 2011; Hetz, 2012; Urra et al., 2013). Alike launching and handling, there is also variability considering the stress levels a particular cell type can endure before veering UPR to apoptosis (Luo and Lee, 2013; Peñaranda Fajardo et al., 2016). In this sense, overactivation of the UPR, either through proteasome inhibition or by other mechanisms, has been a recurring subject of investigation and also used therapeutically to treat cancers. Moreover, many natural products have been shown to induce ER-stress-mediated apoptosis (Kim and Kim, 2018), highlighting these compounds for their remarkable anticancer potential.



CONCLUSION

Herein, we described the recovery of the ascidian-associated bacterium Streptomyces BRA-346 that produces dihydroeponemycin and related compounds with proteasome inhibitory activity. Furthermore, we described the potent cytotoxicity and the pathways modulated by DHE and BRA-346 epoxyketone-containing fraction in glioma cell lines. While the present study advances the knowledge on the mode of action of DHE in gliomas cells, reinforcing that the antiproteasome effect is indeed in play thereof, then leading to ER-stress reflected by manifestation of UPR, it also reveals comparable signaling pathways are activated following exposure of cells to the epoxyketone-rich fraction. Nonetheless, at this point, we cannot exclude the participation of other minor compounds, including dihydroeponemycin derivatives, also present in the fraction in the displayed cellular effects.
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The increasing and rapid development in technologies, infrastructures, computational power, data availability and information flow has enabled rapid scientific advances. These entail transdisciplinary collaborations that maximize sharing of data and knowledge and, consequently, results, and possible technology transfer. However, in emerging scientific fields it is sometimes difficult to provide all necessary expertise within existing collaborative circles. This is especially true for marine biotechnology that directly addresses global societal challenges. This article describes the creation of a platform dedicated to facilitating the formation of short or mid-term collaborative networks in marine biotechnology. This online platform (https://www.ocean4biotech.eu/map/) enables experts (researchers and members of the marine biotechnology community in general) to have the possibility to showcase their expertise with the aim of being integrated into new collaborations/consortia on the one hand, or to use it as a search tool to complement the expertise in planned/running collaborations, on the other. The platform was created within the Ocean4Biotech (European transdisciplinary networking platform for marine biotechnology) Action, funded under the framework of the European Cooperation in Science and Technology (COST). To build the platform, an inquiry was developed to identify experts in marine biotechnology and its adjunct fields, to define their expertise, to highlight their infrastructures and facilities and to pinpoint the main bottlenecks in this field. The inquiry was open to all experts in the broad field of marine biotechnology, including non-members of the consortium. The inquiry (https://ee.kobotoolbox.org/single/UKVsBNtD) remains open for insertion of additional expertise and the resulting interactive map can be used as a display and search tool for establishing new collaborations.

Keywords: marine biotechnology, collaboration, expertise, inquiry, tools and infrastructures


INTRODUCTION

The COST Action Ocean4Biotech (European transdisciplinary networking platform for marine biotechnology1) was officially launched in October 2019. The overall aim of Ocean4Biotech is to gather experts in the field of marine biotechnology, to provide a platform for sharing experience, knowledge, infrastructures and technologies and to design a roadmap for a more efficient and rapid development of marine biotechnology research in Europe and beyond (Rotter et al., 2020). This currently represents the largest, most diverse and geographically dispersed network of experts in the field of marine biotechnology. A little over a year from its beginning, the consortium of this EU-based Action already includes over 130 individual experts from 39 countries (European and beyond, including Tunisia, Israel, Algeria, South Africa, Ecuador, and Colombia). Since there are far more transdisciplinary experts internationally, which are not members of the Ocean4Biotech network, we conducted an inquiry to map these experts, their expertise, location, and their technologies, tools and infrastructures. Additionally, all the respondents were asked for valuable feedback on the challenges that the emerging field of marine biotechnology is facing. Such data are of high relevance, especially in European countries, where in 2021 the new Framework Programme -- Horizon Europe was launched2. This is an ambitious research and innovation program with a budget of €95.5 billion and, for many research and innovation experts, it represents a unique opportunity to engage in larger international collaborations with substantial financial support, allowing the opportunity to address key societal challenges (e.g., climate change and well-being) and United Nations sustainable development goals3 through collaborative networks. However, relevant experts may be excluded when addressing these societal challenges, as there is a lack of broadcast of individual expertise and capacity building of institutions.



COLLABORATIVE NETWORKS

Science is a social entity: conducted by groups, assessed by peer reviews and built upon collaborations (Levine and Moreland, 2004). Collaborative efforts usually yield the most productive, creative and innovative results. Experts at any career stage are often searching for new collaborative opportunities, either for pursuing their career with complementary expertise or for investigating novel scientific disciplines to address important societal challenges. Hence, experts organize themselves into collaborative networks, composed of autonomous, geographically distributed and transdisciplinary components, which are drivers of value creation (Camarinha-Matos and Afsarmanesh, 2004, 2005). Collaborative networks are dynamic structures governed by the emergence of the process and interpersonal relations by exchanging ideas, resources, trust and lead to innovation (Parker and Corte, 2017). They commonly have a limited duration, and the composition of their members evolves over time. A typical example of a collaborative network is a consortium formed for a specific research and innovation call. There are four approaches to construct a collaborative network. The two classical approaches use the existing (i) formal and (ii) informal collaborative networks. Formal collaborative networks involve past successful collaborations, while informal collaborative networks can arise from support lists (such as online tools, social media channels, or mailing lists). These networks can significantly accelerate the search for necessary and validated expertise. Their main advantage is that typically the expertise of individual network members is well known to the network coordinators. Thus, they capitalize on past successful interactions (professional and personal ones). (iii) The third approach involves ad hoc networking events, typically organized adjacent to a scientific conference or as standalone events (i.e., in the form of brokerage events or the so-called “project idea corners”). These events are targeted and organized when specific funding opportunities are open, allowing participants to seek collaborations that add specific expertise currently outside existing collaborative networks. (iv) Finally, the fourth approach for constructing collaborative networks allows a broader display of expertise, using online tools. These are typically top-down, where a vast array of transdisciplinary expertise can be displayed under specific funding call requirements. One example is the “Partner search” tool that was introduced during the former European Framework Programme, Horizon 2020 and is available under individual call information. These tools are typically available only after a call is launched.

In marine biotechnology, traditional networking opportunities include scientific conferences, trade fairs, national and international brokerage events, as well as access to research infrastructures (e.g., the MARINA platform4, EMBRC European Research Infrastructure5, the EBB -- European Blue Biobank within EMBRC6, and the ASSEMBLE + project7). It is, however, important to establish alternative and inclusive ways of showcasing individual expertise. The availability of such an expertise display, with the possibility for direct contact and interaction with the experts is also vital for human resource mobilization.


The Inquiry

The inquiry8 was launched on April 14, 2020 using Ocean4Biotech’s Twitter channel9. Action members were also asked to circulate the inquiry to their individual academic and industrial networks relevant to the field of marine biotechnology. Data were collected, processed, used and stored in compliance with the requirements of the General Data Protection Regulation (EU) 2016/67910. Taking into consideration that Ocean4Biotech is a relatively new network with its Twitter channel having 130 followers at the time, the Tweet was successful with almost 1,900 impressions on various Twitter feeds (i.e., the outreach potential is 10-times higher than the number of followers). When the second invitation to fill in the inquiry was forwarded on Twitter a month later (May 15, 2020), its outreach was close to 800 impressions on various Twitter feeds. Even though the inquiry is still open as the mapping of experts and their expertise is a long-term activity of Ocean4Biotech, we started the analysis of the answers after 3 months (July 14, 2020). Excluding double entries, non-EU respondents and respondents who did not allow their responses to be used for statistical purposes, the responses from the 131 first respondents were used for further analyses at a European level. The data used for constructing the interactive map was stored inside a MySQL database and connected to Wordpress via native Wordpress API functions for reading from database. An administrator can edit this data using a form made from Advanced Custom Fields inside the Wordpress installation. The interactive map uses Google maps Javascript API to display structured geodata from the database. It passes variables to the map layer and shows them when a user clicks on a marker. As the experts’ information and the mapping results are displayed publicly and other relevant stakeholders have open access to these data, the audience and participation is expected to increase after the map’s first release. The maintenance and updates will be done in two steps: (1) by new respondents filling in the questionnaire (see footnote 8) and (2) by periodically updating the information and increasing content in the interactive map11. After obtaining at least 50 new information from global respondents, the interactive map will also display the global contacts and expertise.

Most of our first respondents (71%) represent academic R&D experts and 9% come from non-academic R&D organizations. Marine biotechnology collaborative networks aim at the commercialization of new products for various applications, and for this reason, the participation of industrial organizations is necessary and of utmost importance. Small and medium enterprises and industrial partners represented 11% of our respondents, which will make them a valuable and sought partner type when establishing new collaborations. Other partner types with their specific know-how are also valuable collaborators, and 9% of our respondents come from governmental agencies, funding agencies or other types of organizations (such as professional networks). They have additional expertise, which is relevant when covering regulatory and market acceptance and commercialization of marine biotechnology products. Importantly, none of our inquiry’s first respondents is an expert in intellectual property (IP) protection or legislation, and these fields might provide significant niches for new experts. As our inquiry and the online interactive map are new initiatives, these percentages of expertise representation might not mirror the actual state of affairs. However, as the number of respondents will keep increasing, we believe that the information on the map will be representative for the whole field. Ultimately, the coverage of expertise domains on our map will serve as a proxy for determining the most underrepresented categories in marine biotechnology.



DIVERSITY AND INCLUSIVENESS AS A SUCCESS STRATEGY

Diverse teams that adhere to leader inclusiveness (i.e., encouraging diverse contributions and resources from all members) develop new ways of thinking, leading to more innovative solutions (Lasker et al., 2001; Mitchell et al., 2011, 2015). Hence, the inclusion of new experts with complementary skills to those in existing collaborative networks creates an added value compared to competing collaborations. Collaborative networks should therefore be inclusive in terms of field of expertise, type of institution, geopolitical location, gender and seniority level.


Transdisciplinarity

An important milestone in the formation of any collaborative network is the inclusion of complementary disciplines. By proactive engagement in transdisciplinary groups, individual experts benefit from mutual learning, can develop implementable solutions for practice, enjoy the benefits of science-practice cooperation and involve representatives from different stakeholder groups (Zscheischler et al., 2018). Therefore, especially in sciences that directly address societal challenges, transdisciplinary teams should be involved in increasing the diversity of fields of expertise, which stimulates innovation and productivity and can outperform competition (Saxena, 2014). For instance, the involvement of experts in chemistry with a solid background in natural products structure elucidation but also experts in taxonomy and in IP protection are imperative to increase the discovery rate of new biomolecules of well characterized origin.

The individual fields of expertise from our inquiry respondents and the fields subgroups representation are plotted in Supplementary Figure 1 and available on the Ocean4Biotech website (see footnote 11). Biological fields characterize 52% of the respondents, and half of the biological expertise is in the fields of molecular biology, marine biology and marine microbiology. Chemical sciences are covered by 24% of the inquiry respondents, where over half of the respondents are experts in either (or both) analytical chemistry and marine natural products chemistry. Computational expertise characterizes 11% of the respondents, of which 60% are experts in computational biology, bioinformatics, transcriptomics and genomics. Engineering experts were represented by 6% of the respondents, of which around 70% are experts in bioengineering and downstream processing. Medical sciences are the field of expertise of 5% of the respondents, of which almost half are expert in general biomedicine. Finally, the expertise that is necessary at the final steps of the marine biotechnology development pipeline (Rotter et al., 2021) and that deals with product and business development, and life cycle assessment, was critically underrepresented, as it is covered by only 2% of the respondents, of which half are experts in business development.

There are two main approaches for filling the expertise and infrastructure gaps in the transdisciplinary fields, including marine biotechnology: (i) internal to external, where an already formed new collaborative network identifies a lack of expertise and corresponding infrastructures and (ii) external to internal, where individuals with specific expertise and infrastructures identify their niche in existing networks. As revealed by the answers to our inquiry (Figure 1), 76% of respondents have a clear idea of their primary field of application. Among them, 50% are focused on applications for pharmaceutical, food, aquaculture, nutraceutical, cosmeceutical, and biomaterials industries. Notably, 57% of our respondents already have facilities for biomass production and natural products isolation. This capacity is highly relevant when forming collaborative networks aiming to scale up the laboratory-validated prototypes. Around 50% of the respondents have sampling and harvesting equipment (Figure 1, middle). The most relevant empty niches have been identified as (i) the availability of biobanks and collections: only 29% of respondents have collections, mostly bacterial, and algal organisms. (ii) Similarly, expertise on toxicological assessment of marine biomolecules and (iii) innovation technology expertise (intellectual property, business development, ethics, and legal knowledge) is currently missing from the interactive map. Inputs of experts from these underrepresented fields would be welcome and their inclusion in novel collaborations will likely be essential for the completion of projects in marine biotechnology.
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FIGURE 1. Assessment of existing tools and infrastructures and expertise in the marine biotechnology inquiry. Based on the responses we categorized the existing expertise and infrastructures into: below average (where <50% of respondents have specific expertise), average (where around 50% of respondents have specific expertise), and above average (with >50% of respondents having specific expertise and infrastructures).




Geolocation Strategies

As marine biotechnology will keep evolving, diverse and transdisciplinary partners will be of strategic importance in collaborative networks. After fulfilling the imperative requirement of scientific excellence and field of expertise, the inclusion of new partners in collaborative networks can be prioritized based on geopolitical background. Indeed, smaller countries often have more opportunities to meet and engage with the most relevant stakeholders from a specific field, and they can represent a strategic partner in international collaborative efforts. In these countries, the degree of separation (distance) between the initial expert and the target stakeholder is usually smaller than in bigger countries, which can help in boosting innovation (Chen and Guan, 2010).



Gender and Seniority Level

Upon invitation to fill in our inquiry, the potential respondents were informed that their names and expertise would be showcased, thus giving them opportunities for engaging in new collaborations. With this incentive in mind, we assessed whether there was an overrepresentation of seniority level and gender in our respondents (Figure 2). Interestingly, females were overrepresented in their earlier career stages (up to 15 years after obtaining Ph.D., highlighted in yellow squares on Figure 2, p < 0.002, tested by the chi-squared test), while male respondents were overrepresented in the senior career stages (>25 years after Ph.D., brown square on Figure 2; p < 0.002, tested by the chi-squared test). This overrepresentation of male respondents in their later career stages in our inquiry could be a consequence of the leaky pipeline, a phenomenon describing a faster exit from science and academia for women than men at various stages of their careers (Blickenstaff, 2005; Gasser and Shaffer, 2014). The leaky pipeline effect is continuously observed in statistical reports (European Commission, 2019 as an example). Overall, new collaborations should be inclusive also in terms of seniority level. (i) On the one hand, collaboration benefits are more significant at the later career stages when research topics become wider and more complex (Hu et al., 2014). (ii) On the other hand, the association of prominent mature scientists with early career researchers positively impacts the career of the latter group (Li et al., 2019).
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FIGURE 2. Ocean4Biotech inquiry respondents’ data. The plot represents the respondents’ categories (gender and seniority level, in science typically denoted by years after obtaining Ph.D.). The area of the squares is proportional to the number of respondents from each of the categories. Colored areas represent overrepresented categories, with categories overrepresented by women colored in yellow, while categories overrepresented by men colored in brown.




THE IMPORTANCE OF ONLINE PRESENCE

When establishing novel collaborations or building up research consortia, the search for new collaborators is quickly performed using online tools and social media. Therefore, online presence and/or social media accounts are important to gain or increase the individual’s visibility. 97% of our respondents use at least one online tool, and 75% are active on more than one virtual channel. The vast majority (80%) of our respondents use ORCID12, a unique identifier and database for storing individual information about publications, grants, current and past affiliations or more. The major three virtual channels used by our respondents are ORCID, Researchgate13, an important database of publications and project information, and LinkedIn, which is often used in business and industrial networks. Since marine biotechnology aims at increasing the technology readiness level and entering the commercialization stage, many of our respondents (43%) are active on this social media channel. In comparison with the aforementioned channels, the respondents have a lower use of their professional webpages (24%). Unexpectedly, Twitter is not the most popular tool and is used by 27% of the respondents. When refreshing and updating individual Twitter feeds regularly, this media can be a powerful tool, especially for self-promotion and establishing individual brands.

Besides encouraging to publish good science with rigor, we also advise researchers and especially early career researchers to actively maintain at least two social media accounts mainly for the promotion of individual expertise. Moreover, when a collaborative network is launched or funded, the creation and maintenance of social media accounts is a direct channel for promotion of network’s achievement, recruitment of new collaborators, increase of global visibility with the scientific, industrial and policy making stakeholders and a potential way for obtaining feedback from the followers.



NETWORKING TO ADVANCE IN MARINE BIOTECHNOLOGY

Similar to many other transdisciplinary scientific areas, marine biotechnology has still not reached its full potential (Rotter et al., 2020). Hence, the respondents were asked to identify the most important reasons behind the challenges that currently prevent a faster advancement of this field. The three main reasons include the funding opportunities, access to expertise and infrastructures and networking/collaboration opportunities. In general, funding opportunities and allocation of funds are the main bottlenecks that prevent advances in research and development, bioresources management, market entry, commercialization and the overall advancement of this field. To ensure more funding opportunities, it is necessary to address the governance levels. This could be done at a national level, regional (e.g., Mediterranean, Atlantic) or international level by establishing collaborations with the policy making sector. Easier access to expertise and infrastructures was also identified as an important obstacle. Hence, opening and sharing data and infrastructures are of high relevance in this field and it corroborates the efforts of the European Commission to promote open science and infrastructures. With enhanced networking opportunities (third most commonly identified bottleneck by the initial respondents), this approach should focus on existing and new collaborations. Our inquiry and the resulting interactive map addresses two out of the three mentioned challenges: by displaying individual expertise and infrastructures, the likelihood of being included in future collaborative networks can be increased.



DISCUSSION

There is a constant search for new collaborative opportunities in science. Ocean4Biotech is a collaborative networking platform that aims to increase the advancements in marine biotechnology, a rapidly developing field with limited networking opportunities. As part of our activities, we launched an inquiry to initiate, promote, and facilitate the dialogue among marine biotechnology actors, stakeholders, including researchers, industry and policy makers from complementary scientific fields, industries and markets. The inquiry was designed to map existing bioresource collections, expertise, equipment, facilities and identify major challenges in marine biotechnology. This first initiative will provide an overview of the current European scenario to give guidelines for sustainable, productive, and profitable marine bioprospecting in Europe. Nevertheless, by maintaining the inquiry (see footnote 8) open for new respondents, we will regularly refresh our inquiry dataset and interactive platform on the website, adding new experts and their expertise, also including countries outside Europe. This will improve the visibility of all marine biotechnology experts, regardless of their seniority level and geographical location and fill the gap of underrepresented disciplines. Hopefully, Ocean4Biotech open access map will become the one-stop-shop for engaging in future collaborations.
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Dictyotales, a common taxonomic group of brown seaweeds found in warm and temperate waters, are known for their richness in bioactive metabolites. In this study, six species of Dictyotales (Dictyopteris polypodioides, Dictyota dichotoma, Dictyota fasciola, Dictyota spiralis, Padina pavonica, and Taonia atomaria) collected from the Tunisian coasts were investigated for their antioxidant potentials, based on their contents of high added-value bioactive metabolites such as fucoxanthin and polyphenols. Fucoxanthin and polyphenols were analyzed quantitatively by high-performance liquid chromatography (HPLC) and UV spectrophotometer, respectively. The antioxidant property of extracts was also determined based on their ability to scavenge 2,2-Diphenyl-1-picrylhydrazyl (DPPH’s) free radical. Thus, the highest concentrations of fucoxanthin were obtained from T. atomaria and D. polypodioides (5.53 ± 1.2 and 3.43 ± 1.3 mg⋅g–1 dry weight, respectively), while the lowest amount was from D. spiralis (0.23 ± 0.1 m mg⋅g–1 dry weight). Dictyota dichotoma and T. atomaria gave the highest total phenol content (19.3 ± 0.4 and 15.2 ± 1.1 mg GAE⋅g–1 dry weight, respectively). In the second step, supercritical carbon dioxide (ScCO2) was used as a green and environmentally safe technique for the extraction of fucoxanthin from the most abundant species D. polypodioides. The extraction of fucoxanthin by ScCO2 allowed an extraction yield ranging from 0.50 ± 0.04% to 1.32 ± 0.02%, with 60°C temperature and 50-MPa pressure as the best extraction conditions. The maximum fucoxanthin and polyphenol recovery in the extract attained 15 and 64%, respectively. The results strengthen the possible use of Dictyotales from the Mediterranean Sea as a promising source of natural ingredients of health and economic interests contributing to Blue Growth in the region.

Keywords: antioxidant, fucoxanthin, polyphenols, Mediterranean, Dictyotales, supercritical carbon dioxide extraction


INTRODUCTION

Seaweeds are one of the main components of marine ecosystems; being primary producers in the food chain, they play a key ecological role in coastal ecosystems and are therefore a key element of the Blue Economy. In the marine environment, seaweeds are exposed to important ecological pressures such as light and temperature fluctuation, grazing, and fouling. Thus, in order to preserve their survival, algae developed various defense mechanisms including the production of secondary metabolites with biological properties (Da Gama et al., 2002; Ganesan et al., 2019). Such metabolites represented by a large number of potent antioxidant compounds including carotenoids, phlorotannins, and sulfated polysaccharides make algae valuable sources for exploitation (Corsetto et al., 2020).

Among these compounds, fucoxanthin, a natural carotenoid pigment, is commonly distributed in brown algae and diatoms. As a photosynthetic pigment (accessory pigment), fucoxanthin serves to harvest and transfer light energy to the photochemical reaction centers (Govindjee., 1999). In algae, carotenoids play also the important role of photoprotection, and this confers them various biological properties. As other carotenoids, fucoxanthin has interesting pharmacological properties.

Several studies reported its antiproliferative effects on cancer cells and cancer-preventive effects generated by modulating the expression of various cellular molecules and cellular signal transduction pathways (Takahashi et al., 2015; Satomi, 2017; Wang et al., 2019; Méresse et al., 2020). All of these findings gave fucoxanthin a good position as a natural cancer-preventive agent in the strategies to combat cancer. The recent study conducted by Pruteanu et al. (2020) strengthens the importance of nutraceutical supplementation of fucoxanthin in targeting challenging disease. In fact, the authors demonstrated that this pigment synergizes with the prototypic phosphatidylinositol 3-kinase (PI3K) inhibitor in producing growth arrest of glioblastoma cells, illustrating the potential of nutri-pharmaceutical combinations for cancer treatment.

Among other biological properties that make fucoxanthin of interest is its antiobesity property (Miyashita, 2014; Maeda, 2015; Dai and Kim, 2016). As overweight and obesity correspond to the fifth risk factor of deaths at a worldwide level, according to the World Health Organization (WHO, 2016), fucoxanthin represents a promising solution for antiobesity therapy. The low toxicity and the effective attenuation of body and white adipose tissue weight gain suggest that fucoxanthin and its derivatives can be used in human health supplement (Muradian et al., 2015). This is also supported by hyperglycemia described in several studies in genetically modified or normal mice under high-fat diets (Muradian et al., 2015). Gammone and D’Orazio (2015) reviewed the mechanism of action and metabolic pathway of fucoxanthin in the lipid metabolism, which has been well documented lately in animal model. Moreover, fucoxanthin displays an antidiabetic activity (Maeda, 2015; Kawee-Ai et al., 2019). Pangestuti et al. (2013) described its possible action in Alzheimer disease by attenuating inflammation and oxidative responses in microglia.

Additionally to fucoxanthin, brown algae are characterized by important levels of polyphenols, with high biological activities. Phenolic compounds from marine macroalgae vary from those of terrestrial plants, as they are usually derived from phloroglucinol and constitute often highly complex compounds called phlorotannins (Generalić Mekinić et al., 2019). Phlorotannins have exhibited protective effects against hyperglycemia, hyperlipidemia, inflammation, and oxidative stress, and several cardiovascular and diabetic complications, in cell culture, animal studies, and some human studies (Thomas and Kim, 2011; Murray et al., 2018a,b). Parada et al. (2019) reported the potential use of seaweed polyphenols to develop new low-glycemic-response foods through the inhibition of digestive enzymes related with the breakdown of glycemic carbohydrates.

The recovery of products from algal biomass is a matter of constant development and progress since among the modern world challenges, there is the need for compounds with a high-level bioactivity with no side effects obtained using sustainable and environmentally friendlier extraction methods (Sosa-Hernández et al., 2018). Conventional extraction of these metabolites by maceration in organic solvents can pose risk to health and the environment, with the most commonly used solvents being toluene, hexane, methanol, or petroleum ether (Quitain et al., 2013). The use of supercritical fluid extraction (SFE), considered as an environmentally safer and green extraction method, can be an alternative to solvent extraction for seaweed metabolites (Crampon et al., 2011; Chemat et al., 2012; Cikoš et al., 2018). Indeed, CO2 is a safe and non-flammable solvent with selectivity depending on pressure and temperature (Crampon et al., 2011). Due to its low viscosity and higher diffusion coefficient, increased mass transfer in supercritical carbon dioxide (ScCO2) extraction is a major advantage (Cikoš et al., 2018). Since carbon dioxide is a nonpolar solvent, ScCO2 is appropriate for nonpolar to low-polarity compound extraction, unless enhanced by a polar co-solvent (Shipeng et al., 2015; Saravana et al., 2017). Lourenço-Lopes et al. (2020) reviewed scientific approaches on extraction, purification, and stability of fucoxanthin, highlighting that most studies are still performed using conventional techniques; nevertheless, nonconventional techniques, such as SFE, are starting to gain popularity in the recovery of this compound.

The extraction of these bioactive compounds covered various brown algae from the genera Undaria, Laminaria, Eisenia, Alaria, Hijikia, and Sargassum (Lourenço-Lopes et al., 2020). However, except for Sargassum, the other most studied genera cannot be found in the Mediterranean Sea. On the other hand, Dictyotales (Ochrophyta, Phaeophyceae) are common in warm and temperate waters. A total of 317 species have been reported all over the world (Guiry and Guiry, 2020): 17 in the Mediterranean Sea (Ribera et al., 1992) and seven along the Tunisian coasts (Ben Maïz, 1995). Additionally, the Dictyotales order are known to produce a significant number of bioactive secondary metabolites, especially diterpenes (Ktari et al., 2010), polyphenols (Zubia et al., 2009), and sulfated polysaccharides (Teodosio Melo et al., 2013).

This work aimed to analyze fucoxanthin and the polyphenolic content of six Dictyotales collected from the Tunisian coasts. This work presents two parts: a comparative study of fucoxanthin, the polyphenol content, and DPPH antiradical-scavenging properties between six species of common brown algae collected from the Tunisian coasts; and secondly, the extraction procedure by a green method ScCO2 from the selected species, Dictyopteris polypodioides. Thus, this study may contribute to fulfill the gap of knowledge on the antioxidant properties of seaweeds collected from the southern Mediterranean coasts.



MATERIALS AND METHODS


Algal Material

Six species from Dictyotales order were collected in shallow water (depth > 1.5 m) from April to July 2016 from the rocky shores of Cap Zebib (North of Tunisia) (37°15’49.66’N and 10°04’02.85”E): Dictyopteris polypodioides (De Candolle) Lamouroux, Dictyota dichotoma (Hudson) Lamouroux, Dictyota fasciola (Roth) Lamouroux, Dictyota spiralis Montagne, Padina pavonica (Linnaeus) Thivy, and Taonia atomaria (Woodward) Agardh. The whole thalli of macroalgae were collected randomly with several specimens per species. Seaweeds were identified based on morphological characteristics with the use of taxonomic keys (Hamel, 1975). To avoid mixture of species, a thorough verification was performed when cleaning the algae, and specimens of the same identified species were put in the same lot. Voucher specimens for each species were kept in 2% formaldehyde solution at the National Institute of Marine Sciences and Technologies. Algae were washed with seawater and then with tap water to remove epiphytes and excess salt and oven-dried at 40°C for 3 days. Dry algae were then weighted, grinded with an electrical grinder, and stored in glass jars sheltered from light and humidity.



Solvent and Reagents

All used solvents were of analytical grade except those used for high-performance liquid chromatography (HPLC), which were of HPLC grade. The Folin–Ciocalteu phenol reagent, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), was purchased from Sigma-Aldrich Chemical Co. (Steinheim, Germany). Pure fucoxanthin was purchased from Merck as powder for reference.



Extraction Procedure

Phytochemical extraction has been done according to Terasaki et al. (2009), with slight modifications. Five grams of grinded seaweeds was extracted by maceration in 50 ml of MeOH overnight at room temperature, which was performed twice. Combined extracts were filtered, and MeOH was evaporated with a rotary evaporator. The extracts were weighed and kept at -20°C prior to analysis. Three extraction replicates were performed for each species.



Fucoxanthin Content

Extracts were re-dissolved in MeOH at 1 mg⋅ml–1 and filtered with a 0.22-μm membrane filter prior to HPLC injection. HPLC analyses were performed according to Steel and Keller (2000) and were carried out with an analytical KNAUER HPLC equipped with a S1000 pump and S2500 UV/Vis detector. The fucoxanthin content (FC) was determined by Eurospher 100-5 C18 reversed-phase column (5-μm particle size, 250 × 4.6 mm). Separation was performed with gradient elution of acetone/water (7:3, v/v) for 20 min followed by 100% acetone for the remaining 35 min at the flow rate of 1.0 ml⋅min–1 and the detection wavelength of 450 nm. A standard curve prepared using authentic standard was used for quantification of the FC in seaweed samples. The FC in seaweed samples was expressed as mg⋅g–1 dry weight (dw) of seaweed sample. The amount of fucoxanthin was quantified from the peak area using the standard calibration curve in the concentrations ranging from 0.01 to 1 mg⋅ml–1.



Total Phenolic Content

Total phenolic content (TPC) was determined by the Folin–Ciocalteu method in accordance with a protocol described by Dewanto et al. (2002). Gallic acid was used as a reference standard for plotting calibration curve. An aliquot of 125 μl of algae extract was mixed with 500 μl of distilled water and 125 μl of Folin–Ciocalteu reagent. Following agitation and 3-min incubation in the dark at room temperature, 1,250 μl of Na2CO3 (7%) was added, followed by 90-min incubation (in dark). The absorbance was measured using a spectrophotometer (JENWAY 6405 UV/Vis) at 760 nm. Results were expressed as mg gallic acid equivalent (GAE)⋅g–1 dw. The total polyphenol concentration is calculated by using the following equation:
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with C as the total polyphenol content (mg GAE⋅g–1 dw), c as the concentration of gallic acid determined from the calibration curve (mg⋅L–1), V as the volume of the extract (L), and m as the mass of dry material used (g).

All tests were done in triplicate.



DPPH Radical-Scavenging Assay

The free-radical-scavenging capacity of each extracts was analyzed using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) test according to the method of Farasat et al. (2013). Briefly, 100 μl of sample extract with various dilutions was mixed with 100 μl of 0.16 mM DPPH solution. The solution was kept at room temperature for 30 min, and the absorbance was measured at 517 nm in an automated microplate reader. The DPPH-scavenging effect was calculated as follows:
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Ac is the absorbance of the control (DPPH without sample), As is the absorbance of the test sample (the sample test and DPPH solution), and Ab is the absorbance of the sample blank (sample without the DPPH solution).

The half-maximal inhibitory concentration (IC50) was calculated based on trend lines obtained from DPPH% inhibition curves for each species. Furthermore, the lower the IC50, the stronger the antioxidant activity. Ascorbic acid was used as positive control. Extracts with an IC50 higher than 10 mg⋅ml–1 were considered as non-active extracts (Tanniou et al., 2013).



Supercritical CO2 Extraction From Dictyopteris polypodioides

The supercritical CO2 extraction was carried out in an apparatus of Supercritical Fluid Technologies Inc. (SFT-110). The schematic flow diagram is given in Figure 1. The apparatus includes a high-pressure pump for CO2 (SFT 10-CO2 pump), a heating chamber with a 100-ml stainless steel extraction vessel, and pressure regulator valves. In each experiment, 15 g of Dictyopteris polypodioides powder was loaded into the extraction vessel. A high pressure was applied to pump liquid CO2 into the extraction vessel to reach the desired pressure. Conditions of three temperatures (25, 40, and 60°C) and three pressures (30, 40, and 50 MPa) were tested. The CO2 flow rate was constant during the entire extraction period. Two flow rates were tested at 24 and 15 ml⋅min–1. The extract was collected at the end of the extraction process after at least 3 h or until the extract was colorless. Extracts were weighed to determine extraction yield and kept at −30°C before fucoxanthin, polyphenol, and DPPH analyses.
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FIGURE 1. Schematic flow diagram of supercritical CO2 extraction.




Statistical Analysis

All assays were performed in triplicate except for ScCO2 extraction (n=2). One-way ANOVA was performed, and significant differences (p < 0.05) were determined by Tukey’s test. Principal component analysis (PCA) was carried out to understand the correlations and identify relationships between the different variables. All statistical analyses were performed using XLSTAT 2016.1 by Addinsoft.



RESULTS


Phytochemical Content of Dictyotales


Extraction Yield

In the first step, we studied the phytochemical content of the six Dictyotales collected on the Tunisian coasts.

Extraction yields in percentage, obtained for the different species, are given in Table 1. Among the six species, Dictyota dichotoma and Taonia atomaria extracts resulted in the highest and significantly different (p<0.05) extraction yields (4.34 ± 0.63 and 3.48 ± 0.38, respectively) followed by Dictyota fasciola and Dictyopteris polypodioides (2.15 ± 1.01 and 1.81 ± 0.09), while Padina pavonica and Dictyota spiralis gave the lowest yields (0.74 ± 0.38 and 0.73 ± 0.13), evidencing an inter-specific variation of secondary metabolites with different properties.


TABLE 1. Extraction yield, fucoxanthin, and total phenolic content of Dictyotales samples.

[image: Table 1]


Fucoxanthin Content

The FC of Dictyotales extracts was obtained in the range of 0.19 ± 0.08 and 0.03 ± 0.02 mg⋅g–1 extract depending on the species (Table 1). Among the six species, D. polypodioides displayed the highest and significantly different (p<0.05) value of the FC followed by T. atomaria (0.16 ± 0.03 mg⋅g–1 extract), whereas D. fasciola and D. spiralis extracts showed the lowest amount of FC (0.04 ± 0.01 and 0.03 ± 0.02 mg⋅g–1 extract, respectively).

The estimation of the FC in dry weight, based on extraction yield for each species, resulted in T. atomaria presenting the highest significantly different amount (at 95% confidence level) (5.53 ± 1.2 mg⋅g–1 dw), followed by D. polypodioides (3.43 ± 1.3 mg⋅g–1 dw) (Table 1). Additionally, D. dichotoma gave a relatively high amount of fucoxanthin with 2.6 ± 1.0 mg⋅g–1 dw. The lowest FC was obtained for D. spiralis with 0.23 ± 0.1 mg⋅g–1 dw, while values obtained for D. fasciola (0.88 ± 0.3 mg⋅g–1 dw) and P. pavonica (0.71 ± 0.1 mg⋅g–1 dw) were not significantly different.



Total Phenolic Content

The TPC of the Dictyotales species ranged from 0.25 ± 0.02 to 0.54 ± 0.09 mg GAE⋅mg–1 extract (Table 1). The order of concentrations of total phenolic compounds in the six Dictyotales extracts was as follows: P. pavonica >T. atomaria = D. dichotoma >D. fasciola >D. spiralis >D. polypodioides. In fact, the higher significantly different TPC (p<0.05) was obtained for P.pavonica extract with 0.54±0.09mgGAE⋅mg–1 extract. Extracts of T. atomaria, D. dichotoma, and D. fasciola showed a lower TPC with no significant differences for the three species, whereas D. spiralis and Dictyopteris polypodioides gave lower significantly different TPCs (0.32±0.04 and 0.25±0.02mgGAE⋅mg–1 extract, respectively).

The estimation of the TPC in dry weight based on extraction yield for each species resulted in the TPC ranging between 19.3±0.4 and 2.5±0.1mg⋅g–1 dw. The order of concentrations of total phenolic compounds in dry algae was obtained as follows: D. dichotoma >T. atomaria >D. fasciola >D. polypodioides >P. pavonica >D. spiralis. Statistical analysis showed no significant differences (at 95% of confidence level) between D. dichotoma and T. atomaria, the two higher TPCs, and P. pavonica and D. spiralis, the two lower ones (Table 1).



DPPH Radical-Scavenging Capacity

Figure 2 represents the percentage of DPPH radical scavenging obtained for the six Dictyotales species at a concentration of 10 mg⋅ml–1 of extract. The higher significantly radical-scavenging capacity was obtained for P. pavonica and T. atomaria with 66.76 and 63.36%, respectively. Whereas, D. fasciola and D. spiralis gave significantly the lowest DPPH inhibition percentage (25.36 and 22.73%).
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FIGURE 2. Percentage DPPH radical-scavenging capacity of Dictyotales MeOH extracts at a concentration of 10 mg⋅ml–1.


In Table 2 is presented the calculated IC50 based on trend lines obtained from DPPH% radical-scavenging curves of each species. P. pavonica extract had lower significantly different (p < 0.05) IC50 of 5.86 ± 0.4 mg⋅ml–1, thus presenting the most significant antiradical-scavenging capacity, followed by T. atomaria (7.58 ± 0.2 mg⋅ml–1). D. polypodioides and D. dichotoma gave higher IC50 values, therefore displaying lower antiradical-scavenging capacity, while it was not possible to calculate IC50 for both D. fasciola and D. spiralis, as no reliable trend line could be obtained from their DPPH% radical-scavenging curves (coefficient of determination R2 < 0.5). Thereby, no capacity of DPPH radical scavenging is obtained from the extracts of these two species.


TABLE 2. DPPH antiradical-scavenging capacity (IC50) of Dictyotales samples.

[image: Table 2]The PCA of the FC, TPC, and DPPH radical-scavenging capacity (%) of the six seaweed extracts is presented in Figure 3. The first two principal components, F1 and F2, represent 97.2% of the total variance of the data set and explain it at 50.1 and 47.0%, respectively. The vectors represent a variant existing among factors (FC, TPC, and DPPH). The analysis allows to identify four groups of one or two species distributed according to two principal components. The first group is composed of T. atomaria, which represent the species with high FC TPC and high potential of DPPH scavenging, as it is on the positive side of both F1 and F2. D. polypodioides displays high FC but low values of the TPC and-scavenging potential compared with the cluster of P. pavonica and D. dichotoma, which are carried by the TPC vector. The last group is composed of D. spiralis and D. fasciola, which showed low FC and TPC and low DPPH-scavenging potential.
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FIGURE 3. Principal component analysis (PCA) of fucoxanthin content (FC), total phenolic content (TPC), and DPPH radical-scavenging capacity (%) of extracts. Each species is distributed according to its variance.


Figure 4 represents the PCA performed for yield of extraction, the FC, and the TPC in the algae (dry weight) to examine their distribution among the species. The first two principal components, F1 and F2, represent 99.5% of the total variance of the data set explaining it at 82.8 and 16.7%, respectively. The vectors represent a variant existing among factors (Yield, FC, and TPC). A close loading of Yield and TPC, as both were closely located to each other, depicts a high correlation between them. The analysis allows to identify three groups of species distributed according to two principal components. The first group is composed of T. atomaria and D. polypodioides, which are both on the higher side of the second principal component carried by the FC and present high values of fucoxanthin. The second group contains D. dichotoma, which showed high yield of extraction and high phenolic content. The third cluster is composed of P. pavonica, D. spiralis, and D. fasciola, which represents the species with the lowest FC, TPC, and extraction yield as they are located on the negative side of both principal components. The analysis allowed to highlight the high potential of T. atomaria for extraction of both fucoxanthin and phenolic compounds, while D. polypodioides would be a good candidate for fucoxanthin extraction and D. dichotoma would be a good one for phenolic compound extraction.
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FIGURE 4. Principal component analysis of fucoxanthin content, total phenolic content, and yield of extraction of algae (dry weight).




Supercritical CO2 Extraction of Dictyopteris polypodioides

As fucoxanthin is of high added value and a promising future functional food, it was selected as the first criterion for choosing the species for ScCO2 extraction. Since D. polypodioides was considered as a potential candidate for fucoxanthin extraction (Figure 4) and considering its wide distribution on the Tunisian coasts and higher abundance than T. atomaria (unpublished work), this species has been selected for the ScCO2 extraction experiments. The extraction of oven-dried samples with different extraction parameters gave different yields (Table 3).


TABLE 3. Extraction yield and fucoxanthin recovery of Dictyopteris polypodioides ScCO2 extractions.

[image: Table 3]A higher yield was obtained for the following set of parameters: temperature (60°C), pressure (50 MPa), and flow rate (24 ml⋅min–1). The lower yield has been obtained for the set of parameters of 25°C, 40 MPa, and flow rate at 24 ml. Statistical analysis showed that there is a significant difference between yields obtained with temperature lower that 60°C and that obtained with an extraction temperature of 60°C. Contrarily, no significant difference has been obtained for extractions made at 60°C but with different pressures or flow rates.

Considering the fucoxanthin recovery, although the lower amount of fucoxanthin has been obtained by ScCO2 parameter set (T=60°C, P=30MPa, and F= 24 ml⋅min–1) and the higher obtained with parameter set (T=60°C, P=50MPa, and F= 24ml⋅min–1), no significance has been found between the extracts at a level of confidence of 95%. Besides, the estimation of the FC in dry algae based on extraction yield resulted in ScCO2 parameter set (T = 60°C, P=50MPa, and F= 24ml⋅min–1), allowing the highest significantly different value (at 95% confidence level) (Table 1).

The analysis of the TPC in ScCO2 extracts showed that phenolic compound extraction increased with the increase of pressure and temperature (Table 4). The highest significantly different TPCs (0.64 ± 0.04 mg GAE⋅mg–1 extract and 8.50 ± 0.52 mg GAE⋅g–1 dw) have been obtained for ScCO2 parameter set (T=60°C, P=50MPa, and F= 24ml⋅min–1).


TABLE 4. Total phenol content and DPPH antiradical-scavenging capacity (IC50) of Dictyopteris ScCO2 extracts.

[image: Table 4]DPPH antiradical-scavenging capacity of ScCO2 extracts (IC50) ranged between 20.58 ± 3.6 and 38.38 ± 9.0 mg⋅ml–1. Extracts obtained with 60°C as extraction temperature displayed significantly lower different IC50 values, thus presenting higher antiradical-scavenging capacity than those obtained with a lower-temperature condition (25 and 40°C).

The results from the PCA of the phytochemical content (FC and TPC), DPPH antiradical capacity (IC50), and ScCO2 parameters (T° and pressure) of the six D. polypodioides extracts are presented in Figure 5. The first two principal components, F1 and F2, explained 93.9% of the total variance of the data set. The analysis of the first component (F1) highlighted strong negative correlations of the FC and TPC (on the right) with DPPH (on the left), revealing that the fraction with the highest DPPH radical-scavenging potentials (the lowest IC50 values, i.e., extracts 5 and 6) also showed the high fucoxanthin and TPC. Considering the ScCO2 parameter, the analysis depicted a high correlation between the FC, TPC, and pressure, as they were closely loaded on the positive side of first component (F1). However, there is a fair correlation of the FC and TPC with temperature as they were distantly loaded, but still all vectors are on the positive side of the F1 axis. The analysis confirms that the higher temperature and pressure conditions for SFE allowed higher fucoxanthin and phenolic compound contents.
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FIGURE 5. Principal component analysis (PCA) of fucoxanthin content (FC), total phenolic content (TPC), DPPH radical-scavenging capacity (IC50), and ScCO2 parameters [temperature (T) and pressure (P)] of D. polypodioides extracts.




DISCUSSION


Fucoxanthin, Total Phenolic Content, and DPPH Radical-Scavenging Capacity of Dictyotales

Our results on extraction yield showed evidence of inter-specific variability. These finding are in accordance with those described by Rodrigues et al. (2020), who studied antioxidant properties of Dictyotales from Brazilian Tropical Reefs and obtained extraction yields varying up to four times from one species to another. El-Sheekh et al. (2021) also obtained significantly different yields of extraction depending on species and solvents. The morphological feature of species and environmental conditions can influence metabolites’ biosynthesis. Species with soft and thin thalli will have more easily extractible metabolites due to higher surface area and biomass ratio (Heriyanto et al., 2017). In addition, the low yield obtained for Padina pavonica can be attributed to the accumulation of CaCO3 in its tissue (Nunes et al., 2019).

Several studies showed that fucoxanthin concentration in species varies between taxonomic groups and among species of the same family or genus (Jaswir et al., 2013; Susanto et al., 2016; Koduvayur Habeebullah et al., 2018). Terasaki et al. (2009) evaluated the recoverable FC of 15 Phaeophyta species from Japanese coasts and obtained an FC that ranged from 0.1 ± 0.1 to 3.7 ± 1.6 mg⋅g–1 dw, with Sargassum horneri displaying the highest content. Additionally, the analysis of pigment composition of four brown seaweeds from the Philippine coasts showed that fucoxanthin concentrations ranged between 0.43 ± 0.11 and 4.11 ± 0.55 mg⋅g–1 dw, with Dictyota dentata (Dictyotales) presenting the highest content (Heriyanto et al., 2017). Our results demonstrated that within the Dictyotales order, there is a significant difference between species concerning their FC, highlighting two species as potential candidates for fucoxanthin extraction (Taonia atomaria and Dictyopteris polypodioides). Table 5 presents the FC of different species of Dictyotales found in the literature, showing that the amount of fucoxanthin varies according to various parameters, including species and the extraction procedure. Moreover, some contents are given on fresh weight basis and some other on dry weight basis, weakening the relevance of any comparison. However, our results highlight that Dictyotales from the Tunisian coasts present a significant amount of fucoxanthin.


TABLE 5. Reported fucoxanthin content of Dictyotales species in literature and in the present work.

[image: Table 5]The variation of the FC, as documented in different reports, depends on various abiotic and biotic factors such as season, geographical location, and life cycle (Saravana et al., 2015). The recovery of this pigment in the extract is also solvent dependent (Saravana et al., 2015; Kumar et al., 2020). Thereby, Saravana et al. (2015) reported significantly higher fucoxanthin recovery obtained for acetone–MeOH mix than with other solvents.

As reported by several studies, the concentration of phenolic compounds is highly variable among taxonomic groups and species (Dang et al., 2017; Generalić Mekinić et al., 2019). Our work highlighted the species of T. atomaria and Dictyota dichotoma being potential candidates for polyphenol extraction. These results are in agreement with those obtained by Zubia et al. (2009), who reported high values of the TPC for D. dichotoma collected from the French coasts (18.8 mg PGE⋅g–1 dw). Aly et al. (2016) reported high contents of phenolic compounds in T. atomaria extract such as vanillic acid, benzoic acid, and pyrogallol. The authors reported the relationship of phenolic and flavonoid composition with biological effects displayed by T. atomaria extracts such as antioxidant, anti-inflammatory, anti-Alzheimer, and anticancer activities.

Additionally, P. pavonica showed a high TPC in its extract. However, the extraction yield obtained for this species resulted in low phenolic content per dry weight. Abdelhamid et al. (2018) reported higher phenolic contents (7.06 mg PGE⋅g–1 dw) for P. pavonica collected from the eastern Tunisian coasts than those obtained for our sample (3.6 ± 0.2 mg GAE⋅g–1 dw). Given that this species showed the highest DPPH antiradical-scavenging capacity, several processes should be evaluated and optimized to obtain the highest yield possible. El-Sheekh et al. (2021) reported that the extraction yield of P. pavonica is doubled when using ethanol as an extraction solvent compared with methanol.

Contrary to our findings, Ben Aoun et al. (2010) obtained higher total phenolic compound values for D. polypodioides collected from the eastern Tunisian coasts. These authors reported values ranging between 33.8 and 84.96 mg GAE⋅g–1 dw, depending on the extraction solvent. These differences can be explained by the influence of several abiotic and biotic factors on the TPC, in addition to different extraction procedures from one study to another.

The genus Dictyota showed significant differences in the PCA (Figures 3, 4), particularly between Dictyota spiralis and Dictyota fasciola (formerly Dilophus genus) on the one side and D. dichotoma on the other side. Hörnig et al. (1992) merged Dilophus genus in Dictyota, based on morphological features; however, recent phylogenetic results presented by Küpper et al. (2019) argued in favor of a genus Dilophus, distinct from Dictyota. At the chemical level, since considerable variation has been observed between samples from the same Dictyota species taken at different localities and during different seasons, it is not possible to draw conclusions whether the chemical content is species-specific (Bogaert et al., 2020), though as fucoxanthin and polyphenols are dependent on environmental conditions including light exposure, the difference in their concentrations in closely related species might be due to differences among habitats (Heriyanto et al., 2017). Indeed, our specimens of D. spiralis and D. fasciola were collected in very shallow waters (less than 1 m) and light-exposed rocks, while D. dichotoma specimens were collected in shadowed rocks, as well as for D. polypodioides and T. atomaria.



ScCO2 Extraction of D. polypodioides

Several studies covered fucoxanthin extraction from seaweeds by ScCO2 technique (Roh et al., 2008; Quitain et al., 2013; Saravana et al., 2017). Quitain et al. (2013) analyzed the FC of ScCO2 extraction of Undaria pinnatifida (Laminariales). Conversely to our findings, these authors observed an influence of extraction temperature on fucoxanthin recovery in the extract, as they noticed a decrease in the FC with temperature increase, while in our study, no significant difference has been found in the fucoxanthin recovery regardless of the extraction parameter set used.

Our results showed that the optimum ScCO2 parameter set for maximum fucoxanthin recovery (2.02 ± 0.6 mg⋅g–1 dry algae) was obtained at a temperature of 60°C, pressure of 50 MPa, and a flow rate of 24 ml⋅min–1 CO2. Roh et al. (2008) obtained a maximum of fucoxanthin extracted from U. pinnatifida for a temperature of 323 K (50°C) and 200 bar (20 MPa). These authors demonstrated that fucoxanthin solubility is correlated to CO2 density fitting the Chrastil model.

For phenolic content, our results are in accordance with those achieved by Roh et al. (2008), who obtained an increase of polyphenol extraction with the increase of temperature and pressure in the ScCO2 process. Saravana et al. (2017) obtained the maximum phlorotannins extracted with the highest temperature and pressure used (55°C/300 bar). These authors prospected the effect of different co-solvent additions to ScCO2 on fucoxanthin and phenol extraction and obtained the best recovery with sunflower oil and water, respectively.

When comparing the values obtained for D. polypodioides for the FC, TPC, and DPPH IC50 depending on the extraction method, some points can be highlighted. No significant difference can be noticed between the recovery percentage of fucoxanthin in the extract regardless of the method. These findings are in agreement with those of Saravana et al. (2015), who determined that the ScCO2 process can extract a similar content of fucoxanthin similarly to solvent extraction procedure. However, the lower extraction yield registered for the ScCO2 extraction compared with the MeOH one is reflected in the FC per dry weight, which is lower for ScCO2 extraction. Several reports showed that the addition of ethanol, vegetable oils, or water as co-solvents significantly increased the efficiency of ScCO2 extraction yields (Roh et al., 2008; Saravana et al., 2017; Kumar et al., 2020).

Our results show that values of the TPC obtained by SCCO2 extraction are twice as high as those obtained by MeOH extraction. Cikoš et al. (2018), who reviewed modern methods for bioactive compound extraction from macroalgae, concluded that SFE is rarely used for the extraction of polar phenolic compounds, as this method is strongly dependent on nonpolar compound extraction unless a co-solvent is added. In accordance with these observations, Shipeng et al. (2015) reported a higher TPC in ScCO2 extract with ethanol as a co-solvent than other solvent extracted oils from S. horneri (Fucales). Besides, Tanniou et al. (2013) reported that NMR phenolic profiles of Sargassum muticum extracted by ScCO2 were different from those obtained from solvent extractions. Even though the Folin–Ciocalteu assay is the most commonly used procedure to determine the TPC, it is not specific for them, and the presence of reducing interferants (such as reducing sugars or ascorbic acid) can produce inaccurate estimations of TPC values (Sánchez-Rangel et al., 2013). Thus, deeper investigation of extract composition is needed.

About the antioxidant property of extracts, our results showed a lower DPPH antiradical-scavenging activity in ScCO2 extract compared with MeOH one. This is in agreement with the findings of Tanniou et al. (2013), who also obtained a DPPH antiradical-scavenging activity of the supercritical fluid extract much lower than that obtained by solvent extraction even though these authors used ethanol as a co-solvent in their ScCO2 procedure. Contrarily, Saravana et al. (2015) obtained a higher antioxidant property for Saccharina japonica and S. horneri ScCO2 extracts compared with the conventional solvent ones.

Thereby, the present study confirms the efficiency of ScCO2 extraction for fucoxanthin and phenolic compounds from D. polypodioides. Hattab et al. (2007), who extracted volatile compounds from Dictyopteris membranacea (syn. polypodioides) by ScCO2, demonstrated that this method takes a great importance also in the extraction of sulfur compounds, alkanes, and fatty acids, as at high pressure the fluid has low selectivity leading to the extraction of these chemical classes of compounds. Further chemical exploration of extracts is needed to determine their total composition.



CONCLUSION

Dictyotales are commonly distributed brown algae from the Mediterranean coasts. Among the six species investigated for high benefits in phytochemical extraction and antioxidant potential activity, three species resulted as promising candidates. Taonia atomaria and Dictyopteris polypodioides are potential candidates for fucoxanthin extraction, while Dictyota dichotoma and T. atomaria are good candidates for phenolic compound extraction. Additionally, Padina pavonica with a high DPPH radical-scavenging capacity and a high amount of phenolic compounds in its extract could be considered for antioxidant compound extraction, providing that the extraction efficiency is increased.

The use of green supercritical CO2 extraction of fucoxanthin and phenolic compounds from D. polypodioides showed that this method could give a similar content of fucoxanthin and higher phenolic content as when a solvent is used. These results are encouraging particularly for adapting an extraction method for the Mediterranean species. Such use of seaweeds, with respect to green extraction technology and sustainability of algal material supply, can represent valuable economic development perspective for the region.
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Marine dinoflagellates produce chemically diverse compounds, with a wide range of biological activity (antimicrobial, anticancer, treatment of neurodegenerative disease along with use as biomedical research tools). Chemical diversity is highlighted by their production of molecules such as the saxitoxin family of alkaloids (C10H17N7O4 – 299 g/mol) to the amphipathic maitotoxin (C164H256O68S2Na2 – 3,422 g/mol), representing one of the largest and most complex secondary metabolites characterized. Dinoflagellates, are most well-known for the production of red tides which are frequently toxic, including okadaic acid and related dinophysistoxins, which are tumor promoters. The mode of action for these phycotoxins, is by specific inhibition of protein phosphatases, enzymes essential in regulation of many cellular processes. Hence, these compounds are being used for vital cell regulation studies. However, the availability of useful amounts of these compounds has restricted research. Chemical synthesis of some compounds such as okadaic acid has been investigated, but the complexity of the molecule resulted in many lengthy steps and achieved only a poor yield. The use of naturally occurring phytoplankton has been investigated as a potential source of these compounds, but it has been shown to be unreliable and impractical. The most practical option is large scale culture with down-stream processing/purification which requires specialist facilities and expertise. This review, describes the biotechnological potential of these organisms and the challenges to achieve useful yields of high quality phycotoxins using Prorocentrum spp. as an example to produce okadaic acid.

Keywords: benthic microalgal cultivation, Prorocentrum lima, seawater, nutrient limitation, temperature, irradiance


INTRODUCTION

Over the past decades, the occurrence of harmful algae blooms (HABs) have increased worldwide (Luckas et al., 2005; Hallegraeff, 2010; Griffith and Gobler, 2020). Climate change and anthropogenic pressures are considered responsible for increased frequency, intensity and broader geographic range. Moreover, increased social and scientific awareness due to their associated negative socioeconomic effects intensified monitoring HABs (phytoplankton and toxins) (Anderson et al., 2012; Farabegoli et al., 2018; Brown et al., 2020).

HABs are typically characterized by rapid proliferation and/or high biomass often known as “red tides” due to their common red color but this color can vary depending on the dominant phytoplankton species involved as well as its concentration and depth. Many of these bloom-forming microalgae produce secondary metabolites, which are toxic (phycotoxins). The purpose of the synthesis of phycotoxins is not clear but it is believed that they may have a role in increasing survival in unfavorable environmental conditions and as a defensive mechanism by inhibiting the growth of co-occurring microalgae or as anti- grazing (Selander et al., 2006; Ajuzie, 2007; Ianora et al., 2011; Anderson et al., 2012; Kohli et al., 2016). Recently, it has also been hypothesized that they could be linked to another trait or process such as photosynthesis II and nitrogen and carbon metabolism (Cassell et al., 2015; Glibert et al., 2016). Nevertheless, the issue arises when phycotoxins bio-accumulate in aquatic edible organisms such as fish and shellfish, leading to eventual poisoning of animal and human consumers (James et al., 2010; Hinder et al., 2011). It is estimated that marine phycotoxins are responsible for up to 60,000 human intoxications per year, with an overall mortality of around 1.5% (Kantiani et al., 2010).

Based on their chemical structure marine phycotoxins are classified into the following groups: (i) linear and macrocyclic polyethers (e.g., okadaic acid (OA) and dinophysistoxins (DTXs)); (ii) ladder-frame polyethers (e.g., ciguatoxins (CTXs) and brevetoxins (BTXs)); (iii) macrocyclic imines (e.g., spirolides (SPXs) and gymnodimines (GYMs)); (iv) tetrahydropurines (e.g., saxitoxins (STXs) and gonyautoxins (GTXs)); and (v) toxic secondary amines (e.g., domoic acid (DA)). Historically, marine phycotoxins were categorized according to the characteristic symptoms they generate in humans after the consumption of contaminated seafood: diarrhetic shellfish poisoning (DSP) (e.g., OA, DTXs, pectenotoxins (PTXs) and yessotoxins (YTXs)), amnesic shellfish poisoning (ASP) (e.g., DA), paralytic shellfish poisoning (PSP) (e.g., STXs and analogs), azaspiracid shellfish poisoning (AZP) (e.g., azaspiracids (AZAs)), neurotoxic shellfish poisoning (NSP) (e.g., BTXs) and ciguatera fish poisoning (CFP) (e.g., CTX and maitotoxin (MTX)).

This review will focus on the dinoflagellate Prorocentrum spp. as a potential source of phycotoxins and different biotechnological approaches to enhance their production. We aim to summarize the studies conducted on Prorocentrum spp. to enhance the growth rate and DSP toxin production with special emphasis on the influence of nutritional and environmental factors published between 1993 and 2020. It also presents considerations relating to mass cultivation to attain high phycotoxin yields scaling up photobioreactors from bench to large scale.



TOXIC BIOACTIVE METABOLITES FROM DINOFLAGELLATES

Dinoflagellates are a lineage of unicellular eukaryotes of huge ecological and evolutionary significance (Hoppenrath, 2017; Cousseau et al., 2020). Approximately half of the dinoflagellate species are autotrophic possessing chloroplasts for photosynthesis, but they are also able to grow heterotrophically, parasitically, mixotrophically or symbiotically (Hoppenrath, 2017; Cousseau et al., 2020). Most dinoflagellates are pelagic but many are adapted to benthic habitats (Gómez, 2012; Durán-Riveroll et al., 2019). Dinoflagellates represent around 75% of the toxic species responsible for HABs (Smayda, 1997; Cembella, 2003).

Dinoflagellates are known to produce an array of bioactive compounds that are structurally and functionally diverse with valuable toxicological and biological properties (Garcia-Camacho et al., 2007). Most of the toxic secondary metabolites are of polyketide origin, including polycyclic polyketides (e.g., YTXs, CTXs, BTXs, MTXs, and palytoxins (PLTXs)), macrolides (e.g., PTXs and amphidinolides) and linear polyketides (e.g., DTXs and OA) (Verma et al., 2019); but also cyclic imines (e.g., SPXs, GYMs and pinnatoxins (PnTXs)) and alkaloids (e.g., STX, GTX, neosaxitoxin (NEO)). Numerous pharmacological functions, such as analgesic, anesthetic, anticancer, antifungal, anticholesterol, cytotoxic, immune-suppressive and/or neurological disease therapeutics were also attributed to these compounds (Garcia-Camacho et al., 2007; Qian et al., 2015; Assunção et al., 2017). Besides their therapeutic use, they are invaluable tools to study cellular processes but their toxicity is a barrier to reaching clinical studies (Cruz et al., 2013; Assunção et al., 2017).


Toxic Bioactive Metabolites From Prorocentrum spp.

To date, there are approximately 60 species of the dinoflagellate genera Prorocentrum distributed worldwide, half of them in benthic marine habitats (Hoppenrath et al., 2013; Durán-Riveroll et al., 2019). Prorocentrum is known to produce DSP toxins and OA, a major DSP polyketide toxin, hence they are a common chemotaxonomic marker of the toxic Prorocentrum spp. (Fernández et al., 2003; Hoppenrath et al., 2013; Luo et al., 2017; Pan et al., 2017; Nishimura et al., 2020). For example, all reported Prorocentrum lima strains produce OA and some strains also produce DTX1 as a minor toxin (Jackson et al., 1993; McLachlan et al., 1994; Vanucci et al., 2010; Varkitzi et al., 2010; Hoppenrath et al., 2013; Wang et al., 2015; Hou et al., 2016; Lee et al., 2016; Hoppenrath, 2017; Pan et al., 2017; Aquino-Cruz et al., 2018; Gu et al., 2019). Prorocentrum belizeanum, caipirignum, concavum, maculosum and hoffmannianum are also known producers of DSP toxins (Morton et al., 1994; Zhou and Fritz, 1994; Hoppenrath et al., 2013; López-Rosales et al., 2014; Luo et al., 2017; Accoroni et al., 2018; Rodríguez et al., 2018; Lim et al., 2019; Lee et al., 2020).

OA and DTXs cause gastrointestinal distress with diarrhea, nausea, vomiting and abdominal pain described as the main symptoms (James et al., 2010). They are potent selective inhibitors of protein phosphatases 2A (PP2A), 1 (PP1) and 2B (PP2B) (Bialojan and Takai, 1988; Twiner et al., 2016). It was previously reported that the diarrheic effect of DSP toxins was associated to the inhibitory activity on protein phosphatases (Cohen et al., 1990) but no links have been found and their mechanisms of toxicity must be re-evaluated (Munday, 2013). Recent reports point to modulation of neurotransmitters that regulate intestinal mobility, along with water and electrolyte secretion as the cause of DSP syndrome (Valdiglesias et al., 2013; Louzao et al., 2015). Protein phosphatases modulate cell signaling pathways so their inhibition by OA and DTXs renders them as an important tool in medical and physiological studies (Meštrović and Pavela-Vrančič, 2003; Cruz et al., 2013; Valdiglesias et al., 2013). In addition, chronic exposure to OA can induce cytotoxicity, neurotoxicity, immunotoxicity, embriotoxicity, genotoxicity and cancer promotion as reviewed by Vilariño et al. (2018) and Fu et al. (2019). The structurally related compounds, DTXs, share the similar negative effects of OA (Vilariño et al., 2018).

Besides OA and DTXs, other phycotoxins have been identified from cultures of Prorocentrum. For example in P. lima cultures, OA and DTX analogs, as well as formosalides, prorocentrolides and related macrolides, limaol and other non-characterized toxins have been reported (Table 1), however, their significance and biosynthesis have not yet been explored. Prorocentrolides and related macrolides are minor but unique constituents of P. lima and they should be considered chemotaxonomic markers (Torigoe et al., 1988; Lu and Chou, 2002; Lee et al., 2019; Li et al., 2020). Prorocentrolides are known as “fast-acting toxins” and have been reported to act on nicotinic acetylcholine receptors (Molgó et al., 2017; Amar et al., 2018). Prorocentrolide C exhibited cytotoxicity against cancer cells in vitro (HCT-116 and Neuro-2a cells) (Lee et al., 2019) as well as 4-hydroxyprorocentrolide (inhibitory activity against human colon adenocarcinoma DLD-1 and human malignant melanoma RP-MI7951) (Lu et al., 2005). Formosalides and limaol has also shown cytotoxicity activity against tumor cell lines (hepatocellular carcinoma, colon adenocarcinoma, neuroblastoma and T-cell acute lymphoblastic leukemia cells) (Lu et al., 2009; Yang et al., 2017).


TABLE 1. High value secondary metabolites produced by Prorocentrum lima.
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BIOTECHNOLOGICAL APPROACHES FOR PHYCOTOXIN PRODUCTION

Despite the potential biological activity of these high-value secondary metabolites, only a few have been produced for research and commercial applications. Currently, commercial availability of phycotoxin standards is low and the cost prices are high depending on purity and supplier (e.g.: ≈1000 – 23000 €/mg of OA; ≈36000 – 296000 €/mg of DTX1; ≈75000 – 667000 €/mg of DTX2). Often, the phycotoxin is present in trace amounts in the producer organism, thus a sustainable supply from dinoflagellate harvesting is not feasible.

Among the different approaches for sustainable phycotoxin production are chemical synthesis, harvesting of natural blooms and large-scale, in situ, in vitro and transgenic cultivation of the producer organism. The choice of one or another will depend, among other variables, on the structural complexity of the phycotoxin, the nature of the source and its abundance and the biosynthetic pathway.


Chemical Synthesis

Chemical synthesis of some phycotoxins and/or characteristic fragments from dinoflagellates has been attempted (Forsyth et al., 1997; Ley et al., 1998; Dounay et al., 1999; Nicolaou et al., 2006; O’Connor and Brimble, 2007; Crimmins et al., 2009; Fürstner et al., 2009; Pang et al., 2011; Stivala et al., 2012; Wilde et al., 2012; Valot et al., 2015). This approach can be unsuitable as it often involves many steps with low yield, and their extremely complex structures make synthesis unfeasible (Nicholas and Phillips, 2006; Wilde et al., 2012). For example, PLTX contains 64 stereogenic centers and its synthesis involved assembly of seven building blocks in 39 steps, requiring a total of more than 140 steps (Armstrong et al., 1989). The synthesis of some phycotoxins, such as OA, has been pursued within the synthetic community due to the potential broad range of biological activities that OA possesses (Isobe et al., 1986; Forsyth et al., 1997; Ley et al., 1998). Successful total synthesis was also reported for 7-deoxy-okadaic acid (Dounay et al., 1999), DTX2 and 2-epi-DTX2 (Pang et al., 2011). Chemical synthesis has also supported the structural elucidation of several complex phycotoxins as well as help to deduce their mode of action (Usami, 2009; Wilde et al., 2012).



Genetic Engineering

Genetic manipulation and overexpression of specific genes associated with the biosynthesis of phycotoxins to enhance their production within the organism is an attractive approach. In order to genetically manipulate dinoflagellates to increase the production of the metabolites of interest it is essential to understand the biochemical processes occurring within the cells and a genome-scale metabolic model could help (Verma et al., 2019). However, the current level of their functional information is poorly understood which may in part be due to the long and complex genome sequences of microalgae. For example dinoflagellates genome (3–250 pg DNA/cell and 3000–215000 megabase pair (Mbp) in 20–325 chromosomes) is approximately 100 times larger than the human genome (3.2 pg DNA/cell and 3180 Mbp in 23 pairs of chromosomes) (Bhaud et al., 2000; McEwan et al., 2008; Verma et al., 2019). Dinoflagellates genome has a high number of unusual bases with a high degree of methylation, introns, redundant repetitive non-coding sequences, chromosomes are organized into a permanent liquid crystalline form (Rill et al., 1989) and it lacks recognizable promoter features (Guillebault et al., 2002) and common eukaryotic transcription factor binding sites (Bhaud et al., 2000; Moreno Díaz de la Espina et al., 2005; McEwan et al., 2008; Wisecaver and Hackett, 2011). Therefore, genetic manipulation methods used for similar or higher trophic systems cannot be extrapolated to dinoflagellates and it must be developed almost from the start. In addition, the identification of toxin-related genes and proteins is complex as a result of their evolutionary origin (Lin, 2011; Verma et al., 2019). To date, most of the efforts on genetic engineering have been driven toward the increase of lipid production in non-dinoflagellate algae (Lin et al., 2019; Park et al., 2019; Ng et al., 2020).



Culture of Dinoflagellates

Dinoflagellates in general grow slower than other protists such as diatoms, are quite shear-sensitive and relatively inefficient at nutrient uptake (Smayda and Reynolds, 2003). It has been speculated that the low chlorophyll a to carbon ratio is responsible for the slow growth of dinoflagellates (Tang, 1996) but the chlorophyll a content per unit mass of dinoflagellates is similar to diatoms (Gallardo-Rodríguez et al., 2012). Several studies have focused on small-scale cultures of benthic dinoflagellates to optimize growth rates and toxic production (Jackson et al., 1993; McLachlan et al., 1994; Morton et al., 1994; Yang et al., 2008; Zhong et al., 2008; Li et al., 2009; Vanucci et al., 2010; Varkitzi et al., 2010; López-Rosales et al., 2014; Wang et al., 2015; Hou et al., 2016; Accoroni et al., 2018; Aquino-Cruz et al., 2018; Gu et al., 2019; Lee et al., 2020). In a typical photosynthetic culture the maximum biomass concentration reached was well below 1 g/L and regarding phycotoxin production it is of the order of picograms (Gallardo-Rodríguez et al., 2012). Therefore, to obtain sufficient secondary metabolites mass culture in large-scale bioreactors is needed although it has proven challenging (Gallardo Rodríguez et al., 2010; Wang et al., 2015).

Similar to other phototrophic organisms, dinoflagellates require energy from light for their biosynthesis processes. Vertical migration and photo-acclimation allow them to travel and grow at the bottom and the upper layer of the aquatic system to gain access to nutrient-rich deeper layers and well-lit surface waters (Smayda and Reynolds, 2003; Smayda, 2010; Orchard et al., 2016; Shikata et al., 2020).

Typical dinoflagellate cell cycle involves an initial growth phase with high cell metabolic activity first (G1 phase), followed by DNA synthesis (S phase). Then, a second growth phase (G2 phase) in which cells accumulate nutrients needed for the mitosis (M phase) and cytokinesis (Pan et al., 1999; Bhaud et al., 2000). The biosynthesis of phycotoxins typically varies during different growth phases, with the highest production rates during the end of the exponential phase prior entering the stationary phase (Pan et al., 1999; Jia et al., 2019; Lee et al., 2020). Circadian rhythms are also known to influence growth rates and biosynthesis of secondary metabolites (Jacob-Lopes et al., 2009; Jia et al., 2019).

Dinoflagellate tolerance and acclimatization to different temperatures are strain specific and may depend on their original habitat as it was found that dinoflagellates from tropical habitats have lower tolerance to low temperatures (below 20°C) than dinoflagellates from temperate habitats (Jackson et al., 1993; McLachlan et al., 1994; Accoroni et al., 2018).

OA and DTXs are essentially produced via the polyketide pathway (Perez et al., 2008; Gallardo-Rodríguez et al., 2012). Therefore, the interaction between dinoflagellates (i.e., Prorocentrum) and their co-existing microbiome encoding the polyketide synthase gene may influence intracellular phycotoxin production (Perez et al., 2008; Lee et al., 2016). However, to date, there is little evidence that supports that extracellular bacteria influence growth and phycotoxin production (Tarazona-Janampa et al., 2020). A sound knowledge of cell cycle regulation and metabolism, synchronization of the cell cycle, use of optimum nutritional requirements and culture conditions, awareness of stress factors and optimized configurations of bioreactors are fundamental to mass culture of dinoflagellates for phycotoxin production.




CULTURE OF Prorocentrum spp. FOR PHYCOTOXIN PRODUCTION

The effects of key environmental factors (e.g., nutrients, temperature, salinity, and light availability) on the phycotoxin production are species dependent (Vanucci et al., 2010; Varkitzi et al., 2010; Wang et al., 2015; Aquino-Cruz et al., 2018; Gu et al., 2019; Lee et al., 2020). Nutrient limitation is the most common strategy used to boost phycotoxin production, however as a result of nutrient limitation cell growth usually declines. Phycotoxin production was deemed to be a dependent of growth rate rather than due to the environmental or nutritional stress applied (Pistocchi et al., 2012). Therefore, a compromise must be reached between high phycotoxin production and maximum growth rate, leading generally to two-step culture strategies, with an initial phase based on biomass accumulation (nutrient replete conditions) followed by a phase of phycotoxin production (under deprivation conditions). Alternative strategies include changes in the light cycle, pH, temperature or salinity to boost phycotoxin production.


Effect of Culture Media Composition


Media

Natural seawater enriched with nutrients and trace metals is frequently used as a base for culture medium of dinoflagellates (Harrison and Berges, 2005). However, its continuous supply may be inconvenient so synthetic seawater is commonly used instead when a natural seawater supply is unfeasible (e.g., geographic limitations). Although composition of synthetic seawater can be easily controlled and modified, trace organics present in natural seawater are difficult to reproduce in its artificial counterpart. L1, L1-Si, f/2, f/4, K medium have been used to enrich the natural or synthetic seawater for the cultivation of Prorocentrum spp. (Tables 2–6). All these media contains similar nutritional elements (nitrogen, phosphorus, sulfates and trace metals and vitamins) but in different ratios. According to Guillard and Morton (2003) L1 and f/2 medium are more suitable for coastal planktonic species, while L2 and K media are favorable for growing benthic, epiphytic and oceanic planktonic species. Although the use of artificial seawater is acceptable for cultivating marine dinoflagellates, its long term replacement for natural seawater was deemed to lower production of bioactive metabolites (Hsieh et al., 2001). When P. lima was cultured in f/2 media prepared in natural seawater, artificial seawater (Guillard and Morton, 2003), and salt water (NaCl 35 g/l) it was able to grow in all types of prepared medium. However, the use of salt water affected the cell integrity in the culture that was indicated by lack of pigmentation and high levels of OA in the medium (Praptiwi, 2014). Long-term artificial seawater cultivation resulted in a substantial reduction of OA production of almost 70% after the second cycle of sub-culturing (Praptiwi, 2014) suggesting that artificial seawater may lack trace elements or nutrients present in natural seawater necessary to support phytotoxin production.


TABLE 2. Effect of nitrogen and phosphorus on the growth and toxin content of Prorocentrum spp.
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Nitrogen

Microalgae are able to obtain nitrogen from different sources. Benthic Prorocentrum spp. has been cultured using nitrate, ammonium and urea (Table 2) (McLachlan et al., 1994; Pan et al., 1999; Zhong et al., 2008; Li et al., 2009; Varkitzi et al., 2010; Hou et al., 2016; Accoroni et al., 2018; Gu et al., 2019; Lee et al., 2020). Whereas some studies suggest that nitrogen concentration is directly proportional to the maximum cell density but not growth rate (Zhong et al., 2008; Vanucci et al., 2010; Hou et al., 2016), others found that it is directly proportional to both (McLachlan et al., 1994; Li et al., 2009).

Under, routine culture conditions, maximum phycotoxin levels have been recorded at the end of the exponential growth phase and start of the stationary phase (McLachlan et al., 1994; Li et al., 2009; Varkitzi et al., 2010). However, when microalgae is grown under stress conditions, such as nutrient depletion, they synthesize multiple secondary metabolites, phycotoxins among them, to increase the possibility of survival under these unfavorable conditions. In general, limited nitrogen availability leads to an increase in phycotoxin production (McLachlan et al., 1994; Hou et al., 2016; Accoroni et al., 2018; Gu et al., 2019; Lee et al., 2020). For instance, in a nitrogen-depleted medium, intracellular concentration of OA in P. hoffmannianum was 3.7 times basal nitrogen level (883 μM) during the stationary phase (45.38 pg/cell) and 3.4 times this during its maximum growth (21.38 pg/cell) (Lee et al., 2020) (Table 2). Whereas in a medium with ten times more nitrogen (8830 μM) intracellular concentration of OA was similar during the stationary and the maximum growth phase (both ≈16.38 pg/cell) but the phycotoxin levels were higher in the maximum growth phase (2.6 times) than in the stationary phase (1.3 times) (Lee et al., 2020). Vanucci et al. (2010) demonstrated a similar trend of increased phycotoxin production as the concentration of nitrogen was decreased. In this case the effect was more noticeable in the production of DTX1 than in OA, with DTX1 production increased up to 3.3 times (0.39 pg/cell) and OA production up to 1.9 times (12.5 pg/cell) in a culture of P. lima when the concentration of nitrogen was reduced to 17.7 μM (Table 2) from basal levels. The difference on OA yield observed between P. hoffmannianum and P. lima when changing N concentrations could be due to be strain specific or due to the small differences between the culturing conditions.

In addition, the chemical nature of nitrogen may affect the phycotoxin production (Table 2). It has been suggested that ammonia may be a preferred source of nitrogen for benthic Prorocentrum spp. as it does not need enzymatic fixation although it does not seem to increase phycotoxin production (Pan et al., 1999; Zhong et al., 2008; Varkitzi et al., 2010). Gu et al. (2019) compared OA production of P. lima cultured with nitrate, urea or ammonium. Maximum cell density (47000 cells/mL) and OA production (25 pg/cell) were obtained using nitrate as a source and the lowest with ammonium. Similar effects were obtained by Varkitzi et al. (2010) when the same concentration of nitrate or ammonium were used for growing P. lima. Zhong et al. (2008) also reported the highest OA production using 100 μM nitrates (OA 338 pg/cell) but no differences were observed among 100 μM urea (OA 113 pg/cell) and 100 μM ammonium (OA 100 pg/cell). In the study of Gu et al. (2019) the use of different nitrogen sources led to different phycotoxin production, maximum cell densities and growth rates. In general, nitrates gave the maximum OA production and cell density followed by urea and finally ammonium.



Phosphorus

Phosphorus is an essential nutrient involved in several metabolic processes in dinoflagellates including photosynthesis, cell membrane synthesis, signal transduction and catabolism of sugars and fatty acids, among others (Lin et al., 2016).

Limited availability of phosphorus in culture medium has also proved to hinder the growth of Prorocentrum spp. (Table 2) (Hou et al., 2016; Accoroni et al., 2018; Gu et al., 2019). Whereas production of OA and DTX was promoted when dinoflagellates were grown under P-limitation (Vanucci et al., 2010; Varkitzi et al., 2010; Hou et al., 2016; Accoroni et al., 2018; Lee et al., 2020). In general, studies evaluate the effect of P-depletion on the growth rate, maximum cell density and phycotoxin production but not the effect of P-augmentation. Lee et al. (2020) observed that 362 μM of P had no great impact on the maximum cell density (20% increase) and phycotoxin production (1.2 times greater) of P. hoffmannianum in comparison to the effect of P-depletion had (maximum cell density was decreased by 92% but phycotoxin content increased 5.4 times).

The chemical nature of phosphorus also influence growth rates and cellular phycotoxin levels in P. lima (Gu et al., 2019; Yang et al., 2008) (Table 2). Maximum cell growth and OA production (35 pg/cell) was observed using sodium dihydrogen phosphate (NaH2PO4), followed by ATP (30 pg/cell) and finally glycerophosphate (18 pg/cell) (Gu et al., 2019). However, maximum cell density was similar regardless of the phosphorus source used (Gu et al., 2019). Yang et al. (2008) observed a similar effect on the growth rate and the maximum cell density of P. lima after different phosphorus sources were used. However in this case the phosphorus concentrations evaluated (0.5 to 10 μM) were below typical culture media (36.3 μM) and the maximum OA cell content increased as the concentration decreased (from 10 to 0.5 μM) after using glycerophosphate (from 88 pg/cell to 116 pg/cell of OA), and NaH2PO4 (from 68 pg/cell to 88 pg/cell) but not after using ATP (from 57 pg/cell to 51 pg/cell).



Trace Metals

In microalgae, trace metals play important roles in numerous metabolic processes including electron and oxygen transport, nutrient acquisition, anti-oxidative mechanisms, cell division and integrity (Bruland et al., 1991; Raven et al., 1999; Sunda, 2012). Growth and cell morphology may be altered by a deficiency of trace metals but an excess could induce cell death and cyst formation (Tian et al., 2018).

In routine medium recipes, the composition of trace metals has been formulized to meet the biochemical requirements of most dinoflagellates culture. Yet, in some cases, modifications are needed as each Prorocentrum spp. has its own distinctive growth requirements. Furthermore, trace metal composition may discourage or promote phycotoxin production by dinoflagellates (Rhodes et al., 2006; He et al., 2010). For example, Se at pM level induced an increase of OA ester quota per cell in P. lima by approximately 50% (Rhodes et al., 2006). Gu et al. (2019) observed that an increase of Cu concentration (from 40 to 5039 nM) limited the growth of P. lima by 36% but increased the cellular OA concentration level 1.8 times (27 pg/cell). The effects of trace metals on dinoflagellate culture and their implications for mass cultivation and bioactive metabolite production strategies require further exploration.




Effect of Physical Factors

Other than nutritional factors, physico-chemical factors such as light, salinity and temperature have been shown to impact on the growth and the phycotoxin production of dinoflagellates (Morton et al., 1994; López-Rosales et al., 2014; Tan and Ransangan, 2015; Wang et al., 2015).


Light

As with other photoautotrophic phytoplankton, growth of dinoflagellates is directly affected by the availability and irradiance of light. In general, artificial light is chosen to culture dinoflagellates as it provides better control of the light spectrum, irradiance and photoperiod (Table 3) (Morton et al., 1994; López-Rosales et al., 2014; Wang et al., 2015). Light-emitting diodes (LEDs) are an excellent alternative as they outperform fluorescent light. LEDs are adjustable to fit the design of the photobioreactors (PBRs), provide effective light without generating too much heat, are low-cost and non-toxic. A few studies have shown the potential of LEDs to culture dinoflagellates (Schulze et al., 2014; López-Rosales et al., 2016; Molina-Miras et al., 2018).


TABLE 3. Effect of light on the growth and toxin content of Prorocentrum spp.
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Light intensity and photoperiod influence not only the growth and cell cycle of Prorocentrum spp. but also their cellular phycotoxin composition (Table 3). In the study of López-Rosales et al. (2014) excessive light intensity led to the photoinhibition of P. belizeanum. Maximum growth of P. belizeanum was found at 40 μmol photons/m2/s regardless of the temperature (18–28°C). P. hoffmannianum growth rate increased as the irradiance increased from 2000 lux (0.20 μ/day) to 5000 lux (0.53 μ/day). High phycotoxin production has been observed at low light intensity conditions. Intracellular content of OA by P. hoffmannianum was higher (53.8 pg/cell) at low light intensity (2000 lux) in comparison to higher light intensities (5000 lux; OA: 17.5 pg/cell). The most commonly used light/dark cycles to study phycotoxin production are 8h/16h, 12h/12h and 16h/8h. Wang et al. (2015) reported that the light duration is directly proportional to maximum cell density. Maximum cell density of P. lima increased from 8h (≈11000 cells/mL) to 12h (≈25500 cells/mL) and remained fairly constant after 16h (≈26000 cells/mL) of light. However, cellular OA content was lower when the light exposure was increased up to 16h. Little is known about the relationship between phycotoxin production and photosynthesis that could be potentially associated to cell cycles (Pan et al., 1999). OA was suggested to be biosynthesized in the chloroplast (Zhou and Fritz, 1994) and stored in them or in peripheral vacuoles of P. lima (Barbier et al., 1999). Wang et al. (2015) indicated that both photosynthesis and dark respiration are needed for DSP toxin biosynthesis. Pan et al. (1999) indicated that DSP production was instigated by light. DSP toxin amount per cell (OA, OA C8-diol-ester, DTX1 and DTX4) increased soon after P. lima culture was exposed to light after a dark synchronization period (no changes during dark). Different DSP toxins were produced at different phase of the photocycle. A rise in DTX4 levels (initiated in the G1 to S phases “morning”) preceded an increase in the cellular content of OA and DTX1 (produced during S and G2 phases “afternoon”) 3 to 6h later. Based on the sequential pattern in the biosynthesis of DTX4, OA, OA-C8 diol-ester and DTX1, DTX4 was considered the precursor toxin in the biosynthetic cascade through a light-mediated stepwise enzymatic reactions. In Praptiwi (2014), light and dark cycle at low to medium light intensities (25 and 50 μmol/m2/s) were proved to have no substantial effect to the total yield of OA and DTX-1, when compared to cultures with continuous light exposure. It did, however, improved the low yield gained in cultures exposed to high light intensity (95 μmol/m2/s), with approximately 36% increase for OA and 66% increase for DTX-1 when using 12 hours light and dark cycles compared to continuous cycle. Despite this, the study (Praptiwi, 2014) further found that these improvements in yields are still significantly lower than those obtained from cultures exposed to low and medium light intensities (25 and 50 μmol/m2/s) at both continuous light and 12 hours light/dark cycles.



Salinity

Salinity influences biochemical processes in the cell such as nutrient uptake and transportation system inside cell (Hsieh et al., 2001). Variations in ion strength and ionic composition induces distinctive responses on the growth of dinoflagellates due to osmoregulation (Stefels, 2000). Growth tolerance under a range of salinities content appears to be different for each species and is attributed to its geographic origin (D’Ors et al., 2016; Monti-Birkenmeier et al., 2019).

In principle, changes in salinity could affect phycotoxin production and content, either by direct effect on the biosynthetic pathways, or indirectly, by modulating cell growth which in turn indirectly affect cellular phycotoxin content (Parkhill and Cembella, 1999; Aguilera-Belmonte et al., 2013). This is supported by evidence that despite the same salinity, phycotoxin production appeared to be variable throughout the growth phase; with a constant level during the exponential growth phase which starts to increase at early stationary phase (Parkhill and Cembella, 1999). However, it was argued by Lim et al. (2011) that phycotoxin production is not a result of salinity-dependent-growth rate, but rather governed by cell osmoregulation and utilization of amino acid. Lim et al. (2011) further explained that evidence of this was shown in their results of toxin quota (Qt) obtained from the two lowest growth cultures at 5 and 35 psu, where much lower Qt observed in 5 psu than 35 psu.

Very few studies (Table 4) have dealt with the effect of salinity on growth rate and phycotoxin production by Prorocentrum spp. and they show contradictory results. In general growth rate decreased with salinity (0.125 μ/day at 28% and 0.105 μ/day at 37%; at 40% there was 0.120 μ/day) (Morton et al., 1994). The maximum cell density during the stationary phase also declined with increasing salinity (Wang et al., 2015). The cellular phycotoxin content in P. lima increased with increasing salinity. The Qt of OA increased from ≈1.0 pg/cell to ≈3.0 pg/cell and DTX1 from ≈4.7 pg/cell to ≈22.5 pg/cell when the salinity was increased from 15 psu to 45 psu (Wang et al., 2015). On the other hand, cellular content of OA in P. hoffmannianum was inversely proportional to salinity content and growth rate (Morton et al., 1994). The maximum cellular OA level (≈7.5 pg/cell) was reached at 28 psu and the lowest (≈3.2 pg/cell) was found at 34 psu which coincided with the highest growth rate (≈0.22 μ). As the salinity was increased up to 40 psu the growth rate declined (≈0.135 μ) and the OA cellular content slightly increased up to ≈4.0 pg/cell).


TABLE 4. Effect of salinity on the growth and toxin content of Prorocentrum spp.
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Temperature

Effects of temperature on growth and phycotoxin production of dinoflagellates appear to be similar to salinity, where each species has a different temperature range that enables optimum growth and bioactive compound production, which is a dependent on its original habitat (Koike et al., 1998; Aguilera-Belmonte et al., 2013). Benthic Prorocentrum spp. grow in tropical regions (≈30°C), whereas epiphytic strains grow in colder waters. Hence, Prorocentrum spp. are able to adapt to a broad range of temperatures (Table 5). For instance P. lima isolated from temperate areas (Canada) can grow between 10 and 25°C (Jackson et al., 1993), whereas if it is a strain isolated from tropical regions (United States) it grows between 21 and 27°C (Accoroni et al., 2018). In particular, 25°C is the optimal growth temperature for P. lima and P. belizeanum (Jackson et al., 1993; López-Rosales et al., 2014; Wang et al., 2015; Aquino-Cruz et al., 2018). Morton et al. (1994) observed that P. hoffmannianum can tolerate temperatures between 21 and 36°C, and gave 27°C as the optimal temperature.


TABLE 5. Effect of temperature on the growth and toxin content of Prorocentrum spp.
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Temperature has been found to influence growth, enzymatic activities and phycotoxin production in Prorocentrum spp. (López-Rosales et al., 2014; Lee et al., 2016).

Stress caused by changes in temperature promote phycotoxin production in Prorocentrum spp. Several studies have shown that maximum growth and cell density of Prorocentrum spp. obtained at specific temperatures were disassociated from maximum cellular phycotoxin levels (Jackson et al., 1993; López-Rosales et al., 2014; Wang et al., 2015; Aquino-Cruz et al., 2018) (Table 5). Disagreement on the influence that temperatures have above or below the optimal growth temperature to obtain the highest OA production have been published. For instance, temperatures above the optimal growth temperature of P. lima led to an increase of up to 12 times of the cellular OA level and up to 3.5 times of DTX1 (Wang et al., 2015) and up to 2.2 times of OA in P. hoffmannianum (Accoroni et al., 2018). In contrast, lower temperatures led to an increase of the cellular phycotoxin content of OA and DTX1 in P. lima and P. belizeanum (Jackson et al., 1993; López-Rosales et al., 2014; Aquino-Cruz et al., 2018). Extreme temperatures led to an increase of the cellular phycotoxin content although the relationship between temperature and phycotoxin production is not clear (Lee et al., 2016).





MASS CULTIVATION OF DINOFLAGELLATES

Early studies on secondary metabolites from dinoflagellates mostly attempted to understand how environmental and nutritional parameters affect the production of phycotoxins as a control strategy for HABs and their related health impacts. Nevertheless, the potential applications of these phycotoxins had shifted the interest to optimize their production at large scale.

For example, various attempts were carried out to find the most efficient way of producing OA for commercial demands. Total synthesis of OA was successfully demonstrated by a study (Ley et al., 1998) which assembled three chemical fragments in a convergent manner but this method is somewhat time-consuming, requires many steps with low final yield, and may be impractical for a large-scale production. Another approach was to extract OA from natural blooms of microalgae in seawater by a large-scale pumping method, as shown in a study by Rundberget et al. (2007). Nevertheless, considering the small quantity of purified phycotoxin obtained (2.7 mg OA and 1.3 mg DTX2 from ≈10250 L of seawater containing ≈2 × 104 cells/L of Dinophysis acuta), this method can be unsustainable as it consumes a lot of energy. The limitations of these approaches highlight the convenience and practicality of culturing organisms that produce OA and other bioactive compounds.

One of the biggest challenges in microalgae mass cultivation is to design and operate a cost-effective production system that allow the control over the growth rate and product yield. To address low product yields and upscaling the main parameters to control are nutritional and environmental factors, light availability and mass and heat transfer as well and efficient PBR design.

Traditionally, microalgae have been cultivated in shallow open PBRs using a raceway design and basic mixing. Unfortunately, they are not suitable for toxic microalgae as they pose a considerable risk for the ecosystem and are prone to contamination (Gallardo-Rodríguez et al., 2012). Conversely, closed PBRs allow more control over operating conditions and less chance of contamination. Various configurations of closed PBRs have been used for culturing dinoflagellates including carboys, stirred-tanks, airlift, bubble column and flat-panel type, with the last two the most typically used (Wang et al., 2015; López-Rosales et al., 2016; Molina-Miras et al., 2018). Selection of closed PBRs will depend on the characteristics of the culture organism, the desired product and other parameters such as capital and maintenance costs. The culture can be operated as batch, fed-batch, continuous, or semi-continuous modes. Continuous systems are attractive due to the possibility of maintain optimum growth and automatization however, they need constant supply of fresh media, and they are complex to install and run as well as being more expensive. In semi-continuous mode fresh media is introduced as required, at interval periods, using much less volume of media than the continuous system. However, to date only a few studies described the cultivation of P. lima to produce OA and all of them operate in batch mode (Table 6).


TABLE 6. Bioreactor type, culture mode and operational conditions for growth and toxin production of Prorocentrum spp.

[image: Table 6]
Light is one of the key parameters to enhance the productivity of phototropic microalgae. Light should be provided at the appropriate intensity, wavelength and duration (Carvalho et al., 2011). Light attenuation and/or mutual shading effects should be limited to ensure culture efficiency and lower energy consumption. It is necessary to design a PBR that has a high surface to volume ratio, and relatively low culture thickness (López-Rosales et al., 2014). Wang et al. (2015) designed a vertical flat bioreactor with an illumination system arranged at the bottom of the PBR. This design promoted the light energy absorption and utilization of benthic microalgae (Wang et al., 2015). Light and dark cycles allow the cells to perform photosynthesis during the light regime and respiration during the dark regime. An alternative to continuous light availability is intermittent and “flashing” light which have proven to efficiently promote photosynthesis rate (Acién Fernández et al., 2013) and increase the productivity of secondary metabolites from microalgae (Carvalho et al., 2011). LEDs have been satisfactory used in pilot-scale bubble column PBRs for dinoflagellate culturing (Schulze et al., 2014; López-Rosales et al., 2016; Molina-Miras et al., 2018).

Phototrophic microalgae produce oxygen and uptake carbon dioxide during photosynthesis altering the culture medium and the pH. Therefore, it is essential to remove the produced oxygen from the medium and to supply enough CO2 as the carbon source (Posten, 2009). In addition, as benthic microalgae grow, they form lumps that attach to the bottom of the bioreactor forming dense mats and some strains (e.g., P. belizeanum) produce extracellular mucus that can cover the bottom of the reactor forming a thin layer (López-Rosales et al., 2014). Gas injection is essential to increase mass transfer but designing a suitable culture system for dinoflagellate production can be particularly difficult in ensuring that the cell viability is maintained. Dinoflagellates are extremely sensitive to fluid turbulence in the culture media (García Camacho et al., 2007) and most of them do not readily grow in closed PBRs due to this (Gallardo-Rodríguez et al., 2009, 2012). Small-scale turbulence may affect growth rate and morphology and excessive turbulence may result in flagella impairment due to physical damage (Berdalet et al., 2007; García Camacho et al., 2007; Wang and Lan, 2018). Not only the intensity of shear force should be taken into account but also its period and interval (Gibson and Thomas, 1995). Detrimental effects of shear stress include growth inhibition; increased time for recovery, reduced photosynthetic activity, disturbed cell cycles, production of reactive oxygen species (ROS), changes in the fluidity of the cell membrane and even cell lysis (García Camacho et al., 2007; Gallardo-Rodríguez et al., 2009; Gallardo Rodríguez et al., 2010). No adverse effects were observed when the specific energy dissipation rate was below 1 cm2/s3 (Berdalet et al., 2007). The mechanism of shear-induced damage on cells has been hypothesized in previous studies. It has been suggested that damage is linked to their enormous genomes packed in relatively small volumes, to the alteration of metabolic processes that induce the production of intracellular ROS, to the reduction of time-integrated light exposure of individual cells or to direct impact on the integrity of cellular organelles (Juhl et al., 2001; Garcia-Camacho et al., 2007; Gallardo-Rodríguez et al., 2009). Antioxidant agents and additives to alter the fluidity of the media have been proven useful at low concentrations to protect the cells against shear stress (Gallardo-Rodríguez et al., 2009, 2012; Gallardo Rodríguez et al., 2010). Despite this, fluid turbulence is an important aspect in a bioreactor to maintain mass transfer within the system. It ensures good mixing of nutrients and gas exchange, and prevents deposition of cells at the bottom of the reactor, as well as forcing the cells to move between light and dark zones of the PBR. Overall, selecting the cultivation system should reflect on a design that is able to provide sufficient mass transfer whilst maintaining cell viability of the culture.



CONCLUSION

Despite the negative impact of phycotoxins from dinoflagellates on human health, they have shown valuable pharmacological and biotechnological potential. OA and its derivatives are needed for research studies mainly due to their activity as selective protein phosphatases inhibitors. Besides OA, DTXs and analogs, Prorocentrum spp. produce many other secondary metabolites such as prorocentrolides and formosalides with interesting bioactive potential that remain neglected. Limited quantities in the producer organism as well as the variability of these high value secondary metabolites content urge a suitable production method to ensure adequate and consistent supply. As chemical synthesis, harvesting of natural blooms and genetic engineering strategies currently have considerable limiting factors (e.g., complex, low yield, expensive and scalability issues) culturing has proven to be the most suitable process to obtain high quantities of phycotoxins. Considerable efforts have been made into culturing to enhance phycotoxin production by Prorocentrum spp. at lab scale but just a few studies have demonstrated significant increase in yields. Discrepancies observed among performance highlight the absence of generic culturing protocols (e.g., age, cell density of inoculum) to maximize the growth rate of Prorocentrum spp. and the production of valuable secondary metabolites. Some advances have been made on the design of PBRs, in terms of nutritional and operational factors, however a few technological limitations still need to be addressed to grow this extremely shear sensitive organisms.
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Algicidal bacteria offer an eco-friendly and promising approach for controlling harmful algae blooms (HABs). In this study, repeated batch fermentation of immobilized algicidal bacterium Vibrio brasiliensis H115 was preformed to enhance the productivity of the algicidal compounds. The highest algicidal efficiency of the fermentation products against Akashiwo sanguinea (100%) was achieved when the fermentation time was decreased from 24 to 14 h. The cell-free fermentation broth was then spray-dried and floating microcapsules were prepared from the dried powder. The optimum preparation conditions for floating microcapsules were: sodium alginate (SA), 3%; CaCO3: SA (mass ratio), 3:4; CaCl2, 3%; citric acid, 4%; ethylcellulose, 2%; crosslinking time, 30 min. Under the optimal conditions, the floating microcapsules displayed efficient A. sanguinea cell lysis ability and the algicidal efficiency increased from 10.62% (4 h) to 100% (24 h). These results suggest that the floating microcapsules could potentially be practically used for controlling the outbreaks of A. sanguinea.
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INTRODUCTION

Red tides have attracted worldwide attention as they pose significant threats to fishery resources, marine ecosystems and human health (Anderson, 2009). Biological methods have been broadly investigated for the control of red tides as it has obvious advantages over physical and chemical methods (Li et al., 2016). During the last decades, algicidal bacteria, which are capable of algal cell lysis or growth inhibition have been isolated from lakes, estuaries, and seas. They offer a promising and eco-friendly biological approach for the control of harmful algae blooms (HABs) (Tian et al., 2012; Lu et al., 2016; Zheng et al., 2018).

Various isolated algicidal bacteria have been preliminarily studied in the lab to confirm their algal lysis ability (Tian et al., 2012; Zhang et al., 2018; Tarazona-Janampa et al., 2020). However, the practical application of algicidal bacteria in controlling algal blooms is challenged in many ways. First, the complex and unstable environment in the natural ecosystem, such as low temperature and competition from other bacteria, may inhibit the growth of the algicidal bacteria and reduce their algicidal activity (Kang et al., 2012). In addition, the algicidal activity of such bacteria is species-specific. Nevertheless, algicidal bacteria and their associated metabolic products might result in a negative impact on other species and the ecosystem (Kang et al., 2007; Jung et al., 2010). The addition of Pseudomonas fluorescens SK09 in a large-scale mesocosm natural bloom of Stephanodiscus hantzschii changed the composition of the phytoplankton community (Jung et al., 2010). Therefore, for practical and commercial application of algicidal bacteria, the development of strategies that are capable of sustaining the algicidal activity as well as minimizing their adverse effects is essential.

Most of the algicidal bacteria attack the target algae in an indirect mode by secreting active algicidal compounds (such as agarase, amino-peptidase, lipase, proteins, alkaline phosphatase and enzymes) to the surrounding medium (Wang M. et al., 2020). The synthesis of these active compounds is mainly based on bacterial metabolism. Studies have shown that the productivity of secondary metabolites of microorganisms can be enhanced during repeated fermentations (Li H.-X. et al., 2015; Wang et al., 2016; Xu et al., 2020). Thus, fermentation is an essential process for the large-scale production of the algicidal compounds (Hu et al., 2020). The fermentation products of algicidal bacteria can possibly be considered as biological agents for the control of HABs. However, limited studies have been conducted regarding the potential application of fermentation products. It was reported that the fermentation products from Bacillus cereus strain JZBC1 were capable of algicidal activity against Scrippsiella trochoidea, Prorocentrum micans, and Peridinium umbonatum (Hu et al., 2020). Our previous study also confirmed the algicidal activity of the spray-dried algicidal broth against Akashiwo sanguinea (Wang Y. et al., 2020). Bacillamide secreted by Bacillus sp. SY-1 (Jeong et al., 2003) and the pigment deinoxanthin, isolated from Deinococcus sp. Y35 (Li Y. et al., 2015) had algicidal effect on Alexandrium tamarense and Cochlodinium polykrikoides, respectively. Compared to bacterial cells, the algicidal powder is capable of minimizing the ecological burden of direct bacterial cell addition. So it is necessary to seek a method that enables the direct application of algicidal powder to control HABs.

Immobilization is a long-established method used for increasing the packing yield of enzymes, microorganisms, organelles, and plant/animal cells in the biotechnology processes (Meleigy and Khalaf, 2009; Ma et al., 2015; Ahmad et al., 2020). As one of the widely used methods of immobilization, microcapsule technology has been widely applied in the fields of medicine, pesticides and food (Mori et al., 1972; Fukumori et al., 1988). In terms of algicidal bacteria and their corresponding metabolites, Pseudomonas fluorescens SK09 was successfully immobilized to control Stephanodiscus hantzschii blooms (Jung et al., 2013), Shewanella sp. IRI-160 immobilized in alginate beads were used to control the growth of Karlodinium veneficum and Prorocentrum minimum (Wang and Coyne, 2020). Alcaligenes aquatilis F8 immobilized with wheat bran and sodium alginate (SA) also showed algicidal activity against Microcystis aeruginosa (Sun et al., 2015). Immobilization of algicidal bacteria has been shown to increase the cell density and the corresponding algicidal activity. However, to date, microcapsules containing algicidal powder have not been reported. Because HABs occurs on the water surface, floating microcapsules containing algicidal powder are proposed as a promising way to control the HABs. SA is a widely used safe biodegradable polymer for encapsulation of cells, microbes, and drugs (Nochos et al., 2008; He et al., 2015). Ethylcellulose (EC) is a water-insoluble polymer with a low density and has been studied for the encapsulation and controlled release of drugs (Yang et al., 2001; Prasertmanakit et al., 2009). Furthermore, it can enhance the mechanical strength of the microcapsules and enables effective wrapping of CO2 and thus enhancing the floating ability (Yang and Wang, 2014). The encapsulation of algicidal powder using SA and EC was proposed in this study, as it can potentially delay the release rate of algicidal compounds, thus effectively extending its shelf life with reduced side effects on the ecosystems.

The algicidal bacterium Vibrio brasiliensis H115 used in this study was isolated from Dameisha Bay (Shenzhen, China) and was confirmed to have algicidal activity against A. sanguinea in an indirect mode. The bacteria itself cannot lyse algal cells, while cell-free supernatants of the fermentation broth were responsible for the lysis of the algal cells (unpublished data). In this study, batch fermentation was conducted for the immobilized Vibrio brasiliensis H115 to generate algicidal compounds. Then, the cell-free fermentation broth containing algicidal compounds was spray-dried and used for the preparation of floating microcapsules. Sodium alginate (SA) and ethylcellulose (EC) were used as wall material and coating material for the floating microcapsules, respectively, and CaCO3 was used as CO2 gas-forming agent. The composition of floating microcapsules was optimized using single-factor effect experiments. Furthermore, the algicidal activity of the optimal floating microcapsules against A. sanguinea was determined. Overall, the results of this study provide support for the potential application of algicidal powder-based floating microcapsules on preventing A. sanguinea blooms.



MATERIALS AND METHODS


Algal Culture and Strain

The algicidal bacterium Vibrio brasiliensis H115 was isolated from the seawater of Dameisha Bay (Shenzhen, China), and subsequently cultured in 2216E medium (5 g/L peptone, 1 g/L yeast extract, 0.1 g/L ferric phosphate, pH 7.6–7.8) for 24 h (25°C, 200 rpm).

Akashiwo sanguinea used in this study was provided by the Algal Culture Collection of the Institute of Hydrobiology at Jinan University (Guangzhou, China). The culture was maintained in modified f/2 medium (Lananan et al., 2013; Zhang et al., 2014) at 20 ± 2°C with light (3500 l ×, 12:12 light-dark cycle) (Sun et al., 2016). The algal culture was incubated for 24 h to achieve its exponential growth phase before use.



Immobilization of Vibrio brasiliensis H115 and Repeated Batch Fermentation

The preparation of immobilized bacteria was conducted as reported previously with slight modifications (Idris and Suzana, 2005). Briefly, Vibrio brasiliensis H115 culture (10 mL) was centrifuged (8,000 rpm, 10 min) and the collected pellets were mixed thoroughly with 3% (m/v) sterilized SA (Solarbio, Beijing, China) solution (10 mL). The mixture was then dropped into a beaker with 4% (m/v) CaCl2 (Macklin, Shanghai, China) using a pipette with sterile tips (1 mL). The solution was stirred slowly for 24 h at 4°C to complete the bead formation process. The cell density in the bead was 7.4 × 108 cell/g. The beads were washed with sterile water and stored at 4°C before use.

The initial fermentation was conducted by inoculating 1 g of the immobilized beads into a flask (n = 3) with 100 mL of modified 2216E medium (with an extra 10 g/L of sorbitol and 20 g/L of peptone) and incubating at 40°C and 200 rpm for up to 26 h. The fermentation broth was collected at different time points (0, 4, 8, 14, 18, 22, 24, and 26 h) for the detection of OD600 and then centrifuged (10,000 g, 10 min). The OD600 in the fermentation broth was used as a proxy for the cell density of H115 in the beads. The supernatants were collected and filtered to get the cell-free fermentation broth. The algicidal efficiency of the cell-free fermentation broth against A. sanguinea was detected by co-incubating the cell-free fermentation broth (1 mL) with A. sanguinea (100 mL) for 10 min. A control experiment was added by co-incubating 1 mL of sterile modified 2216E with 100 mL A. sanguinea for 10 min to test if the modified 2216E medium has any effect on A. sanguinea. Algicidal efficiency was calculated as described by Zhang et al. (2018):Algicidal efficiency (%) = 100 × (N0−Nt)/N0, where N0 and Nt represent the cell density of A. sanguinea measured at 0 h and different sampling time (t), respectively. Bioassays were conducted in triplicate. The cell number of the A. sanguinea was counted using a microscope (Olympus IX51, Tokyo, Japan) with a hemocytometer after staining with Lugol’s reagent (Wang Y. et al., 2020).

After the initial fermentation, the immobilized beads were collected and washed with sterile distilled water three times before inoculating into 100 mL of optimized 2216E medium for repeated batch fermentations. Repeated batch fermentation was conducted three times as above to determine the algicidal activity of the beads and evaluate their stability.



Preparation of the Fermentation Broth Powder and Floating Microcapsules

After 14 h of fermentation, the fermentation broth was collected and centrifuged (10,000 g, 10 min), the supernatants were collected and filtered to get the cell-free supernatants. The cell-free supernatants were sprayed (5 r/min) at 180°C using a spray drier (Bioq-8005, Huihetang Bioengineering Equipment Co., China) to get the powder of fermentation broth. The powder was then added into 100 mL A. sanguinea culture at different concentrations (0.1–1.5 g/L) and the algicidal efficiency was calculated after 24 h exposure. A. sanguinea culture without the addition of powder was set as the control and three replicates were conducted. The cell number of the A. sanguinea was counted at 0 and 24 h as above to calculate the algicidal efficiency.

The dried powder was then used for the preparation of floating algicidal microcapsules. The preparation of the floating microcapsules was modified from the previous study (Yang and Wang, 2014). Firstly, solution A (100 mL) was prepared by mixing CaCO3 (Macklin, Shanghai, China) with 2% of SA (3:4 ratio) and solution B (100 mL) was made by mixing 3% citric acid (Macklin, Shanghai, China) with 3% CaCl2. The dried powder was added into solution A with a concentration of 1.7 g/L and mixed thoroughly, the mixture was then dropped into a beaker with solution B using a pipette with sterile tips (1 mL). The solution was then stirred (200 rpm) to obtain the SA beads. The SA beads were washed with sterile water three times and air-dried. The SA beads were then dispersed in ethylcellulose (EC, M70, Macklin, Shanghai, China) solution (2%, w/v) and stirred for 20 min to acquire EC coating. The beads were then washed with ethanol (100%) once and then washed with sterile water three times. The SA-EC beads were then dried at 40°C and stored at 4°C before use.



Optimization of the SA-EC Microcapsules

To determine an optimum preparation condition for the SA-EC microcapsules, single factor effect experiments were conducted to examine the effect of different factors on the physical characteristics of the SA-EC microcapsules. The microcapsules were prepared with different concentrations of SA (1.0, 2.0, 3.0, 4.0, and 5.0%), CaCO3: SA ratios (0, 1:4, 1:2, 3:4, and 1:1), concentrations of CaCl2 (1.0, 2.0, 3.0, 4.0, and 5.0%), concentrations of citric acid (1.0, 2.0, 3.0, 4.0, and 5.0%), concentrations of EC (0, 1.0, 2.0, 3.0, 4.0, and 5.0%), and different crosslinking time (10, 20, 30, 40, and 50 min). When conducting the single factor effect experiments, except for the variables, the basic experimental conditions were 3% SA, CaCO3: SA of 3:4, 3% CaCl2, 3% citric acid, 2% EC, and crosslinking for 30 min.

The diameter of the microcapsules was obtained by calculating the average diameter of fifty microcapsules, which was measured with a Vernier caliper (He et al., 2015).

To estimate the floating ability of the microcapsules, fifty microcapsules were added into 100 mL of seawater and incubated with shaking (50 rpm) for 4 days, and the number of the floating microcapsules was counted for the determination of floating ability.

Crystal violet solution was used as a middle marker to assess the permeability of the microcapsules. Approximately, 0.7 g of microcapsules were immersed in 50 mL of crystal violet solution (with an absorbance of about 1.0) and incubated for 4 h (n = 3). Samples (3 mL) were taken at 0 and 4 h to measure the crystal violet absorbance (A570) using a spectrophotometer (UV-8000S, METASH, Shanghai, China). The permeability of beads was estimated based on the difference between the two OD values as follows: Permeability (%) = 100 × (A0−A)/A0, where A0 and A represent the absorbance of crystal violet solution measured at 0 and 4 h, respectively. All experiments were conducted in triplicate.



Algicidal Activity of the SA-EC Microcapsules

The algicidal activity of the optimized SA-EC microcapsules was tested by inoculating 1 g of microcapsules into 100 mL of A. sanguinea culture. The concentration of algicidal powder in the microcapsules was 1.7 g/L. Samples were collected at 4, 8, 16, and 24 h to count the algal cell numbers and calculate the algicidal efficiency. Microcapsules without powder were used as control.

The maximum photosynthetic quantum yield (QY) of PSII (Fv/Fm) and the relative electron transport rate (rETR) were also analyzed using a chlorophyll fluorometer (Water-PAM, WALZ, Germany). Prior to fluorescence measurement, samples were dark-acclimated at room temperature for 20 min. The untreated cell-free A. sanguinea culture was used as blank when determining the Fv/Fm and rETR.



Statistical Analyses

Statistical analyses were performed in R (v. 3.6.0). At least three replicates were conducted in all experiments, data were presented as mean ± standard error. Significant changes (p < 0.05) of algicidal efficiency over time/concentration of algicidal powder were analyzed by one-way ANOVA. To test the significant difference (p < 0.05) of measured variables (algicidal efficiency, Fv/Fm and rETR) between control and treatment groups over time, data were analyzed by two-way ANOVA with time and treatment as independent variables and followed by Tukey’s HSD post hoc tests.



RESULTS AND DISCUSSION


Fermentation of the Immobilized Strain H115 and Its Algicidal Efficiency

Repeated batch fermentation of immobilized bacteria has been widely applied for the production of secondary metabolites. Studies have shown that the productivity of secondary metabolites of microorganisms, such as penicillin (Rani et al., 2004), gibberellic acid (Meleigy and Khalaf, 2009), cyclosporin A (Suvase et al., 2010) and lovastatin (Porcel et al., 2008) can be enhanced during repeated fermentations. In this study, the algicidal activity of the cell-free fermentation broth was significantly improved using repeated batch fermentation. The algicidal efficiency of the initial fermentation was compared to the repeated batch fermentation of the immobilized strain H115 (Figure 1). Figure 1A shows the growth of H115 in the fermentation broth during the initial fermentation and the corresponding algicidal activity of the cell-free fermentation broth. The growth of H115 in the fermentation broth was used as a proxy for the cell density of H115 in the beads. Results showed that both OD600 and algicidal efficiency did not change significantly at the first 8 h (p = 0.33 and 0.40, respectively), indicating a lag phase. The OD600 of fermentation broth increased significantly (p < 0.05) and reached 4.37 ± 0.02 at 24 h, while the algicidal efficiency reached 100% (Figure 1A). The lag phase in the initial fermentation can be explained by the direct addition of immobilized beads without pre-activation. For the repeated fermentation, the average OD600 increased significantly from 0.43 ± 0.01 to 4.35 ± 0.08 in 16 h (p < 0.05, Figure 1B). The average algicidal efficiency of cell-free fermentation broth increased significantly (p < 0.05), and an algicidal efficiency of 100% was reached at 14 h (Figure 1B). To test the effect of modified 2216E medium on A. sanguinea, a control experiment was conducted by inoculating 1 mL of sterile modified 2216E with 100 mL A. sanguinea for 10 min. Results showed that the number of the algal cells did not change significantly before and after co-incubation with modified 2216E medium (p = 0.80), indicating that the modified 2216E medium has no algicidal effect on A. sanguinea. These results indicated that the fermentation time of immobilized beads can be greatly shortened during repeated batch fermentations, which is of great significance for increasing the productivity of the algicidal compounds.
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FIGURE 1. Cell concentrations of H115 in fermentation broth and algicidal efficiency of cell-free fermentation broth during (A) initial fermentation and (B) repeated batch fermentation. Data for panel (B) was generated from the average of all three repeated batch fermentations. Bars represent the algicidal efficiencies and as indicated on the left y-axis. Points represent OD600 and as indicated on the right y-axis. Values are means ± s.e, n = 3.




Fermentation Powder and Its Encapsulation

The cell-free fermentation broth of H115 was collected and spray dried to get the fermentation powder. Figure 2 shows that the algicidal efficiency increased significantly with an increase in the concentration of fermentation powder (p < 0.05) at the concentration ranges of 0-1.0 g/L. The maximum algicidal efficiency (100%) was achieved when the concentration of the fermentation powder reached 1.0 g/L of algal culture. This could be explained by the dose-response relationship between algicidal compounds and algae cells, that is the maximal effect of algal cell lysis can be achieved at a certain dose of algicidal compounds (Tilney et al., 2014; Wang Y. et al., 2020). A similar trend was found in the study of Wang Y. et al. (2020), where the EC50 and EC90 values of algicidal compounds to A. sanguinea were 0.68 and 1.43 g/L, respectively. Karlodinium veneficum also exhibited a typical dose response in photochemical inhibition and cell density with increasing IRI-160AA, with an average EC50 of 7.9% (v/v) IRI-160AA (Tilney et al., 2014). Using fermentation powder as core material, floating microcapsules were successfully prepared with SA as wall material and EC as the coating material. Floating microcapsules have been widely applied for the encapsulation and controlled release of the drugs in drug delivery systems (Ma et al., 2008; Ahmed et al., 2016; Selvakumaran et al., 2016). However, studies that explore the potential application of floating microcapsules in other areas are sparse. Yang and Wang prepared sodium alginate/hydroxypropyl methylcellulose (SA/HPMC) microcapsules that can float in hai-hong wine (Yang and Wang, 2014). Immobilized beads with algicidal bacteria (Kang et al., 2012; Jung et al., 2013; Wang and Coyne, 2020) were shown to improve the algicidal efficiency for the potential control of HABs. However, to the best of our knowledge, this is the first report of the preparation of floating microcapsules with active algicidal compounds. When compared with the algicidal bacterial based immobilized beads, the floating microcapsules containing algicidal powder have advantages. The active algicidal compounds in microcapsules released slowly and sustainedly from the microcapsules, which enables efficient contact between the active algicidal compound and algae.
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FIGURE 2. Algicidal efficiency of the algicidal powder against A. sanguinea at different concentrations (Algicidal powder was made from the cell-free fermentation broth after 14 h of fermentation). Values are means ± s.e, n = 3.




Effect of Different Factors on the Microcapsules


Concentration of SA

Different concentrations of SA (1, 2, 3, 4, and 5%) were investigated for the preparation of floating microcapsules. Results showed that the diameter of the microcapsules increased with increasing SA concentration, while the permeability decreased from 84.23 to 71.86%. This finding is consistent with the study of Li et al. (2019). The maximum floating ability (70.83%) was achieved at a SA concentration of 3% (Table 1). Alginates are anionic compounds and form hydrogels in the presence of Ca2+ (Nochos et al., 2008). A low concentration of SA results in a flaccid microstructure for the microcapsules, thus the generated gas cannot be efficiently wrapped which resulted in a low floating ability. With an increase in SA concentration, the ionic crosslinking between Ca2+ and SA resulted in a more compact structure of the alginate capsules (Li et al., 2019). However, microcapsules with a rigid microstructure could prevent H+ from entering into the solution and reacting with CaCO3 to make sufficient CO2 gas, thus reducing the floating ability. As the floating ability is a key indicator for the microcapsules, 3% was chosen as the optimum concentration for SA.


TABLE 1. Effect of different factors on the properties of the microcapsule (The bold values are for optimized conditions.

[image: Table 1]


Mass Ratio of CaCO3: SA

CaCO3 has been successfully used for the preparation of floating alginate beads (Choi et al., 2002; Ma et al., 2008) and the floating drug delivery system (Selvakumaran et al., 2016). As a CO2 gas-forming agent, the concentration of CaCO3 plays a key role in the floating ability of microcapsules. During the formation of microcapsules, CO32– reacts with citric acid to produce CO2. The evolving gas permeates through the alginate leaving gas bubbles or pores (Choi et al., 2002). As seen in Table 1, negligible floating ability (6.06%) was observed without the addition of CaCO3. The floating ability of the microcapsules increased as the relative content of CaCO3 increased, and the maximum floating ability (70.37%) was achieved as the ratio of CaCO3 to SA reached 3:4. It was reported that the porosity and pore diameter of the beads were increased by increasing the ratio of CaCO3 (Choi et al., 2002). A high proportion of CaCO3 made the microcapsules highly porous and fragile. This was also reflected as an increase in the permeability of the microcapsules. However, the floating ability decreased to 52.38% when the ratio of CaCO3 to SA increased to 1:1. This could be caused by the internal ionotropic gelation effect of CaCO3 on alginate (Choi et al., 2002), as CaCO3 can also be used as a gelling agent to make alginate gel (Kuo and Ma, 2001), and the combination of CaCO3 on alginate can enhance the density of the microcapsules. Thus, the optimum ratio of CaCO3: SA was 3:4.



Concentration of CaCl2

CaCl2 provides Ca2+ ions for SA to form hydrogels. The permeability of the microcapsules decreased from 83.03 to 71.45% with an increase in CaCl2 concentration. The study of Li et al. (2019) also showed that the increase of Ca2+ concentration reduced the permeability of alginate-based beads. The maximum floating ability (76.19%) was achieved when the CaCl2 concentration was 3%. With further increase in Ca2+ concentration, the floating ability decreased. It was reported that the gel strength of alginate increased exponentially within a concentration range of Ca2+ (Draget et al., 1993), and the thickness of the external boundary of SA beads increased with the increase of CaCl2 concentration (Li et al., 2019). When the concentration of CaCl2 is higher than 3%, the binding sites are saturated, resulting in a more compact gel structure, thus increasing the density of the microcapsules.



Concentration of Citric Acid

Citric acid reacts with CaCO3 to generate CO2 gas which enables the floating of microcapsules. Table 1 shows that the permeability of the microcapsules increased from 70.88 to 84.15% when the citric acid concentration increased from 1 to 5%. The floating ability increased from 3.85 to 77.27% as the citric acid concentration increased from 1 to 4%. Citric acid was used as the gas-producing agent in floating microcapsules (Masaki et al., 1991; Soppimath et al., 2001). For example, adding citric acid has successfully delayed the gastric emptying of the calcium alginate beads (Stops et al., 2006) and sustained drug release from the floating pills (Masaki et al., 1991; Ahmed et al., 2016). However, the floating ability decreased to 56.52% as citric acid concentration increased to 5%. The excess citric acid could react with SA to form alginic acid, thus causing flaccid microstructure in the microcapsules and decrease the floating ability. In this study, 4% of citric acid was chosen as the optimum concentration.



Concentration of EC

Ethylcellulose was used as a coating material for the microcapsule. EC is a water-insoluble polymer with a low density and has been studied for the encapsulation and controlled release of drugs (Yang et al., 2001; Prasertmanakit et al., 2009). Furthermore, it can enhance the mechanical strength of the microcapsules and enables effective wrapping of CO2 and thus enhancing the floating ability (Yang and Wang, 2014). Our results showed that microcapsules without EC showed a low floating ability (24.14%) and relatively low permeability (69.45%). The highest floating ability (82.76%) was observed when the EC concentration was 2% (Table 1), the floating ability decreased as the concentration of EC continuously increased from 2 to 4%. A similar trend was found for the floating SA/HPMC microcapsules in the study of Yang and Wang (2014), where the maximum floating ability was observed with an EC concentration of 30 g/L. The higher concentration of EC enhanced the matrix density of the microcapsules, thus fewer microcapsules could float. The optimum EC concentration for the microcapsule was 2%.



Crosslinking Time

Gel strength was dependent on the degree of interaction between SA and Ca2+ ions. The surface microchannel’s width of the alginate capsules was also affected by the degree of crosslinking (Li et al., 2019). A sufficient crosslinking time enables the internal gelation of the Ca2+ and SA as well as the reaction of CaCO3 and citric acid, thus enabling the generation of CO2 and the wrapping of CO2 gas. The floating ability increased from 5.26 to 70.00% as the crosslinking time increased from 10 to 30 min. However, a crosslinking time of > 30 min could result in the reaction between citric acid and SA to form alginic acid, thus causing a flaccid microstructure in the microcapsules and decrease the floating ability. So a crosslinking time of 30 min was chosen as the optimum.



Optimum Conditions

Optimum conditions were 3% SA, CaCO3: SA of 3:4, 3% CaCl2, 4% citric acid, 2% EC, and crosslinking for 30 min (Figure 3). The microcapsules had a spherical shape, with complete structure and no cracks on the surface. The volume is about 33 mm3 and with algicidal powder content of 1.7 g/L.
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FIGURE 3. Floating SA-EC microcapsules with algicidal powder as core material, SA as wall material and EC as the coating material. (3% SA, CaCO3: SA of 3:4, 3% CaCl2, 4% citric acid, 2% EC, and crosslinking for 30 min).




Evaluation of the Algicidal Activity of the Floating Microcapsules

The algicidal activity of the microcapsules was tested by co-incubating the microcapsules with A. sanguinea for up to 24 h. Results showed that the algicidal efficiency of the microcapsules increased significantly (p < 0.05) over time from 18.71 ± 1.37% (4 h) to 100% (24 h) (Figure 4), which were significantly higher (p < 0.05) than that of the control (microcapsules without algicidal powder). For the control, an algicidal efficiency of 15.44 ± 0.53% was observed after 24 h of incubation. These results indicated that the algicidal powder was slowly released into the algal culture through the pores of the microcapsule and then acted on the algal cells. At present, the immobilization of algicidal bacteria and their potential application in controlling HABs have been studied (Jung et al., 2013; Sun et al., 2015; Wang and Coyne, 2020). To our best knowledge, this is the first report on floating microcapsules based on algicidal powder. In our study, the floating microcapsules achieved a sustained release of the active algicidal compounds and facilitated sufficient contact between the algicidal powder and A. sanguinea.
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FIGURE 4. Algicidal efficiency of the floating microcapsules against A. sanguinea. Controls are microcapsules without algicidal powder. Values are means ± s.e, n = 3. Asterisks “***” indicate p < 0.001 and “****” indicate p < 0.0001.


Fv/Fm represents the photochemical efficiency of algal cells, and rETR represents the relative photosynthetic electron transport rate of algal cells. Figure 5 shows the changes of Fv/Fm and rETR during incubation. Fv/Fm in control groups experienced significant decreases over time (Figure 5A, p < 0.05). For the microcapsules treatment group, the Fv/Fm value decreased significantly from 0.3 ± 0.007 to 0.08 ± 0.005 (p < 0.05). The difference between these two groups was significant (p < 0.05). The changes of rETR over time during incubation for the control group was not significant (Figure 5B, p = 0.1). However, for the microcapsules treatment group, rETR decreased significantly over time from 53.76 ± 1.57 to 12.27 ± 0.56 (p < 0.05). The difference between these two groups was significant (p < 0.05). It is reported that lower Fv/Fm values infer inactivation or down-regulation of PSII reaction centers (Tilney et al., 2014). These results suggested that the addition of floating microcapsules had significant effects on the photosynthetic efficiency and capacity of A. sanguinea (Zhang et al., 2018). A similar phenomenon was observed for the algicidal bacteria Paracoccus sp. Y42 and Pseudoalteromonas S1 when co-incubated with the target algae (Sun et al., 2016; Zhang et al., 2018). Photosynthesis provides primary metabolites and energy for algae. It has been reported that some active algicidal substances inhibit the growth of algae by destroying the photosynthetic pigments, blocking the respiratory chain, and reducing the assimilation products (Tilney et al., 2014; Zhang et al., 2018). Under stress conditions, the photosynthetic apparatus and the transmission of photosynthetic electron of A. sanguinea could be affected (Zhang et al., 2020), thus significant fluctuations in Fv/Fm and rETR values could be observed. The inhibition of both Fv/Fm and rETR indicated that the algicidal compounds released from microcapsules disrupted the photosynthetic apparatus of A. sanguinea.
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FIGURE 5. Effects of floating microcapsules on the fluorescence Fv/Fm (A) and rETR (B) of A. sanguinea. Controls are microcapsules without algicidal powder. Values are means ± s.e, n = 3.




CONCLUSION

In this study, the algicidal activity of the fermentation broth was significantly improved using repeated batch fermentation of immobilized algicidal bacterium Vibrio brasiliensis H115. Floating microcapsules containing dried fermentation powder was then successfully prepared using SA as wall material, EC as the coating material, and CaCO3 as gas-forming agent. Under the optimal condition, the microcapsules exhibited a high floating ability and efficient A. sanguinea lysis ability by disrupting the photosynthetic apparatus of A. sanguinea. These results provide a foundation for the potential application of active algicidal compounds encapsulated in floating microcapsules for controlling A. sanguinea blooms. The purification and identification of the algicidal compounds, as well as the safety evaluation of the microcapsules in marine environment require further investigation.
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Oceanic environments are one of the largest sources of bioactive molecules, due to the high degree of biodiversity and the innumerable ecological relationships established between macro and microorganisms found in the different ecosystems of these complex environments. Marine organisms are being studied increasingly because they are considered important producers of biologically active peptides. Peptides extracted from marine sources have different functions and structures, when compared to peptides isolated from terrestrial sources, considering the different adaptive pressures undergone by these organisms throughout the evolutionary process. Most bioactive compounds isolated from marine environments are obtained from symbiont microorganisms. Of these microorganisms, bacteria are an important source of bioactive peptides, isolated by metagenomic studies from complex gene networks expressed under marine conditions. Several peptides have been shown to have biotechnological properties such as antimicrobial, antitumor, antihypertensive, anticoagulant, anti-fouling, and antioxidant activity and can be used in the pharmaceutical and food industries. This review article aims to provide an overview of peptides of biotechnological importance, isolated from different phyla of marine organisms, examining the relationship between structure and function of some of these peptides, as well as the ways of extracting, purifying and prospecting new peptides by traditional methods of isolation or sequence analysis in databases. It also intends to list the peptides that are already being produced and used by the industry, in its various branches, and their current state in the market and in clinical tests.
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INTRODUCTION

For many decades, terrestrial environments have been the subject of studies regarding the prospecting of natural compounds that could be used in the pharmaceutical industry. Meanwhile, although marine environments represent about 70% of the Earth’s surface, they were not explored for biotechnological purposes (Gerwick and Moore, 2012; Wang et al., 2020). Only in the last decades, with the proven therapeutic and anti-infective potential presented by peptides obtained from marine sources, has a vast field of interest opened up for researchers and companies attracted to prospecting for valuable bioactive compounds produced by marine fauna and flora (Satpute et al., 2010).

Marine organisms are the most promising known source of bioactive peptides, since they represent more than half of the global biodiversity (Mora et al., 2011). The oceans present a set of unique circumstances for the development of life, in terms of variations in pressure, salinity, lighting, and temperature, which allowed the spontaneous appearance of various classes of marine peptides – molecules with 3–20 unique amino acid (AA) sequences – isolated from fish, crustaceans, mollusks, algae, corals, and other marine species (Jimeno et al., 2004; Noyer et al., 2011; Ruiz-Ruiz et al., 2017).

Marine ecosystems are marked by hostile conditions for growth and development of microorganism, plant and animal species (Molinski et al., 2009). In these circumstances, the high degree of competitiveness and antagonism between species and the exposure to pathogenic microorganisms allowed the appearance of peptides with significantly different AA compositions, sequences, structures and conformations from molecules of similar function found in terrestrial organisms (Reen et al., 2015a).

Thus, marine peptides usually present multiple bioactivities, such as antimicrobial, anti-hypertensive, antioxidant, anticoagulant, anti-diabetic, anti-obesity, anti-human immunodeficiency virus, anti-proliferative, calcium-binding and cosmetic properties, among others (Mehbub et al., 2014).

Marine peptides with anti-cancer action are especially relevant and are among the first compounds of this nature to be approved for commercial use, a tradition started in 1969 with cytarabine. This synthetic analog of a C-nucleoside from the sponge Tethya crypta, used to treat acute myelocytic leukemia and non-Hodgkin’s lymphoma became the first marine anticancer compound to be commercialized (Sagar et al., 2010). Brentuximab vedotin (SGN-35), a chimeric anticancer antibody fused to a potent antitubulin agent, dolastatin 10, is another example of a marine compound approved for the treatment of Hodgkin’s lymphoma and anaplastic large cell lymphoma (Katz et al., 2011). In this way, marine life is considered as the most promising source of new and bioactive therapeutic and nutraceutical molecules (Laport et al., 2009; Molinski et al., 2009; Blunt et al., 2018).

Another important aspect of marine peptides is that, in most cases, their strong bioactivities are uncertain and may not be related to their function in situ (Katz et al., 2011). This is a consequence attributed to the complex modulation of metabolic pathways used for the biosynthesis of marine molecules. Therefore, some sea peptides may have a specific role for the survival of the native organism and another different biotechnological activity to be explored ex situ (Reen et al., 2015b; Sable et al., 2017).

Although a large number of bioactive peptides have already been isolated from marine life, it is believed that many special molecules are yet to be discovered in the oceans (Laport et al., 2009; Mehbub et al., 2014). Some of the bottlenecks for the isolation and characterization of marine peptides are the need to improve the protocols for the extraction and purification of these molecules from their primary sources and the restricted existing manufacturing techniques that limit the use of a greater number of marine peptides for human health and nutrition (Romano et al., 2017).

Despite these bottlenecks, advances in genomics, proteomics and mainly metagenomics have been expanding the possibilities for the isolation of bioactive peptides (Wilson and Piel, 2013). The full biotechnological potential of previously uncultivated recalcitrant marine microorganisms is being revealed with increasing speed, as the information about gene expression profiles from symbionts is now increasingly accessible, thanks to cultivation-independent metagenomic approaches (Wilson and Piel, 2013; Bashir et al., 2014).

The opening of the metagenomic padlock has revealed that many marine symbionts are capable of synthesizing even more bioactive peptides than previously thought or isolated. Another interesting conclusion is that the clusters of genes in these microbes tend to be downregulated under conventional culture conditions (Chiang et al., 2011).

This review provides an overview of the structure and function of bioactive peptides isolated from marine organisms, as well as the new prospecting and isolation strategies and the relationship between peptide structure and function. Given the large number of active compounds already isolated from marine organisms, we will list here some of the marine peptides characterized in recent decades. Figure 1 illustrates the relationship between the activity of the peptides and the phyla from which they were isolated. As seen in Figure 1, the phyla Annelida, Arthropoda, Echinodermata, and Chordata stand out for the large number of antimicrobial peptides (AMPs) isolated from the organisms in these groups. Peptides isolated from marine organisms can also be immunomodulators, probiotics, anti-obesity, analgesics, anti-fouling, photo-protective, insecticidal, antidiabetic and human food supplements, seen in Figure 1 as “Other.” Supplementary Table 1 describes the peptides isolated from marine organisms which showed the best results on minimal inhibitory concentrations and cytotoxicity.
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FIGURE 1. Distribution of peptides according to phylum and function. The figure shows the distribution of the peptides mentioned in this review according to the phyla described and the functionality of the peptides isolated from marine organisms. The bar marked “Other” includes peptides with analgesic, anti-fouling, photo-protective, insecticidal, anti-diabetic, immunomodulatory, anti-obesity, and protiotic activity, and human food supplements.




PROSPECTING BIOACTIVE PEPTIDES FROM MARINE ORGANISMS

Bioactive molecules have been cited in almost all marine organisms, which can be synthesized by the organism itself or by symbiotic microorganisms (Noyer et al., 2011). Marine sponges appear to be one of the most promising targets for prospecting for bioactive peptides. In the past five decades, experimental evidence has shown that many peptides isolated from sponges have been isolated from symbiotic microorganisms (Schneemann et al., 2011), notably bacteria (Blunt et al., 2012; Teta et al., 2013). An exceptional bacterial biodiversity, represented by about 47 bacterial phyla associated with the body of the sponges, showed that approximately one third of these bacterial isolates were peptide producers with antimicrobial action against Bacillus subtilis (Noyer et al., 2011; Sacristán-Soriano et al., 2011; Reveillaud et al., 2014).

Symbionts producing bioactive peptides are also associated with other marine organisms (notably mollusks and cnidarians) and also with plants and algae, with a fruitful production of these molecules (Laport et al., 2009). Between 2000 and 2010, the annual number of new bioactive peptides with a wide range of activities, isolated from marine symbionts, surpassed the incredible mark of 200 compounds, confirming the relevance of these microbes as the main sources of molecules with biotechnological potential (Laport et al., 2009; Qian et al., 2015).

The success of discovering bioactive peptides from the marine environment may be affected by several factors, such as the availability of organisms to collect, seasonal variations, geographic localization, organism life stage, age, sex, and health condition (Sperstad et al., 2011; Smith et al., 2019). The limited number of specimens that can be collected associated with a low concentration of active compounds in tissues makes this task a challenge. Another option is the use of commercial marine organisms for prospecting (Sharma et al., 2009; Zhong et al., 2013; Zhang et al., 2014, 2015; Pavlicevic et al., 2020).

The purification process is necessary for the characterization of a new bioactive peptide, which involves structure elucidation and activity tests. That requires adequate amounts of the pure peptide. Due to the high diversity of marine organism sources and marine peptides, there is no standardized extraction protocol, directly depending on the source (Sperstad et al., 2011; Pavlicevic et al., 2020).

After collection, a sample preparation may include tissue separation, trituration or cell disruption. After that, an initial treatment may be performed by solid-liquid extraction using organic solvents like methanol, butanol, or ethyl acetate, followed by concentration and solvent partitioning. Precipitation, centrifugation, and membrane filtration may be combined for initial separations and can remove particulate material and large biomolecules, such as proteins and polymers. Size exclusion chromatography, ion-exchange chromatography, and solid-phase extraction can be employed to remove inorganic molecules and fatty acids from extracts (Cheung et al., 2015; Wang X. et al., 2017).

Additionally, high-performance liquid chromatography using reverse phase (RP-HPLC) is typically used as a final purification step, which can separate active from inactive peptides, guided by activity assays. There are advantages and disadvantages in each purification technique. Figure 2 summarizes the main strategies to prospect bioactive peptides from marine organisms discussed below (Sperstad et al., 2011; Cheung et al., 2015; Wang X. et al., 2017).
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FIGURE 2. Current strategies for prospecting bioactive peptides from marine organisms. A basic approach is the separation and trituration of the tissues, followed by initial treatment (organic extraction, concentration, and/or partitioning). The pre-purification step may employ size exclusion chromatography, ion-exchange chromatography, and/or solid-phase extraction. All those steps can be guided by activity assays. RP-HPLC is typically used as a final purification step for obtaining the purified peptide that will be able to be characterized. Alternatively, after tissue separation, enzymatic hydrolysis could be employed to prospect bioactive peptides encrypted into proteins. Additionally, the search for bioinspired sequences is performed with PCR-based screening. The bacterial challenge consists of submitting the organisms to pathogenic bacteria, which promote the production of AMPs.


A traditional approach for the discovery of active peptides consists firstly in producing an extract from the organism and screening for specific bioactivity, such as antibacterial, antifungal, antitumoral, etc. In the next step, the bioactive extracts are fractionated using a bioassay-guided approach and finally purified to a single active peptide (Wang X. et al., 2017). A purification approach could include solid-phase extraction followed by reverse-phase high-performance liquid chromatography (Rajanbabu et al., 2015). However, some works have reported the direct purification from plasm by RP-HPLC system (Liao et al., 2013; Qin et al., 2014).

Another approach for prospecting AMPs from marine organisms is the search for bioinspired sequences using specific primers. This method was used by Wei et al. (2015) to identify cathelicidins from sea snakes. Those molecules have never been reported by this group. Therefore, in this work, the total RNA of the snake’s venom glands was extracted using a PCR-based screening method. After analyzing the peptide sequences in silico, the peptides were synthesized and their antimicrobial potential assessed (Wei et al., 2015). Another bioinspired AMP is clavanin MO, a variant of the amphipathic alpha-helical peptide clavanin A. Initially isolated from the tunicate Styela clava, this variant was successfully expressed in Pichia pastoris. The addition of 5 AA residues in the original sequence has improved its antimicrobial activity. Moreover, clavanin MO has also presented antiviral, antitumor, and immunomodulatory activities (Mulder et al., 2015).

The technique known as bacterial challenge includes exposing the organism directly to the pathogen which induces the production of AMPs (Zhao et al., 2010; Bo et al., 2011; Li et al., 2013; Zhang et al., 2015). Tissues are then collected, and a cDNA library is constructed. Sequencing using specific primers allows candidate AMP sequences to be identified (Shike et al., 2002). Through the bacterial challenge, Li et al. (2013) evaluated the gene expression of hepcidin (an AMP) in the liver, spleen, and head kidney of common carp (Cyprinus carpio L.) infected by Vibrio anguillarum (Li et al., 2013). Other works report the antimicrobial activity of chemically synthesized AMPs isolated by bacterial challenge (Zhang et al., 2014; Liu et al., 2018). The work of Chen et al. (2020) reports the heterologous expression of a hepcidin gene (CiHep) from grass carp (Ctenopharyngodon idella) in E. coli BL21 and purification by affinity chromatography (Chen et al., 2020).

A different strategy is the search for so-called intragenic or encrypted peptides, which are internal sequences of proteins that present biological activity (Lemes et al., 2016; Mariano et al., 2021). The prospection of those molecules could consist of an in silico alignment of conserved sequences of encrypted peptides against the peptides of interest (Brand et al., 2019; Mariano et al., 2021) or by enzymatic hydrolyses of a secretion, tissue, or a crude protein extract of an organism followed by activity assays and fractionation (Lemes et al., 2016; Lee and Hur, 2017). The latter technique was used to identify two antiproliferative peptides from tuna dark muscle after its hydrolyses with papain and protease XXIII. The hydrolysates were purified by gel filtration and HPLC and showed two peptides that were active against the human breast cancer cell line (MCF-7) with the half maximal inhibitory concentration (IC50) values of 8.1 and 8.8 μM, respectively (Hsu et al., 2011). Another example was the isolation of antioxidative and angiotensin I convert enzyme (ACE) inhibitory peptides from the small red scorpionfish (Scorpaena notate). The heads were cooked and hydrolyzed with a protease from the fungus Penicillium digitatum. After ultra-filtration, the peptides were purified by size exclusion chromatography followed by RP-HPLC (Aissaoui et al., 2017).

Thus, although the strategy for obtaining bioactive encrypted peptides from protein hydrolysate has been widely reported in marine organisms (Sila and Bougatef, 2016; Lee and Hur, 2017), the guided search for potential peptides in silico has been limited, probably due to factors such as the low availability of these organisms’ genome and proteome sequences in databases (Suarez-Jimenez et al., 2012; Robert et al., 2014).

Developments in sequencing technologies, allowing access to a huge amount of data at an increasingly low cost, can also be a good strategy for the prospection of bioactive peptides (Woodhouse et al., 2013; Trindade et al., 2015). Furthermore, metagenomics techniques provide means to explore the potential bioactive compounds from any mixed population of microbes, including the access of data provided by investigation of microorganisms that still can‘t be cultivated in vitro culture-dependent techniques are unable to access (Giordano et al., 2018; Mahapatra et al., 2020).

Microbiota studies of marine symbionts allow direct access to the so-called total “environmental” DNA (eDNA) (Wilson and Piel, 2013; Romano et al., 2017). In this context, the metagenomic approach for the discovery of bioactive marine peptides is eminently applied to bacteria and fungi, relatively easily, divided into three major stages: (i) obtaining samples from the natural environment; (ii) the in vitro enrichment of the target microorganisms, and (iii) the massive extraction of genomic DNA from the selected microorganisms, followed by bioinformatics analyses (Xiong et al., 2013). These analyses can be performed by high-throughput sequencing, assembly of contigs, genomic annotation, in silico identification of biosynthetic pathways and by overexpression of peptides in a heterologous manner. Another approach is the direct screening of functional biomolecules from the construction of metagenomic libraries or by the identification of sequences by homology-based comparison (Giordano et al., 2018; Mahapatra et al., 2020).

Transcriptomics can profile the transcriptome of a marine organism and has several advantages over sequencing the whole genome. This method is highly sensitive, cost-effective and allows deeper sequence coverage. Also, there is much sequencing data from various marine organisms currently available at the National Center for Biotechnology Information (NCBI) database.

A transcriptomics project can be described as a pipeline (Figure 3), starting with RNA isolation from the marine organism. This initial step is often the bottleneck in the whole process, as difficulties may be encountered to obtain pure material with the minimum quantity required for sequencing. Next, the RNA is reversely transcribed into cDNA and sent for sequencing. The choice of the Next Generation Sequencing (NGS) platform will depend on the size of the transcriptome and also on the objective of the study. When low-expressed peptides are desired, there is a need for higher sequencing coverage. Paired-end sequencing should be the preferred choice, as it allows a better assembly of the transcriptome, especially by covering repetitive regions. Then, after sequencing, the raw data need to be preprocessed to remove low quality sequences. In the following step, the transcriptome is assembled and then the final reads are aligned (using BLASTx) to protein databases, such as NCBI RefSeq. Finally, the mapped sequences are functionally annotated. A search can be made in this final table using the names of the peptides of interest as queries.
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FIGURE 3. General transcriptome pipeline. The workflow typically starts with total RNA extraction and purification. Then the cDNA library is constructed using an appropriate kit, prior to NGS paired-end sequencing. Next is pre-processing of raw data in order to obtain high quality reads for transcriptome assembly. Finally, assembled transcripts are aligned to a protein database of choice, and functionally annotated.


Koch and Grimmelikhuijzen (2020) used the assembled genomes and transcriptomes from several hexacoral and ceriantharian species to compare neuropeptide preprohormones and trace their origin. This allowed the identification of three cnidarian neuropeptide families (X1PRX2 amides, GRFamides and GLWamides) that likely originated in the common cnidarian ancestor. Zhang et al. also identified and characterized neuropeptides in Patinopecten yessoensis, contributing to a complete understanding of the roles of these molecules in endocrine regulation in bivalve mollusks (Zhang et al., 2018). Besides increasing our knowledge of neuropeptide evolution, these studies also contributed to the creation of peptide inventories, useful resources for subsequent experiments.

The combination of transcriptomics and proteomics research over the past few years has also resulted in significant advances in the identification of potential drugs from marine toxins, while improvements in liquid chromatography-tandem mass spectrometry made this task more achievable (Xie et al., 2017). The importance of research in this area can be exemplified by the identification of bioproducts capable of interfering with specific pathways, allowing the development of anti-cancer treatments (Rodrigo et al., 2021). Rodrigo et al. (2021) discovered that a cocktail of proteins from Eulalia sp. is more toxic toward an ovarian cell line (A2780), supporting the potential of mixed proteins in venoms against aggressively proliferating cells.

However, although the biodiversity of the oceans represents a promising source of bioactive peptides, much information about the sequences of these molecules remains scattered around NCBI sequence repositories. Therefore, further advances in this field depend on the development of toxin databases for marine venomous species, containing reference sequences for alignment with newly sequenced transcriptomes. To this end, Sun et al. (2016) have released the Fish-T1K Project, which aims to sequence the transcriptomes of 1,000 fish species and make the database available to the community. From the website, it is possible to make BLAST searches with sequences of interest and identify the unknown peptides from the annotated sequences.

Thereby, several strategies of prospection are available today. Research and planning concerning the target molecule, collection site, and sampled organism are of great importance and must be carefully considered. Table 1 shows examples of peptides obtained from marine organisms over the last 10 years, using the main strategies for prospecting discussed here.


TABLE 1. Strategies to obtain bioactive peptides from marine organisms.
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BIOACTIVE PEPTIDES ISOLATED FROM MARINE ORGANISMS


Porifera Peptides

The organisms belonging to the phylum Porifera, known as sponges, are the oldest remnants among the metazoan group. They are found in large numbers in fresh and saltwater habitats, thanks to the visible ability to adapt to drastic environmental and biological changes. These organisms have a simple level of organization, although their cells are specialized in various functions, but not organized to form tissues and organs (van Soest et al., 2012). Among marine organisms, sponges are the most studied, regarding the production of active peptides, a fact justified by the ease of access and collection of these organisms (van Soest et al., 2012). The early appearance and the sessile way of life of these organisms allowed the development of a group of chemical compounds for communication and modulation of cellular functions and defenses (Braekman and Daloze, 1986). In particular, sponges have become a rich source of new AMPs (Pushpanathan et al., 2013).

In terms of antimicrobial activities (e.g., antibacterial, antifungal and anti-HIV), peptides produced by organisms from the phylum Porifera have been divided into two main classes, including depsipeptides and proline-rich cyclic peptides (Vitali, 2018). These classes differ mainly due to the exclusive cyclic nature of proline-rich cyclic peptide members with numerous proline repetitions that trigger high structural rigidity in these peptides (Wang et al., 2014a). By contrast, depsipeptides can present both linear and cyclic (called cyclic depsipeptides) scaffolds (Plaza et al., 2010). Cyclic depsipeptides with anti-viral activities include callipeltins (Figure 4), mirabamides, celebesides, neamphamide A and papuamides (Cyclodepsipeptides from marine sponges: natural agents for drug research.). These peptides share aliphatic tails, a tyrosine-free hydroxyl group, the presence of a 3,4-dimethylglutamine residue, unusual AA repetitions and N-terminal polyketide-derived moieties (Andjelic et al., 2008; Giordano et al., 2018).
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FIGURE 4. Three-dimensional structures of Porifera peptides. Representative structures with different scaffolds were selected based on the Porifera peptide classes described in the main text, including callipetin A (PubChem ID: 70678682), mirabamide C (PubChem ID: 24179849), koshikamide G (PubChem ID: 101518086), theonellamide F (PubChem ID: 45382310), callyaerin A (PubChem ID: 52941212), halycilindramide F (PubChem ID: 132596267), phakellistatin (PubChem ID: 11765991), theonellapeptolide Ia (PubChem ID: 101601088), and barrettide A (PDB ID: 6CFB). The PubChem.sdf files were parameterized using Maestro v. 11.6.013 (Schrodinger) and further visualized on PyMOL v. 1.8. The three-dimensional structure images were generated on PyMOL v. 1.8.


From studies carried out with the deep-water species Theonella cupola and T. swinhoei, the linear peptides koshikamides C-E and cyclic depsipeptides koshikamides F-H (Figure 4) were isolated. It was reported that koshikamides F and H inhibited the entry of HIV-1 in low concentrations, while their linear forms (koshikamides C and E) were inactive. The authors suggested that HIV-1 inhibition is due to the presence of the lactone ring with 10 AA residues that forms the structure of koshikamides F and H, but is absent in the linear forms of these peptides (Plaza et al., 2010). Celebesides A-C, cyclic depsipeptides that contain the unusual AAs phosphoserine and 3-carbamoyl threonine, were isolated from Siliquariaspongia mirabilis, and both are considered new marine products. The AA phosphoserine was correlated with the presence of anti-HIV activity in celebesides (Plaza et al., 2009; Giordano et al., 2018). Other peptides with anti-HIV activity isolated from S. mirabilis are mirabamides A–D (Figure 4 and Supplementary Table 1) (Plaza et al., 2007; Giordano et al., 2018). New mirabamides (E–H) were isolated from a sponge of the genus Stelletta, and these compounds also showed anti-HIV action (Lu et al., 2011). The peptides stellettapeptins A and B, isolated from Stelletta sp., are cyclic depsipeptides with anti-HIV activity. These compounds were tested in the human T-cell line CEM-SS infected with HIV-1RF, in which the anti-HIV activity was evaluated in an XTT-based cell viability assay. Stellettapeptins A and B showed a potent inhibition effect on HIV-1 infection half-maximal effective concentration (EC50) values of 23 and 27 nM, respectively, which means they can be considered as a family of anti-HIV peptides (Shin et al., 2015).

All these cyclic depsipeptides’ features have led to a broad spectrum of biological targets, including viral surface components. For instance, many studies have reported the influence of phosphatidylserine phospholipids on the viral surface for cyclicdepsitepeptides’ anti-viral effects (Andjelic et al., 2008). As mentioned above, these peptides present an atyrosine hydroxyl group that interacts with cholesterol membrane, whereas the aliphatic tails favor the peptides’ insertion into the viral membrane. Although this mechanism has been well described for papuamide A, the potency of other papuamide and miramabide peptides can differ depending on the unusual AA residues present in their structures (Plaza et al., 2007). For instance, it has been shown that the rhamnosylated β-methyltyrosine residue in mirabamide A has a direct influence on the higher potency of this peptide, compared to mirabamide B, C, and D (Plaza et al., 2007). Moreover, mirabamide B was found to be the least potent variant, as this is the only mirabamide peptide lacking a 2,3-diaminobutanoic acid residue (Plaza et al., 2007). Interestingly, although such differences in the constitution of unusual AA residues do not deeply interfere with the overall structural profile of these peptides, they greatly affect their anti-viral effects. Additionally, divergent anti-viral effects have also been correlated with peptide cyclization, as is the case of koshikamides, which are non-active in their linear form (Plaza et al., 2010). This same correlation was observed when testing linear and cyclic koshikamides against fungi, including C. albicans (Plaza et al., 2010).

The marine sponge Theonella swinhoei has been studied since the 1990s as a source of different active peptides such as motuporins (De Silva et al., 1992), theonellapeptolides (Figure 4) (Kobayashi et al., 1994), theonegramides (Bewley and Faulkner, 1994; Giordano et al., 2018), cyclolithistide A (Clark et al., 1998) and polytheonamides (Hamada et al., 1994, 2005). One of these compounds, the bicyclic peptide theonellamide F (Figure 4), demonstrated antifungal activity against Aspergillus sp., Candida sp., and Trichophyton sp. in concentrations of 3–12 μg/ml (Matsunaga et al., 1989). The mode of action of this peptide is related to the binding of the histidine-alanine bridge present in its structure that binds to 3-β-hydroxisterols, causing damage to the plasma membrane (Nishimura et al., 2010; Giordano et al., 2018). Theonellamide G (Supplementary Table 1), a glycopeptide also isolated from this sponge, demonstrated cytotoxicity when tested against human colon adenocarcinoma cell lines (HCT-16) with an IC50 of 6.0 μM. Besides, it also showed high antifungal activity against the wild strain (ATCC 32354) and the amphotericin-resistant strain (ATCC 90873) of Candida albicans, with an IC50 of 4.5 and 2.0 μM respectively (Youssef et al., 2014).

Structure-activity correlations have also been observed for Porifera-derived peptides with antifungal, antibacterial and anticancer properties (Figure 1). For instance, callyaerins represent Callyspongia aerizusa sponge-derived peptides with cyclic and linear regions in their structures. Among the callyaerins described by Daletos et al. (2015), callyaerin A (Figure 4) and B share most AA residues in their cyclic region (e.g., isoleucine, proline, leucine, valine, and 4-hydroxyproline) and were the most effective variants against Mycobacterium tuberculosis. In particular, the unusual AA 4-hydroxyproline provides more rigidity to the cyclic ring in these peptides, which has been correlated with possible selective protein binding. Moreover, the differences in the overall hydrophobicity in the linear region between those peptides indicate that callyaerin B is more cytotoxic than callyrarin B (Daletos et al., 2015). Callyaerins A–F and H were assessed against the HeLa (human cervical carcinoma), PC12 (rat brain tumor), and tumor cell line L5178Y (mouse lymphoma), in which callyaerin E was the most active and callyaerin F was the least active (Ibrahim et al., 2010; Giordano et al., 2018). Callyaerin B also showed greater cytotoxicity when tested in the THP-1 cell line (acute human monocytic leukemia) or MRC-5 (human fetal pulmonary fibroblast) (Daletos et al., 2015). Similarly, studies with halycilindramide (Figure 4) have shown that the presence of a macrocyclic lactone ring is required for the antifungal and cytotoxic properties of these peptides (Li et al., 1995). One year later, the identification of halycilindramide E was demonstrated and, instead of presenting a macrocyclic lactone ring at the N-terminus region, it revealed a truncated linear structure with amidated C-terminus. Interestingly, this structural profile resulted in the dissociation of antifungal and cytotoxic activities in halycilindramide E (Li et al., 1996).

Cytotoxic effects have also been reported for marine peptides toward cancer cell lines. Proline-rich cyclic peptides from sponges, including euryjanicin A, carteritins, phakellistatin, and hymenamides, are known to compromise the viability of the human colon cancer cell line (HCT116), human hepatoma (BEL-7402), human lung carcinoma cells (A-549) and HeLA cancer cells (Li Y. et al., 2018; Anand et al., 2019). In general, these peptides present constrained cyclic scaffolds with L-AAs, D-AAs and unnatural AAs in their composition. Interestingly, studies describing the total chemical synthesis of these proline-rich cyclic peptides, although proving their structural and chemical equivalence with their natural counterparts, have shown reduced anticancer effects (Li Y. et al., 2018). This has been attributed to a possible preference of these peptides for a natural, impure condition in which to exert their full activities (Li Y. et al., 2018).

In a study carried out by Tran et al. (2014), four new peptides with antiproliferative and cytotoxic activity were isolated and characterized from Pipestela candelabra, and named milnamides E-G and hemiasterlin D. Another eight known peptides were tested, all isolated from this sponge. These peptides include milnamide A-D (Chevallier et al., 2003; Sonnenschein et al., 2004), hemiasterlin A (Gamble et al., 1999), and geodiamolide D-F (Coleman et al., 1999). All the peptides proved to be efficient against the proliferation of human prostate cancer cells (PC3), and they showed selectivity among cancer cells and human neonatal foreskin fibroblast non-cancer cells (NFF). The results showed that milnamide A and milnamides E–G exhibited greater activity, with IC50 = 11.0 nM (Supplementary Table 1).

Phakellistatins are a group of cycloheptapeptides isolated from sponges of the genus Phakellia. These peptides have been studied for the past two decades due to their strong cytotoxic activity against murine leukemia cells (Meli et al., 2017). The study carried out by Wu et al. (2019) isolated four new cycloheptapeptides from Phakellia fusca. Fuscasins A–D are composed of seven AA residues, including at least one proline residue as well as phakellistatin (Figure 4) family peptides. These four peptides were tested against six human cancer cell lines, but only fuscasin A showed cytotoxic activity against the human cancer cell line HepG2, and it did not show cytotoxicity against non-malignant cells. This result suggests that fuscasin A has the potential to be a targeted antitumor drug.

Compounds isolated from marine sponges were also studied due to their anti-inflammatory activity (Figure 1). This is the case of characellides A and B isolated from Characella pachastrelloides. These peptides are composed of a central tripeptide attached to an alkyl chain ending with a 2,3-dimethyltetrahydropyran and a rare sugar unit. The ability to reduce the production of reactive oxygen species (ROS) in inflammatory conditions by characellides A and B was assessed in microglia BV-2 cells stimulated with lipopolysaccharide (LPS). The microglia-mediated inflammatory process is known for instigating oxidative damage through ROS release. The difference between antioxidant cellular defenses and the production of ROS results in oxidative damage and, consequently, in inflammation. The results showed a 50% reduction in ROS production in the microglia BV-2 cell line stimulated with LPS when treated with characellides (Afoullouss et al., 2019).

A Stylissa massa proline-rich peptide, named stylissatin A (SA), containing both cis- and trans-proline residues in its structure (Kita et al., 2013) showed anti-inflammatory activities in LPS-stimulated murine RAW264.7 macrophages through the inhibitory effects on nitrogen oxide (NO production) (Zhang et al., 2019). This peptide was also assessed for potential inhibition of pre-adipocyte differentiation in Murine 3T3-L1 fibroblasts. Another 23 synthetic SA derivatives were evaluated, and the results showed that SA and its derivatives have potent anti-inflammatory action and inhibit the differentiation of preadipocytes, with the D-Tyr1-tBuSA (EC50 = 12 μM) derivative being six times more potent than SA (EC50 = 73 μM) (Supplementary Table 1). Moreover, diverse stylissatin A has been reported presenting a macrocyclic scaffold, but with key AA substitutions, including the use of D-tyrosine, D-phenylalanine, D-proline, and D-allo-isoleucine (Zhang et al., 2019). D-AAs were submitted to different chemical modifications, including the addition of tert-butyl ether (tBu), propargyl, methyl, and benzyl ethers and D-glucosyl. In terms of structural profile, these modifications revealed that the macrocyclic scaffolds containing L- and D-AAs differ in their conformations and hydrogen bond patterns, thus influencing their anti-inflammatory effects (Zhang et al., 2019).

In addition, peptides isolated from organisms of the phylum Porifera may also have antifouling activity. This is the case of the compounds barettin and 8,9-dihydrobarettin, isolated from the marine sponge Geodia barretti. These cyclic dipeptides were tested for antifouling activity against Balanus improvisus barn larvae, and they were shown to be compatible with the currently used antifouling agents, with EC50 values of 0.9 and 7.9 μM, respectively, but have the advantage of being non-toxic, unlike the compounds already in use (Sjögren et al., 2004, 2006). The compounds barrettides A (Figure 4) and B, also isolated from G. barretti, are disulfide-containing peptides of amphipathic and hydrophobic nature. Both proved to be efficient in terms of antifouling activity for B. improvisus larvae, with EC50 of 0.6 and 6 μM, respectively (Carstens et al., 2015).



Cnidaria Peptides

Organisms such as anemones, jellyfish, and corals make up a numerous, diverse, and ecologically important group of marine invertebrates, the phylum Cnidaria, which houses more than 13,000 described species (Turk and Kem, 2009). The cnidarians have radial symmetry, formed by two layers of cells, the ectoderm and the endoderm, separated by a non-cellular matrix, the mesoglea. These organisms have already been extensively studied for their capacity to produce toxins and poisons (Turk and Kem, 2009), but recent research shows that they are capable of producing interesting active molecules, with more than 3,000 products described as starting from this phylum (Daly et al., 2007).

Peptides isolated from invertebrate marine organisms from the phyla Cnidaria, Mollusca, Annelida, Arthropoda, and Echinodermata have also shown antimicrobial properties, mainly against bacteria (Figure 1). Interestingly, as observed for bioactive peptides from the phylum Porifera, constrained structural profiles are commonly found in those organisms. For instance, the antibacterial peptide aurelin (Figure 5) from marine cnidarian Aurelia aurita consists of a defensin-like peptide with six cysteine residues forming three disulfide bonds, and also presenting an unusual link for structure stabilization involving cysteine, aspartic acid, and lysine residues (Ovchinnikova et al., 2006). A study carried out with arelin showed antimicrobial activity against Gram-positive bacteria [Listeria monocytogenes, with minimum inhibitory concentration (MIC) 22.6 μg/ml] and Gram-negative bacteria (Escherichia coli, strain ML-35p, MIC 7.6 μg/ml) (Ovchinnikova et al., 2006). The set of six cysteines present in this peptide forms a domain identified in other proteins isolated from vertebrates and invertebrates. Although the function of this domain is not so clear, it is estimated that it acts as an extracellular ligand or as a toxin, blocking the K + channel (Ovchinnikova et al., 2006; Shenkarev et al., 2012). Similarly, two mollusk-derived peptides, named mytichitin-CB and RpdefB, are also effective in countering bacterial growth, which has been attributed to their constrained defensin-like structures (Novoa et al., 2016; Yang et al., 2018). This cysteine-rich structure profile has also been demonstrated for peptides from the phylum Echinodermata, including the peptide PpCrAMP (Kim et al., 2018).
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FIGURE 5. Three-dimensional structures of Cnidaria, Mollusca, Arthropoda, Annelida, and Chordata peptides. The evaluated structures include aurelin (PDB ID: 2LG4) from Cnidaria; omega-conotoxin MVIIA (PDB ID: 1MVI), lo1A (PDB ID: 2MD6), mytilin B (PDB ID: 2EEM) and kahalalide (PubChem ID: 72942) from Mollusca; tachyplesin (PDB ID: 2RTV) from Arthropoda; arencin (PDB ID: 2JSB), alvinellacin (PDB ID: 2LLR), nicomicin 1 (PDB ID: 6HN9) and capitellacin 7 (PDB ID: 7ALD) from Annelida; and piscidin 1 (PDB ID: 2MCV), eusynstyelamide (PubChem ID: 23427997) and lissoclinamide 7 (PubChem ID: 390558) from Chordata. The PubChem.sdf files were parameterized using Maestro v. 11.6.013 (Schrodinger) and further visualized on PyMOL v. 1.8. The three-dimensional structure images were generated on PyMOL v. 1.8.


In research carried out by Lima et al. (2013), a screening of six cnidarians (Carijoa riisei, Muriceopsis sulphurea, Neospongodes atlantica, P. caribeorum, Plexaurella grandiflora, and Phyllogorgia dilatata) was carried out. The crude extract of these cnidarians showed inhibition that varied from 33 to 94% against the bacteria that cause hospital infections Staphylococcus aureus, Proteus mirabilis, Klebsiella pneumoniae, Shigella flexneri, E. coli, Streptococcus pyogenes, and Salmonella typhimurium. From the P. dilatata extract, the peptide Pd-AMP1 was extracted and purified, which presented the best result against S. aureus (Supplementary Table 1).

Many antitumor peptides have been isolated from cnidarians (Figure 1). The Anthopleura anjunae antitumor peptide (AAP-H) was obtained by enzymatic hydrolysis of the alkaline protease of the sea anemone Anthopleura anjunae. It is a pentapeptide with an AA sequence of Tyr-Val-Pro-Gly-Pr. This peptide was investigated for inhibitory effects on the proliferation of DU-145 cells in prostate cancer, and it showed antiproliferative activity (with an IC50 concentration of 9.6, 7.9, and 2.3 mM in 24, 48, and 72 h, respectively), inducing apoptosis, causing a decrease in cancer cell growth, and reduced the percentage of viable cells. It also caused morphological changes in DU-145 cells for DNA fragmentation, the formation of bubbles in the membrane and cell shrinkage (Wu et al., 2018). Another study showed that the antitumor mechanism of this peptide in prostate cancer cells may involve the regulation of the PI3K/AKT/mTOR signaling pathway and had no toxic effects for normal fibroblasts. Thus, AAP-H is a promising anti-prostate cancer agent and can be studied as a functional food for the prevention or treatment of this cancer type (Li X. et al., 2018). Three peptides isolated from the coral Sarcophyton glaucum also presented anticancer activity. The peptides AERQ, RDTQ and AGAPGG exhibited cytotoxicity against the human cervical cancer (HeLa) cell line, with EC50 values of 4.9, 5.6, and 8.6 mmol/L, respectively. These compounds manifested low cytotoxicity on non-cancerous Hek293 cells (Supplementary Table 1). Besides that, AERQ, RDTQ and AGAPGG have cytotoxic activity that is 5.8, 5.1, and 3.3 times stronger than that of the anticancer drug 5-fluorouracil, respectively (Quah et al., 2019).



Mollusca Peptides

The phylum Mollusca is composed of aquatic invertebrate organisms, such as mussel, octopus, squid, and oyster, and terrestrial organisms, such as snail (Otero-Gonzáiez et al., 2010; Zhong et al., 2013). Among the known defense mechanisms, these organisms use only physical barriers and the innate immune system as a way of protecting against the most diverse pathogens, since they do not have adaptive immunity mechanisms (Zhong et al., 2013). Organisms in this phylum produce peptides that have different functions, and peptides isolated from different tissues of these organisms are found in the literature (Supplementary Table 1).

Conopeptides or conotoxins belong to the family of peptides isolated from the poison produced by snails from the Conus genus, such as the peptide Lo1A (Figure 5) isolated from Conus longurionis. These are characterized by having a small size and having a composition rich in cysteine, in addition to presenting a unique characteristic because they are highly selective and potent ligands to diverse receptors and ion channels (Lebbe et al., 2014, 2016). The first peptide approved for commercial use was a conopeptide/conotoxin called ω-MVIIA (Bowersox and Luther, 1998; Figure 5), derived from the venom of a fish-hunting cone snail Conus magus, with potent analgesic properties (Rigo et al., 2013). Since then, many peptides with different biological activities have reached different stages of development in the pipeline for the market (Jimeno et al., 2004; Blunt et al., 2018).

Several AMPs have already been isolated and characterized as produced by organisms of this phylum, most abundantly in mussels (Figure 1). The mussel Mytilus coruscus has been the subject of studies for several years, which led to the isolation of AMPs myticusin-1, mytichitin-CB and myticusin-beta. Myticusin-1 is a cysteine-rich peptide with an unusual pattern of the AA. It presented antimicrobial action against Gram-positive bacteria, such as S. aureus (MIC < 5 mM), and Gram-negative, such as E. coli (MIC > 10 mM) (Liao et al., 2013). Mytichitin-CB was isolated from the hemolymph of this mollusk; it is formed by 55 AA residues, with three disulfide bonds. Like myticusin-1, this other peptide has greater antimicrobial activity against Gram-positive bacteria, in addition to antifungal activity, both of which were demonstrated in tests against Bacillus subtilis, S. aureus, Sarcina luteus, and Bacillus megaterium (MIC < 5 mM) and against the fungi C. albicans and Monilia albicans (MIC 6.2–25 mM) (Qin et al., 2014; Oh et al., 2018). Myticusin-beta has an N-terminal sequence similar to myticusin-1, which begins composed of a signal peptide (24 AA residues) and a mature peptide (104 AA residues). This peptide also showed antimicrobial activity against Gram-positive and Gram-negative bacteria, while its recombinant peptides have shown anti-parasitic activity against scuticociliates (Oh et al., 2020). The search for new AMPs in the genome and transcriptome and peptide-derived synthesis is becoming increasingly popular, given the difficulty in extracting peptides naturally produced by organisms. Therefore, genome analysis paves the way for the production of new multifunctional peptides. Octominin, for example, was detected from the analysis of the Octopus minor transcriptome, being modified and synthesized based on the defense protein 3 cDNA sequence from the mollusk. Experimental data demonstrated that this peptide inhibited the growth of C. albicans with minimum fungicidal concentration of 200 μg/mL and (MIC = 50 μg/mL) and a rapid decrease in the number of viable cells (35 and 5% cell viability at 24 h, in treatment with 50 and 100 μg/mL of octominin, respectively). The mechanism of action of octominin is related to the formation of pores in the cell wall and membrane and the accumulation of ROS (Nikapitiya et al., 2020). It also presents anti-inflammatory activity in LPS-activated macrophages by inhibition of pro-inflammatory factors, like cytokines, NO and chemokines (Supplementary Table 1; Sanjeewa et al., 2020).

Some studies on AMP isolation have sought to demonstrate the activity of these compounds against groups of bacteria that affect the health of other marine organisms important to the fishing economy, such as crustaceans, fish, and mollusks (Austin and Zhang, 2006; Liu et al., 2013). This is the case of the peptides RpdefB and VpMacin. RpdefB, identified as being of the defensin type, has been isolated from Ruditapes philippinarum and expressed in the five different tissues of the mollusk. This peptide showed high antibacterial activity against Gram-negative and Gram-positive bacteria, with MIC ranging between 0.5 μM (Vibrio splendidus) and 8.0 μM (S. aureus). RpdefB provided an increase in membrane permeability in an experiment carried out with E. coli, resulting in the death of this microorganism (Yang et al., 2018). VpMacin, a peptide characterized as belonging to the macin family, was isolated from different tissues of Venerupis philippinarum. The recombinant peptide, called rVpMacin, was tested against different bacteria, showing activity against human pathogenic strains and greater activity against strains that are pathogens of marine organisms, such as Vibrio alginolyticus, Vibrio harveyi, and V. splendidus (MIC between 0.5 and 4.0 μM) (Yang et al., 2019).

Sepia ink from mollusks has been known and used for thousands of years in Chinese medicine. It has many properties, such as anti-hypertensive, antibacterial, anti-retrovirus, antioxidant, and antitumor activities. However, the first study to demonstrate the induction of apoptosis in cancer cells of a sepia ink peptide was only published in 2017. The polypeptide SHP was isolated via the hydrolysis of sepia ink from Sepia esculenta and was subjected to a cell proliferation assay on prostate cancer cell line PC-3 (Pca PC-3). The results indicated that SHP inhibited the proliferation of Pca PC-3 in a time- and concentration-dependent (5, 10, 15, 20 mg/ml treated with SHP for 24, 48, and 72 h) and induced apoptosis by upregulation of the Bcl-2/Bax ratio (Huang et al., 2017).

Interestingly, some peptides initially isolated from marine invertebrates can be produced by other organisms (Faircloth and Cuevas, 2006). This is the case of the peptides kahalalides. These peptides were isolated from mollusks Spisula polynyma and Elysia rufescens and they have antitumor action (Gracia et al., 2006; Rao et al., 2008). However, a study by Zan et al. (2019) showed that a bacterial symbiont Candidatus Endobryopsis kahalalidefaciens produced kahalalide (Figure 5) for the chemical defense of the host (alga Bryopsis sp.). Subsequently, this peptide is removed by the mollusk from its food and used for defense.

The peptides mytilin B (Figure 5) and myticin C were isolated from the mussel Mytilus galloprovincialis, with myticin C being the first antiviral peptide against mollusk pathogens. In a study carried out by Novoa et al. (2016), oyster resistance to herpesvirus Ostreide 1 was demonstrated, when mussel hemolymph was introduced during the incubation period of oyster hemocytes, with myticin C the main peptide found in both. Modified myticin C peptides also showed antiviral activity with human herpes simplex viruses 1 and 2, raising the proposal to use it for veterinary and medicinal use (Balseiro et al., 2011).

Photo-protective peptides were also found in mollusk tissues. Peptides from the oyster Crassostrea hongkongensis (OPs) were obtained from the protein hydrolysates and the photo-protective effects investigated by topical application on mouse skin. OPs contained 24 peptide chains (formatted by 4-17 AA) that showed antioxidant activity, inhibiting metalloproteinase secretion and malondialdehyde production. Moreover, topical OP application demonstrated anti-inflammatory activity caused by decreased production of inflammatory cytokines. These results indicate that OPs are photo-protective peptides and can be used as cosmetic or therapeutic products against photoaging (Peng et al., 2020).



Annelida Peptides

Organisms of the phylum Annelida inhabit terrestrial, freshwater, and marine environments and are classified in the classes Polychaeta and Clitellata. The organisms of this phylum have a segmented body with bilateral symmetry, with worms and leeches as the best-known organisms. The Polychaeta class is the largest group, comprising about 14,000 species and most of the diversity within that phylum. They are invertebrates found in almost all marine environments (de Paiva, 2006; Coutinho et al., 2017). Despite the large number of species in this phylum, studies are still few and restricted to a few species. Much of the research is on earthworms (oligochaetes), due to their biological role in the soil, and some species of polychaetes (Schenk and Hoeger, 2020).

Marine polychaetes excel in isolating AMPs (Figure 1). As in other phyla, structural restrictions have also been observed in antibacterial and antifungal peptides from the phylum Annelida, which present structures organized in dimeric β-hairpins, double-stranded antiparallel beta-sheet and α-helix stabilized by disulfide bonds (Kaas et al., 2010; Panteleev et al., 2018), such as the peptide alvinellacin (Figure 5; Lie Tasiemski et al., 2014). The AMPs arenicin-1, 2, and 3 were extracted and purified from the marine polychaete Arenicola marina, both formed by 21 AA residues. The peptides showed antimicrobial activity against Gram-positive and Gram-negative bacteria (S. aureus, Enterococcus faecium, S. epidermidis, E. coli, Pseudomonas aeruginosa, and Listeria monocytogenes), as well as against the fungus C. albicans (Park and Lee, 2009), inhibiting growth in concentrations greater than 25 μg/ml (Ovchinnikova et al., 2004; Lee et al., 2007; Wang et al., 2014b). A study by Andrä et al. (2008) showed that arenicin-1 has potent antimicrobial activity against mutant strains of P. mirabilis resistant to polymyxin B (Supplementary Table 1). The mechanism of action of arenicin 1 and 2 is related to its structure and destabilization of the bacterial plasma membrane (Lee et al., 2007; Cho and Lee, 2011). These factors were studied by Shenkarev et al. (2011). The peptide arenicin-2 has a dimeric β-hairpin hook structure and produces pores in the cell membrane. A recent study proposed several variants of arenicin-1 to assess the role of its structure and symmetry. The results showed that the arrangement of the arenicin-1 β-hairpin (Figure 5) caused an increase in antimicrobial activity against Gram-negative bacteria but a decrease against Gram-negative (Orlov et al., 2019).

Partially cyclic peptides from the phylum Annelida also present anticancer properties, as is the case of nicomicin-1 (Figure 5). This peptide presents a structural arrangement that resembles the Rana-box motif observed in α-helical peptides found in frog skin. It consists of an N-terminus amphipathic α-helix, along with a six-residue loop in a cyclic arrangement and stabilized by a disulfide bond, which has been correlated with this peptide’s antibacterial and anticancer activities. The peptide nicomicin-1 has a unique structure when compared to AMPs isolated from other polychaetes, due to these characteristics. This AMP was isolated from Nicomache minor (Panteleev et al., 2018) and had a BRICHOS domain as a precursor, characterized by participating in post-translational protein processing (Chen et al., 2017). Nicomicin -1 showed activity against Gram-positive bacteria (M. luteus, B. subtilis, Bacillus licheniformis, S. aureus 209P, S. aureus ATCC 29213, Rhodococcus sp.), with MIC varying between 0.062 and 2 μM. The cytotoxicity of nicomycin-1 for cervical adenocarcinoma cells was dose-dependent and reached a percentage of 85% of dead cells in concentrations of 32 μM of the peptide (Panteleev et al., 2018). In the most recent study about AMPs from polychaetes, a new recombinant analog peptide was produced from Capitella teleta. Capitellacin (Figure 5) has a β-hairpin structure, a BRICHOS domain and high homology with the tachyplesins (Figure 5) AMP family. Analysis of the antimicrobial activity of capitellacin demonstrated that this peptide has broad-spectrum activity, but it was up to eightfold lower than that of tachyplesin-1 (a peptide from the tachyplesins family). Unlike other peptides with β-hairpin structure, capithelinacin was inefficient in breaking the cytoplasmic membrane and inhibiting bacterial translation, suggesting other mechanisms of action and targets (Panteleev et al., 2020).

Another much-studied polychaete is Perinereis aibuhitensis. The peptide perinerin was extracted from this organism, a hydrophobic peptide composed of 51 AA residues. This peptide showed antimicrobial activity against the fungus Paecilomyces heliothis (MIC 25 μg/ml), high activity against P. aeruginosa, B. megaterium, and Aerococcus viridans (MIC < 15 μg/ml), moderate activity against E. coli K-12, S. aureus and M. luteus, and lower activity against Proteus vulgaris (MIC > 50 μg/ml) (Pan et al., 2004). Peptides present in protein extracts of Perinereis aibuhitensis also showed antithrombotic (Li et al., 2017) and antihypertensive activities (Chen and Wang, 2017). Jia et al. (2017) isolated the peptide P. aibuhitensis (PAP), a decapeptide with anticancer action that was tested by Jiang et al. (2019) against human lung cancer H1299 cells cultured in vitro, where this peptide showed potential inhibition of malignant lung cancer cell growth and tumor cell apoptosis. This study suggests that PAP could be used for the prevention or treatment of human non-small-cell lung cancer in the future.

A study by Park et al. (2020) isolated and evaluated the peptide NCW from the worm Marphysa sanguinea. NCW was evaluated for anti-inflammatory and antioxidant effects and its cytotoxicity in Raw264.7 cells induced by LPS. The results showed that NCW has a high elimination capacity of 2,2-diphenyl-1-picrilhidrazil (DPPH) when compared to vitamin C (IC50 of 17.5 μg/ml and 2.7 μg/ml, respectively). It also had an anti-inflammatory effect by decreasing NO production stimulated by LPS and inhibiting the secretion of pro-inflammatory cytokines IL-1β and TNF-α, in addition to NCW not showing cytotoxicity in Raw264.7 cells induced by LPS (Supplementary Table 1).



Arthropoda Peptides

When stimulating the mud crab with LPS, Anju et al. (2019) increased the mRNA expression of the Scylla serrata hemocytes and increased the production of the peptide Ss-arasin. Ss-arasin is formed by 65 AAs with a predicted molecular weight of 7 kDa, and it was expressed in a prokaryotic heterologous system. Recombinant rSs-arasin showed significant activity against S. aureus, P. aeruginosa, and E. coli. This recombinant peptide also inhibited the growth of human cervical carcinoma (HeLa) and colon carcinoma (HT-29) cells. These discoveries are of the utmost importance for structure-activity relationships, in order to optimize biological functions for future drug development.

Membrane peptides can be classified as cell-penetrating peptides and AMPs, recognized for playing interchangeable roles. Tachipesin is a peptide isolated from the hemolymph of the horseshoe crab (Tachypleus tridentatus), known for having antimicrobial properties, and investigated for its ability to penetrate cells. Derived from a marine organism, it has internalized cell penetration, being found in plant and mammalian systems. It was established as an efficient non-viral macromolecule nanocarrier (Jain et al., 2015).

Anti-lipopolysaccharides (ALFs) are factors known as important defense molecules for the host of crustaceans. Containing a LPS-binding domain (LBD), some ALFs have strong antimicrobial activity. Zhou et al. (2019) described a group G ALF of the Giant Tiger Shrimp (Penaeus monodon) (ALFPm11). It is a highly amphipathic peptide, with five positively charged residues separated by aromatic residues, normally expressed abundantly in the hepatopancreas of P. monodon. Chemically synthesized ALFPm11-LBD exhibited high inhibitory activity against various bacteria, for example Exiguobacterium sp., Bacillus sp., and Acinetobacter sp., thereby efficiently inducing the agglutination of Gram-positive and Gram-negative bacteria and causing significant permeabilization of the bacterial membrane. Thus, an effective new ALF has been described in P. monodon, demonstrating its antimicrobial mechanism, suggesting potential applications for the future.

Histone H2A participates in the host’s immune defense through the generation of special AMPs in vertebrates and invertebrates. Although thousands of AMPs have been reported in various species, AMPs in crabs are better known (Figure 1). Chen et al. (2015) determined the existence of the peptide sphistin with 38 AA residues and antimicrobial activity based on the analysis of the sequence of an H2A histone identified from Scylla paramamosain. Sphistin exerted high antimicrobial activity against Gram-positive, Gram-negative bacteria and yeasts, including Aeromonas hydrophila, Pseudomonas fluorescens, and Pseudomonas stutzeri, important aquatic pathogens. In the bacterial cells treated with sphistin, leakage of the cell content and rupture of the cell surface were observed. It has been proven that the increased permeability of the E. coli cytoplasmic membrane was caused by sphistin. Synthetic sphistin did not exhibit cytotoxicity to cultured crab hemolymph and mammalian cells, even at a high concentration. This is the first report of a histone-derived sphistin identified from S. paramamosain, which can be promising for application in aquaculture and veterinary medicine (Chen et al., 2015).

An AMP similar to the crustin of giant tiger prawn hemocytes, P. monodon, was partially characterized at the molecular level, and the phylogenetic analysis was performed by Antony et al. (2011). The 299 bp partial coding sequence and 91 deduced AA residues had conserved cysteine residues characteristic of shrimp crustins. The phylogenetic tree and the sequence comparison clearly confirmed the divergence of this crustin-like AMP from other shrimp crustins. The differential expression of a crustin-like AMP in P. monodon in response to the administration of several immunostimulants, namely, two marine yeasts (Candida haemulonii S27 and Candida sake S165) and two β-glucan isolates (extracted from C. haemulonii S27 and C. sake S165), were noted during the study. Responses to the application of two gram-positive probiotic bacteria and Micrococcus were also observed. The immunological profile was recorded pre- and post-challenge with the white spot syndrome virus (WSSV) by semiquantitative RT-PCR. Expressions of seven WSSV genes were also observed to study the intensity of viral infection in experimental organism. A crustin-like AMP has been found to be expressed constitutively in the organism and significant negative regulation can be observed after the WSSV challenge. Notable negative regulation of the gene was observed in organisms fed a pre-challenge immunostimulant followed by a post-challenge WSSV of significant positive regulation. The tissue expression of a crustin-like AMP in the administration of C. haemulonii and Bacillus showed maximum transcriptions in the gills and in the intestine. Marine yeast, C. haemulonii and probiotic bacteria, Bacillus, increased the production of an AMP similar to crustin and conferred significant protection on P. monodon against WSSV infection (Antony et al., 2011).

Antimicrobial peptides studied from hematocyte strata of the red king crab, Paralithodes camtschaticus, are described by Moe et al. (2018). The peptides were isolated by bioassay purification, showing that they are cationic peptides rich in cysteine (Cys), called paralithocins 1–3. The peptides (38–51 AAs in length) share a single Cys motif consisting of eight Cys, forming four disulfide bridges with a Cys1–Cys8 (Cys relative position) connectivity, Cys2–Cys6, Cys3–Cys5, and Cys4–Cys7, a disulfide arrangement that has not been previously reported among AMPs. These peptides are responsible for inhibiting the growth of several marine bacterial strains with minimal inhibitory concentrations in the range of 12.5–100 μM. These findings confirm the hypothesis that marine organisms are a valuable source for the discovery of bioactive peptides with new structural motifs.

With the recent spread of obesity in developing countries, more attention is focused on the development of appetite-moderating drugs with low side effects. Anti-obesity peptides generally control satiety hormonally. Two important synthetic anti-obesity peptides already characterized are cholecystokinin and gastrin, appetite suppressants with multiple cellular targets (Cheung et al., 2015). Some already characterized marine anti-obesity peptides stimulate the synthesis of cholecystokinin – such as peptides from shrimp head protein hydrolysates, which can stimulate cholecystokinin release in STC-1 cells – or are structurally and mechanistically similar to gastrin/cholecystokin (Sable et al., 2017). The shrimp anti-lipopolysaccharide factor (SALF) was described by Wang L. et al. (2017), an AMP from black tiger prawns that increases the anticancer activity of cisplatin in vitro and inhibits the growth of HeLa cells in nude mice. These peptides also exhibit anti-cancer activity defined in cancer cell lines of cancer and human liver, even when removed from shrimp residue (Wang L. et al., 2017).



Echinodermata Peptides

Echinoderms are marine invertebrates, phylogenetically related to chordates and hemichordates. They have a unique morphology that includes pentameric radial symmetry in their adult forms and bilateral symmetry in larvae and a vascular water system. Echinoderms live in diverse marine environments, rich in fungi, bacteria, viruses and many pathogenic organisms of echinoderms. Thus, these organisms evolved in a complex way, and their immune system is totally innate but highly effective and sophisticated. The complexity of the echinoderm’s immune system can be understood by looking at the large number of AMPs isolated from these organisms (Figure 1).

The first AMP reported from the sea star was the cysteine-rich peptide named PpCrAMP from Patiria pectinifera. It is formed by 38 AA residues with two disulfide bonds and C-terminal amination with a glycine. Synthetic PpCrAMP showed antimicrobial activity against Gram-negative bacteria, S. enterica and Shigella flexneri (MEC of 4.5–31.4 μg/ml), and Gram-positive bacteria, B. subtilis, S. aureus and M. luteus (MEC of 15.6 to >250 μg/ml). The coelomic epithelium extract was also tested and activity against E. coli was detected (Kim et al., 2018).

Strongylocins were the first peptides from echinoderms whose genes were completely sequenced. SdStrongylocin 1 is formed by 48 AA residues while SdStrongylocin 2 has 51 AA residues; both have strong activity against Gram-positive and Gran-negative bacteria (MIC of 1.3–2.5 μM). These peptides were extracted from Strongylocentrotus droebachiensis and were characterized as rich cysteine peptides (Li et al., 2015). From the coelomocytes from S. droebachiensis, the peptides centrocin 1 and 2 were also extracted. These molecules are heterodimeric peptides formed by a chain with 30 AAs (heavy chain) and a chain with 12 AAs (light chain). The heavy chain is linked to the activity against Gram-positive and Gram-negative bacteria (MIC of 1.3–2.5 μM) while the light chain did not show activity or influence in the antimicrobial activity of the heavy chain (Li et al., 2010, 2015).

Three AMPs were isolated and characterized from the coelomic fluid of the sea urchin Echinus esculentus. Two of these peptides are heterodimeric, EeCentrocin 1 and 2, and the other is a cysteine-rich peptide, EeStrongylocin 2. EeCentrocin 1 demonstrated potent antimicrobial activity against Corynebacterium glutamicum and S. aureus (MIC = 0.78 μM against both) and E. coli and P. aeruginosa (MIC = 0.1 and 0.78 μM respectively) (Supplementary Table 1). The other two peptides could not be tested in isolation due to the difficulty of purification, but the mix of these peptides also demonstrated antimicrobial activity (Solstad et al., 2016). Another study made modifications in the structure of EeCentrocin 1 to produce a shorter drug peptide using its heavy chain. The new peptide named P6 was formed of 12 original AA residues of the N-terminal from EeCentrocin 1, two modifications of the AA and one C-terminal amidation. P6 showed greater antibacterial and antifungal activity than EeCentrocin 1, in addition to presenting lower hemolytic activity and no cytotoxic activity (Solstad et al., 2020).

Several peptides with inhibitory natural angiotensin-converting enzyme (ACE) activity have been isolated from diverse marine organisms. These peptides can be used as antihypertensive drugs. Peptides NVA and NLG with ACE inhibitory action were extracted from Acaudina molpadioidea protein hydrolysates, present in the body wall of this sea cucumber (Zhu et al., 2011; Shen et al., 2014). They were modified with the addition of exogenous proline, increasing the inactivation of ACE, with IC50 values of 8.2 ± 0.2 μM for PNVA and 13.2 ± 0.4 μM for PNLG (Li J. et al., 2018). Compounds with this mechanism of action have been studied as a possible treatment for diseases that present hypertension, as is the case of COVID19. SARS-CoV-2 enters cells via interactions between the Angiotensin-converting enzyme 2 (ACE2) and the Spike viral protein. Marine peptides with antiviral and anti-ACE2 activity can be an alternative tool in solving this problem (Festa et al., 2020). From this echinoderm, four peptides (Fa.2-A, Fa.2-B, Fa.2-C, and Fa.2-D) were also isolated from the hydrolysis of collagen. The peptide Fa.2-C showed the highest scavenging activity for 2,2-diphenyl-1-picrylhydrazyl (DPPH) at a concentration of 0.2 mg/mL (Supplementary Table 1). This indicates a reduction in oxidative damage by converting the DPPH radical to less harmful substances. Thus, it can be considered a promising antioxidant collagen peptide and used in the food and drug industry (Jin et al., 2019).

Studies indicate that peptides with chelating action can be used in the production of human food supplements. This is the case of the zinc chelating peptide (ZCP), isolated from the edible sea cucumber Stichopus japonicas. ZCP is composed of eight AA residues (WLTPTYPE) and has a molecular weight of 1005.5 Da, with a zinc chelating capacity equal to 33.3%. Researchers point out that future work can better analyze the mechanism of action of ZCP and the effects regarding the intensification of intestinal zinc absorption (Liu et al., 2019a, b). This sea cucumber was also studied for its capacity to release antidiabetic peptides. The study involved simulating digestion processes by in vitro model, where 58 peptides with lower molecular weight (<3 KDa) were found and characterized. These peptides showed the highest inhibitory activity of the enzyme dipeptidyl peptidase IV (DPP-IV) when compared to anagliptin, a DPP-IV inhibitor. This indicates that S. japonicas can be used to release antidiabetic peptides in gastrointestinal digestion as a functional food (Gong et al., 2020).

The small-molecule oligopeptides (SOP) isolated from the sea cucumber Codonopsis pilosula were studied for their potential immuno-modulatory effects. The assays performed with mice showed that these molecules appeared to increase innate and adaptive immune responses when SOPs were orally administered. This response occurs by NK cell action, macrophage phagocytosis, and humoral and cell-mediated immunity (Supplementary Table 1). Thus, these oligopeptides could be used for cancer patients and immunocompromised persons, to increase immune functions (He et al., 2016). In another study, the SOP isolated from sea cucumber showed healing activity in wounds in diabetic mice. This action can be explained by the capacity for increased angiogenesis, synthesis, and deposition of collagen, which enhanced the antioxidant levels and reduced the inflammatory response (Li D. et al., 2018).



Chordata Peptides

Compared to other phyla, it is worth noting that, when studying bioactive peptides from Chordata phylum organisms (vertebrates), a very different picture is observed. Marine peptides isolated from these organisms are usually composed only of natural AAs in a linear structure that transits from random coil to α-helix and beta-sheet when in contact with bacterial and fungi surfaces. Among the peptides from Chordata are piscidins and marine cathelicidins (Broekman et al., 2011; Mihailescu et al., 2019).

Piscidin (Figure 5) pools are important components of the innate (non-specific) immune system in fish, and they have potent and broad-spectrum antimicrobial and antiparasitic activities (Figure 1). A new antimicrobial cationic peptide from Pseudosciaena crocea is described by Niu et al. (2013), which exhibits a genomic organization (three exons and two introns) and propeptide (signal peptide, mature peptide, and prodomain), conserved signal peptide (22 AAs) and ratio for consensus I-X5-H-X4-IH. In fish piscidins, Pc-pis demonstrated a relatively low general conservation with other known piscidins, which was obviously incorporated in the AA composition of the peptide. Pc-pis is surprisingly rich in glycine residues (27.3%), which interrupted the amphipathic structure of the peptide. Relative quantitative real-time PCR revealed that Pc-pis is typically expressed by gills. The analysis of the sequence, structural characteristics and tissue distribution suggested that Pc-pis was genetically related to the piscidine family and may be a new AMP similar to piscidine. Quantitative PCR analysis revealed that the expression of Pc-pis in the spleen, head-kidney, liver, intestine, skin and gills can be regulated during infection by Cryptocaryon irritans and after the decrease of C. irritans, implying a role for Pc-pis in the immune defense system against C. irritans and secondary bacterial infections. Pc-pis exhibited broad-spectrum activity against bacteria, fungi and C. irritans in parasitic stages. These results provided evidence of the antiparasitic activity of piscidins against ectoparasites of marine fish, namely C. irritans trophons, and further indicated that these data provided new insights into the innate immunity of P. crocea against external protozoan parasites and microbial infections and facilitate the assessment of Pc-pis as a therapeutic agent against the invasion of pathogens (Niu et al., 2013).

Cathelicidins are a group of AMPs that have antibacterial, antifungal, antiviral, immunostimulatory, and immunomodulatory properties. The cathelicidin family is characterized by a highly conserved N-terminal cathelin domain and a variable C-terminal antimicrobial domain that can be extracted by the action of proteinases. Cathelicidin works together with defensins and high concentrations of cathelicidin are found at sites of inflammation, where they appear to destroy microorganisms and act as a bridge between innate and late immunities. The observation that AMPs are also produced in the epithelium supports the hypothesis that they are part of a type of primary defense system. Cathelicidins are among the best characterized AMPs and play an important role in mammalian innate immunity. A new mature cathelicidin peptide (codCath) was isolated by Broekman et al. (2011) from Atlantic cod and the function of codCath was characterized. The peptide showed sensitivity to salt with an annulment of activity at physiological salt concentrations. In a medium of low ionic strength, it showed activity against marine and non-marine Gram-negative bacteria, weak activity against a Gram-positive bacterium and antifungal activity. CodCath’s actions are rapid death accompanied by pronounced cell lysis. Extracellular products (E) from three marine bacteria caused the peptide to break down into smaller fragments, and the cleaved peptide lost its antibacterial activity. Peptide proteolysis, on the other hand, was abolished by previous heat treatment of ECPs, suggesting protease involvement. No peptide cytotoxicity was observed in fish cells, and the selectivity of activity was confirmed with bacterial and mammalian membrane mimetics. In this way, the potent broad-spectrum activity of codCath suggests a role of the peptide in the immune defense of cod (Broekman et al., 2011).

Another AMP (Salmo salar) – which acts as an activation signal for the marine parasite copepod Lepeophtheirus salmonis. L. salmonis – was exposed to 0, 7, 70, and 700 ppb of Cath-2 (cathelicidin-2) and the neural activity, swimming behavior and gene expression profiles of organisms in response to the peptide were evaluated. The neurophysiological, behavioral and transcriptomic results were consistent: L. salmonis detects Cath-2 as a water-soluble peptide released from the skin of the salmon, triggering the chemosensory sensorineural activity associated with altered swimming behavior of copepodids exposed to the peptide, and genes related to chemosensorials increased in copepodids exposed to the peptide. L. salmonis are activated by Cath-2, indicating a strong link between this peptide and the chemosensory system of the salmon louse (Núñez-Acuña et al., 2018).

Antimicrobial peptides play a defense role against microbial invasion. Liver Expressed Antimicrobial Peptides-2 (LEAP-2) is an AMP that belongs to a group of peptides rich in cysteine. Hwang et al. (2019) identified and characterized the molecular properties of LEAP-2 in sea bream (Diplodus sargus). The expression levels of LEAP-2 (RbLEAP-2) were evaluated in 12 different healthy fish tissues and the expression pattern of RbLEAP-2 after infections by Edwardsiella piscicida, Streptococcus iniae and iridovirus from (RSIV) was observed. These data show that RbLEAP-2 plays an important role in innate immunity when infected with a pathogen.

Marine peptides that are known to induce cell death by DNA fragmentation, nucleic shrinkage and swelling of the cell membrane have been described by Zheng et al. (2011). Didemnins belong to a family of depsipeptides that have antitumor, antiviral and immunosuppressive activities, and they were first isolated from Caribbean marine organism tunicates by Rinehart et al. (1981). Didemnin B, which is a branched N-methylated cyclic peptide, was isolated from the genus Trididemnum, and it has the ability to induce the death of a variety of cells by DNA fragmentation within the cytosol. Further studies showed that didemnins are produced by symbiotic bacteria in tunicates. Didemnins are produced by the marine α-proteobacteria Tistrella bauzanensis and Tistrella mobilis (Tsukimoto et al., 2011). These bacteria synthesize the non-ribosomal peptide synthetase-polyketide synthase enzyme complex responsible for the production of didemnin B precursors (Xu et al., 2012; Zan et al., 2019; Supplementary Table 1).

A derivative of the shark cartilage stratum is described as neovastat (AE-941), a liquid extract with defined standardization comprising a <500 kDa fraction of shark cartilage; this product of the mud shark Squalus acanthias was seen to be a direct inhibitor of the growth of tumor cells and angiogenesis. Mice that were treated with neovastat showed a significant reduction in the inflammatory cell count in BAL liquid, and those mice that were treated with neovastat showed a significant reduction in the expression of VEGF and HIF2 alpha in lung tissue (Zheng et al., 2011).

Styelin D, eusynstyelamide (Figure 5), botrilamides A – D (1–4), lissoclinamides and molamidas were isolated from ascidians, presenting a potential for cytotoxicity, but studies still have not provided precise knowledge about this mechanism. Zheng et al. (2011) described the peptide styelin D, as quite cytotoxic and hemolytic for eukaryotic cells. Isolated from blood cells of ascidia Styela clava, this peptide has antimicrobial activity, with 32 residues C-terminal amidate (Supplementary Table 1). Lissoclinamides are cyclic peptides that have shown significant antineoplastic activity, as well as other pharmacological properties against human fibroblasts and bladder carcinoma cell lines and normal lymphocytes, after being isolated from the aplousobranch Lysoclinum patella. Among them, the most potent is lissoclinamide 7 (Figure 5), containing two thiazoline rings, which rivals didemnin B for in vitro cytotoxicity.




INDUSTRIAL USE OF PEPTIDES ISOLATED FROM MARINE ORGANISMS

Some of the marine peptides already described in the literature are of industrial interest. The nutraceutical, pharmaceutical and cosmetic industries are the sectors that most invest in the discovery and characterization of marine peptides (Cheung et al., 2015). In general, industrial marine peptides have a broad spectrum of bioactivities, such as antimicrobial, antiviral, antioxidative, antihypertensive, cardioprotective, antiatherosclerotic, anticoagulant, immunomodulatory, antitumor, analgesic, anti-diabetic, anxiolytic, neuroprotective and appetite suppressing (Sable et al., 2017). In addition to naturally occurring peptides, some marine peptides are modified/designed by the industry from natural backbones, to increase their potential in the treatment or prevention of diseases. These peptides are called “derivatives” and represent the vanguard of molecules with high added commercial value.

The main classes of bioactive industrial peptides isolated from marine fauna and flora are pharmaceutical peptides and nutraceutical peptides. While pharmaceutical bioactive peptides are those that only have activity in promoting health by preventing or fighting diseases, nutraceutical peptides are products naturally found in foods or food derivatives after enzymatic modification in the gastrointestinal tract, with double commercial value: they have both nutritional and pharmaceutical value (Zhang et al., 2005; Simmons et al., 2008; Ngo et al., 2012; Kang et al., 2015; Sable et al., 2017; Wang et al., 2018).

There are only two pharmaceutical peptides of marine origin reaching the status of marketed products, both chemically synthetic. The first is the natural marine peptide ziconotide (Prialt®), isolated from the snail Conus magus and with analgesic effect, approved by the FDA in 2004 (Bowersox and Luther, 1998; Wang X. et al., 2017). The second is the derivative antitumor peptide brentuximab vedotin (Adcetris®) from dolastatin 10, a linear pentapeptide which was originally isolated from extracts from the marine mollusk, Dolabella auricularia. Dolastatin 10 is also synthesized by the marine cyanobacterium Symploca sp. (Pettit et al., 1987; Luesch et al., 2001). Brentuximab vedotin was approved for the treatment of patients with systemic anaplastic large cell lymphoma and patients with Hodgkin’s lymphoma by the FDA in 2011 (Younes et al., 2012; Giordano et al., 2018). Despite the restricted number of pharmaceutical marine peptides approved for the market, the number of nutraceutical peptides marketed in the United States and Europe is considerably higher (Sable et al., 2017). The fact that these molecules are part of food complexes and not active drug reagents is the main factor that explains the greater number of nutraceutical peptides on the market (Sable et al., 2017).

Limitations inherent to the isolation process, prospecting, structural modification and low rates of biosynthesis in natural conditions of marine peptides have restricted the arrival of a few of these molecules on the market. However, a large number of them have reached different phases of the clinical and preclinical pipeline (Table 2).


TABLE 2. The current status of marine peptides on the market and under clinical trials.
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Marine peptides that have already arrived on the market and those that are undergoing pre-clinical and clinical tests are well-finished examples of molecules with added value. However, proportionally, there are still a significant number of marine peptides that are in less advanced intermediate stages in the pipeline. These peptides present great biotechnological potential (Supplementary Table 2).



CONCLUSION AND PROSPECTS

Marine ecosystems came to be considered a rich source of active molecules after the discovery of bioactive compounds isolated from porifera phylum organisms. These organisms have become the focus of several studies and are responsible for the largest number of molecules with biotechnological interesting previously described, with the most diverse functions, such as antimicrobial, anti-inflammatory, and antitumor activities. The defense molecules development by sponges may be associated with adaptive pressure and their sessile life form. This last factor makes these organisms a promising source for prospecting bioactive molecules due to their easy access and the wide structural and function diversity of the natural products produced by them and their symbionts.

With the improvement of extraction and purification protocols of marine metabolites, several molecules of high commercial value have already been isolated and characterized in terms of their structures and bioactivities. Some of these molecules have the potential to be used alone or in conjunction with disease prevention therapies.

With two peptides for pharmaceutical use, at least seven peptides marketed as nutraceuticals and many others at advanced stages in the pre-commercial development pipeline, the arrival of the first bioactive peptides on the market attests to the immense marine biodiversity importance preservation as a biotechnological potential molecular rich source.

Furthermore the advances of omics sciences including metagenomics, transcriptomics and proteomics have provided an enhancement in the active molecules discovery indicating the future of bioprospecting compounds with biotechnological interest, especially with regard to pharmaceutical compounds identification. Another possibility consist in the redesigning compounds as bioinspired products from natural marine backbones. Synthetic derivatives of marine peptides tend to have more intense and selective bioactivities than their natural counterparts, making them value added products for biotechnological exploration.

Nevertheless, some pitfalls and challenges are observed, such as limitations in obtaining raw material in high amounts. This fact may be circumvented by marine organisms cultivation in the open sea (mariculture) and also in artificial cultivation conditions (aquaculture). Biosynthesis of recombinant marine peptides in model organisms and fermenters have also shown to be an important tool for large-scale production of biomass and also marine peptides. Thus, with the growing interest from the industrial and academic sectors, research efforts to improve the methods for discovering novel marine biocompounds are increasing, which is desirable to expand the offer of therapeutics, nutraceuticals and cosmetics.
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The worldwide microplastics pollution is a serious environmental and health problem that is currently not effectively mitigated. In this work we tested jellyfish mucus as a new bioflocculent material capable of sequestration of polystyrene microplastics in aqueous environments. Mucus material was collected from different jellyfish species and was used to trap fluorescently tagged polystyrene microspheres. The efficiency of removal was tested using varying concentrations of microplastics and mucus. The interaction between the microplastics and mucus was determined by viscosity measurements and confocal laser scanning microscopy. Different mucus preparation methods were also tested: freshly prepared, mechanically sheared, freeze-thawed, freeze-dried, and hydrolyzed mucus. The results demonstrate that jellyfish mucus can efficiently sequester polystyrene microplastics particles from the suspension. The fraction of the removed microplastics was highest with freshly prepared mucus and decreased with freeze-thawing and freeze-drying. The mucus ability to sequester microplastics was completely lost in the hydrolyzed mucus. The results imply that the intact jellyfish mucus has the potential to be used as a biopolymer capable of removing microplastics material.
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INTRODUCTION

Microplastics are defined as plastic particles ≤5 mm in size (Hartmann et al., 2019). They have predominantly been recognized as marine contaminants with estimated 93 to 236 thousand metric tons floating on the global sea surface (Thompson et al., 2004; Desforges et al., 2014; Ivar do Sul and Costa, 2014; van Sebille et al., 2015). Microplastics also enter freshwater and terrestrial environments, thus endangering the health of these environments as well (Rillig, 2012; Morritt et al., 2014; Faure et al., 2015; Liu M. et al., 2018). They can be found in human settlements, rivers, mountain soils, in the sediments of deepest ocean and even in Arctic snow (Dris et al., 2016; Cai et al., 2017; Wright et al., 2020).

Microplastics have been found in almost every marine habitat and their ingestion has effects on marine and freshwater organisms, either as a consequence of their physical penetration, leaching of chemical additives or infection caused by microbial communities on microplastics (Prinz and Korez, 2020). Moreover, microplastics can be transferred to higher trophic levels in the food web (Lusher, 2015), thus sustaining and multiplying their detrimental effects. The management of microplastics pollution problem, however, is not a solved issue and new mitigation strategies are still emerging (Figure 1).
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FIGURE 1. Currently used microplastics mitigation strategies. The recycling strategies are dependent on the efficient removal and recovery of microplastics, which is indicated with a dashed arrow. Our research proposes to invest into development of novel removal strategies, as for example by using jellyfish mucus (colored in yellow).


At the moment, the mitigation of microplastics pollution is aimed at reducing the use of plastics, reduction of microplastics quantities using microbial consortia, replacement of the conventional plastics with bioplastics, and physico-chemical removal strategies (Oliveira et al., 2020; Wong et al., 2020). Recycling of plastics and microplastics is still not economically feasible in comparison with the low production costs of virgin plastics and low recyclability of microplastics (Prata et al., 2019). Moreover, reduction, replacement and recycling strategies (Figure 1) are all connected with the need for technology development, proper legislative policy, public awareness, consumer waste handling, and incentivized recovery systems (Eriksen et al., 2018).

Wastewater treatment plants have been identified as critical sources of microplastics in the ocean, contributing globally more than 100 billion microplastic particles–MPs (mostly fibers) in the ocean per year (Freeman et al., 2020). At the same time, wastewater treatment plants provide a major sink for microplastics which are retained in the sludge. The microplastics removal rate depends on wastewater treatment technology and varies between 70–99% (Freeman et al., 2020). The current technologies are mostly capable of removing particles larger than 100 μm (Okoffo et al., 2019; Poerio et al., 2019). There are few technologies capable of effectively removing microplastics from the aqueous environments such as membrane biological reactors, rapid sand filters, dissolved air flotation, and micro-screen filtration with disc filters. Other innovative applications are being studied that show potential but also some limitations: dynamic membranes, enhancement in flocculation/coagulation, electrocoagulation, and photocatalytic processes (Talvitie et al., 2017; Hildebrandt et al., 2019; Freeman et al., 2020). The effectiveness of microplastics removal is dependent on microplastics physical properties, in particular size, shape, and the overall particle abundance (Wang et al., 2019; Wong et al., 2020). For example, microparticles can block the microfiltration membranes (pore size >100 nm) or the very costly reverse osmosis membranes (pore size >5 nm). The particular challenge in removing the microplastics is not only their small size but also their inert physicochemical properties against most of the physical and chemical additives for flocculation (Schuhen et al., 2018).

The use of jellyfish mucus is dependent on sustainable availability of the biomaterial and its suitable physical sequestration properties. The life cycles of jellyfish are conducive to bloom events in which huge populations occasionally build up (Goy et al., 1989). There are several reasons why the frequency of jellyfish blooms increased in the last decades such as eutrophication, global overfishing, increased space for polyps, transport of non-indigenous species, and widening of the natural area of non-indigenous species (Boero, 2013; Needleman et al., 2018). Increased jellyfish blooms and consequently increased mucus production can provide an opportunity for their biotechnological exploitation. In the western world, jellyfish are often considered as nuisance especially as undesired by-catch that is categorized as waste biomass. Many recent studies showed that jellyfish biomass can be used as fodder for animals, a source of food for humans, biofuel, biofertilizer, or even as cement additive (Hossain et al., 2013; D’Amico et al., 2016; Bleve et al., 2019; Emadodin et al., 2020). Several bioactive proteins have been isolated from jellyfish with hemolytic, cytotoxic, cardiovascular, and neurotoxic activity (Domenico et al., 2019; Merquiol et al., 2019). In addition, jellyfish have been used to develop new research tools such as Green fluorescence protein (GFP), biocompatible collagen for 2D and 3D cell cultures, or as model systems to study mobility and microgravity (Spangenberg et al., 1994; Purcell, 2009; Najem et al., 2012; Pugliano et al., 2017; Paradiso et al., 2019; Coppola et al., 2020; Mearns-Spragg et al., 2020). Due to their ability to internalize plastic debris, jellyfish have been suggested as a potential invertebrate bioindicators for plastic pollution in pelagic waters (Macali et al., 2018; Iliff et al., 2020; Macali and Bergami, 2020).

Jellyfish are known to produce copious amounts of mucus (Ames et al., 2020). The epidermis and gastrodermis of jellyfish contain mucus producing gland cells, which produce thin renewing mucus layers over the external surface of medusa (Heeger and Möller, 1987). Under stress, during reproduction, digestion, and when dying, the amount of released mucus is increased (Patwa et al., 2015) and can reach up to 400 mL/kg of jellyfish per hour (Liu W. et al., 2018). Mucus has been found to have a role in feeding, surface cleaning, and defense against predators. Shanks and Graham (1988) characterized mucus secretion as an important chemical defense mechanism, since it contains toxins and nematocysts. For instance, Cassiopea jellyfish mucus is known to kill certain species of fish as mobile grenades (Ames et al., 2020).

Jellyfish mucus is a hydrogel composed mainly of water (95%), mucins (3%) and other molecules like lipids and nucleic acids (2%) (Bakshani et al., 2018). Mucins are large glycoproteins with molecular weight (MW) between 200 kDa and 200 MDa (Kesimer and Sheehan, 2012). They have O-linked oligosaccharides and are responsible for viscoelastic nature of mucus. Mucins are important for protection of jellyfish epithelium against dehydration, microbial invasion, and physical damage (Pearson et al., 2011; Bakshani et al., 2018). Mucins are produced in secretory cells in the form of compact concentrated granules. This is possible due to high Ca2+ concentrations that screen negative mucin charges. During mucin secretion Ca2+ is replaced with Na+ which is less effective in charge screening, thus allowing the expansion of mucins in seawater. During the expansion mucins adsorb water and their volume may increase 1000–3000-fold which allows the formation of a gel structure (Bakshani et al., 2018), and could be used as an efficient trap for microplastics particles (Patwa et al., 2015).

In this work we tested the potential of jellyfish mucus as a low-cost raw biomaterial to effectively sequester microplastics. The sequestration of microplastics from aqueous environments (e.g., open waters) is technologically not feasible. The accounted floating plastic and microplastic fragments are disproportionately lower than expected from their inputs as microplastics, probably due to ingestion by marine organisms or sinking into the ocean (Corona et al., 2020). Moreover, any removal strategies would be invasive, potentially impacting the marine organisms, and sediments. Finally, removal strategies in open waters would not be cost-effective (Lusher, 2015). Hence, the application of mucus or other removal strategies should be used before the entry of microplastics in the ocean. A lot of methods under development (physical, chemical or biological ones) involve removal strategies in the wastewater treatment plants (Sun et al., 2019; Freeman et al., 2020; Padervand et al., 2020). The aim of the study was to test the ability of differently processed jellyfish mucus to remove polystyrene microplastics material. The mucus was isolated from Cotylorhiza tuberculata, Aurelia aurita, Mnemiopsis leidyi, and Rhizostoma pulmo jellyfish. We have used mucus to sequester fluorescently tagged polystyrene microspheres that were used as model microparticles for our experiments. The efficiency of removal was tested at several polystyrene microparticles and mucus concentrations. The interaction between the microplastics and mucus was determined with viscosity measurements and confocal laser scanning microscopy. Different mucus preparation methods have been tested: freshly prepared, mechanically sheared, freeze-thawed, freeze-dried, and hydrolyzed mucus.



MATERIALS AND METHODS


Mucus Collection

The mucus was collected from three Cnidaria (Class Scyphozoa) C. tuberculata, A. aurita, and R. pulmo jellyfish and the invasive Ctenophore M. leidyi. The medusae were caught with a dip net from the surface in March, April, August, and October 2019 in the Bay of Piran (Northern Adriatic Sea, Slovenia). They were collected in 100 L barrels filled with seawater. The mucus was collected from the individual medusae by two different approaches: through funnel and with a syringe. The mucus from M. leidyi, A. aurita, and C. tuberculata was collected with a 10 mL syringe after gently shaking the individual medusae. Mucus from R. pulmo was collected by transferring individual medusae from the barrel to the large funnel. This species was used for the experiments comparing different mucus storage conditions. The released mucus was accumulated for 5 min. The medusae were further gently agitated (for 5–10 min) to increase the amount of excreted mucus. The translucent mucus was collected in a glass beaker. It was pulled together and was either used fresh, freeze-thawed or freeze-dried prior to the experiments. Fresh mucus was used within 1 h of collection and 10 mL of mucus was used for conducting the experiments. To prepare freeze-dried and freeze-thawed mucus, approximately 300 mL of jellyfish mucus was stored. The mucus was first gently shaken to obtain a more homogenous sample and transferred to acid pre-cleaned combusted (500°C, 4 h) Duran bottles. Next, samples were either freeze-dried for 1 week (due to their high water content) or stored in the freezer at −30°C for 1 week. Prior to conducting the experiments, 30 mg of freeze-dried mucus was used and rehydrated in 1 mL of distilled water to get the same hydration as the original (fresh) mucus (Stabili et al., 2015) by keeping the salt concentration in freeze-dried mucus unchanged. To obtain freeze-thawed samples, the frozen mucus in Duran flasks were placed in a container filled with water at room temperature that was replaced several times over few hours until the mucus was completely thawed. 10 mL of freeze-thawed mucus was used for conducting the experiments.



Mucus Sequestration of Polystyrene Microspheres

Polystyrene Divinylbenzene (PS microspheres), dyed with FirefliTM Fluorescent Green with the average particle size of 48 μm, particle density of 1.05 g/cm3, and refractive index 1.59 were purchased from Duke Scientific Corporation. A stock suspension of polystyrene particles (c = 5 mg/mL seawater) was prepared. The appropriate volume of stock suspension (3.13, 6.25, 12.5, 25, 50, and 100 μL) was added to 1 mL of fresh, freeze-dried or freeze-thawed mucus (as prepared in the previous section) to obtain the final concentrations (250, 500, 1000, 2000, 4000, and 8000 microspheres per mL). The samples were incubated for 60 min at room temperature with occasional stirring. The results were calculated based on the average of four replicates of measurements for each sample.

To assess the effectiveness of the mucus to sequester PS microspheres, the gel material (mucus with entrapped PS microspheres) was separated from the surrounding water with spatula and transferred into a new microcentrifuge tube, where it was resuspended in an equal volume of distilled water with vigorous mixing. The 200 μL of resuspended gel samples or the surrounding water were put into microtiter plates and fluorescence was determined with microplate fluorescence reader (Cytation 5, Biotek). In addition, the residual fluorescence, that is the fluorescence of PS microspheres not incorporated in the mucus, was measured. The fluorescence of PS microspheres was excited at 368 nm and detected at 530 nm. The background fluorescence was subtracted from the measured values.

Additionally, to compare the PS sequestration capabilities between different species, we used mucus collected from R. pulmo, M. leidyi, A. aurita, and C. tuberculata. Fresh or freeze-thawed mucus was used, as prepared in the previous section. 1.6 × 106 PS microspheres final concentration was added to 20 mL of 0.45 μm filtered seawater. 10 mL of mucus was then added to PS microspheres suspension in triplicates and mixed by hand. For control, 30 mL solution of 1.6 × 106/mL PS microspheres was used. Vials were incubated at 4°C for 2 h to reduce physical disintegration. One mL of surrounding water was sampled in triplicates after gently shaking the vial and transferred in 2 mL tube (Eppendorf). Fluorescence intensity in residual water was measured on a multiplate reader (SPARK, Tecan) at excitation wavelength 468 nm and emission wavelength 508 nm. The final PS microspheres concentration in the surrounding water (residual fluorescence, see Figure 2) was calculated from the linear regression calibration curve (PS suspension concentration was in the range from 0 to 1.6 × 106/mL, R2 = 0.96).


[image: image]

FIGURE 2. Residual (water) PS concentration in control (no mucus) and in samples of mucus from four jellyfish species with fresh or thawed mucus. The used PS microspheres concentration was 1.6 × 106/mL. AA – A. aurita; CT – C. tuberculata; MN – M. leidyi; RP – R. pulmo. Each treatment had two biological and three technical replicates.


Finally, we tested the potential leakage of the fluorescent dye from the PS microspheres using blank control (seawater-resuspended PS microspheres from the same batch). Fluorescent dyes are used regularly in microplastics analyses as they absorb onto plastic surfaces, making them fluorescent and easier to detect (Maes et al., 2017). This way, they are suitable for a wide range of applications in medicine, biochemistry, colloid chemistry, and environmental studies (Schür et al., 2019). The blank control was prepared by resuspending 8000 microspheres per mL in seawater as described at the beginning of this section. PS microspheres were observed using confocal laser scanning microscopy (CLSM, see the section Microscopy for more details) at the beginning and after 60 min of incubation. The fluorescence of a minimum of 10 microspheres and the fluorescence of the background, with and without (i.e., after filtration using filters with pore diameter d = 0.20 μm) PS microspheres, were assessed.



Mucus Hydrolysis

A total of 500 μL of 2 M HCl was added to 30 mg of freeze-dried R. pulmo mucus in microcentrifuge tubes. The samples were heated for 60 min at 100°C. After hydrolysis the samples were neutralized with 2 M NaOH. During the hydrolysis the mucus material was occasionally sampled to check the viscosity of the suspension. When the viscosity of the sample was equal to water viscosity, the mucus was considered to be completely hydrolyzed. PS microspheres were added to the hydrolyzed mucus in a concentration of 8000 microspheres/mL. The samples were incubated for 60 min at room temperature. Next, the viscosity of the suspension was measured and compared to the control unhydrolyzed mucus samples.



Mucus Homogenization

Different homogenization procedures were tested using fresh mucus to assess the homogenization effects on PS microspheres capture efficiency. The R. pulmo mucus was either untreated (T1), vortexed for 20 s (T2), homogenized with ultrasound homogenizer for 10 s (T3), or homogenized with ultrasound homogenizer for 20 s (T4). Freshly released mucus was collected and distributed into four 50 mL falcon tubes (30 mL in each). After each treatment, 10 mL of mucus was transferred into 40 mL glass vials in triplicates to which 20 mL of 0.45 μm (MCE syringe filter, Millipore) filtered seawater and 1 mL of 3.2 × 107/mL PS microspheres stock suspension were added. In a control sample with no mucus added (C), 1 mL of PS microspheres stock suspension was added to 30 mL of filtered seawater. The vials were shaken manually and incubated at 4°C for 2 h. The surrounding water was subsampled after gentle shaking for fluorescence measurements on a multiplate reader (SPARK, Tecan) at excitation wavelength 468 nm and emission wavelength 508 nm. The difference between treatments and the control were assessed with analysis of variance with post hoc Dunnett tests. Data were analyzed and plotted in R using ggplot2 (Wickham, 2016) and multcomp packages (Hothorn et al., 2008).



Viscosity Measurements

For viscosity measurements mucus samples were transferred to the rotational rheometer Physica MCR 302 (Anton Paar, Graz, Austria). All the samples were measured at 25.00°C (± 0.01°C). The samples were placed in the center of the lower rheometer plate using a pipette tip. The PP25 measuring system was used for measurements with approximately 0.07 mL of mucus sample. The gap between the upper and lower measuring plate was reduced to the trim position. The trim gap position was 10 μm higher than the measuring gap position. We have ensured that the gap was completely filled with the sample. A trimming tool was used to remove any excess material along the brim of the plate, so that the sample corresponded to the external diameter of the upper plate. Next, the final measuring gap of 100 μm was approached. During the compression phase of the sample the normal force was constantly monitored on the rheometer and did not exceed 2N. Viscosity was measured at shear rates ranging from 1 to 1000 s–1 in 25 logarithmically spaced steps. All the samples were independently repeated for at least six times to obtain the average values and standard deviations.



Microscopy


Confocal Laser Scanning Microscopy

For observation of isolated mucus we used LSM 800 Confocal laser scanning microscope based on the inverted Axio Observer Z1 microscope (Zeiss, Göttingen, Germany) operating in wide-field mode. Samples were observed with 20×/NA 0.4 or 63×/NA 0.75 objective with DIC technique. The microscope was operated by ZEN 2.3 (Carl Zeiss Microscopy GmbH) software and images were acquired by AxioCam MRm3 (Zeiss). The samples were prepared by placing 10 μL of mucus on microscopic slides covered by 1.5 # coverslips. To study the interactions between PS microspheres and the mucus the 10 μL mixture of PS microspheres and mucus was stained by 1 μL propidium iodide (final c = 0.1 mg/mL). In confocal laser scanning mode, the optical slicing was performed in 2 μm steps by using Plan-Apochromat 100×/NA 1.40 Oil objective. The image surface area was (85 × 85) μm with the resolution of 1083 × 1083 pixels. Propidium iodide fluorescence was excited at 561 nm diode laser, emission range was between 595 and 700 nm. The fluorescence of PS microspheres was excited at 488 nm diode laser, the emission range was between 600 and 700 nm. The master gain of GaAsP Pmt detectors was set to 650 and 750 V for 488 and 561 nm channel, respectively. The pinhole size was set to 1 AU. The frame time was 7 s and about 30 images in the z direction were taken per sample. The images were visualized, and pseudo colored by ImageJ software (Rueden et al., 2017).



RESULTS

The fresh mucus collected from C. tuberculata, A. aurita, M. leidyi, and R. pulmo jellyfish had the ability to remove PS microspheres from the suspension (Figure 2). The data represent residual fluorescence that remained in the surrounding water when mucus was removed. Although fresh A. aurita and M. leidyi mucus had the lowest residual water PS microspheres concentration, indicating the highest PS microspheres removal rates, their mucus was more difficult to obtain and was less stable. As a rule, thawed mucus had a lower microplastics sequestration capability, demonstrated by the increase in residual water PS microspheres concentration compared to fresh samples. The differences between fresh and thawed mucus were not statistically significant for R. pulmo. Since the mucus of R. pulmo was easiest to obtain in large quantities we have used it for further analyses.

The mucus material collected from R. pulmo jellyfish is shown in Figure 3. It contained large oval structures (nematocysts) embedded in a viscous matrix. The nematocysts represent a large fraction of the mucus material and indicate that jellyfish were under stress during the mucus isolation.
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FIGURE 3. The mucus isolated from Rhizostoma pulmo under light microscope (A) and large oval structures called nematocysts (B).


The ability of R. pulmo mucus to sequester fluorescently labeled PS microspheres is shown in Figure 4. The collected mucus had a translucent coloration. After the addition of PS microspheres, mucus became denser and intensely yellow-green colored, suggesting an incorporation of PS microspheres into the mucus structure. To quantify the incorporation of PS microspheres, the fluorescence intensity of the mucus before and after the addition of different concentrations of PS microspheres as well as the residual fluorescence were determined. When 8000 PS microspheres per mL were added to the mucus suspension, approximately 50% were sequestered in the mucus. The fraction of the sequestered PS microspheres did not change significantly with the increasing concentration of microspheres. The validity of the results was confirmed by testing the potential leakage of the fluorescent dyes in our blank control. On average, the fluorescence of the microspheres decreased by only 1.1% after 60 min of suspension in seawater. This decrease could be attributed to bleaching during the light exposure. Importantly, there was no increase of background fluorescence observed that could be attributed to a potential dye leakage, thus validating our experimental approach. This is in line with other similar leakage control experiments, where a negligible dye leakage was observed even after 48 h (Murano et al., 2021).
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FIGURE 4. Fluorescence intensity of the control microspheres suspension (red). The green line shows microspheres sequestered in mucus (30 mg/mL), and the blue line shows residual fluorescence due to microspheres remaining in the surrounding water. The measurements are denoted with dots, while a linear regression fit is represented with a line. In the inset the mucus prior (left) and after the addition of PS microspheres aggregates (right) is shown. The number of replicates for control treatments was three, while for mucus samples between five and seven replicates were used for each treatment, as indicated by colored dots.


The interactions between the mucus and PS microspheres increased the mucus viscosity as provided in Figure 5. The suspension of only PS microspheres had low viscosity that was comparable to water (Figure 5B, dashed lines). The mucus, on the other hand, behaves as a pseudoplastic non-Newtonian fluid where the viscosity of the mucus decreased with the increasing shear rate (Figure 5A, dashed lines). When PS microspheres in the concentration of 8000 particles/mL, representing 0.05% (v/v), were added to the increasing concentrations of mucus the viscosity and pseudoplasticy of the samples increased (Figure 5A). This suggests that the addition of PS microspheres induced structural changes in the mucus important for microspheres sequestration. On the other hand, when the concentration of the mucus was kept constant and the number of PS microspheres was increased, the viscosity response saturated at higher PS to mucus ratios (Figure 5B) as is to be expected due to a finite capacity of mucus to trap microspheres.


[image: image]

FIGURE 5. Viscosity curves for the mucus – PS microspheres suspensions. (A) The concentration of PS microspheres was kept constant at 8000 particles/mL, the mucus concentration was increased from 1 to 6% (w/v). Two control mucus samples without PS microspheres are shown (c3, c6 with 3 and 6% mucus, respectively). (B) The concentration of mucus was kept constant at 3% whereas the concentration of PS microspheres was increased from 2000 to 9600 particles/mL. Two control samples without added mucus are shown (c8000, c9600 with 8000 and 9600 particles/mL, respectively). The error bars represent standard deviations (n = 5–6 for PS samples and 2–3 for control samples).


To check the microstructure of the microplastics - mucus aggregates we used fluorescence microscopy (Figure 6). The PS microspheres that were embedded in the mucus had a uniform size and fluorescence intensity and were non-homogenously distributed in the mucus network structure. The mucus stained with fluorescent propidium iodide formed a 3D network with flocks of different sizes. Most of the PS microspheres that were trapped in the mucus had point contacts with the mucus. The surface of the PS microspheres was relatively sparsely covered with the mucus. Some of the PS microspheres appeared to interact with each other via depletion interactions.


[image: image]

FIGURE 6. Fluorescence images of PS microspheres in contact with the mucus observed by 20x objective (A) and 100 x objective (B); PS microspheres (green), mucus stained with propidium iodide (red).


To better characterize the interactions of the individual PS microspheres with mucus network we performed optical slicing of the individual spheres using confocal microscopy (Figure 7). Most of the mucus was either above or below the plane of the PS microsphere and had only limited point contacts with the mucus at different focal planes. This suggests that PS microspheres were trapped in the physical gel polymer structure and that direct chemical interactions were not the main driving forces of microsphere sequestration.


[image: image]

FIGURE 7. Confocal laser scanning microscopy (CLSM) image of PS microsphere in contact with mucus at different focal plains from bottom to the top (A–F) of the microsphere. The mucus was stained with propidium iodide (red), the PS microsphere is dyed with Firefli™ Fluorescent Green.


To check if polymer higher structures are important for the ability of mucus to trap PS microspheres, we hydrolyzed mucus in 2 M HCl at 100°C. The viscosity of the hydrolyzed sample decreased 21-fold and was comparable to the viscosity of water or water suspension of PS microspheres (Figure 8). The hydrolyzed mucus was not able to sequester the PS microspheres.
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FIGURE 8. Viscosity of mucus, PS microspheres suspension, hydrolyzed mucus and hydrolyzed mucus with PS microspheres is presented with the box and whiskers plots. Three replicates were used for measuring the PS microspheres suspension (control), while n = 5 was used for the rest of the treatments.


In addition to chemical hydrolysis, the mucus structure can also physically disintegrate upon shear stress, which would decrease PS microspheres sequestration. To test this, we mechanically treated mucus with vortex mixing or ultrasonic homogenization (Figure 9). Compared to untreated fresh mucus samples (T1), the mucus removal of PS microspheres decreased for approximately 50 to 80% for vortex treated and long ultrasound homogenized samples, respectively. No significant difference was observed between the short ultrasound homogenization (T3) and untreated PS-mucus samples (T1).
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FIGURE 9. Residual fluorescence remained in the suspension after mucus samples were shear stressed. Control – PS microspheres added to seawater; SW – seawater without PS microspheres added; T1 – untreated mucus with PS microspheres; T2 – vortex treated for 20 s; T3 – ultrasound homogenized for 10 s; T4 – ultrasound homogenized for 20 s. n = 3 for all treatments. Stars denote a significant difference between treatments and control; * (p < 0.05); ** (p < 0.01); *** (p < 0.001).


For long term storage of mucus freezing could be used. The effects of freeze-thawed and freeze-dried samples on the mucus viscosity and the ability to sequester the PS microspheres are given in Figure 10A. The freshly prepared mucus was the most viscous and pseudoplastic. The viscosity of the freeze-thawed and freeze-dried mucus were significantly lower compared to the fresh mucus. The abilities of different mucus to remove PS microspheres from the water are given in Figure 10B. The freshly prepared mucus sample had the lowest residual fluorescence, indicating the highest removal rate of the PS microspheres. The residual fluorescence was highest with freeze-dried samples which suggests the lowest PS microspheres removal capacity. The ability of the mucus to remove PS microspheres correlated with mucus viscosity and pseudoplasticity. The higher the viscosity and pseudoplasticity of the mucus, the more PS microspheres were removed and the lower the residual fluorescence was observed. This corroborates the mechanical shear and hydrolysis experiments and implies that structure of the mucus is important for PS microspheres entrapment.
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FIGURE 10. The effect of R. pulmo mucus processing on viscosity and ability to sequester PS microspheres. The viscosity curves (A) and the residual fluorescence intensity in the water after addition of mucus (B), n = 4. The concentration of mucus was 3% (w/v). The samples were prepared either freshly, after freeze/thaw, and freeze/dry preprocessing.




DISCUSSION

In this work we have tested the ability of the mucus material collected from C. tuberculata, A. aurita, M. leidyi, and R. pulmo jellyfish to remove PS microspheres. All tested jellyfish mucus had the capacity to remove PS microspheres. Previously it has been shown that jellyfish mucus could represent a biological matrix for entrapment of dispersed oil droplets (Gemmell et al., 2016). Similarly, Patwa et al., 2015 described gold and quantum dots nanoparticles bio-accumulation in the mucus of A. aurita, P. noctiluca, and M. leidyi. The results of this study report that jellyfish mucus has the ability to sequester PS microplastics. The viscous mucus structure physically entraps microplastics particles from the suspension, which increases the mucus structure. This may be a useful property in applications as a more compact mucus is easier to collect from the liquid. This has been demonstrated independently with three different approaches. The fluorescence of the mucus increased after the addition of fluorescently labeled PS microspheres. Second, the mucus viscosity increased monotonically with the increasing concentration of PS microspheres. Third, the entrapment of PS microspheres in the mucus physical gel network structure was demonstrated with confocal microscopy.

Mucus is a hydrophilic polyelectrolyte material (Verdugo, 2012). On the other hand, PS microspheres are capable of ionic interactions, secondary ion-exchange and hydrophobic interactions (Kazarian et al., 2013). The LogP of PS microspheres is 0.48, suggesting low to medium hydrophobicity of this material. According to the manufacturer information, the inclusion of a fluorescent dye in the PS microspheres should not change the surface properties significantly since PS microspheres are internally dyed to prevent leaching and provide a dye-free surface for coupling (Abraham et al., 1997). The PS microspheres could therefore interact electrostatically with the mucus, however, the contact area between the PS microspheres and mucus was very small and physical entrapment is more likely.

The physical entrapment of PS microspheres in mucus significantly increased its structure (viscosity), suggesting that interactions between mucus and PS microspheres enhanced the gel network structure. The effect of new molecular contacts between mucus and PS microspheres could be significant if the initial connectivity of the system is low. Compared to other polymers which exhibit gel properties, the jellyfish mucus viscosity was relatively low (i.e., 65 mPas at 3% (w/v) at a shear rate of 10 s–1). For example, the viscosity of 2% (w/v) methylcellulose at shear rate of 10 s–1 is 300 mPas (Cerar et al., 2017) whereas 0.25% (w/v) gellan has a viscosity of 100 mPas at 10 s–1 (Haoping et al., 2014). The viscosity of mucus was approximately 30-fold lower than the viscosity of the DNA at the same concentration (Stojković et al., 2015). Given the low initial viscosity of the jellyfish mucus, the addition of PS microspheres and the formation of new contacts with mucus could significantly increase the viscosity of the aggregate as was observed. It is interesting to note that pseudoplasticity of mucus correlated with mucus sequestration ability. The highest PS microspheres sequestration was observed in freshly prepared mucus which had the highest pseudoplasticity. Consistently, a mechanical disintegration by vortex mixing or ultrasonic homogenization decreased the PS microspheres sequestration. The importance of the mucus polymeric network structure for PS microspheres sequestration was most clearly demonstrated with the experiment where we have hydrolyzed the mucus. In the absence of the mucus polymer structure no PS microspheres sequestration was possible.

To use jellyfish mucus for microplastics removal there are several hurdles to overcome. (i) The mucus availability is strongly dependent on seasonal and regional blooms of the jellyfish, which increases the production costs due to the need for rapid and efficient biomaterial processing and storage. (ii) The stability of fresh mucus material is critical and would need to be increased to allow for the long-term storage of mucus. (iii) The effects of microplastics size and shape as well as its composition on sequestration process need to be determined to establish the optimal concentrations and sequestration protocols. (iv) Finally, an in-depth life cycle assessment is crucial to assess the feasibility of using mucus for microplastics sequestration, taking into consideration the sustainable harvesting of jellyfish. In this work we have focused on the removal potential of this material. Should this or similar removal strategies be implemented into microplastics removal processes, the duration and stability of sequestration should be tested as well, to establish the storage conditions of this sequestered material before its potential recycling. As mucus is biodegradable (Bakshani et al., 2018), a potential next step in the processing of removed microplastics is the establishment of biodegradation conditions or the use of degradation enzymes to speed the release of sequestered particles for proper disposal or recycling.
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Antarctic marine benthic invertebrates are an underexplored source of natural products for biodiscovery. Bioactive marine natural products from Antarctica are reviewed here for their potential use as drugs, considering the main examples in Porifera (15 species), Cnidaria (eight species), Mollusca (one species), Bryozoa (one species), Nemertea (one species), Echinodermata (six species), and Tunicata (five species). A wide variety of bioactivities are reported here, from antitumoral to antimicrobial activities, as well as against neurodegenerative diseases and others. If we aim to use their chemodiversity for human benefits we must maintain the biodiversity, solving the supply problem, speeding up the process, and decreasing research costs to fully exploit the benefits of biodiscovery in Antarctic Marine Natural Products in a near future in a sustainable way.
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INTRODUCTION

Humans have used nature for obtaining food and bioactive compounds to treat diseases or as poisons for centuries. A paradigmatic example are medicinal plants. Indeed, nature has provided humankind with a wide array of bioactive compounds potentially useful as drugs against deadly diseases or as lead structures for novel synthetic drugs (Newman and Cragg, 2016). Currently, the combination of preserving biodiversity while bioprospecting natural products (chemodiversity) for human uses is a global challenge. Marine habitats comprise 71% of our planet including tropical to polar waters, and shallow to abyssal depths. This huge environment is inhabited by many different organisms adapted to the diverse physico-chemical conditions found in there. Marine ecosystems include many unique habitats hosting species and chemicals still vastly unknown (including novel compounds’ classes and chemical skeletons), as well as unique phyla that never evolved to colonize land. The variety of chemicals found in these organisms constitutes what we call chemodiversity. These marine natural products (MNPs) are likely the result of evolutionary pressures, such as predation or competition (Avila et al., 2008), and have been shaped into structurally diverse compounds with specific biological and ecological activities rarely found in terrestrial organisms (Höller et al., 2000; Carroll et al., 2020). Chances of finding new drug candidates or relevant bioactive compounds in the ocean are especially high. However, marine sources are much less explored than terrestrial organisms and only 1% of recorded marine species have had their chemical composition analyzed, even if ca. 10% of the 145,000 natural substances described to date come from marine organisms (Núñez-Pons and Avila, 2015). Therefore, the discovery potentialities of novel MNPs and their putative applications remain wide open. Currently, more than 35,000 MNPs are known from macro- and microorganisms (MarinLit database1), some of them being in advanced clinical development as anticancer drugs, and many more being tested for the treatment of pain, neurodegenerative disorders, tuberculosis, AIDS, malaria, and many other diseases, as well as for their use in cosmetics, nutriceuticals and food industries (Kim and Wijesekara, 2010; Suarez-Jimenez et al., 2012; Fan et al., 2014; Martins et al., 2014; Tripathi et al., 2014).

Research on MNPs is based on multidisciplinary collaboration between scientists from different fields, such as chemical ecology, chemistry, biosynthesis, pharmacology, molecular biology, genomics, metabolomics, and others. Furthermore, the new techniques and methodologies used in the isolation and chemical characterization of compounds are rapidly improving the biodiscovery path. Over the years, bioactive MNPs from different oceans have found many pharmaceutical applications, as said above, ranging from antitumoral to antimicrobials. Some drug examples include the nucleosides isolated in the 1950s from a Caribbean sponge, later used as scaffolds for commercial antiviral drugs [Ara-A (Acyclovir®) or Ara-C], the analgesic ω-conotoxin analog ziconotide (Prialt®) from a Conus mollusc used for chronic pain, ecteinascidin 743 (Yondelis®) from a tunicate for cancer chemotherapy (sarcoma), and eribulin mesylate (Halaven®), a derivative of halichondrin B from the cold-water sponge Halichondria okadai as an anticancer drug (Gerwick and Moore, 2012; Jaspars et al., 2016; Giordano et al., 2018). Many MNPs are commonly used in food industry as stabilizers and food additives, like the carrageenans from red seaweeds (Carragelose®), also employed in antiviral sprays, or carotenoids, used as food colorants, additives, and nutraceuticals (Jaspars et al., 2016). The use of new enzymes is also of great interest for many industrial processes, like the proteases, amylases, cellulases, carboxymethylcellulases, xylanases,…, for their use in the production of pharmaceuticals, foods, beverages, confectionery, paper, textile and leather processing, and waste-water treatment (Jaspars et al., 2016; Giordano et al., 2018). Cosmetics, on the other hand, include MNPs used as sun protectors, face, skin, and hair care products, such as Abyssine®, Depollutine®, Grevilline®, RefirMAR®, Resilience®, SeaCode®, XCELL-30®, and others (Martins et al., 2014; Reen et al., 2015). In fact, the cosmetic industry, like Elemis (The Steiner Group, London, United Kingdom), La Prairie (Beiersdorf, Montreux, Switzerland), Crème de la Mer (Estée Lauder, New York, NY, United States), Blue Therapy (Biotherm, Tours, France), is constantly innovating using marine-derived bioactive compounds (Martins et al., 2014).

Antarctic waters harbor about 4% approximately of the currently known marine invertebrate species, while a huge amount of species are considered to be still unknown (Arrieta et al., 2010; Griffiths, 2010; Ronowicz et al., 2019). The environmental conditions there are extreme, with cold, constant temperatures and a seasonal light regime, with many species being endemic to these habitats, representing a huge, still unexplored biodiversity. The South Ocean therefore holds a huge potential for MNPs biodiscovery, based on both their untapped bio- and chemodiversity. In part, the scarce current knowledge on the topic is due to the well-known difficulties in sampling and studying Antarctic organisms (Avila et al., 2008). Nevertheless, Antarctic bioprospecting is being developed currently by different groups using different methods and strategies (e.g., Avila, 2016a,b; Soldatou and Baker, 2017) although the topic has not been reported sufficiently in the general literature (e.g., Thomas et al., 2008). Some of the MNPs found so far in Antarctica are potentially useful for humans, as precursors of active molecules to design new drugs with a pharmacologic potential, as antimicrobials, or as antifouling, or have been tested within extracts but are not identified yet (e.g., Moles et al., 2014; Angulo-Preckler et al., 2017; Sacristán-Soriano et al., 2017). We review here the current status of biodiscovery in Antarctic marine benthic invertebrates.



THE CONCEPT OF BIOPROSPECTING

“Bioprospecting” (or biodiversity prospecting) is the exploitation of natural richness by searching for unknown or not studied organisms holding singular small molecules, macromolecules, and biochemical and genetic heritage, which may possess biological activities (Eisner, 1990; Jabour-Green and Nicol, 2003). These biological activities may be further developed into commercially valuable products for the agriculture (Beattie et al., 2011; Pandey and Yarzábal, 2019), aquaculture (Mazarrasa et al., 2014; Pascoal et al., 2020), bioremediation (Abida et al., 2013; Mazarrasa et al., 2014), cosmetic (Upadhyay et al., 2016; Gupta et al., 2019), nanotechnology (Mazarrasa et al., 2014; Cushnie et al., 2020), and/or pharmaceutical markets (Newman and Cragg, 2016; Pandey and Yarzábal, 2019). Usually biodiscovery starts with the collection of biological samples, targeting a reduced amount of biomass, followed by a bioactivity screening in order to select and further purify and identify the bioactive molecules, as well as to further synthesize them, when possible. The next steps include the in vitro, in vivo, and clinical assays, and the eventual progress to the market according to the pertinent regulatory issues. In the pharmaceutical industry, for example, almost one third of all small-molecule drugs approved by the U.S. Food and Drug Administration (FDA) between 1981 and 2014 were either NPs or compounds directly derived from natural products (Newman and Cragg, 2016).

When bioprospecting marine benthic invertebrates, we look for bioactive NPs. NPs are a small organic secondary metabolites (<3000 Da) synthetized by all organisms in response to different external stimuli. Because MNPs are produced under unique environmental conditions in the oceans, they are characterized by uncommon functional groups (isonitrile, dichloramine, isocyanate, and halogenated functional groups, among others) and peculiar structures, often with no analogs in terrestrial NPs (Imhoff et al., 2011; Rocha-Martin et al., 2014). NPs present many advantages over non-natural compounds, like a huge chemical diversity, biochemical specificity, binding efficiency and a strong ability to interact with biological targets. Therefore, NPs are considered more suitable for biological applications (such as anti-tumor, anti-proliferative, antibiotic, anti-infective, antifungal, antiviral, antiparasitic, antihelmintic, photoprotective) and potentially relevant lead structures (Kayser et al., 2003; Nishimura et al., 2010; Waters et al., 2010; Mayer et al., 2010, 2013; Martins et al., 2014; Buenz et al., 2018). In fact, NPs account for most of the clinically approved drugs (Newman and Cragg, 2012; Patridge et al., 2016) and were mainly described from bacteria, fungi, and plants, while marine organisms were investigated only in recent decades (Bérdy, 2012; Gerwick and Fenner, 2013). Currently, the number of MNPs described has rised to more than 35000 (MarinLit database2). Among them, a part of the examples cited above, ca. 30 MNPs are in clinical trials, with more than 20 being classified as anticancer, and a few more for schizophrenia and Alzheimer’s diseases, as well as for chronic pain treatment3 and therefore, the number of MNPs is expected to increase soon (Jaspars et al., 2016). Regarding Antarctic organisms, the bioactivity levels of MNPs have been reported to be comparable to those recorded in temperate marine environments, although only about 3% of the discovered MNPs originate from the polar regions (Lebar et al., 2007; Avila et al., 2008; Leal et al., 2012; Soldatou and Baker, 2017), and thus, more data are needed to draw general conclusions. According to the biodiversity data, a hidden treasure of bioactive MNPs is still waiting to be discovered in Antarctica, and considering the peculiar characteristics of the organisms living there, expectations are high.



PORIFERA

Sponges comprise some of the most abundant macroinvertebrates of Antarctic benthic communities, serving both as substrates for colonizing epibionts and endobionts, and as food sources for predators (McClintock et al., 2005). Antarctic sponges are a valuable source of biologically active compounds with drug potential, accounting for almost half of the pharmacologically active compounds of marine origin (Hu et al., 2011; Leal et al., 2012). Several Antarctic sponge species possess extracts with a wide range of bioactivities, such as cytotoxicity, hemolytic activity, antialgal activity, a-amylase activity, cholinesterase activities, antibacterial activity, and antifungal activity (Turk et al., 2013) (Table 1). One of the most prominent is the genus Latrunculia, showing hemolysis, inhibition of acetylcholinesterase, cytotoxicity toward normal and transformed cells, and growth inhibition of laboratory, commensal, and clinically and ecologically relevant bacteria (Turk et al., 2013). The brominated pyrroloiminoquinone alkaloids isolated from methanol extracts of two specimens of Latrunculia sp. demonstrated for the first time to be reversible competitive inhibitors of cholinesterases, with Ki for electric eel acetylcholinesterase of 1.6–15.0 μM, for recombinant human acetylcholinesterase of 22.8–98.0 μM, and for horse serum butyrylcholinesterase of 5.0–76.0 μM. The most active compound, discorhabdin G (Figure 1), had no detectable undesirable effects on neuromuscular transmission and skeletal muscle function (Botić et al., 2017). The pigment epinardin C (Figure 1), proved strongly active, albeit with poor resistant index against L1210 and doxorubicin-resistant L1210/DX murine lymphocytic leukemia cells in vitro (D’Ambrosio et al., 1996). Epinardin C was isolated from an undetermined demosponge and it differs from members of the discorhabdin/prianosin family in having an allylic alcohol functionality in place of the enone system, being compatible with the genus Latrunculia. Similarly, the extracts of L. biformis showed potent in vitro anticancer activity (Li et al., 2020b), with two discorhabdin-type alkaloids, tridiscorhabdin (Figure 1) and didiscorhabdin isolated from it. Only tridiscorhabdin exhibited strong cytotoxic activity against the human colon cancer cell line HCT-116 (IC50 value 0.31 μM) (Li et al., 2020b). Further, (-)-(1R,2R,6R,8S,6′S)-discorhabdin B dimer and (-)-(1S,2R,6R,8S,6′S)-discorhabdin B dimer showed significant in vitro anticancer activity against the same cell line (HCT-116), with IC50 values of 0.16 and 2.01 μM, respectively (Li et al., 2020a). Compared to monomeric discorhabdins, dimeric discorhabdins are very rare in nature. Moreover, a molecular networking approach combined with a bioactivity-guided isolation led to the targeted isolation of the pyrroloiminoquinone, tsitsikammamine A (Figure 1) and its analog 16,17-dehydrotsitsikammamine A (Li et al., 2018). Both tsitsikammamines and discorhabdins show potent anticancer activities in vitro and further potential anticancer activity was assessed with a virtual approach by molecular modeling for the tsitsikammamines (Li et al., 2018). L. biformis is an excellent source of chemically diverse discorhabdin alkaloids. (-)-discorhabdin L (Figure 1), (-)-1-acetyl-discorhabdin L, and (+)-1-octacosatrienoyl-discorhabdin L, showed promising anticancer activity with IC50 values of 0.94, 2.71, and 34.0 μM, respectively (Li et al., 2019). These compounds were docked to the active sites of two anticancer targets, topoisomerase I-II and indoleamine 2,3-dioxygenase (IDO1), revealing the binding potential of discorhabdins to these proteins (Li et al., 2019). Furthermore, Latrunculia sp. yielded a new antibacterial pyrroloiminoquinone, discorhabdin R (Figure 1) with antibacterial activity against Gram + (Staphylococcus aureus, Micrococcus luteus) and Gram – (Serratia marcescens, Escherichia coli) bacteria (Ford and Capon, 2000).


TABLE 1. Brief summary of bioactive natural products from Antarctic marine benthic invertebrates.
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FIGURE 1. Chemical structure of the main bioactive compounds described in Antarctic marine benthic invertebrates.


Membranolides C and D (Figure 1) from the sponge Dendrilla membranosa possess carboxylic acid functional groups and display Gram – antibiotic and antifungal activities (Ankisetty et al., 2004). The 9,11-dihydrogracilin A (DHG) and membranolide (Figure 1) from D. membranosa both inhibited the growth of Bacillus subtilis at 100 μg/disk and membranolide was also mildly active against S. aureus (Molinski and Faulkner, 1987). DHG induced apoptosis in human peripheral blood mononuclear cells (PBMC) (Ciaglia et al., 2017). In addition, DHG possesses promising anti-inflammatory properties both in vitro and in vivo. These effects are accompanied by DHG down-regulation of NF-kB, STAT, and ERK phosphorylation at further stages (Ciaglia et al., 2017). The antimicrobial activity of the extracts of this sponge against S. aureus, Vibrio anguillarum, and Beneckea harveyi (100 μg/disk), was due to 4,5,8-trihydroxyquinoline-2-carboxylic acid (Molinski and Faulkner, 1988). Darwinolide A (Figure 1), a diterpenoid from Dendrilla antarctica (previously D. membranosa) showed potential as a scaffold for methicillin-resistant S. aureus (MRSA) (von Salm et al., 2016). This is a chemically rich sponge, being a prolific source of highly oxidized diterpenoids with moderate antibiotic and antifungal activities against S. aureus, E. coli, and Candida albicans (Molinski and Faulkner, 1987). Bioactivities against infectious disease models including pathogens that cause leishmaniasis, malaria, and MRSA infections were also found (Bory et al., 2020). Four more diterpenes, tetrahydroaplysulphurin-1 (Figure 1), as well as membranoids B (Figure 1), D, and G, displayed low micromolar activity against Leishmania donovani with no discernible cytotoxicity against uninfected J774A.1 cells (Shilling et al., 2020).

Friomaramide (Figure 1), a highly modified hexapeptide isolated from the sponge Inflatella coelosphaeroides blocks > 90% of Plasmodium falciparum liver-stage parasite development at 6.1 μM (Knestrick et al., 2019). The Antarctic red sponge Kirkpatrickia variolosa presents a resveratrol triacetate (3,4′,5-triacetoxystilbene) (Jayatilake et al., 1995). Stilbenes exhibit a variety of biological and pharmacological activities including protein tyrosine kinase (PTK) and protein kinase C (PKC) inhibitory effects (Jayatilake et al., 1995), but this compound has not yet been tested. Also in K. variolosa, variolins display cytotoxic, antiviral, and antifungal properties (Perry et al., 1994; Trimurtulu et al., 1994). Variolin A (Figure 1) showed weak in vitro activity against the P388 cell line (IC50 = 3.8 μg/mL). N(3′)-Methyl tetrahydrovariolin B inhibited the growth of Saccharomyces cerevisiae (2 mg/mL), showed in vitro activity against the HCT 116 cell line (IC50 = 0.48 μg/mL), and modest in vivo activity against P388 leukemia (at 10 mg/Kg) (Trimurtulu et al., 1994). Variolin B, with an IC50 of 210 ng/mL against P388, was also effective against Herpes simplex Type I (Perry et al., 1994). Variolin B is a pyridopyrrolopyrimidine alkaloid with antitumor and antiviral properties.

All of the norselic acids (A-E) from the encrusting, bright red sponge Crella sp. display activity against the Leishmania parasite at low micromolar concentration. Norselic acid A (Figure 1) displays antibiotic activity against methicillin-resistant S. aureus (MRSA), methicillin-sensitive S. aureus (MSSA), vancomycin-resistant Enterococcus faecium (VRE), and C. albicans, and it is also active against the Leishmania parasite with modest anti-infective properties (Ma et al., 2009).

Suberitenone B (Figure 1) inhibits the cholesteryl ester transfer protein (CETP), which mediates the transfer of cholesteryl ester and triglyceride between high-density lipoproteins and low-density lipoproteins (Shin et al., 1995). CETP inhibition is considered to be a good target for the development of an effective agent for atherosclerotic diseases. Three suberitane derivatives, isosuberitenone B, 19-episuberitenone B, and isoxaspirosuberitenone are found in the sponge Phorbas areolatus, together with suberitenones A and B, and oxaspirosuberitenone (Figure 1) (Solanki et al., 2018). Oxaspirosuberitenone displayed significant antimicrobial activity against MRSA at the highest concentration tested (160 μM). While all five compounds displayed moderate cytotoxicity against the HepG2, HT-29, and MCF-7 cell lines, only isosuberitenone B and 19-suberitenone B showed significant activity against the A549, HepG2, HT-29, and MCF-7 tumor cell lines (Solanki et al., 2018).

Erebusinone (Figure 1) and erinacine are found in Isodictya erinacea. Erinacine has shown cytotoxicity (LD50 50 μg/mL) against L5178Y mouse lymphoblastoid cells (Moon et al., 2000), while erebusinone together with a ceramide and erebusinonamine from Isodictya antarctica showed modest antimicrobial activity against S. aureus, methicillin-resistant S. aureus (MRSA), E. faecium, and C. albicans (Park, 2004). Further, an unidentified sponge yielded a sesquiterpene alcohol, a non-nitrogenous eudesmane with antibiotic activity against the Gram + bacteria S. aureus (Urban et al., 1995). Finally, rhapsamine (Figure 1), a linear C28 polyene from the only calcareous sponge studied, Leucetta leptorhapsis, displays a LC50 of 1.8 μM in the KB nasopharyngeal cell line, while in the NCI 60 cell-line panel displays a similar level of cytotoxicity with little selectivity (Jayatilake et al., 1997).



CNIDARIA

NPs from Antarctic cnidarians are only known from octocorals so far, including a series of sesquiterpenes and polyoxygenated steroids isolated from Alcyonium paessleri (Palermo et al., 2000; Rodriguez-Brasco et al., 2001), Ainigmaptilon antarcticus (Iken and Baker, 2003), and Dasystenella acanthina (Gavagnin et al., 2003) (Table 1). Of the latter, all steroids show significant activities as growth inhibitors of several human tumor cell lines (Mellado et al., 2004). Higher levels of activity were observed against the cell lines LN-caP (prostate carcinoma), and K-562 (chronic myelogenous leukemia), with most compounds displaying GI50 values < 2μg/mL (Mellado et al., 2004). In addition, these steroids showed cytostatic effects and are cytotoxic against one or two cell lines, except 3α,11α-diacetoxy-25-hydroxycholest-4-en-6-one, that was active against seven of the assayed cell lines, including DU-145 (prostate carcinoma), IGROV (ovarian adenocarcinoma), SK-MEL-28 (melanoma), PANC1 (pancreas carcinoma), and LOVO (colon adenocarcinoma) (Mellado et al., 2004).

The first illudalane sesquiterpenoids isolated from the marine environment were those from the soft coral A. paessleri. Alcyopterosins A-O (Figure 1) are also the first nitrate esters reported as MNPs (Palermo et al., 2000). Alcyopterosin E show mild cytotoxicity toward Hep-2 (human larynx carcinoma) cell line with IC50 of 13.5 μM, while alcyopterosin A, C, and H were cytotoxic toward HT-29 (human colon carcinoma) at 10 μg/mL (Palermo et al., 2000). The minor metabolites paesslerins A (Figure 1) and B show moderate cytotoxicity against human tumor cell lines (Rodriguez-Brasco et al., 2001). The paesslerane and illudalane carbocyclic skeletons could be biogenetically related by a protoilludane cation as a common precursor. On the other hand, the gorgonian coral Ainigmaptilon antarcticus possesses ainigmaptilone A (Figure 1), displaying antibiotic activity toward three sympatric Antarctic bacteria at as low as 5mg/mL and being lethal to fouling sympatric diatoms at natural concentration (0.275 mg/mL) (De Marino et al., 1997a; Amsler et al., 2000).

Keikipukalides A–E (Figure 1), furanocembranoid diterpenes, along with pukalide aldehyde and the norditerpenoid ineleganolide are found in the deep-sea octocoral Plumarella delicatissima (Thomas et al., 2018). This family of diterpenes displays activity against the leishmaniasis parasite, L. donovani, from 1.9 to 12 μM, with no corresponding mammalian cytotoxicity below 50 μM. Most of these compounds contain the neurotoxic pharmacophore of lophotoxin which may be a liability for this specificity (Abramson et al., 1991). On the other hand, blue alcyonaceans present characteristic pigments contributing to the amazing colors of the benthic communities and displaying also several bioactivities (Patiño-Cano et al., 2018). The gorgonian Acanthogorgia laxa presents linderazulene and a ketolactone, both displaying good antifouling properties against a wide array of organisms. Although, the ketolactone can be produced from linderazulene by oxidation, there is some controversy regarding its possible origin as an artifact (Li and Scheuer, 1984). A compound closely related to linderazulene, 8,9-dihydrolinderazulene (Figure 1), displays cytotoxicity against several tumor cell lines, like PC-3, HCT-116 and MCF-7/ADR with IC50 values of 9.46, 14.49 and 16.06 mg/mL, respectively (Chen et al., 2014). Antifouling assays show that azulenoid sesquiterpenoids are also involved in the control of biofouling by marine invertebrates (Patiño-Cano et al., 2018).

Three briarane diterpenes, bathyptilone A-C (Figure 1) isolated from the sea pen, Anthoptilum grandiflorum have been screened against four cancer cell lines. Bathyptilone A is highly toxic to a pluripotent embryonal carcinoma cell line, NTera-2 (NT2), effectively killing tNT2 cells at an IC50 of 29 nM (Thomas et al., 2019). Due to their similarity with developing neuronal cells, this cell line is considered valid for assessing neurotoxicity (Stern et al., 2014). Moreover, seven steroids from Anthomastus bathyproctus were tested against the human tumor cell lines MDA-MB-231 (breast adenocarcinoma), A-549 (lung carcinoma), and HT-29 (colon adenocarcinoma). Four of them displayed weak activity as inhibitors of cell growth, only one of them being a potent inhibitor with GI50 values of 21.2 μM for MDA-MB-231, 16.5 μM for A-549, and 15.3 μM for HT-29 (Mellado et al., 2005). Finally, two new terpenoids, shagene A (Figure 1) and B were isolated from an undescribed genus of octocoral. Shagene A has an IC50 value of 5 μM on the infected macrophage stage of the leishmaniasis parasite, L. donovani, showing a 10-fold increase in activity with no cytotoxicity up to 100 μg/mL. Shagene B showed no activity (> 20 μg/mL) indicating the relevance of the methoxy substituent at C-8 (von Salm et al., 2014).



MOLLUSCA

Molluscs, and particularly gastropods, are a very important source of bioactive compounds, with some drugs already in the market (see Avila et al., 2008; Avila and Angulo-Preckler, 2020). Antarctic molluscs are also rich in natural products with potentially relevant bioactivities (Avila and Angulo-Preckler, 2020 and references therein) (Table 1). Here, gastropod nudibranchs are among the most interesting, as for example the compounds of the slug Doris kerguelenensis, displaying a wide arsenal of NPs, including different skeletons (Avila and Angulo-Preckler, 2020), among which the diterpenoids palmadorins (Figure 1) inhibit human erythroleukemia (HEL) cells at low micromolar IC50’s and also inhibit Jak2, STAT5, and Erk1/2 activation in HEL cells, causing apoptosis at 5 mM (Maschek et al., 2012). The structure-activity profile of the cytotoxicity of palmadorin indicates that the cis-fused labdane diterpene system may be conformable to develop potent chemotherapy tools based on the inhibition of several key enzymes implicated in the JAK/STAT pathway (Maschek et al., 2012). Several other compounds have been described in Antarctic molluscs and, for some of them, their ecological activities are described but their potential pharmacological activities remain yet to be discovered.



BRYOZOA

Bryozoans have emerged over the last decades as a source of biologically active and structurally diverse compounds, with several Antarctic species being bioactive, all of them within the Cheilostomata (Figuerola et al., 2013, 2014; Angulo-Preckler et al., 2015; Figuerola and Avila, 2019) (Table 1). The alkaloid tambjamine A is found in Bugula longissima (Lebar et al., 2007), although its bioactivity has not yet been investigated, tambjamine A was previously reported bioactive from the tropical bryozoan Sessibugula translucens (Carté and Faulkner, 1983). Several compounds are found in Aspidostoma giganteum, like aspidostomides A–H (Figure 1) and aspidazide A, but only aspidostomide E presented bioactivity, being moderately active against the 786-O renal carcinoma cell line with an IC50 of 7.8 μM (Patiño-Cano et al., 2014). Aspidostoma giganteum is found along the Magellanic and Antarctic regions, with records in Patagonia, Tierra del Fuego, Malvinas, and the South Shetland Islands. Since this bioactivity is reported in Patagonia (Argentina) specimens, it is unknown whether Antarctic specimens are also bioactive. Despite their huge potential, the scarce information available from this abundant and biodiverse phylum is an important gap, and at the same time a promising large source of pharmacologically interesting NPs.



NEMERTEA

Ribbon worms are known to be voracious predators or scavengers, provided with an eversible proboscis to capture prey and secreting a quite thick and copious mucus covering their bodies. Their mucus secretion is usually toxic to both potential predators and preys, presenting several identified compounds with potential pharmacological use, some of them being in clinical trials (Göransson et al., 2019). The mucus of the Antarctic species Parborlasia corrugatus presents cytotoxic peptide compounds and hemolytic activity toward erythrocytes, among its compounds, parbolysins are currently being investigated in detail (Göransson et al., 2019; Jacobsson et al., unpublished data) (Table 1).



ECHINODERMATA


Asteroidea

Starfish contain steroidal glycosides and saponins which are responsible for their general toxicity and antiviral activity against several human pathogenic viruses (McKee et al., 1994; Comin et al., 1999). Sulfated steroidal glycosides ubiquitously found in starfish can be classified into two major structural classes, asterosaponins and polyhydroxysteroid glycosides, displaying a wide range of biological activities, such as cytotoxic, hemolytic, ichthyotoxic, repellent, antineoplastic, antimicrobial, antifungal, antiviral, and anti-inflammatory activities (Minale et al., 1993) (Table 1). Henricia sp. presents thirty-four steroid constituents where seven asterosaponins are cytotoxic (Iorizzi et al., 1996). Antarcticoside C (Figure 1) displays the strongest cytotoxic activity with an IC50 value <3.3 μg/ml (Iorizzi et al., 1996). This is one of the best examples among the echinoderms of the structural variety of polyhydroxysteroid constituents co-occurring in the same organism. Similarly, a large variety of steroid glycosides are found in an unidentified sea star of the Asteriidae family. Some of these compounds are moderately cytotoxic against human non-small-cell lung carcinoma cells (NSCLC-L16), with the sulphated steroid asterasterol C showing a moderate activity with IC50 > 30 μg/ml (De Marino et al., 1997b). Also, asteriidoside C, D (Figure 1), and E, were the most active steroidal sulfates with IC50 values of 19.7 μg/mL, 11.4 μg/mL, and 18.1 μg/mL, respectively (De Marino et al., 1998). Some more asterosaponins, the diplasteriosides A (Figure 1) and B from Diplasterias brucei show potent cytotoxic activity against different human cancer cell lines (Ivanchina et al., 2011). For HCT-116 cells, only diplasterioside A was toxic. Both compounds show moderate toxicity toward T47D cells and are most toxic against RPMI-7951 cells with IC50 67 and 60 μM, respectively. Compounds with the ergostane skeleton are more hemolytically active than those with the cholestane one, and the presence of an additional methyl group at C24 in the side chain of diplasterioside B causes reduction of its cytotoxic properties compared to diplasterioside A (Ivanchina et al., 2011). These compounds have already been synthesized by using Fmoc carbonate as an orthogonal protecting group which can be removed and the product subsequently glycosylated to reduce the number of steps (Sangwan et al., 2020). Finally, 19 steroids, 13 steroidal oligoglycosides, and six polyhydroxylated steroids are found in Acodontaster conspicuous, where half of them were active against at least one Antarctic marine bacterium (De Marino et al., 1997a), suggesting that they may play an important role in deterring microbial fouling and could be further investigated for potential antibiotic and antifouling properties.



Holothuroidea

Triterpene glycosides and saponins are secondary metabolites typically found in sea cucumbers. Two trisulfated triterpene glycosides, liouvillosides A (Figure 1) and B, are found in the sea cucumber Staurocucumis liouvillei (Maier et al., 2001). Both glycosides were found to be virucidal against herpes simplex virus type 1 (HSV-1) at concentrations below 10μg/ml, while little or no cytotoxicity was detected within 8 h of cell exposure (Maier et al., 2001). Other liouvillosides also found in S. liouvillei and S. turqueti have not been yet tested for bioactivity (Antonov et al., 2008, 2011; Silchenko et al., 2013). Similarly, achlioniceosides from the elasipod Achlionice violaecuspidata are not studied yet for their bioactivity (Antonov et al., 2009).



Ophiuroidea

Also saponins and steroids are responsible here for the antiviral activity against several human pathogenic viruses (McKee et al., 1994; Comin et al., 1999). Three steroids from the brittle star Ophiosparte gigas are characterized by the hydroxylation at C-3a and C-21 and the cis- Ah3 ring fusion. One of them is extremely cytotoxic even at the lowest concentration of 0.12 μg/ml, whereas the other two are active against HIV-1 with EC50 values of ca. 50-100μg/ml (D’Auria et al., 1993).




TUNICATA

Antarctic ascidians display high levels of endemism, reaching 25–51% of endemic species (Primo and Vázquez, 2009). While most ascidian metabolites are amino acid derived (Wang and Namikoshi, 2007), ascidians of the genus Aplidium are noted for possessing terpene derivatives (Zubía et al., 2005). Examples of NPs from Antarctic ascidians include palmerolide A, ecdysteroids, meridianins, aplicyanins, and rossinones (Figure 1; Table 1) (Diyabalanage et al., 2006; Miyata et al., 2007; Seldes et al., 2007; Reyes et al., 2008; Appleton et al., 2009; Núñez-Pons et al., 2010, 2012, 2015; Núñez-Pons and Avila, 2015). However, it is often unclear whether tunicates are the true producers of the molecules or whether associated microbes may play a role in their synthesis and chemical ecology (Núñez-Pons et al., 2012). Aplidium species are the source of numerous nitrogen-containing metabolites belonging to unprecedented structural families of NPs (Zubía et al., 2005). Six bromoindole derivatives, aplicyanins A–F (Figure 1) from A. cyaneum are cytotoxic against human tumor cell lines A-549, HT-29, and MDA-MB-231, and show antimitotic properties (for aplicyanins B, D, E, and F), thus suggesting a key role for the acetyl group at N-16 in their biological activity (Reyes et al., 2008). These compounds are reduced forms of the structurally related meridianins isolated from A. meridianum and can therefore be considered their biogenetic precursors. Meridianins are a family of indole alkaloids consisting of an indole framework linked to an aminopyrimidine ring. Meridianins A-E (Figure 1) from A. meridianum present cytotoxicity toward LMM3 (murine mammarian adenocarcinoma cell line) at IC50 values of 11.4 μM for meridianin B, 9.3 μM for meridianin C, 33.9 μM for meridianin D, and 11.1 μM for meridianin E (Franco et al., 1998). Aiming to find possible molecular targets for a set of MNPs, it was reported that some meridianins can interact with proteins involved in neurodegenerative diseases (Llorach-Parés et al., 2017, 2018). In fact, meridianins are found particularly interesting as potential therapeutic agents against Alzheimer disease (AD) (Llorach-Parés et al., 2017) and computational chemistry and in vitro assays have recently shown promising results (Llorach-Parés et al., 2020). Currently there is no treatment that cures or even slows AD progression, and therefore, there is a need for new and improved therapeutic molecules for these diseases, as their impact is expected to increase due to the shift in world demography. Although we are far from having solutions, potential benefits of a treatment for AD are huge and would clearly result in improving patients health and reducing societal costs.

Furthermore, rossinones A (Figure 1) and B are biologically active meroterpene derivatives from Aplidium species (Appleton et al., 2009; Núñez-Pons et al., 2012). Rossinones possess anti-inflammatory, antiviral, and antiproliferative activities (Appleton et al., 2009). In an in vitro anti-inflammatory assay with activated human peripheral blood neutrophils, rossinones inhibited superoxide production when either N-formyl-methionyl-leucyl-phenylalanine (fMLP) (IC50 1.9 and 2.5 μM, respectively) or phorbol myristate acetate (PMA) (IC50 0.8 and 0.7 μM, respectively) were used to activate the respiratory burst (Tan and Berridge, 2000). Also a selective antiviral activity toward DNAvirus HSV-1, versus the RNAvirus PV-1 is described for both compounds, with antiviral activity at 2μg/disk. Both compounds also present antimicrobial activity against the Gram + bacterium B. subtilis and the fungi Trichophyton mentagrophytes at 60 μg/disk (Appleton et al., 2009).

An enamide-bearing polyketide, the palmerolide A (Figure 1) from the common tunicate Synoicum adareanum targets melanoma (UACC-62, LC50 = 18 nM), colon cancer cell line (HCC-2998, LC50 = 6.5 μM) and renal cancer cell lines (RXF 393, LC50 = 6.5 μM) (Diyabalanage et al., 2006; Riesenfeld et al., 2008; Murray et al., 2020). Palmerolide A is stable for extended time periods and does not readily yield a single hydrolysis product. Later studies isolated palmerolides A (0.002 μM), D (0.025 μM), and G (0.007 μM). All palmerolides containing the C-2′/C-3′ olefin are very potent V-ATPase inhibitors, whereas palmerolide F (0.063 μM) which lacks the above mentioned olefin is significantly less potent (Noguez et al., 2011). Palmerolide E, lacking the entire carboxamide functionality, appears to retain inhibitory activity (IC50 5 μM) toward melanoma while losing effectiveness against V-ATPase (IC50 > 10 μM). This suggests that different parts of the side chain are responsible for the activities exhibited against UACC-62 and V-ATPase (Noguez et al., 2011). Most of these palmerolides are potent V-ATPase inhibitors and have sub-micromolar activity against melanoma but palmerolides are less neurotoxic than other V-ATPase inhibitors. Palmerolide C is a congeneric macrolide of palmerolide A exhibiting similar bioactivity toward the UACC-62 human melanoma cell line (IC50 = 110 nM) (Sayyad et al., 2020). S. adareanum also presents the known ecdysteroid diaulusterol B, as well as five more ecdysteroids, hyousterones A–D (Miyata et al., 2007). These ecdysteroids were evaluated for solid tumor selective cytotoxicity using colon (colon 38, HCT-116), lung (H-125M), leukemia (L1210, CCRF-CEM), and normal (CFU-GM) cell lines. Abeohyousterone (Figure 1) possesses moderate cytotoxicity toward several cancer cell lines while hyousterones A and C, bearing the 14R-hydroxy group, were weakly cytotoxic (Miyata et al., 2007).

Finally, 21 fatty acids and some sterols are found in the pelagic Salpa thompsoni, with the total fatty acids fraction being strongly hemolytic, and the polyunsaturated acids DHA: 6ω3 and EPA: 5ω3 as the most potent compounds (Mimura et al., 1986). Slight changes in the position and the geometry of the double bond seem to affect the potency of hemolytic activity of these compounds.



MANAGING BIODISCOVERY IN ANTARCTICA

Studying and using bioactive MNPs while conserving biodiversity is crucial, and further synthesizing the useful bioactive compounds in the laboratory is a must. The tenth Conference of the Parties (CoP10) to the Convention on Biological Diversity (CBD) held in Nagoya (2010) led to the adoption of a global Strategic Plan for biodiversity 2011-2020, the Nagoya Protocol on Access to Genetic Resources, and the Fair and Equitable Sharing of Benefits Arising from their Utilization (ABS Protocol), as well as a strategy to mobilize resources for global biodiversity. European policies defend that all these protocols shall indeed include marine biotechnology. In fact, the new resources obtained from marine research and the so-called blue biotechnologies are currently considered an emerging sector, with a promising growth of 10% per year and a global market of €2.4 billion estimated in 20084. Biodiversity, and all the services it provides, has a significant economic value that is seldom captured in markets, as recognized by the European Union, 2020 biodiversity target. In the short term, economic impacts have to be considered in terms of research activities and involved SMEs. In a medium to long term period, commercialization of bioactive products discovered would generate economic impacts in anticancer, against neurodegenerative diseases, antimicrobial, antiviral, antifungal, antiparasitic, enzymes (protease inhibitors, etc.), antioxidant (skin protection), and potentially many other applications. Antarctic MNPs may be an important source of new drugs for the future, and therefore should be explored according to the mentioned regulations. Furthermore, Antarctic studies are regulated by the Antarctic Treaty system (ATS) and the Madrid Protocol, establishing what we can and what we cannot do for research there. Sustainable Development Goals (SDGs), moreover, have to be considered here too. In fact, all regulations try to protect biodiversity (and thus, chemodiversity) while carrying out biodiscovery research.



CONCLUDING REMARKS

In this minireview we showcase the diverse bioactivities described in Antarctic MNPs, their original chemical structures, and the huge potential they possess. A total of 37 species have been reported, including 15 Porifera, eight Cnidaria, one Mollusca, one Bryozoa, one Nemertea, six Echinodermata, and five Tunicata. The amazing biodiversity the Antarctic benthos holds, as well as their inherent chemodiversity, must be protected by all means to avoid their disappearance according to the established regulations. In fact, the current popularity of MNPs in cosmetic, food, pharmaceutical industries, etc. is rising concerns about sustainability all over the planet. If we aim to use this chemodiversity for human benefits we must keep the biological diversity, solving the supply problem, using synthesis, targeting biosynthetic gene clusters (BGCs), and using all the omics, informatic tools and databases currently available to move forward without damaging the ecosystems. When MNPs are obtained by cultures these concerns diminish considerably. The current research gaps and the potential future developments have been indicated here, and even if the interest on bioprospecting MNPs is exponentially growing, still new techniques and approaches have to improve to overcome the common bottlenecks in MNPs pipelines, speeding the process and decreasing research costs to fully exploit the benefits of biodiscovery in Antarctic MNPs in a near future in a sustainable way.
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Marine ecosystems are unique and rich reservoirs of biodiversity with high potential toward improving the quality of human life. The extreme physical–chemical conditions of the oceans have favored marine organisms to produce a great variety of new molecules as a mechanism to ensure their survival, and such compounds possess great biopharmaceutical interest. In particular, marine microbiota represent a promising and inexhaustible source for the development of new drugs. This work presents the taxonomic study of the samples obtained from the underwater volcano Tagoro, which has allowed us to develop a collection of 182 marine bacterial strains. On October 10th, 2011, at La Restinga–El Mar de Las Calmas Marine Reserve, an underwater eruption gave rise to a novel shallow submarine volcano at 1.8 km south of the island of El Hierro, Canary Islands, Spain. During the first 6 months, extreme physical–chemical perturbations, comprising thermal changes, water acidification, deoxygenation, and metal enrichment, resulted in significant alterations of the marine ecosystem. After March 2012, the submarine volcano Tagoro entered an active hydrothermal phase that involved a release of heat, gases, metals, and micronutrients that continues till our present. During 2016, our research team had the opportunity to participate in one of the monitoring oceanographic cruises carried out in the area in order to isolate microorganisms associated with both rock samples and deep-sea invertebrates over Tagoro submarine volcano. In this study, Proteobacteria revealed as the most abundant Phylum with 70.2% among all isolated strains, followed by Firmicutes 19%, Actinobacteria 9.5%, and Bacteroidetes 1.2%. Furthermore, we present the results of the antiproliferative assays of the extracts obtained from small-scale cultures of selected bacterial strains. An analysis of the effects of culture conditions in the antiproliferative activity showed that strains grown in Marine Broth (MB) presented lower GI50 values than those cultured in a modified medium (MM1). This effect is improved when the strains are incubated under agitation conditions. The antiproliferative potential of genera such as Halobacillus, Kangiella, Photobacterium, and Halomonas is revealed. Their biotechnological development provides an excellent starting point to access novel secondary metabolites and enzymes with potential for pharmaceutical and industrial applications.

Keywords: bioprospection, microbial biodiversity, marine bacteria, OSMAC, antiproliferative activity, Tagoro, singular ecosystem, submarine volcanoes and hydrothermal vents


INTRODUCTION

Marine environments represent more than 70% of the earth’s surface with the deep sea comprising the largest part of the oceans, which is characterized by extreme conditions of pressure, temperature, light, salinity, and nutrient availability. Deep-sea benthic environments are predominantly occupied by microbial organisms (Hoshino et al., 2020), which are strongly influenced by the singular physical–chemical characteristics in the marine habitats (Poli et al., 2017). As a mechanism to ensure their survival, marine microbiota, such as bacteria, cyanobacteria, yeasts, fungi, and microalgae, respond by biosynthesizing a great variety of molecules. These compounds represent a unique reservoir of new bioactive substances of great biopharmaceutical potential for the development of new drugs (Carroll et al., 2021).

Microbial richness of marine environmental microbiomes is estimated to range between 104 and 106 prokaryotes/mL (Whitman et al., 1998; Hoshino et al., 2020). Despite this huge biodiversity, most of microorganisms that inhabit the marine environment remain uncultured under laboratory conditions (Kaeberlein et al., 2002; Mu et al., 2021), an essential requisite for biodiscovery and the access to new chemical entities. Nonetheless, innovative approaches for isolation and culture marine microbes represent a growing research field (Joint et al., 2010; Mu et al., 2021). For these reasons, the study of singular marine ecosystems is considered a very interesting source for biodiscovery (Rotter et al., 2021) that allow to access novel microorganisms with unique metabolic and physiological capabilities to colonize extreme habitats and biosynthesize compounds as an adaptive mechanism to the environmental conditions (Nikapitiya, 2012; Silva et al., 2020). This particularity has led to a constant description of bioactive metabolites from marine bacteria (Buijs et al., 2019; Puglisi et al., 2019). Marine compounds display high cytotoxicity; since the 1990s it was suggested that over 1% of the marine samples analyzed possesses antitumoral activity while the same is 0.2% of terrestrial samples (Wang et al., 2020).

Among singular marine ecosystems, deep-sea hydrothermal vents and submarine volcanoes constitute unique environments for bioprospection studies with significant emission of gases and solutes that react with seawater leading to physical–chemical changes that impact consequently the marine ecosystem (Fraile-Nuez et al., 2012). Thus, hydrothermal vents have been recognized as “natural hot spots” of bacterial strains that have developed multiple resistances as a result of the adaptive phenotypic and genotypic responses to environmental conditions (Farias et al., 2015).

On October 10th, 2011, at La Restinga–El Mar de Las Calmas Marine Reserve, an underwater eruption gave rise to a novel shallow submarine volcano at 1.8 km south of the island of El Hierro, Canary Island, Spain (27°37.116′N, 017°59.466′W). During the first 6 months (October 2011–March 2012), extreme physical–chemical perturbations caused by this event, comprising thermal changes, water acidification, deoxygenation, and metal enrichment, resulted in significant alterations of the marine ecosystem. After March 2012, the submarine volcano Tagoro entered an active hydrothermal phase that involved a release of heat, gases, metals, and micronutrients that continues till our present. In this way, volcano Tagoro became one of the newest and shallowest active submarine volcanoes in Europe, representing an excellent natural laboratory to study how the extreme physical–chemical and biological anomalies caused by this eruptive process have transformed one of the richest marine ecosystems of the Spanish coast (Fraile-Nuez et al., 2012, 2018).

Although Tagoro submarine volcano dataset has turned into one of the longest and more complete multidisciplinary time-series for the study of how physical–chemical anomalies impacted over the marine ecosystem (Fraile-Nuez et al., 2012, 2018; Rivera et al., 2013; Santana-Casiano et al., 2013, 2016, 2018; Ariza et al., 2014; Coca et al., 2014; Eugenio et al., 2014; Blanco et al., 2015; Danovaro et al., 2017; Santana-González et al., 2017; Álvarez-Valero et al., 2018; Sotomayor-García et al., 2019, 2020; González-Vega et al., 2020), just a few studies have shed light in the characterization of the microbial communities with geologically active marine environments, partly due to the difficulty in collecting samples as well as the eruption prediction and monitoring, usually in remote locations (Ferrera et al., 2015). These previous studies have exhibited the effects of the eruption on the survival and colonization by benthic and demersal species (Sotomayor-García et al., 2019) as well as microorganism communities (Ferrera et al., 2015).

In October 2016, our research team participated in one of the monitoring oceanographic cruises carried out in the area with the aim to explore the microbial biodiversity associated with both rock samples and deep-sea invertebrates over Tagoro submarine volcano. This work reports on the results of the taxonomic study of the samples obtained from this singular marine ecosystem which has allowed us to obtain a collection of 182 strains of marine bacteria. Furthermore, the results of the antiproliferative assays of the extracts from small-scale cultures of selected bacterial strains are showed. This collection represents an excellent starting point to access novel secondary metabolites and enzymes with potential for pharmaceutical and industrial applications.



MATERIALS AND METHODS

In October 2016, 5 years after the completion of the magmatic activity, a multidisciplinary oceanographic cruise, on board R/V Ángeles Alvariño of the Spanish Institute of Oceanography, was carried out in the context of the VULCANO-II project in order to characterize the physical–chemical and biological anomalies of the underwater volcano in a degassing stage (Figure 1).
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FIGURE 1. Location map. (A) Location of the island of El Hierro in the Canary Archipelago. (B) Location of Tagoro submarine volcano south of El Hierro island. (C) Rock dredge sampling over the lava flow of Tagoro submarine volcano and control area northwest of the submarine volcano. Shaded triangle represents the domain of La Restinga - Mar de Las Calmas Marine Reserve.



Bathymetry Data

Multibeam echosounder datasets were acquired using a Kongsberg-Simrad EM710 during VULCANO-II-1016, which operates at sonar frequencies in the 70–100 kHz range and were processed using CARIS HIPS and SIPS yielding bathymetric grid resolution of 5 m with 100% coverage.



Sample Collection

Benthic organisms were sampled using a benthic dredge with a horizontal opening of 1 m and a net mesh size of 1 cm. Although samplings were mainly performed to carry out a geological characterization of substrate types, samples of benthic organisms were also collected: in the base of Tagoro volcanic complex (DA01, Figure 1), around the main edifice and secondary and primary craters of Tagoro submarine volcano (DA02–06), and in the unaffected area in the interior of La Restinga-Mar de Las Calmas Marine Reserve (DA08). In that sense, a total of 30 samples were obtained from seven different benthic dredges (DA01–06, DA08) in a ranging depth of 160–800 m. The samples (Supplementary Table 1), which included deep-sea algae, invertebrates, and sediments occluded into pores of volcanic rocks, were washed with sterile sea water, stored in sterile tubes and kept at 4°C on board until processed in the laboratory.



Physical–Chemical Data at the Collection Site

A SeaBird 911-plus CTD instrument, equipped with dual temperature and conductivity sensors, with accuracies of 0.001°C and 0.0003 S/m, respectively, was used to collect temperature, conductivity, salinity, pressure, dissolved oxygen, fluorescence, and pH data over the study area. The CTD continuously recording data with a sampling interval of 24 Hz and the sensors were calibrated at the SeaBird laboratory before and after the cruises. Discrete water samples for inorganic nutrient analysis were obtained using a rosette of 24–12-L Niskin bottles.

During the cruise, 16 vertical profiles of CTD were carried out around the main volcano edifice together with 48 tow-yo transect, which involve continuously lowering and raising the rosette between 1 and 40 m above the seafloor, with the ship moving at 0.2–0.4 kn in Dynamic Positioning, obtaining a sawtooth-shaped dataset with high spatial resolution and closer to the source of the emissions. Physical–chemical parameters at sampling stations, including pH (ΔpH) and temperature (Δθ) anomalies around the main and secondary crater (DA04–06) are summarized in Supplementary Table 1.



Isolation of Bacterial Strains

The macroscopic samples (Figure 2) were surface sterilized with sterile seawater, followed by immersion in ethanol three times and processed according to their nature through two different methods: (a) by chopping, and (b) by homogenization with sterile seawater and vortexed for 5 min. Sediments were diluted in sterile seawater (50 mg/mL) and vortexed for 5 min. After sample settling, sequential dilutions of the supernatant were performed, and transferred in duplicate into Petri dishes containing two solid media: MA (Marine Agar 2216, Panreac) and MM1 [Yeast extract (4 g/L); starch (10 g/L); bacteriological peptone (2 g/L); agar (15 g/L); and filtered seawater (90%)]. Inoculated Petri dishes were incubated at 20°C and microbial growth was monitored periodically over 6 months. The microbial colonies observed were isolated in pure culture by repeated transfer from a single colony, until strains were established. All isolates were grown in liquid media and cryopreserved at −80°C in 20% glycerol and belong to the Marine Microbial Collection of IUBO-ULL.
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FIGURE 2. (A) Hydrozoan Sertularella sp. (Depht: –170 to 270 m) from DA04. (B) Environmental samples AR19 and AR10–AR14 in sterile containers. (C) Microbial diversity observed in processed samples.




DNA Extraction and 16S rRNA Gene Sequencing

DNA extraction, 16S rRNA gene amplification and sequencing was carried out at the Genomic Service of the General Research Support Services of Universidad de La Laguna. DNA was extracted from liquid cultures after centrifugation (5 min at 18,000 × g) and the cell pellet was recovered by re-suspending in 200 μL of lysis buffer [40 mM Tris–HCl pH 7.8, 20 mM sodium acetate, 1 mM EDTA, 1% SDS, 0.04 μg/μL RNase-A (Promega), 0.04 μg/μL lysozyme (Thermo Fisher Scientific)]. Samples were incubated for 5 min at room, and 5 M NaCl and chloroform sequentially added. After centrifugation (18 000 × g, 2 min), the aqueous phase was recovered, DNA was precipitated with cold absolute ethanol and washed twice with 70% ethanol. DNA pellets were dried at room temperature and then suspended in 50 μL of H2O. 16S rRNA gene was amplified using universal primers E8F (5′-TAGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′) (Weisburg et al., 1990). Commercial PCR kit AmpONE Taq DNA polymerase (GeneAll Biotech) was performed using a PTC200 MJ Research Thermal Cycler with the following conditions: initial denaturation at 95°C for 2 min, 35 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 1.5 min, followed by a final extension at 72°C for 7 and 5 min at 16°C. The PCR-amplified products were checked for the presence of a single band of the expected size by standard agarose electrophoresis. PCR products were purified using the EXO-SAP-IT kit (Affymetrix-USB) following manufacturer’s instructions in a total volume of 7 μL and incubated at 35°C for 15 min, followed by heating inactivation to 80°C for 15 min. Sanger Sequencing was carried out using the BigDyeTM Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and 3500 Series Genetic Analyzer automatic sequencer (Thermo Fisher Scientific). The SeqScape (Thermo Fisher Scientific) software was used for the analysis of sequencing data and filtering out low quality reads.



Taxonomic Identification and Phylogenetic Analysis

A total of 84 selected sequences were analyzed using Chromas (Chromas software 2.6.6, Technelysium, Pty. Ltd.1) and Seaview 5 (Gouy et al., 2010) programs. Consensus sequences were created and compared to the GenBank database by the Blast(n) algorithm to establish their closest relatives. Using Mothur program (Schloss et al., 2009), sequences were grouped by operational taxonomic units (OTUS) at 97% identity using the command classify.otu (Chappidi et al., 2019). Once identified the hits with high maximum identity, reference sequences were used to be aligned using MAFFT v7 (Katoh and Standley, 2013) with G-INS-i strategy (recommended for <200 sequences with global homology). The alignment obtained was used to construct the phylogenetic tree using PhyML v3.1 (Guindon and Gascuel, 2003; Anisimova and Gascuel, 2006; Dereeper et al., 2008, 2010) under the GTR model with bootstrap 1000 replicates value. Thermogymnomonas acidicola was used as outgroup. Tree manipulation and editing were done using FigTree v14.0 program.2 The 16S rRNA gene sequences were submitted to the GenBank database under the following accession numbers: MW826671–MW826754.



Culture and Preparation of Crude Extracts

Bacterial isolates were cultured in four low-nutrient experimental conditions in 500 mL Erlenmeyer flasks containing 300 mL of 1:5 dilution ratio of marine broth (MB/5, Marine Broth 2216, Panreac) and MM1 medium (MM1/5). The flasks were incubated both under static conditions and in an orbital shaker (IKA KS501, Labortechnik) at 100 rpm, at 20°C in the dark for 20–30 days. After the incubation process, cultures were extracted three times with ethyl acetate (3 × 100 mL EtOAc). The organic layer was dried in a rotary evaporator and the resulting extracts stored at −20°C until required for biological tests.



Antiproliferative Assays

Weighted dried organic extracts were dissolved in dimethyl sulfoxide to prepare a stock solution of 50 mg/mL for bioactivity assays. To evaluate the antiproliferative activity of the samples we selected the cancer cell lines A549 and SW1573 (non-small cell lung), HBL-100 and T-47D (breast), HeLa (cervix), and WiDr (colon). The tests were performed in 96-well plates using the SRB assay (Orellana and Kasinski, 2016) with the following specifications. Cell seeding densities were 2500 cells/well for A549, HBL-100, HeLa and SW1573, and 5000 cells/well for T-47D and WiDr. Drug incubation times were 48 h. The optical density of each well was measured at 530 (primary) and 620 (secondary) nm. The antiproliferative activity, expressed as 50% growth inhibition (GI50), was calculated according to NCI formulas (Monks et al., 1991).



RESULTS


Physical–Chemical Anomalies Over Tagoro Submarine Volcano

Figure 3 shows the physical–chemical anomalies over the submarine volcano Tagoro with the use of a CTD and tow-yos close to the seabed. Although the pH anomalies are quite visible in a wide area around the volcano edifice (400–500 m radius around sta56), close to the main crater (sta60), and secondary crater (sta56) the pH anomalies reach a maximum value of −0.5. The anomaly plume is centered around 127 meters depth that correspond with the depth of the main crater (sta60) and could transport with the local currents for hundreds of meters (Santana-Casiano et al., 2016).
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FIGURE 3. Physical–chemical anomalies over Tagoro submarine volcano. (A) High resolution bathymetry of Tagoro submarine volcano. CTD stations are marked with dots from 50 to 60. Blank lines represent the CTD tow-yo transects over the main volcanic edifice. (B) pH anomaly for every tow-yo transect with latitude. (C) Vertical mean pH anomaly (bold line) with its standard deviation (gray) and the minimum values (blue line). (D) Vertical mean potential temperature anomaly (bold line) with its standard deviation (gray) and the maximum values (blue line).


Moreover, in the interior of the main crater, not only a pH anomaly is found but also a thermal increase of up to +2.37°C, a salinity decrease of −1.02, and a density decrease of −1.43 (kg m–3). The combined effect of these anomalies is generating a buoyant plume over the volcano that returns downward waters by diffusion to close the circulation cells generating a horizontal flow by this vertical. Theoretically, this vortex is of sufficient magnitude to trap water in a local recirculation that could have a crucial effect on the expected dispersal of properties, including minerals, tracers, and organisms (Speer, 1989).



Isolation and Identification of Marine Bacteria From Volcano Tagoro

From the analysis and bioprospection of the microbiota of this unique and extreme habitat, a total of 182 bacterial strains were isolated from volcanic sediments clogged into rocks and as endophytes from the inner tissues of algae and deep-sea invertebrates sampled in the range of depths of −160 to −800 m (Figure 1 and Supplementary Table 1) for over 6 months. Marine samples were incubated in duplicates into two different solid media, MA and modified marine agar (MM1) as described in section “Sample Collection.” No fungal growing was observed. Among all isolated bacterial strains, 95 and 87 grew on MA and MM1, respectively. Those strains obtained from the same environmental sample which showed similar morphological characteristics were grouped and a representative strain was selected to continue the taxonomic and phylogenetic studies.

Thus, the 16S rRNA gene of 84 selected strains were sequenced and identified by its similarity with 16S rRNA gene sequences deposited in the GenBank database from the National Center for Biotechnology Information, NCBI (Table 1). Sequences were grouped into 80 OTUs comprising 28 genera classified on 4 Phyla. Proteobacteria is the most abundant Phylum and represents 70.2% of all isolated strains (18 genera, 59 strains), followed by Firmicutes 19% (3 genera, 16 strains), Actinobacteria 9.5% (6 genera, 8 strains), and Bacteroidetes 1.2% (1 genus, 1 strain), as represented in Figure 4.


TABLE 1. Summary of the bacterial isolates and phylogenetically closely related species from GenBank according to 16S rRNA gene sequence similarity.
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FIGURE 4. Genera (external ring) and classes (internal ring) distribution of the marine bacterial collection isolated from volcano Tagoro.


The evolutionary relationships between the isolated bacterial strains are shown in the 16S rRNA phylogenetic tree (Figure 5). From the 84 isolates, 66 out strains exhibited more than 99% similarity compared to 16S rRNA gene sequences deposited in GenBank and 6 isolates exhibited <97% similarity; lower sequence similarities were observed mainly for three strains of Vibrio (AR30-01, AR30-05, and AR32-02) isolated from invertebrates collected at depths ranging 200–300 m (DA06 and DA08), Supplementary Table 2.
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FIGURE 5. Circular maximum-likelihood phylogenetic tree of isolated bacterial strains and their closest NCBI (BLAST) relatives based on 16S rRNA gene sequences. Bootstrap values calculated from 1000 replicates using maximum likelihood are shown the most representatives at their representative node. Colors indicate distribution by Classes: Epsilonproteobacteria (gray), Gammaproteobacteria (purple), Alphaproteobacteria (yellow), Actinobacteria (green), and Bacilli (blue).


There are diverse studies focused on the diversity of culturable bacteria from marine sources such as sediment, invertebrates, and water samples, among other marine samples, within Proteobacteria representing an important proportion of the isolates (Buijs et al., 2019). In the present study, Proteobacteria were isolated from all the seven depths analyzed and, interestingly, strains isolated of samples from the crater (DA06), especially of inner sediment volcanic rocks, comprises the four phyla identified in this work. Although it is noticeable that some groups of samples are represented by a certain class, such as sponges from DA08, since type and number of samples are different for each dredge, no tendencies were observed in relation to the sample and depth.



Antiproliferative Potential of the Extracts of Marine Bacteria From Volcano Tagoro

Previous studies that show the pharmacological relevance of marine microorganisms prompted us to evaluate the antiproliferative properties of bacterial strains isolated from volcano Tagoro against A549, HBL-100, HeLa, SW1573, T-47D, and WiDr cell lines.

A selection of 33 bacterial isolates representing 21 different phylogenetic classes were cultured in 300 mL liquid media under low-nutrient conditions, using two different media, under static and agitation conditions, for a period of 30 days for each strain. The use of oligotrophic media and large fermentation time was intended to induce stress conditions that stimulate the activation of secondary-metabolism biogenetic gene clusters following an one strain many compounds (OSMAC)-based strategy (Bode et al., 2002). This strategy has revealed as a simple and effective approach to induce the activation of the biosynthetic mechanisms of microorganisms to produce new secondary metabolites by changing culture conditions (Reen et al., 2015). Successful examples include the addition of enzyme inhibitors, addition of signaling molecules, co-cultivation with other microbial strain, modification of medium composition, or changes of physical parameters, among others (Romano et al., 2018; Pan et al., 2019).

Microbial cultures were extracted with EtOAc and the solvent dried. The antiproliferative analysis of the obtained extracts (Table 2 and Supplementary Table 3) revealed that one actinobacteria, two Proteobacteria, and two Firmicutes showed GI50 < 20 μg/mL against at least one cell line: Micromonospora AR22-02, Kangiella AR14-04, Pseudoalteromonas AR04-01, and Halobacillus AR14-06 and AR01-01. Interestingly, besides the lowest GI50 values, the two Halobacillus strains were the most active bacteria evaluated, since they exhibited antiproliferative properties for at least five out from the six cell lines assayed. Also, 11 bacterial strains showed GI50 values ranging from 20 to 39 μg/mL against at least one cell line, the Bacteroidetes Salinimicrobium AR29-06; two Actinobacteria: Micrococcus AR07-11A and Mycobacterium AR05-15C; three Firmicutes comprising the genus Bacillus: AR13-02, AR14-07B, AR19-02; and five Proteobacteria: Limimaricola AR29-03, Aliivibrio AR26-02, Kangiella AR14-04, Photobacterium AR27-02 and Vibrio AR05-02. Overall, strains comprising the genera Halobacillus, Salinimicrobium, Micrococcus, Aliivibrio, Kangiella, Photobacterium, and Pseudoalteromonas showed GI50 < 40 μg/mL against at least four out from the six cell lines tested. Additionally, it was observed that 24 strains comprising 5 Actinobacteria, 5 Firmicutes and 14 Proteobacteria exhibited 40 ≤ GI50 ≤ 60 μg/mL.


TABLE 2. Antiproliferative activity of 33 selected bacterial strains isolated from environmental samples of Tagoro submarine volcano against human solid tumor cell lines.
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[image: Table 2]Among the most active strains, the genus Halobacillus showed the best antiproliferative activities in MB, particularly when grown under agitation conditions. On the other hand, in the case of Pseudoalteromonas sp. strain AR04-01 the best results of activity were observed when grown under static culture in MM1 medium. Overall, comparison of the strains that exhibited GI50 < 40 μg/mL, the most sensible cells were A549, HeLa, and SW1573, whereas HBL-100 was the most resistant.

An analysis of the effects of culture conditions in the antiproliferative activity of the tested strains is showed in Figure 6. The radar charts reveal that strains grown in MB medium (1:5 diluted) showed lower GI50 values than the same strains cultured in a MM1 medium (1:5 diluted), with higher content in nutrients than the former. This effect is improved when the strains are incubated under agitation conditions compared to those grown in static cultures and is maintained in all cell lines tested (Supplementary Figure 1).
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FIGURE 6. Radar chart of the effect of culture conditions in the antiproliferative activity (Min and Max GI50, μg/mL). MB and MM1 media were diluted in a 1:5 ratio for oligotrophic conditions. A, agitation conditions; S, static cultures.




DISCUSSION

Tagoro submarine volcano is considered a natural laboratory which has brought the opportunity to carry out a regular multidisciplinary monitoring from the beginning of the unrest. The monitoring has exhibited that the changes produced by the eruption were temporal and all microbial parameters analyzed indicated that the microbial community returned to normal levels (Ferrera et al., 2015). However, there is still an enormous potential for the bioprospection of this unique ecosystem. To date, Tagoro submarine volcano represents the last hydrothermal system reported in the Canary Islands, and a hypothetical modern analog of a seafloor under iron formation in genesis (González et al., 2020).

Some studies on the analysis of microbial communities surrounding submarine volcanoes, such as the Kolumbo volcano and the Solfatara Crater, point out Proteobacteria as the most abundant phylum followed by other taxa represented into Firmicutes, Bacteroidetes, and Acidobacteria (Glamoclija et al., 2004; Christakis et al., 2018).

In this study it is showed that, among Proteobacteria, Vibrio was the most abundant genus, with 20% of the isolates among Gammaproteobacteria, whereas Bacillus was the most abundant genus representing 75% of the isolated strains within Firmicutes. In this context and taking into consideration the high metabolic flexibility and genome plasticity of Vibrio spp. (Wang et al., 2019), and in order to determine its phylogenetic diversity, our results suggest continuing with the investigation of the Vibrio community isolated from volcano Tagoro.

All Firmicutes strains correspond to order Bacillales, considered as fast-growing bacteria. These genera are represented among the most abundant cultured and widely distributed species (Al-Amoudi et al., 2016). Overall, evidence suggest that Gram-positive bacteria constitute a significant proportion of deep-sea communities. Among them, members of order Bacillales are known for their versatility and ability to form endospores that can survive as resistant forms (Gontang et al., 2007; Ettoumi et al., 2009, 2013). Despite their ability to survive under varied conditions and their marked phylogenetic diversity, marine Bacillus strains have attracted less interest with respect to their terrestrial counterparts (Ettoumi et al., 2009).

The phylogenetic analysis (Figure 5) agrees with a previous study carried out by Ferrera et al. (2015) that monitored the waters surrounding the volcano in El Hierro during the eruptive and post-eruptive phases by culture-independent methods. The analysis by flow cytometry and 454-pyrosequencing of 16S rRNA gene amplicons, exhibited that most sequences were related to the phyla Proteobacteria (68.4%), with Alphaproteobacteria (54.8%), and Gammaproteobacteria (10.0%) as the most abundant classes. Subsequently, González et al. (2020) characterized and identified the microbial biomineralization in the hydrothermal vent of volcano Tagoro which are involved in the iron, sulfur, and methane cycles. Most of the ubiquitous bacterial taxa were those commonly found in the water column. Around 50% of the bacterial DNA relative abundance is related to Marinomonas sp. and Pseudomonas sp., both corresponding to the Gammaproteobacteria class. Other taxa detected were Acidobacteria and Bacteroidetes. Even though we did not use specific media nor the addition of antibiotics, our results show an important proportion of the common bacterial community in the marine environment and reinforces the findings reported by Sanz-Sáez et al. (2020), who developed a marine culture collection of heterotrophic bacteria covering a variety of oceanographic regions from different seasons and years, using a standard marine medium with the aim to describe the fraction of the bacterioplankton community that can be commonly isolated under laboratory conditions. The strains were mainly affiliated with the classes Alphaproteobacteria (35.9%), Gammaproteobacteria (38.6%), and phylum Bacteroidetes (16.5%).

Natural products have been an important source of pharmacologically active compounds and more than 10% of them have a microbial origin. However, even when rediscovery of known compounds led to reduced interest in natural sources, currently, in the light of an increased appreciation for the exceeding rich and unique biodiversity in the oceans, has been a renewed interest on marine natural products (Lyu et al., 2021). Nonetheless, the supply limitation, which is the well-known bottleneck on natural products, led scientists to put the view on microbial resources supported by the special characteristics of marine environment (Jensen and Fenical, 2000; Desbois, 2014; Rotter et al., 2021).

During the last decades, active compounds has been tested and discontinued, meanwhile other antitumor drugs has been successfully completed either obtained by synthesis, cultivation or by production in other organism such as microorganisms (Stonik, 2009). Especially, anticancer compounds represent more than one half of the new marine natural products discovered from 1985 to 2012. In this sense, marine microbes have been considered a hot spot in natural products research and among them actinomycetes (47.01%) and bacteria (46.38%) represents the highest proportion of bioactive compounds (Hu et al., 2015).

Our results reveal the extracts of Micromonospora AR22-02 (Actinobacteria), Kangiella AR14-04 and Pseudoalteromonas AR04-01 (Gammaproteobacteria), and Halobacillus, AR14-06 and AR01-01 (Firmicutes) as the most active under the studied conditions, and support the previous suggestion that most anticancer molecules produced by marine bacteria are derived from Actinobacteria, Proteobacteria (Gammaproteobacteria), and Firmicutes (Gavriilidou et al., 2021). In this sense, a large group of anticancer peptides and some small molecules have been obtained from bacteria occurring in marine sediments comprising genera as Bacillus, Halobacillus, and Paenibacillus (Karpiñski and Adamczak, 2018).

Marine actinobacteria are well-known to have the potential to produce biomolecules with interesting novel bioactivities and it is assumed that each strain has the genetic potential to produce among 15–25 secondary metabolites (Ul Hassan et al., 2017). Within this phylum, Micromonospora and Streptomyces are considered the most prolific producers of secondary metabolites. Nevertheless, properties of each strain can be widely diverse. For example, Davies-Bolorunduro et al. (2019) evaluated the anticancer activity of 32 actinomycetes strains against a panel of cancer cell lines and the isolates of genera Micromonospora and Streptomyces exhibited cytotoxicity with IC50 values ranging from 0.03 to 4.4 mg/mL. Among other Phyla, some extracts of Halomonas and Bacillus have showed cytotoxicity with IC50 < 50 μg/mL (Aboul-Ela et al., 2012; Sagar et al., 2013; Chen et al., 2019). It is noticeable that many secondary metabolites have been isolated from Bacillus, including peptides, terpenoids, polyketides, and isocumarins, however, a few marine Bacillus strains have been examined for pharmaceutical activities (Chen et al., 2019).

Furthermore, it has been possible to establish a correlation between the effects of the use of different culture conditions and the antiproliferative activity for each single strain. In this case, lower GI50 values were observed when strains are grown under low nutrient conditions (1:5 diluted MB medium). Aside from nutrient requirements, the importance of agitation, which allows the renewal of nutrients (Bonnet et al., 2020) and a higher diffusion coefficient for oxygen into water (Somerville and Proctor, 2013) may explain the observed effects. These results reinforce the implementation of strategies that stimulate the production of secondary metabolism with potential biological activity (Pan et al., 2019). Once the experimental conditions have been established for the strains of interest, dereplication studies, and scale-up cultures will be developed to characterize the chemical entities responsible for the antiproliferative activity observed.

During the history of marine natural products research, several metabolites extremely toxic against tumor cells have been described, many of them belonging to new structural series of antitumor substances that opened new prospects for synthetic modeling. Until those substances were discovered, all the natural products applied in chemotherapy were referred to not more than 4–5 structural types (Stonik, 2009; Khalifa et al., 2019). For this reasons, bioprospection studies of singular marine ecosystems will open new opportunities for biodiscovery of novel specimens as well as novel lead compounds and its potential biological applications based on a sustainable supply.



CONCLUSION

Bioprospecting studies of marine microorganisms have been focused on certain phyla or classes and several microbial genera had been minimized, in part because of the expectation to the discovery novel strains that produce different metabolites and mechanisms of action compared to terrestrial microorganisms (Martín-Rodríguez et al., 2014; de Vera et al., 2018). Nonetheless, our results exhibit the antiproliferative potential of genus such as Halobacillus, Kangiella, Photobacterium, Halomonas, among others, isolated from a singular ecosystem as Tagoro submarine volcano. Their biotechnological development provides an excellent starting point to access novel secondary metabolites and enzymes with potential for pharmaceutical and industrial applications.
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The supply of nutrients for agricultural production faces enormous challenges as food security and sustainability goals have to be ensured. Processing of marine biomass has high potential to provide nutrients for agricultural purposes in coastal areas. One underexplored resource are jellyfish, which occur as blooms and by-catch of the fishing industry. In this context, a pot experiment investigated the effects of jellyfish as a fertilizer on biomass accumulation of annual ryegrass (Lolium multiflorum), and its effect on the important greenhouse gas N2O as a sustainability indicator of novel fertilizers. Dried and ground jellyfish was applied [3 species: Aurelia aurita (AA), Cyanea capillata (CC), Periphylla periphylla (PP)] and compared with an unfertilized and a mineral fertilized (calcium-ammonium-nitrate, CAN) treatment. Dried jellyfish and CAN were applied at equal N rates of 5 g N per m2. The N2O-fluxes from soil were measured over 56 days after fertilizer application. Grass dry matter yields, when using CC and PP treatments, were not significantly different to the CAN treatment (p > 0.05). After reducing its salinity, AA also showed no differences to CAN on plant growth and the lowest coefficient of variation for dry matter yield as an indicator for yield stability. Accumulated N2O-emissions were lowest in the control and were 3-times higher in AA and CC compared to CAN (p < 0.05). If salinity levels are moderate, jellyfish application to soil can compete with artificial mineral fertilizers in terms of N-supply for above- and belowground yield response, regardless of jellyfish species used. However, elevated N2O-emissions are likely to affect its suitability for large-scale application. Nevertheless, if energy-efficient methods of drying and desalination of jellyfish can be developed, in coastal areas dried jellyfish is a valuable fertilizer in coastal areas, particularly in situations where nutrient supplies for agriculture are limited.

Keywords: organic fertilizer, marine biomass, circular economy, blue growth, organic agriculture


INTRODUCTION

The FAO anticipates that global agricultural production will need to increase by approximately 50% by 2050, compared with the 2017 output, to enable enough food resources as a consequence of global population growth (FAO, 2017). A major challenge will be to achieve the necessary yield increases while also adhering to the United Nations sustainable development goal 2 (Zero Hunger) (UN, 2015).

In agricultural production, adequate nutrient levels are needed to provide favorable plant growth conditions to ensure optimum crop and forage yields. In intensive agricultural production, this usually requires inputs of high levels of mineral fertilizers, which is in particular observed in developed countries, although increasing levels of fertilizer use are observed worldwide (FAO, 2020). However, the use of mineral fertilizers is energy intensive and, particularly in the case of phosphorus, global resources are limited, which makes efficient use and recycling strategies for plant nutrients necessary (Withers et al., 2015). In terms of agricultural production, it is widely advocated that organic fertilizers should be used more efficiently, as they are often available naturally and locally, either as a renewable resource (i.e., green manures and biologically fixed nitrogen from legume-based swards in forage crop rotations) or as a by-product from agricultural production chains (i.e., manures from animal housing units). However, there are some disadvantages associated with organic fertilizers. The nutrients they contain are organically bound and become available erratically during their decomposition in the soil, with a nutrient-use efficiency often below 70% (Berzsenyi et al., 2000). Thus, new and innovative ways of making nutrients available for plant growth without depleting natural resources and provoking additional environmental threats are still part of the current debate around future perspectives for more sustainable agricultural production.

One of these innovative approaches is to utilize organic fertilizers from marine sources (Blue-green innovation) as an alternative way of ensuring sustainable terrestrial food production, without disrupting the ecosystem or depleting the resource (Council, 2002; Selvam and Sivakumar, 2014; Sivasangari Ramya et al., 2015; Emadodin et al., 2020a). On one hand, marine organic materials can provide nutrients for plant production; on the other hand, nutrients that have been lost as aquatic pollutants can be recycled for agricultural purposes. The main focus during recent decades has been on the use of seagrasses and seaweeds because they occur in large amounts along coastlines (Mossbauer et al., 2012; Franzén et al., 2019) and their use is attractive as a source of fertilizers (Selvam and Sivakumar, 2014; Thompson et al., 2020), biostimulants (El Boukhari et al., 2020) and for their role in supporting other ecosystem services (Acksel et al., 2017). However, there are many other potential marine resources that remain largely unexplored. For instance, in many coastal regions around the world, jellyfish blooms cause problems because of their negative impacts on marine ecosystems by competing with fish, while also feeding on zooplankton and ichthyoplankton (Purcell et al., 2007), and affecting built infrastructure (such as coastal power plants) or tourism (Ghermandi et al., 2015). A recent review by Emadodin et al. (2020a) provided evidence for the potential of jellyfish to provide a source of nutrients for terrestrial agriculture and thereby partly replace mineral fertilizers in a more sustainable way. Jellyfish can contain significant amounts of macro elements such as nitrogen (N), phosphorus (P) and potassium (K), comparable to other organic fertilizers (Emadodin et al., 2020a). For instance, positive effects on growth and yield were observed with jellyfish suspensions in the cultivation of pak choi (Brassica rapa), green soybeans (Glycine max), perilla (Perilla frutescens), spinach (Spinacia oleracea) and cherry tomatoes (Solanum lycopersicum) (Fukushi et al., 2004, 2005, 2017). The plant growth response can be further improved by desalination (Fukushi et al., 2006), i.e., desalinated suspensions were successfully tested in ice weed (Mesembryanthemum crystallinum) (Hattori et al., 2014). In extensive land-use systems and restoration projects, commercially available jellyfish chips in South Korea are often used to grow or establish trees such as oaks (e.g., Quercus glauca), pines (e.g., Pinus thunbergii), cypresses (Chamaecyparis obtusa) and Shorea macrophylla (Ezaki et al., 2008; Chun et al., 2011, 2012, 2015; Ezaki et al., 2011; Kohno et al., 2012; Seo et al., 2014; Kun Woo et al., 2019; Perumal et al., 2019). Soil amendments with jellyfish lead to a significant improvement of the trees’ morphological quality characteristics, such as number of leaves, length, root diameter and dry matter. These observations are attributed to the nutritional effect of the fertilizers as well as to an increased microbiological activity and increased water retention capacity of the soil. Cheol et al. (2019) further demonstrated an increase in photosynthetic activity in sawtooth oak (Quercus acutissima) treated with jellyfish. Moreover, in combination with other organic residues (sawdust, bamboo pieces, fungal residues), soil improvement mixtures were developed (Inamoto et al., 2013; Chun et al., 2014; Kohno et al., 2014, 2015).

The influence of jellyfish in the soil-plant-system can be manifold. The application of jellyfish biomass can lead to a change in the bacterial community structure in the soil. A phylogenetic analysis by Beck et al. (2012) showed a substantial increase of sphingobacteria from the bacteroidetes phylum. At the same time, Alpha- and Beta-proteobacteria disappeared completely. Bacteroidetes inhabit the rhizosphere of various plant species in a symbiotic relationship and promote their growth by degrading protein-containing matter (Green et al., 2006; Haichar et al., 2008; Marques et al., 2010). The results are consistent with various studies on the decomposition of jellyfish carcasses in the sea, which also affect the bacterial community composition (Tinta et al., 2010, 2016). It has been demonstrated that a homogenate from the tissue of Periphylla periphylla can be used by some bacteria as a substrate, while other bacteria are inhibited (Titelman et al., 2006). Moreover, as a consequence of the decomposition of jellyfish in the sea, a decrease in pH and anoxic conditions have been observed in the immediate vicinity (Qu et al., 2015; Chelsky et al., 2016).

Beyond the questions of agronomic suitability, novel organic fertilizers may also be associated with negative environmental impacts including increased greenhouse gas (GHG) emissions from agricultural soils. This is currently an important topic in the fertilizer industry as soils are responsible for more than 60% of the global nitrous oxide (N2O) emissions (Thomson et al., 2012). Nitrous oxide is considered to be one of the most important GHGs from the agricultural sector, and climate change linked to increased atmospheric GHG concentrations has emerged as one of the top societal challenges (WEF, 2020). It is produced as a by-product of nitrification and denitrification in the soil, whereby it is assumed that the majority of emissions are produced during the denitrification process (Senbayram et al., 2009). The bacteria responsible for denitrification have a heterotrophic metabolic process using nitrogen as electron acceptors when oxygen is limiting (Wrage et al., 2001). Thus, N2O emissions may increase when high contents of easily available carbon (C) from applied organic fertilizers coincide with high N contents and low oxygen availability in the soil. Accordingly, many studies have reported higher N2O emissions from organic fertilizers in comparison with mineral fertilizers, particularly when the C:N ratio is narrow (Biernat et al., 2020). For marine resources it is known that the C:N ratio can show a high variation depending on the biomass used (Emadodin et al., 2020a). Jellyfish has a narrow C:N ratio in comparison with other types of marine biomass (i.e., seagrass and seaweed), leading potentially to its rapid decay in the soil and thereby making associated N2O emissions more likely. As mentioned above, it is likely that jellyfish have the potential to alter the soil microbial communities. However, there is currently no evidence to which extent this can alter the N2O producing communities in the soil and the impacts on the sustainability of a jellyfish-derived plant fertilizer. Moreover, the use of jellyfish on a large scale would present problems as it contains large quantities of sodium (Na), potentially inhibiting plant growth at particular thresholds (Kronzucker et al., 2013). Its low dry matter content also limits its efficiency of use if transport and processing are required, although its transportability and nutrient value relative to its volume can be greatly improved by drying directly in an oven or by lyophilization (Alhamid et al., 2012). However, both these drying methods are energy intensive and unsuitable for large-scale use. Other methods, based on those used by the Asian food industry, include the gradual removal of water with a mixture of common salt (NaCl) and aluminum. During this process, the jellyfish are stored in containers with a lower salt concentration for a period of 20–40 days. The yield is about 7–10% of the wet material and consists of 16–25% salt (Peggy Hsieh et al., 2001). However, this process adapted from the food industry is not suitable for providing a fertilizer product as Al is a plant-toxic element and salinity of the dried material is still high. As an alternative to drying with metal salts, drying with alcohol has been developed (Pedersen et al., 2017). In this method the jellyfish are dipped into 96% ethanol and this is evaporated overnight at room temperature. The process can be described with the help of polyelectrolyte theory (Yuferova, 2017). However, the desalination effect of the alcohol drying method on the use of jellyfish as fertilizer is not well explored.

These agronomic benefits and environmental burdens associated with processing have to be considered when assessing marine biomass, and specifically jellyfish, as a potential source of fertilizers for ensuring sustainable development goals and plant growth responses. There are only a few studies that have explored the effects on plant growth (Emadodin et al., 2020a) and none have estimated the effect of relevant GHG emissions from soils after application of jellyfish, which are a key indicator for the efficiency of climate-smart fertilizers. In order to attain the first evidence-based research in this topic we conducted an experiment to evaluate the: (i) effect on plant growth after jellyfish application and (ii) the effect on N2O emissions from soil. Accordingly, and based on the available literature results, we had the following hypotheses:


•Jellyfish dry matter is rich in N and P and thus increases plant growth.

•However, due to high expected Na contents, plant growth is inhibited. If salinity is not reduced during pre-processing, it leads to a lower plant biomass compared to artificial mineral fertilizers.

•Jellyfish may inhibit soil microbial activity, which is shown in lower N2O emissions from soils after their application, in comparison with using mineral fertilizers, making them a potential climate-smart fertilizer resource for coastal areas.





MATERIALS AND METHODS


Jellyfish Processing and Analysis

Three jellyfish species Aurelia aurita (AA), Cyanea capillata (CC), and Periphylla periphylla (PP) were obtained from different locations around the Norwegian- and Baltic Sea. Jellyfish were captured by vessels during cruises or in the harbor and along the coastline of fjords. They were frozen at –20°C directly after harvesting and shipped to the facilities of the Christian-Albrechts-University in Kiel, Institute for Crop Science and Plant Breeding.

Prior to further processing, jellyfish samples were dried until constant weight. For drying, two different processes were used: (1) samples were oven-dried at 50°C for 48–72 h, depending on the species and the time needed to reach constant dry weight. Dried materials were weighed, put in laboratory glass bottles and kept in a desiccator because of their sensitivity to humidity. (2) The alcohol-dried method of Pedersen et al. (2017) was applied in which the fresh or frozen jellyfish were submerged in ethanol (70%) for 24 h. Jellyfish were then removed and placed in distilled water for 30 min, after which they were dried at room temperature (around 21°C).

The jellyfish dry matter (DM) was homogenized in a porcelain mortar before chemical analyses. The C and N content was measured via dry combustion (Vario Max CN, Elementar Analysensysteme GmbH, Hanau, Germany). For further elemental analysis, 200 mg DM of ground jellyfish material was digested with 10 mL 15.6 M HNO3 at 190°C for 45 min in an 1,800 W microwave oven (MARS 6, Xpress, CEM, Matthews, MC, United States). After digestion, the concentrations of Ca, K, Mg, and Na were quantified with an atomic absorption spectrometer (AAS 5EA Thermo Electron S, Carl Zeiss, Jena, Germany). P concentrations in all extracts were determined photometrically with a continuous flow analyzer (Skalar Analytical B.V., Breda, Netherlands) by using the modified molybdenum–ascorbic acid blue method (Murphy and Riley, 1962). The nutrient content of different jellyfish species used for plant growth experiments are given in Table 1. With regards to species PP, only oven-dried material was used for plant growth experiments. The coefficient of variation across the different parameters measured were 1.1% C, 0.03% N, 4.3% P, 1.5% K, 2.1% Na, 1.6% Ca and 1.6% for Mg.


TABLE 1. Chemical analysis of the dry matter (DM) of the different jellyfish species and different processing methods (oven- and alcohol drying).
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Plant Experiments

Plant experiments were conducted under controlled conditions in a greenhouse at the facility of Kiel University. Cylindrical pots (12 cm diameter × 10 cm height) were filled with sieved and dried soil (86% sand, 10% silt, 4% clay) to a bulk density of 1.6 g/cm3 collected from fields in the Baltic Sea Region [Eckernförde Bay (54°27N, 9°57E)]. The nutrient content per 100 g dry-soil was 20 mg P2O5, 7 mg K2O and 7 mg Mg. The pH-value was 6.9. Seeds of Lolium multiflorum Lam. Var. westerwoldicum were sown at 0.5 cm soil depth at a sowing density equivalent to 8 g per m2. Good growing conditions were maintained due to the constant water filled pore space of 50–60% using capillary tubes (Ortmann, Votloh, Germany). Temperature was kept constant at 22 ± 1°C. Illumination was provided by vapor-lamps (Hortilux Schreder, HPS 400W) for 10 h per day. After germination, the plants were grown until flowering stage and cut with scissors at a height of 5 cm above the soil surface. This was repeated 5 times during 2 months to obtain a fully established grass sward in each pot and scarcity of nutrients in the soil. Dried jellyfish and mineral fertilizer were applied after the fifth cut at rates equivalent to 5 g N per m2. The fertilizer treatments comprised dried material from the species AA and CC, obtained by both oven- and alcohol-dried methods, and that of PP, oven-dried only. These were compared with a mineral fertilizer [Calcium-Ammonium-Nitrate (CAN)] and a non-fertilized control (CT). Thus, there were seven treatments including the non-fertilized control, with five replicates of each, and the pots were arranged in a fully randomized design (Figure 1).


[image: image]

FIGURE 1. Schematic representation of the experimental set-up and jellyfish treatments (AA, A. aurita; CC, C. capillata; PP, P. periphylla).


There was no additional supplementation of other trace elements. Thus, the amount of other nutrients applied per treatment differed according to the chemical composition of the different sources of fertilizer. Total amounts of the major nutrients supplied to all treatments is given in Table 2.


TABLE 2. Nutrients applied per pot in each treatment according to the controlled fertilization rate of 58.4 mg N per pot (50 kg N ha–1).
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For application to the pots, the dried and ground jellyfish material was mixed with soil to a volume of 9 mL and inserted into three small holes (0.6 cm × 0.6 cm) below the soil surface. The same procedure was used for the CAN treatment. Afterward, two more cycles of grass regrowth after cutting were performed over a 56-day period. After the second cut, following fertilizer application, all the aboveground biomass (AGB) was removed at soil-surface level and divided into leaves, stalks and stubble. The soil inside the pots was processed in a hydropneumatic elutriation system (Smucker et al., 1982) to separate roots with a 2-mm sieve, which is referred to as belowground biomass (BGB). The AGB (leaves and stalks from the first and second cut after fertilization + stubble) and BGB were oven-dried at 54°C and the samples were then milled to pass a 2 mm sieve. For the C:N-ratio, ABG and BGB were analyzed by dry combustion (Elementar, Vario Cube, Hanau, Germany). In order to calculate the apparent nitrogen recovery (ANR) of the tested treatments the N-yield of the non-fertilized control was deduced from the N-yield (g N) of the respective fertilized treatment and divided by the total N applied.



Nitrous Oxide Measurements

After application of the different fertilizers, the pots were sealed inside a gastight chamber (d:12.5 cm, h:19.0 cm) twice a week for 60 min. Each chamber was equipped with a vent (diameter: 0.5 mm, length: 110 mm) to allow balanced air pressure between the inside and outside chamber. Gas sampling measurements were taken over a period of 2 months. To allow gas sampling, the chambers were equipped with a rubber septum on the top. Gas samples were taken at 20-min intervals (0, 20, 40, and 60 min) and stored in 12 ml pre-evacuated septum-capped vials (Labco, High Wycombe, United Kingdom) using a 30 ml syringe. The gas samples were analyzed for N2O through a gas chromatograph (SCION 456-GC, Bruker, Leiderdorp, Netherlands), equipped with a 63Ni electron-capture detector using helium as carrier gas and argon-methane as make-up gas. Samples were injected using an autosampler (model 271 LH, Gilson Inc., Middleton, WI, United States). Data were processed using the software Compass CDS (Version 3.0.1). Fluxes were calculated for each treatment and replicate by linear regression between measured N2O concentrations and time. The accumulated N2O emissions were calculated by linear interpolation between the measured daily fluxes for each replication.



Soil Analysis

Soil salinity was measured conductometrically during four consecutive days after AGB removal at the end of the experiment using an electrode (Decagon Devices Inc., WA, United States). Prior to BGB analyses, soil sub-samples were taken from each pot. Soil samples were oven-dried (100°C for 48 h) and ground to mesh size of 1 mm (Modell RMO 100, Retsch GmbH & Co., KG, Haan, Germany). Chemical soil properties (C, N, P, K, Mg) were measured using ICP-OES.



Statistical Analysis

For statistical computing and graphical support the statistical Software R (2020) was used to evaluate the data. Generalized least squares were used to evaluate the AGB, BGB and accumulated N2O emissions depending on the treatment (Laird and Ware, 1982; Verbeke and Molenberghs, 2000). The data were normally distributed and heteroscedastic due to the different fertilizer treatments. All pair comparisons according to Tukey (1953) and Hothorn et al. (2008) were conducted. Significance of the tested factor and comparisons of means were declared when p < 0.05. The coefficient of variation (CV) was used as a parameter for yield stability (Sanderson, 2010).




RESULTS


Aboveground and Belowground Plant Biomass

The contents of macro- and micronutrients in the DM of the different jellyfish species are shown in Table 1. The C content in the DM varied from 3.1 to 45.1% and N content from 0.7 to 7.8% among the tested jellyfish treatments. Differences in nutrient values were mainly affected by different salt contents. The presence of salts was predominately NaCl (>90%) (data not shown). This is reflected in the high Na contents in the jellyfish DM. Thus, Na contents correlated negatively with C due to a dilution effect of organic matter by NaCl. However, Na contents showed wide variation (55–334 mg Na g–1 DM) among the different treatments and the highest values were found for oven-dried AA. Accordingly, the oven-dried material from AA used as fertilizer led to significantly lower grass biomass yields, and this treatment had the lowest biomass accumulation for both AGB and BGB (p < 0.05). All other jellyfish treatments showed higher DM yields of AGB, compared with the control, with no differences compared with the CAN treatment (p > 0.05). The highest DM yields, on average, were obtained in the alcohol-dried AA treatment. Thus, the range of total DM yields in all treatments were in the order: AA oven-dried [0.59 g DM (SE 0.07)] < control [1.47 g DM (SE 0.21)] < PP oven-dried [2.13 g DM (SE 0.50)] < CC alcohol-dried [2.40 g DM (SE 0.40)] < CC oven-dried [2.8 g DM (SE 0.31)] < CAN [2.98 g DM (SE 0.24)] < AA alcohol-dried [3.22 g DM (SE0.26)] (Figure 2A). The highest yield stability was observed for alcohol-dried AA and CAN (CV 0.18). Oven-dried AA (CV 0.24) and CC (CV 0.25) were comparable to the non-fertilized control (CV 0.32). The highest yield variability was observed for alcohol-dried CC (CV 0.40) and oven-dried PP (CV 0.54).
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FIGURE 2. (A) Sum of the above- (AGB) and belowground biomass (BGB) after the two grass cuts. Yield increments of the first [AGB_1 (red)] and second cut [AGB_2 (green)], stubble biomass [AGB_stubble (blue)] and roots [BGB (purple)] are presented. (B) Nitrogen yield per pot. Mean values (A) and means plus standard error (B) are shown (n = 5). Jellyfish-derived fertilizers [A. aurita (AA), C. capillata (CC), P. periphylla (PP)] were applied as dry matter in amounts equivalent to an N rate of 50 kg N ha− 1 to an established pot-grown grass sward. No common lower-case letters indicate significant (p < 0.05) differences between treatments.


The N-yields followed the same patterns as the DM yields (Figure 2B). The ANR between the treatments was negative in the oven-dried AA treatment and lowest, yet positive, in the oven-dried PP (0.15) treatment. The highest ANR values were observed for alcohol-dried (0.23) and oven-dried (0.29) CC, CAN (0.38) and alcohol-dried AA (0.41).



Nitrous Oxide Emissions From Soil

After application of fertilizers, N2O-fluxes reached their maximum within 2 weeks after application, with lowest fluxes for the non-fertilized control and CAN. The highest fluxes were measured in CC and AA alcohol-dried (Figure 3). However, for oven-dried AA and CC the fluxes were maintained over a longer period than all other treatments. As a result, the accumulated N2O emissions during the study period were lowest in the control and highest in the AA and CC treatments irrespective of drying method used. With the exception of oven-dried PP and alcohol-dried AA, all jellyfish species treatments showed significantly higher (p < 0.05) accumulated N2O-emissions compared with that of CAN (Figure 4).
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FIGURE 3. Daily N2O fluxes during the 56-day period after soil application of jellyfish differing in species [A. aurita (AA), C. capillata (CC), P. periphylla (PP)] and pre-treatment (oven-dried and alcohol-dried). The arrow indicates the fertilizer application event. Mean values are shown (n = 5).
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FIGURE 4. Accumulated N2O-fluxes during the study period (56 days) after application of different jellyfish species [A. aurita (AA), C. capillata (CC), P. periphylla (PP)] and pre-treatment (oven-dried and alcohol dried). No common lowercase letters indicated significant differences between the treatments (p < 0.05).




Soil Analysis

Soil chemical properties after the experiment showed lowest pH values (7.2) in the PP oven-dried treatment (p < 0.05); however, this difference was of a low extent. The pH value of all other treatments did not differ and showed an average pH of 7.4 (Table 3). Soil C:N ratio did not show any differences between treatments at the end of the experiments. Soil nutrient contents showed no differences for P; however, for K, the amounts were lowest for AA alcohol-dried and highest for Mg and K in the AA oven-dried among all other treatments. Salinity was highest in the oven-dried AA and CC treatments; however, with more than threefold higher amounts of Na in AA oven-dried in comparison to all other treatments.


TABLE 3. Soil chemical properties after the experimental duration among the different treatments. Salinity measured as electrical conductivity (EC).
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DISCUSSION


Aboveground and Belowground Plant Biomass

The analysis of nutrient contents in the jellyfish DM showed comparable amounts of N to that of other organic fertilizers derived from animal husbandry (Table 4), but P contents were slightly lower and Ca contents were 2-times lower, whereas K content was 6–10-fold lower and Mg contents up to 2-fold higher (LWK-SH, 2019). The C:N ratio was narrower compared with that of most organic manures leading to a potentially higher turnover rate in the soil after application and thus a high plant availability of applied nutrients in the very short-term. Microelements such as Mn, Cu, and Zn were present in variable amounts (data not shown) and generally sufficient for plant nutrition, but mainly below the amounts commonly expected in other types of organic manure, such as digestates from biogas plants (Möller and Schultheiß, 2014; Emadodin et al., 2020a). The results for heavy metals such as Al and Fe were low (data not shown), however, other toxic elements were not analyzed in this study even though marine biomass can show a high potential for accumulating anthropogenic emissions from water, which was e.g., shown for pelagic Sargassum along the Mexican Caribbean (see Rodríguez-Martínez et al., 2020).


TABLE 4. Nutrient contents as in dry matter (DM) from reference values reported for selected organic manures from housed livestock in comparison with that of jellyfish in the present study.
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The different drying methods affected the nutrient contents in the jellyfish DM. This was mainly due to differing salt levels after drying, and means that high NaCl levels result in a lower content of organic matter and thus lead to lower measured nutrient contents in the dry matter. During the alcohol-drying, NaCl became dissolved and hence its content in the jellyfish DM was reduced. This assumption was supported by the different measured Na levels and C contents of the dried materials, with lower Na contents and higher C contents in the alcohol-dried treatment (Table 1). However, the desalination effect of this drying method was different between the different jellyfish species, with a lower success for CC. This leads to the conclusion that alcohol-drying should not be universally applied for desalination among different jellyfish species, and other techniques, such as dialysis, might be more appropriate (Kogovšek et al., 2014). However, it should be mentioned that the fresh matter of CC already showed 10-times lower initial Na values compared to AA, indicating a lower success of desalination during the alcohol-drying as the Na content were already on a lower level.

The plant growth in our study was negatively affected by high Na levels only in the treatment with oven-dried AA. However, if Na can be successfully reduced, as was shown for AA, jellyfish as an organic fertilizer showed similar plant growth responses to that of CAN when supplied at the same level of N input. Moreover, after reducing salinity, the AA treatment gave higher biomass yields, on average, than CAN, which may be explained by additional nutritional effect from P, K and other microelements (Table 2). The plant growth is dependent mainly on the availability of the macro-nutrients such as N, P, and K. However, micro-nutrients might also inhibit or promote plant growth, if their supply is below/higher the necessary minimum/maximum nutrient supply. Organic biomass is usually rich in many nutrients. Thus, even though in this experiment we accounted for N, we did not control for other elements, probably causing differences in the N-yield response of the different treatments. In contradiction to that, the calculated ANR in this study was below the expected values given in the literature for mineral and other organic fertilizers, which usually exceeds 50% (Nannen et al., 2011). This can be explained by the high frequency of cutting intervals without excessive fertilizer amendments prior to the application of jellyfish. The scarcity of nitrogen, which is indicated by a high C:N ratio (15:1) at the end of the experiment in the soil of all treatments, potentially provoked an intensive N-immobilization (Kuzyakov et al., 2000). Moreover, nutrient deficits led to a shift in plant functional traits of grass, allocating more energy to roots rather than the shoot (Chen et al., 2016), suppressing the AGB allocation of N during the weeks after fertilization. However, a comparison of the different treatments shows that the AA alcohol-dried treatment revealed a similar ANR to the mineral fertilizer (CAN), indicating a fast decomposition of material due to the narrow C:N ratios. This is indeed an advantage relative to other types of organic fertilizer, where a high ratio of N is bound in the organic matter (Norg) and only available in mid-term (Gutser et al., 2005). These facts might potentially open possibilities in extensive land use systems, where soil nutrient deficits are present and plant available nutrients are needed in the short-term after application.

The results presented here are the first of several consecutive experiments. The amount of jellyfish, which can be dried at lab scale is limited by the size of equipment available. In this study, after drying and desalination, the processed material was only sufficient for five replicated pots per treatment. As there are large differences among different jellyfish species, a higher number of replicates should be considered in any further experiments. However, the effects of the two pre-processing methods were significant relative to the control, thereby presenting evidence of the potential of jellyfish as a source of fertilizer and of its positive effect on plant growth.



Nitrous Oxide Emissions From Soil and Sustainability Goals

Several other studies have indicated elevated N2O fluxes after application of C- and N-rich organic matter in comparison with mineral fertilizers, when water-filled pore space exceeds 50% (Senbayram et al., 2009). This elevation is mainly attributed to a higher activity of soil denitrifiers using C-rich material as an electron source and N as an electron acceptor, when oxygen is limiting (Davidson et al., 1986). However, this is also heavily dependent on the plant-N demand, environmental circumstances and experimental design. The experimental comparisons in plant experiments on N2O emissions are often related to either the mineral phase of N (NH4 + NO3) in the organic matter or the total N amount (NH4 + NO3 + Norg). For the latter, other experiments have also found lower N2O emissions from organic fertilizers in comparison with mineral fertilizers (Hansen et al., 2014) as Norg is not available for soil N2O-producing bacteria in the short-term. However, increased N2O-fluxes from soil can be triggered additionally when the C:N ratio is narrow (Biernat et al., 2020). The C:N ratio of jellyfish was below 5, which is a lower value than reported for other marine debris (Emadodin et al., 2020a), explaining the relatively high measured N2O-emissions even if the total amount of N applied is considered. Consequently, the hypothesized reduction of N2O-emissions from jellyfish-based fertilizers due to other metabolites (Yu et al., 2005, 2015) was not confirmed for AA and CC, although we observed significantly lower emissions from PP. However, recent observations have found that integrated fertilizer strategies, which combine mineral and organic fertilizer sources, could increase the production efficiency with only a minimum amount of N2O released, and this applies in tropical and temperate climates (Nyamadzawo et al., 2017). Thus, approaches using jellyfish biomass with a narrow C:N ratio together with other sources of nutrients that have a higher C:N ratio (e.g., seagrass or seaweed) could be considered for coastal areas in the context of increasing overall fertilization and nutrient-use efficiency, while additional N2O emissions from applied organic matter can be kept to a minimum.

Nevertheless, when considering marine biomass as an alternative resource for supplying plant nutrients with low environmental impact in terms of GHG emissions, the effect of N2O emissions from soils has to be considered in a full life-cycle-assessment (LCA), as on-farm emissions in agricultural production are responsible for the majority of emissions associated with agricultural commodities (Poore and Nemecek, 2018). From the perspective of LCA, marine biomass as a source of fertilizers may be beneficial in comparison with mineral fertilizer due to its relatively low energy use during production of raw material (e.g., harvest) (Seghetta et al., 2017; Halfdanarson et al., 2019). However, this advantage only applies when GHG emissions that result from land application (e.g., N2O), in addition to the emissions from the process chain, do not exceed those of mineral fertilizers (Christensen et al., 2014). There are additional expected GHG emissions associated with using jellyfish as a fertilizer arising from its transport, drying and desalination. Therefore, the results from measured N2O-emission can be crucial in evaluating the suitability of this raw material as a fertilizer in view of the very high global warming potential of N2O, at 265 times that of carbon dioxide (IPCC, 2014). Finally, an effective evaluation of the full potential and benefits of valorizing jellyfish into fertilizers and thus its contribution to the circular bioeconomy, requires three additional aspects to be taken into consideration. First, any of the pre-treatment methods, such as desalination, should be cost-efficient. Second, two levels of sustainability must be guaranteed: (i) sustainable supply of biomass regardless of its seasonal and geographical variability and (ii) sustainable transporting and storage methods which will not impact the quality and efficiency of the final product. Third, this study has shown a trend for jellyfish inter-species variability in terms of their nutrient contents, subsequent grass biomass yields after fertilization and N2O emissions. Therefore, to advance to a higher technological readiness in terms of sustainability goals, further studies will be obligatory. Unfortunately, our study was not designed to cover all these specifications; however, to provide a more holistic view on the jellyfish drying treatments used during this study, as well as lyophilization as an alternative to oven-drying, we constructed a decision matrix (Table 5). We selected six overall categories to help determine the two best drying methods in comparison with using CAN as the source of N fertilizer. The overall cost was selected as an important criterion, as it affects the competitiveness of fertilizers in terms of market value. The ranking included the known prices for CAN, ethanol and the estimated need for infrastructure and materials for other drying methods (oven-drying, lyophilization, dialysis, salt + aluminum). Energy demand was selected as the second selection criterion, as techniques that are highly demanding in terms of energy are not competitive in the market as they inflate the final fertilizer price. As salinity might be a plant growth-inhibiting factor, the potential salinity of the fertilizers (CAN in comparison to other jellyfish drying methods) was theoretically ranked based on the expected desalination capacity. The nutrient content, N2O emission potential and plant growth effect were ranked according to the findings in this study and on the assumed soil plant interaction controlled by inhibited/increased N2O emission due to increased/inhibited plant-N-uptake. In summary, for this matrix we found the lowest score and thus the highest efficiency for CAN. However, oven- and alcohol-drying turned out to show only three- and twofold higher values compared to CAN and lower values compared to more energy intensive procedures such like lyophilization. The salt + aluminum drying adapted from the food industry acted in this context as a negative example as it is completely unsuitable for fertilizer preparation due to elevated salt contents as confirmed by the decision matrix. The matrix also makes clear that a higher readiness for commercial use can be generated by the reduction of energy use and costs. For instance, the market price for 1 t calcium-ammonium-nitrate (27%N) is 173–225 € (0.64–0.83 € per kg N). We estimated operation costs of 20 € for drying one 1 kg jellyfish biomass to dry weight. Taking an average N-content of 2.6–7.2%N into account (Emadodin et al., 2020a, b) the price for 1 kg N accounts 769–278 €. Thus, at high N contents, the costs are comparable yet still higher compared to mineral fertilizers. For alcohol-drying we assume that costs are about threefold compared to oven-drying, however, but offering other advantages with regards to reduced salinity and consequently higher yields and potentially lower N-losses compared to oven-drying. Therefore, technical methods for cost efficient processing need further exploration.


TABLE 5. Decision matrix, comparing various jellyfish drying techniques with CAN fertilizers.
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CONCLUSION

Jellyfish as a by-catch, or its occurrence as beach wrack on coastal areas after blooms, are often treated as a waste product or debris. With regards to our introduced hypothesizes we made the following conclusions: (i) The dry matter of jellyfish contains adequate levels of nitrogen, phosphorus, calcium and magnesium for plant growth, and when applied to soil as an organic fertilizer it can compete with mineral nitrogen fertilizers in terms of supporting their above- and belowground productivity, thereby valorizing this side-stream material into a valuable product for agriculture. (ii) However, high salt levels can lead to a yield depression and high yield variability, once critical thresholds are reached. Future use of jellyfish-derived fertilizer in agriculture will require consideration of cost-efficient methods for its drying and desalination before use, as well as better understanding of associated negative implications, while at the same time recognizing that only a small quantity of dry matter is available after drying. Thus, sustainable processing strategies need to be developed to make jellyfish attractive as a product for use in agriculture. However, as those techniques are currently not available, its large-scale use seems to be challenging. (iii) The jelly fish application to soil increases N2O emission, which is similar to values associated with using mineral fertilizers. The reasons for differences between the different jellyfish species in terms of N2O losses after application to soil need further investigation.
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Biomass is defined as organic matter from living organisms represented in all kingdoms. It is recognized to be an excellent source of proteins, polysaccharides and lipids and, as such, embodies a tailored feedstock for new products and processes to apply in green industries. The industrial processes focused on the valorization of terrestrial biomass are well established, but marine sources still represent an untapped resource. Oceans and seas occupy over 70% of the Earth’s surface and are used intensively in worldwide economies through the fishery industry, as logistical routes, for mining ores and exploitation of fossil fuels, among others. All these activities produce waste. The other source of unused biomass derives from the beach wrack or washed-ashore organic material, especially in highly eutrophicated marine ecosystems. The development of high-added-value products from these side streams has been given priority in recent years due to the detection of a broad range of biopolymers, multiple nutrients and functional compounds that could find applications for human consumption or use in livestock/pet food, pharmaceutical and other industries. This review comprises a broad thematic approach in marine waste valorization, addressing the main achievements in marine biotechnology for advancing the circular economy, ranging from bioremediation applications for pollution treatment to energy and valorization for biomedical applications. It also includes a broad overview of the valorization of side streams in three selected case study areas: Norway, Scotland, and the Baltic Sea.

Keywords: marine waste, marine industrial by-products, marine biopolymers, marine biomass, waste valorization, circular economy, blue biotechnology, beach wrack


INTRODUCTION

Marine biomass represents a biotechnological resource with great diversity in composition and functional properties due to various bioactive compounds, from polyphenols and peptides to polysaccharides. Considering the shortage of terrestrial resources, the constantly increasing and aging population, there is an urgent need to propose alternative sources of food and novel medicine. There is a growing consumer awareness regarding the relationship between diet and health, resulting in elevated demand for new fish products with enhanced nutritional and functional properties (Al Khawli et al., 2019). Moreover, according to the World Health Organization (2021), musculoskeletal conditions are the main contributors that cause disability, thus personalized solutions, methods and materials for tissue regeneration are widely studied. Although often overlooked, marine waste can represent a practical alternative resource to address multiple societal challenges (Chubarenko et al., 2021). This review discusses mainly the state-of-the-art of valorization potential of two sources of marine wastes, (i) marine industries biowaste (focusing on fishery and aquaculture industries), as well as (ii) beach wrack. Indeed, the exploitation of marine biomass and valorization of seafood by-products either directly or by the extraction of biopolymers seems to be a promising alternative, leading to more environmentally sustainable uses of marine resources and higher economic benefits, in line with the circular economy and blue bioeconomy concepts. The realization of such developments is hampered by the lack of appropriate regulatory frames to enable the use of waste and by-products and to ensure the safety, quality, and acceptability of the product.


Beach Wrack

Beach-cast sea wrack or simply beach wrack is an organic material consisting of seagrass or seaweed biomass (Macreadie et al., 2017), various marine invertebrates, as well as human-made litter, mostly plastics (Oliveira et al., 2020), which accumulates on beaches due to the action of waves, tides, and aperiodical water level fluctuations (Suursaar et al., 2014). Despite the natural origin of most of this material and its significant ecological role (Dugan et al., 2003; Orr et al., 2005; Defeo et al., 2009; Nordstrom et al., 2011), beach wrack often becomes a social amenity (Kirkman and Kendrick, 1997; Macreadie et al., 2017) and/or presents environmental issues, if accumulated in excessive amounts (McGwynne et al., 1988; Macreadie et al., 2017). Anthropogenic pressure, such as shoreline reconfiguration (Macreadie et al., 2017), eutrophication (Risén et al., 2017) and climate change (Macreadie et al., 2011), stimulate the accumulation of wrack onshore and multiply the negative impacts on the environment as mentioned above. Likewise, marine eutrophication and climate change do not only affect the accumulation of sea wrack and its degradation, but this may be exacerbated in return by the products of aerobic decomposition as well. It is estimated that the annual global carbon flux from seagrass wrack to the atmosphere is between 1.31 and 19.04 Tg C/yr (Liu et al., 2019). Coordinated collection and valorization of beach wrack could be an intervention to mitigate the eutrophication processes by lowering the nutrient concentrations from the sea as well as lowering the nitrogen to phosphorus ratio. The collection and processing of beach wrack is in line with the European Union (EU) waste law (Regulation, 2008/98/EC), where its recycling is a priority. Importantly, the collection and removal of near-shore beach wrack is associated with estimated costs between 6 and 120 € per ton of disposed wrack or 38 € per meter of beach and an additional 85 € per ton for material drying (Mossbauer et al., 2012; Barbot et al., 2016). Hence, new value chains and business models should be developed to change the perspective of beach wrack from a cost-intensive to a profitable activity. Traditionally, this biomass was either composted (also with fresh-terrestrial green waste, thus contributing to the blue-green innovations) and utilized as a biofertilizer or for biomethane production (Barbot et al., 2016; Weinberger et al., 2020; Borchert et al., 2021). However, there are still unexploited opportunities to maximize its valorization potential in other industries, thus maintaining the circularity of financial and biological resources.



By-Products From Fishery and Aquaculture

According to the Food and Agriculture Organization (FAO), in 2018, about 88% of 179 million tons of total fish production was utilized for direct human consumption, while the remaining 12% was used for non-food purposes (FAO, 2020). Until now, all by-products of fish processing, estimated at up to 75% of the raw material (Rustad et al., 2011), were discarded or used directly as feed, in silage or fertilizers. Such fishery waste includes fish or by-catch species, having low or no commercial value, undersized or damaged commercial species, species of commercial value caught in insufficient amount to warrant a sale, as well as unused fish tissues, including fins, heads, skin and viscera (WRAP, 2012; Caruso, 2016). Nowadays, there is an increasing trend of using these by-products as materials to produce fishmeal and fish oil (currently estimated at 25–35%) (FAO, 2020). Moreover, other aquatic organisms, such as shellfish, seaweeds and aquatic plants, are being increasingly used in experimental projects for the production of food, feed, pharmaceutical and cosmetic products, as well as to produce biomaterials, biofuels and to improve the efficiency of water treatment (Barbot et al., 2016; Nisticò, 2017; Poblete-Castro et al., 2020). Nevertheless, the world’s fisheries discards are still high, exceeding 10%, equivalent to 9.1 million tons of the total production of marine fishery catch (as per 2014 data) and around 5.2 million tons/yr in the European Union (Pérez Roda et al., 2019). In fisheries and aquaculture combined, it is estimated that 35% of the global harvest is either lost or wasted every year (FAO, 2020). Therefore, additional valorization approaches are needed to minimize the amounts of discards and maintain the circularity of resources.

Since January 2019, discards at sea have become an illegal practice in the waters of the EU, increasing the need for a complete valorization of all landed fishery waste, both for large-scale and small fisheries operators. This creates a sociological and environmental imperative for the reduction of these discards and utilization of fishery waste as a potential resource (Rustad et al., 2011; Caruso, 2016). Regulatory frameworks, capacity building, services, infrastructure, as well as physical access to markets are therefore needed to reduce fish loss and waste. The above-mentioned measures can also contribute to improving resource sustainability and food security (FAO, 2020). Furthermore, the need for responsible fisheries and aquaculture practices to help preserve aquatic biodiversity has driven the search for alternative valorization routes for fish waste streams, such as heads, guts, skins, scales, and bones.



General Processing Aspects

When processing beach wrack or fishery by-products, it is crucial to start their processing as early as possible to minimize physical, chemical, and microbial degradation. To preserve the raw materials for as long as possible, chilling, freezing or acidification using organic acids is performed (Rustad et al., 2011). In general, by-products from side streams or waste can be valorized as they are, using appropriate extraction, purification and downstream processing methods (Figure 1). Alternative methods, such as hydrolysis, ensilaging, fermentation and gelation (surimi production from the fish protein fraction) with food-grade enzymes and/or microorganisms have been optimized for extraction and production of concentrated marine oils, functional protein food ingredients and products, as well as pharmaceutical-grade biopolymers and textiles (Kim, 2013; Lopez-Caballero et al., 2014). These methods are easily used to a wide range of industrial applications in the food, nutraceutical or biomedical sectors. This valorization approach favors the circular economy concept, providing an immediate solution for the reuse or recycling of materials. Biobased production of biopolymers can then be coupled with either sourcing the producer organism and its growth in bioreactors or microbial production in heterologous systems to guarantee a sustainable supply of the biopolymers. For example, hyaluronic acid production was demonstrated in Bacillus subtilis, Lactococcus lactis, and Pichia pastoris (de Oliveira et al., 2016; Badri et al., 2019). However, there are still challenges to successfully produce biopolymers using microorganisms, namely the complex regulatory mechanisms and in vivo polymerization. Nevertheless, fine-tuning of the expression of endogenous or heterologous genes has now advanced using molecular techniques, applying inducible and/or controllable genetic switches, such as CRISPR-Cas tools.
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FIGURE 1. The options for utilization of side-stream marine by-products: simple production or combination of bio-based production and growth of producer species or production in heterologous systems, guaranteeing a sustainable sourcing (in case of bio-based production) or a sustainable supply (in case of the complex process of production) of marine biopolymers.


The remainder of this article is structured as follows. Section “Direct valorization of marine waste biomass” describes the alternatives for direct utilization of marine waste biomass. Section “Valorization of marine biopolymers” presents the potential applications of biopolymers from waste biomass, while the overarching European strategies are depicted in Section “Valorization of marine biomass as a European strategy.” Finally, Section “Case studies” describes selected case studies in Norway, Scotland and the Baltic Sea. These Northern European solutions could serve to provide future transfer of knowledge action plans toward Southern Europe and beyond.




DIRECT VALORIZATION OF MARINE WASTE BIOMASS


Biosorbents

The basic definition of biosorption is the removal of various contaminants using materials of biological origin (biomass). It is a process typically independent of energy, employing dead or waste biomass of low cost. Most biological waste materials can be efficiently and directly used as readily available biosorbents for removal of organic and inorganic pollutants and radionuclides from e.g., residual waters (de Freitas et al., 2019; Silva et al., 2019; Beni and Esmaeili, 2020; Fawzy and Gomaa, 2020; Magesh et al., 2020; Ubando et al., 2021; Table 1). Biosorption of pollutants on biosorbents usually includes several mechanisms based on the presence of appropriate functional groups (e.g., hydroxyl, carboxyl, amino, phosphate, sulfate, amide, imidazole, thiol, acetamide, etc.), which can interact with target pollutants. The adsorption efficiency can be increased through appropriate physical or chemical treatments (Bulgariu and Bulgariu, 2016; Safarik et al., 2018). The exhausted biosorbents have to be appropriately treated, including regeneration and reuse of biosorbents in multiple biosorption cycles. The totally exhausted biosorbents can then be used as fertilizers for soil remediation, or to form biochar through pyrolysis (Bãdescu et al., 2018). On the contrary, bioaccumulation employs living (micro-) organisms, and appropriate nutrients must be added continuously. Most pollutants are accumulated inside the cell, and thus the possibility of regeneration and repeated use is very limited (Beni and Esmaeili, 2020).


TABLE 1. Potential of marine biomass to act as biosorbents of organic and inorganic pollutants.
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Seagrasses, macroalgae, as well as microalgae, have been extensively studied as biosorbents for the removal of various aquatic pollutants (e.g., metal ions, dyes, etc.) (Table 1). The algal cell wall is composed of polysaccharides (e.g., alginate), which have multiple functional groups that act as binding sites for metals and other pollutants. Brown algae, in particular, are very efficient biosorbents for the removal of different metal ions from water due to their unique features, such as high alginate content, higher uptake capacities, and their unlimited availability in the oceans (Davis et al., 2003). The biosorption capacity of algae for specific metals depends on several factors, such as the number of binding sites in the algae, the sites’ accessibility, the availability of the site and affinity between the binding site and the metal (Davis et al., 2003). For example, Saldarriaga-Hernandez et al. (2020) reviewed the bioremediation potential of Sargassum sp. in a circular economy approach. Brown marine macroalgae as natural cation exchangers for the removal of toxic metals were also reviewed (Figueira et al., 2000; Davis et al., 2003; Bilal et al., 2018; Mazur et al., 2018). He and Chen (2014) published a comprehensive review of heavy metal biosorption by algal biomass and discussed materials, performances, chemistry and modeling simulation tools. Biomass from marine macroalgae and seagrasses can be obtained in large quantities at a low price, provided that their harvesting is sustainable and does not affect the ecosystem balance in coastal areas. Different species of marine algae have been used to remove various metal ions, colorants (dyes) and other pollutants from water (Sheng et al., 2007; Bhatnagar et al., 2012; Aytas et al., 2014; Navarro et al., 2014; Rathod et al., 2014; Vijayaraghavan et al., 2015; Jerold and Sivasubramanian, 2016; Ungureanu et al., 2016; Mokhtar et al., 2017; Vigneshpriya et al., 2017; Arumugam et al., 2018; Kishore Kumar et al., 2018; Silva et al., 2019; Bouzikri et al., 2020; Coração et al., 2020; Fabre et al., 2020; Safarik et al., 2020a,b; Shobier et al., 2020; Table 1). Also, waste macroalgae biomass obtained after selected industrial processes can be employed for the same purposes (Safarik et al., 2018; Santos et al., 2018). Several commercially available biosorbents, such as Alga SORBTM, Bio-recovery Systems Inc., and B.V. Sorbex use marine algae. Despite the ease of the algal biosorption process, the technology is not yet recognized, and it requires further research and development efforts at a larger scale using industrial effluents.

Some studies attempted to modify algae to enhance their biosorption (Volesky, 2003), but this has not been considered favorable since it may increase the cost, both for the treatment onside and of the polluted biosorbent afterward, without always improving the sorption capacity. Moreover, active sorption sites are sometimes destroyed due to chemical treatment, resulting in lower biosorption than the untreated algal biosorbent. Despite these discouraging drawbacks, research is still progressing to modify specific properties of biosorbents to increase the biosorption capacities or simplify their recovery. An interesting strategy employs magnetic modification to obtain smart biomaterials, exhibiting several types of responses to an external magnetic field. Such materials can be easily and selectively separated from desired environments using permanent magnets, electromagnets or appropriate magnetic separators (Kanjilal and Bhattacharjee, 2018; Safarik et al., 2018; Hassan et al., 2020). Thus, magnetically responsive marine-derived biosorbents can find significant applications, especially for removing various inorganic and organic pollutants from wastewater. Several procedures can be employed for magnetic modification of marine-based biomass. Usually, magnetic iron oxide nano- and microparticles (Laurent et al., 2008) are used as magnetic labels for marine biomass modification (Safarik et al., 2016b, 2018, 2020a,b). Magnetically modified Sargassum horneri biomass was employed to remove several organic dyes (Angelova et al., 2016), while Sargassum swartzii modified with nanoscale zero-valence iron particles was used for crystal violet biosorption (Jerold et al., 2017). The brown alga Cystoseira barbata coated with magnetite particles was used for the removal of methylene blue from aqueous solution (Ozudogru et al., 2016), while the tropical marine green calcareous alga Cymopolia barbata, magnetically modified with microwave-synthesized iron oxide nano- and microparticles, was used for the removal of safranin O (Mullerova et al., 2019). The marine seagrass Posidonia oceanica was magnetically modified using three procedures and subsequently used to remove seven water-soluble organic dyes (Safarik et al., 2016a; Table 1).

Biochar is an intensively studied carbon-based material produced by pyrolysis of biomass in the absence of oxygen. The study of Macreadie et al. (2017) provided clear evidence that the conversion of beach wrack to biochar could be a viable environmental solution for dealing with unwanted wrack, offsetting carbon emissions and providing a commercially valuable product for agriculture and wastewater and its sludge treatment. The use of macroalgae biomass for biochar (charcoal) production, with energy co-generation potential, provides a value-driven model to sequester carbon and recycle nutrients (Bird et al., 2011). In specific cases, macroalgal biomass can be used as biochar and magnetic biochar precursor, as shown in several cases using brown or green macroalgae (Jung et al., 2016; Son et al., 2018a, b; Foroutan et al., 2019; Jung et al., 2019; Yang et al., 2019). The prepared magnetic biochars were employed as efficient adsorbents of acetylsalicylic acid, water-soluble organic dyes and copper ions (Jung et al., 2019).



Biofuels

Almost 80% of the world’s energy supply is provided by fossil fuels (Balachandar et al., 2013). Energy demands are increasing worldwide due to industrialization, population growth and modernization, leading to the over exploitation of limited available natural fossil fuel reserves (Kumar and Thakur, 2018; Kumar et al., 2020). These fuels represent a significant threat to the environment due to their greenhouse gases (GHG) emissions, which are the main cause of global warming. This stimulates the research on bioenergy production from biomass (Kumar and Thakur, 2018; Karkal and Kudre, 2020). Biofuel and related technologies are considered renewable alternatives to fossil-based fuels due to their sustainable features to overcome the global energy demand (Klavins et al., 2018). As biomass production can be quite expensive to meet the energy needs alone, energy production from waste biomass with the biorefinery approach is alternatively used. Waste biorefineries are attracting significant interest worldwide as sustainable waste management solutions (Khoo et al., 2019). In this case, both required energy needs are met, and a solution to the waste management problem is found in the circular economy context (Tuck et al., 2012; Ahrens et al., 2017).

Production of the first-generation of biofuels is mainly based on the biomass of terrestrial plants, such as corn, soybean, sugar cane, palm oil, among others (Chen et al., 2017; Yu and Tsang, 2017; Shuba and Kifle, 2018). However, their utilization also creates ecosystem damage, water shortage and food vs. fuel debate. Considering the problems related to the first-generation of biofuels, the second- and the third- generations have become alternative options, which are respectively produced from waste materials (plant and agricultural waste, municipal sludge) and microorganisms, without disrupting the environment and natural resources (Kumar et al., 2016, 2018; Shuba and Kifle, 2018).

The incorporation of wastewater treatment with microalgae for biofuel production has both environmental and economic benefits. In this process, microalgae are used as biosorbents before biofuel production. Different conversion technologies are used for the production of biofuels (Figure 2), such as biochemical – anaerobic digestion (biogas) and fermentation (bioethanol), and chemical conversion – extraction and transesterification (biodiesel) (Chen et al., 2015; Sikarwar et al., 2017; Kumar et al., 2020). In addition, several non-fermentation options for the production of energy from macroalgae are available, including direct combustion (heat energy), gasification (syngas for heat and power generation, liquefaction and production of hydrogen) and pyrolysis (production of liquid bio-oil, syngas and charcoal) (Bruhn et al., 2011; Luo and Zhou, 2012; Rowbotham et al., 2012).
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FIGURE 2. Schematic overview of conversion of algal biomass into economically significant products – biofuels, indicating the major converters, conversion ways and processes (Sikarwar et al., 2017; Kumar et al., 2020).


Torrefaction, also known as destructive drying and slow pyrolysis, is a mild pyrolytic process that recently received wide attention from the scientific community, as both a method of pre-treatment and upgrade of low-quality fuels (Chew and Doshi, 2011; Chen et al., 2015), as well as for the production of biochar. This process may be organized at scales ranging from extensive industrial facilities down to the individual farms (Lehmann and Joseph, 2009) and even at the domestic level (Whitman and Lehmann, 2009), making it applicable to various socioeconomic situations.

Table 2 summarizes the most important algal biofuels, their production mechanisms and applications. Sustainability is the most important issue for biofuel production. Hence, currently, algae, especially microalgae are the most promising source for biofuels due to their availability and continuous supply. In addition, different biofuel production techniques can be applied depending on the type of algae and biofuel. Thus, the use of algae can still be regarded as a viable option for the next generation of biofuels.


TABLE 2. The main algal biofuels and their use.
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Fertilizers and Soil Improvers

Beach wrack can be utilized as a biofertilizer for the cultivation and growth of plants. Nowadays, biofertilizers are preferred over chemical fertilizers due to their environmentally friendly and cost-effective nature. Biofertilizers contain microorganisms that can fix nitrogen, solubilize phosphate and promote plant growth. The shells of many bivalves, e.g., blue mussels and oysters, are rich in CaCO3, a mineral currently mined from limestone, representing a widely exploited resource for many industrial applications in agriculture, as a biofilter medium for wastewater treatment, or even cement production (Oso et al., 2011; Yao et al., 2014; Morris et al., 2019; Scialla et al., 2020). In Galicia (Spain), the second global largest aquaculture producer of blue mussels (Mytilus galloprovincialis), their shells are commonly used in agriculture for liming the acidified soil (Morris et al., 2019) or for the absorption of heavy metals (e.g., arsenic) to reduce soil pollution (Osorio-López et al., 2014). Marine organic waste, such as seagrasses washed ashore, can also be considered as an alternative and sustainable fertilizer source because of its content of essential macro- and microelements (Bãdescu et al., 2017; Emadodin et al., 2020). Algae contain regulatory macro- and micronutrients, plant hormones such as cytokines, auxins, gibberellins and betaines that can increase plant growth, as well as vitamins, amino acids and metabolites with antibacterial and antifungal activity, which improve productivity. However, the low concentration of phosphorus, the presence of litter or toxic materials in the biomass, especially if the sampling area is subjected to high levels of anthropogenic pressure, can be of concern for using beach wrack as fertilizer (Villares et al., 2016). The salinity of seaweed leachates can be another obstacle; thus, applying it at appropriate rates and leaching of salts before the application can be crucial to obtain an optimal beneficial effect on plant root development. Although already applied in practice, the use of marine algae as biofertilizers is an ongoing field of research. One of the remaining research questions is to understand what role fertilizers from seaweed play in marginal coastal conditions by stimulating the growth of terrestrial plants or for the provision of specific nutrient elements. As an example, beer barley, grown in Scotland, is traditionally fertilized with seaweed and is known for the ability to cope with marginal, high pH soils without inorganic fertilizer addition (Brown et al., 2020).

Biochar has demonstrated applications as a soil enhancer, capable of improving water holding capacity, nutrient status and microbial ecology of many soils (Lehmann et al., 2006; Lehmann and Joseph, 2009; Thies and Rillig, 2012). Bird et al. (2011) showed that macroalgal biochar has properties that provide direct nutrient benefits to soils and stimulate crop productivity and are especially useful for application on acidic soils. In contrast to bioenergy, in which all CO2 that is fixed in the biomass by photosynthesis is returned to the atmosphere quickly as fossil carbon emissions are offset, biochar has the potential for more significant impact on climate through its enhancement of the productivity of infertile soils and its effects on soil GHG fluxes (Woolf et al., 2010).



Feed

For decades, fishery waste has largely been used in fishmeal production (due to its high protein and lipid contents), but this application is no longer considered the only option. Vázquez et al. (2019a, b) described alternative processes to valorize fish discards and produce fish mince, gelatins, oils and fish protein hydrolysates to be used as aquaculture feed ingredients. Wastes generated from the industrial processing of various fish species can also be turned into peptones (water-soluble products of partial hydrolysis of proteins to be used as a liquid medium for growing bacteria) (Vázquez et al., 2020). Mussel meat is rich in protein, lipids, carbohydrates, minerals and carotenoid pigments (Grienke et al., 2014) with potential application as food/feed supplements, preservation agents and enzymes. Seaweeds were traditionally used for animal feeding, either as aquaculture or cattle feed (Araújo et al., 2021). The interest in their use as feed was increased after the 1960s when Norway started producing seaweed meal from kelp (Makkar et al., 2016). Nowadays, they are still used as additional feed for free-range ruminants grazing on beach cast seaweeds in the coastal areas (Bay-Larsen et al., 2016). Brown seaweeds are more often used as feed because of their large size and ease of harvesting (Makkar et al., 2016). Seaweeds can supply the rumen with high amounts of rumen-degradable protein or can be used as a source of digestible bypass protein (Tayyab et al., 2016; Molina-Alcaide et al., 2017). In remote regions, like the Arctic, seaweeds are considered as local protein sources for sustainable sheep farming to replace imported soya (Bay-Larsen et al., 2018). However, the latest research highlights the challenges when applying seaweed proteins in animal feed (Novoa-Garrido et al., 2017; Özkan Gülzari et al., 2019; Emblemsvåg et al., 2020; Koesling et al., 2021; Krogdahl et al., 2021). Some seaweed species, for example, Asparagopsis taxiformis, have antimethanogenic activity on fermentation and can inhibit methanogenesis in the rumen at very low inclusion levels (Machado et al., 2016). Hence, the most appropriate method for processing such seaweeds and feeding to livestock in systems with variable feed quality and content has not been determined yet (Kinley et al., 2016).

Seaweeds tend to accumulate heavy metals (e.g., arsenic) or iodine. Consequently, using polluted beach wrack for feeding could negatively affect animal health. The decomposition and pollution, together with variable and undefined composition, may make beach wrack unsuitable for feed, and considerable sorting and cleaning may be required. Moreover, to have a continuous supply for feeding purposes, industrial cultivation of algae might be considered.



Additional Direct Valorization of Side Streams

Shells can be further exploited as a useful source for the production of biocomposites (Gigante et al., 2020), bio-based insulation material in environmentally responsive building solutions (Martínez-García et al., 2020) or even as a substitute for concrete components to reduce the dependency on conventional natural materials and to decrease the emission of GHG (El Biriane and Barbachi, 2020). Furthermore, seashells can be used as a calcium source to produce bioactive materials in tissue engineering, such as hydroxyapatite, which is the main inorganic phase of the bone (Hart, 2020; Hembrick-Holloman et al., 2020). Finally, direct human patch applications (fish skin grafts) of high ω-3 rich fish skins, like cod or tilapia, are also used for tissue regeneration in chronic or trauma wounds (Lima-Junior et al., 2019).




VALORIZATION OF MARINE BIOPOLYMERS

The valorization of side stream biopolymers into useful compounds can have positive environmental, economic, social and technical added values, contributing to the circular economy development. Marine polysaccharides that are present in various marine organisms have the broadest valorization potential. The molecular structure of marine polysaccharides is characterized by long molecular chains of repeating monosaccharide units linked together by glycosidic bonds (Nitta and Numata, 2013). Serving mostly as energy storage and with structural functions, they are derived from various marine resources, including crustaceans and marine algae (Raveendran et al., 2013). Marine polysaccharides are characterized by outstanding chemical and structural diversity, and due to their biocompatibility and biodegradability, they have been used as a material of choice in numerous biomedical applications (Table 3). Exhibiting a wide range of bioactivities (such as anticoagulant, antioxidant, antimicrobial, anticancer, immunomodulatory, or antiviral), they are ideal candidates as low-cost, renewable, non-toxic and abundant biomaterials for the development of novel biosystems, such as 3D scaffolds, nanofibers, membranes, hydrogels, and bioinks for tissue engineering, drug delivery and wound dressing applications (Manivasagan et al., 2017).


TABLE 3. The main marine biopolymers and their use.
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The major source of marine polysaccharides are algae, with carrageenans mainly present in red algae, alginates and fucoidans in brown algae and ulvans in green algae, ranging from 4 to 76% dry weight (Kraan, 2012). ι-Carrageenan, a sulfated polysaccharide from red seaweed, has been approved by FDA, as Carragelose®, for the treatment of viral and respiratory diseases (Lu et al., 2021). Moreover, many crustacean shells (e.g., those of shrimps) are composed of chitin, a nitrogen-containing linear polysaccharide with wide industrial use, for example, in drug delivery, cosmetics and food. Chitin is regarded as the second most abundant polysaccharide in nature, after cellulose, used for the commercial production of chitosan, a water-soluble derivative obtained by demineralization, deproteinization, and decolourization of chitin (Jiménez-Gómez and Cecilia, 2020).


Novel Materials for Biomedical Applications

The extraordinary biocompatibility, non-antigenicity, chelating ability and bioavailability of marine biopolymers make them suitable materials for biomedical applications. Due to the broad spectrum of reported bioactivities exhibited by marine polysaccharides, they are ideal candidates for novel biomedical systems and have been utilized in various formulations for drug delivery, wound healing and tissue engineering applications. The interest of the biomedical sector in marine polysaccharides is steadily increasing not only because of their natural origin and their unique biological and physicochemical properties, but also due to their stability, safety and high availability at a relatively low cost (Venkatesan et al., 2017; Choi and Ben-Nissan, 2019; Rahmati et al., 2019; Bilal and Iqbal, 2020).

In the pharmaceutical sector, marine polysaccharides have been used as binders, stabilizers, thickeners, matrix materials, emulsifiers, and suspending agents (Figure 3). Over the years, they have been utilized in various formulations, such as gels and hydrogels, micro/nanoparticles (MPs/NPs), films and membranes, nanofibers, as well as 3D porous structures, serving as drug release modifiers, bioadhesives, coatings, wound dressing materials and tissue engineering scaffolds for various biomedical applications (Ruocco et al., 2016; Vanparijs et al., 2017; Joshi et al., 2019).
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FIGURE 3. Examples of marine polysaccharides and their applicability for biomedical purposes (Ruocco et al., 2016; Joshi et al., 2019).


Mussel byssus contains high levels of collagen, another widely used raw material (Rodríguez et al., 2017). Collagen extracted from fishery resources is seen as a very promising direction of biotechnological valorization as it is available to a great extent, lacks toxicity and the sociocultural barriers are absent. Mussels easily attach to wet substrates or rocks in wave-battered seashores thanks to adhesive proteins and amino acids (e.g., 3,4-dihydroxyphenylalanine, DOPA). This fact has fueled research on mussel-inspired multifunctional coatings and bioadhesives for use on various surfaces (Lee et al., 2007; Shin et al., 2020). Shell extract of scallop (Pecten maximus) has been shown to stimulate the biosynthesis of extracellular matrix and both type I and type II collagen biosynthesis in primary cells, pointing out their potential in dermatology and cosmetic sectors (Latire et al., 2014).


Gels and Hydrogels

In the biomedical field, gels and hydrogels are recognized as promising biomaterials for drug delivery, tissue engineering, biosensors, self-healing and hemostasis systems due to their highly porous structure, tunable biodegradability and biocompatibility (Venkatesan et al., 2015; Chai et al., 2017). Hydrogels are gels that consist of hydrophilic polymer chains arranged in a 3D cross-linked network. This polymeric network can be controlled and easily manipulated for inclusion and, subsequently, the modified diffusion of various active ingredients (Domalik-Pyzik et al., 2019). Hydrogel scaffolds possess the ability to swell without dissolving in biological fluids; however, due to the fragility of their gel matrix, the need for novel and more stable hydrogel systems is still high (Hoare and Kohane, 2008).

In this respect, carrageenans possess enormous water retaining capacity and gelling properties and have been widely exploited to develop bio-hydrogels (Oun and Rhim, 2017). Alginate hydrogels have been widely used for wound dressing applications and other biomedical applications (Galli et al., 2018; Liao et al., 2018). When cross-linked with natural or synthetic components, they form soft or stiff gels with different physicochemical properties depending on the alginate mannuronic acid:guluronic acid ratio, the material composition and the degree of cross-linking (Gharazi et al., 2018). Chitosan-based hydrogels have been modified with catechol, hydrocaffeic acid, and poly(ethylene glycol) to enhance the bioadhesive, mechanical and antibacterial properties. The developed hydrogel patches and injectable gels can be used as soft tissue engineering materials (Du et al., 2020; Kim et al., 2020; Zheng et al., 2020).



Polymeric Micro- and Nanoparticles

In recent years, various delivery systems have attracted significant attention in the drug delivery sector. Owing to the benefits provided by their small sizes, the application of natural origin MPs/NPs has emerged as a very promising approach for targeted drug delivery. Polymeric MPs/NPs can be fabricated through different methods, such as polyelectrolyte complexation, emulsification and ionic gelation, exhibiting many advantages, such as improved drug solubility, distribution and bioavailability (Chifiriuc and Grumezescu, 2016). Due to their adjustable size and surface characteristics, they can be used as novel carriers for the controlled delivery of active pharmaceutical ingredients with improved pharmacokinetics and pharmacodynamics (Nikam et al., 2014; Manivasagan and Oh, 2016). Several studies have shown the collagen applications as a carrier in different drug delivery systems (Gu et al., 2019), having remarkable abilities and being the focus of extensive research efforts. In particular, collagens from a variety of marine sources have been used to produce micro (diameters between 0.1 and 100 μm) and nano (1–100 nm) bio-based drug delivery systems and are attractive and promising for applications in biomedical and pharmaceutical industries. Marine polysaccharides have been explored to design polymeric MPs/NPs, mainly because of their ionic nature. Oppositely charged polysaccharides can interact with ions, resulting in complex polyelectrolyte structures that can encapsulate various active compounds. The release of the embedded compounds from the complex can be controlled and achieved through various mechanisms, such as charge interactions, ion exchange mechanisms, polymer degradation or dissolution of the polyelectrolyte matrix (Venkatesan et al., 2016).

Numerous studies on the preparation of marine polymer-based nanoparticles have been reported over the years for targeted drug delivery (Bilal and Iqbal, 2020). In a recent report, hybrid alginate/chitosan nanoparticles were investigated for the in vitro release of lovastatin as promising new drug carriers (Thai et al., 2020). Ulvan/lysozyme nanoparticles have exhibited enhanced antibacterial activity against Staphylococcus aureus, while at the same time highlighting the potential of ulvan for the preparation of peptide/protein delivery systems (Tziveleka et al., 2018). The use of carrageenan in MPs/NPs-based drug delivery systems for various biomedical applications has also been actively explored. Insulin-loaded lectin-functionalized carboxymethylated κ-carrageenan microparticles were produced by ionic gelation technique, and their potential use as an improved carrier for the oral delivery of insulin was evaluated (Leong et al., 2011). Oral administration of the lectin-functionalized insulin-carrageenan microparticles (diameter 1273 ± 201 μm) in diabetic rats resulted in a sustained release of the insulin in the intestinal region and a prolonged duration of the hypoglycaemic effect, confirming their therapeutic efficacy. κ-Carrageenan extracted from the red algae Eucheuma cottonii was utilized to encapsulate the poorly soluble coenzyme Q10 (CoQ10) using the spray drying technique. The CoQ10-κ-carrageenan microparticles were shown to represent an efficient model to increase the water solubility of coenzyme Q10, creating a new water-based product for the food industry to be used either as a main ingredient or as an enriched additive (Chan et al., 2016). Microparticles synthesized using carrageenan with a different number of sulfate groups κ, ι, and λ, were prepared by microemulsion polymerization/crosslinking and were shown to include a wide range of particle sizes (0.5–100 μm). The particles and their modified forms were found to have broad biomedical applicability due to their drug delivery capability, antimicrobial activity, anticancer, high blood clotting effect, good biocompatibility, and cell viability (Sahiner et al., 2017).

Despite being one of the most widespread natural polysaccharides, chitin was for a long time considered as an intractable polymer due to its lack of solubility in common solvents, which limits its processing and practical use (Rinaudo, 2006). Recent studies have mainly focused on chitin NPs (Mincea et al., 2012; Zeng et al., 2012) and their applications in different fields. In nature, chitin occurs as micro/nanofibrils that form a composite together with proteins, pigments and calcium carbonate and has a structural role in the exoskeleton of crustaceans and insects (Chen et al., 2008). The unique properties of chitin NPs, such as their renewable and biodegradable characteristics, small size, low density, chemical stability, biological activity, biocompatibility and no cytotoxicity, make them excellent candidates for use in an extensive range of medical applications, nanocomposite fields, water treatment, cosmetics, electronics devices, etc. (Zeng et al., 2012). Several applications of chitin NPs have been developed during the last years in different fields; however, the application in the fields of materials science and health are the most predominant. The addition of nanochitin as a filler in the production of biocomposites enhances the physicochemical properties of the material in addition to its antifungal properties (Salaberria et al., 2014, 2015a, b; Herrera et al., 2017). Its biological activity and non-cytotoxicity have promoted the use of nanochitin for health care and medical applications, such as scaffold and tissue regeneration (Zubillaga et al., 2018; Danti et al., 2019; Smirnova et al., 2019; Zubillaga et al., 2020), drug and cosmetics (Mellou et al., 2019; Coltelli et al., 2020).

Chitosan, obtained from chitin available in the exoskeleton of crustaceans, is a cationic polymer described as an excellent material to design drug delivery systems due to its biocompatibility, biodegradability and non-toxicity. Chitosan NPs have a wide array of applications with excellent oral bioavailability for different biomolecules, such as hydrophobic drugs, nucleic acids, proteins and polysaccharides, retaining their bioactivity, improving stability and enhancing the therapeutic effect (Lang et al., 2020). Moreover, chitosan has mucoadhesive properties and a broad spectrum of bioactivities, namely antioxidant, anti-inflammatory and antimicrobial (Chan et al., 2016; Hafsa et al., 2016), which increase its potential interest for oral drug delivery applications. Chitosan NPs can be produced using different methods, although the most widely described ones are ionotropic gelation and polyelectrolyte complexation. These methods are simple, do not include organic solvents and provide an excellent opportunity to deliver large amounts of nanomaterial into desired products (Divya and Jisha, 2018). Other marine-derived polysaccharides, such as fucoidan, alginate, ulvan, carrageenan, and laminarin, commonly isolated from seaweeds, also have specific and interesting individual properties explored for potential application in drug delivery systems (Venkatesan et al., 2016). These natural anionic polymers can be used to produce NPs of different size, charge and shape for drug delivery applications using methods as emulsion, ionic gelation and polyelectrolyte complexing (Cardoso et al., 2016; Venkatesan et al., 2016). NPs made of marine polysaccharides have been exploited for oral delivery of active pharmaceutical drugs due to their increased stability and resistance to degradation under acidic gastrointestinal conditions leading to improved intestinal drug absorption. Insulin-loaded chitosan-alginate-pentasodium tripolyphosphate (TPP) NPs were produced by ionic gelation. The delivery by nasal administration in rabbits of this hybrid formulation showed enhanced systemic absorption demonstrating its potential in increasing nasal insulin absorption (Goycoolea et al., 2009). Fucoidan-chitosan NPs have been widely described as promising for application as carriers in oral drug delivery systems (Barbosa et al., 2019b). NPs resulting from the encapsulation of curcumin by O-carboxymethyl chitosan-fucoidan were shown to have lower toxicity in mouse fibroblasts when compared with the free form and to be efficiently internalized by Caco-2 cells, demonstrating its potential application for oral drug delivery (Huang et al., 2016). Chitosan-fucoidan NPs containing berberine were developed and shown by in vitro testing in Caco-2 cells/RAW264.7 cells co-culture to restore the barrier function in inflammatory and injured intestinal epithelial (Wu et al., 2014). Also, quercetin loaded fucoidan-chitosan NPs developed for application as a functional food were shown to be stable with controlled drug release under simulated gastrointestinal environment, while maintaining intense antioxidant activity (Barbosa et al., 2019a). Based on the known anticoagulation activity of fucoidan, NPs of chitosan-fucoidan were prepared to encapsulate red ginseng extract and improve its antithrombotic activity and physicochemical properties. Nanoencapsulation improved the ginsenoside solubility and decreased the effect of platelet aggregation in vitro. In vitro studies in the rat model also demonstrated that the NPs caused a significant reduction in thrombus formation when compared with the free red ginseng extract (Kim et al., 2016).

Production of chitosan-fucoidan NPs for pulmonary delivery of the antibiotic chitogentamicin has been described, and results indicate the improvement of antimicrobial efficacy and elimination of systemic toxicity when compared with the intravenous antibiotic administration, with great potential for pneumonia treatment (Huang et al., 2016). Marine-derived drug delivery systems based on chitosan-fucoidan NPs have been recently developed for drug delivery in cancer treatment. Gemcitabine-loaded NPs showed increased toxicity for human breast cancer cells without increasing toxic effects on endothelial cells when compared with free gemcitabine (Oliveira et al., 2018). Piperlongumine is a new class of pro-oxidant drugs with the potential for cancer-specific therapy. Encapsulation of this hydrophobic drug into chitosan-fucoidan NPs increased its solubility and bioavailability, enhancing its anticancer efficacy (Choi et al., 2019).

Studies on the production and application of marine collagen as drug delivery systems for biomedical or as supplements for the food industry are also available in the literature. A MPs protein delivery system was developed using an emulsification-gelation-solvent extraction method and a polymeric matrix of marine collagen extracted from the jellyfish Catostylus tagi. This collagen MPs system (median particle size 9.5 μm) showed promising and versatile results for the controlled release of therapeutic proteins with retained biological activity (Calejo et al., 2012). Collagen from a marine sponge (Porifera, Dictyoceratida) was used to produce a bio-based dressing for topical drug delivery able to absorb the excess wound exudate and at the same time release the drug regulating the healing process (Langasco et al., 2017). Also, collagen extracted from the marine sponge Chondrosia reniformis was used to develop collagen microspheres for dermal delivery of all-trans-retinol (Swatschek et al., 2002). Although the retinol loaded MPs showed a broad size distribution (ranging from 126 ± 2.9 nm to 2179 ± 42 nm), the dermal penetration of retinol-hydrogel-collagen MPs formulations was two-fold higher than when compared to retinol formulations without the MPs. NPs, produced with C. reniformis collagen (size 123 ± 5.5 nm), loaded with 17ß-estradiol-hemihydrate, for application in hormone replacement therapy, were shown to be a promising transdermal drug carrier system of estradiol with enhanced bioavailability, prolonged drug release and increased estradiol absorption compared to a commercial gel (Nicklas et al., 2009).

Marine collagen peptides obtained from Synodontidae fish scales were used to develop alginate NPs, loaded with collagen peptide chelated calcium (diameters approximately 400 nm). This in vivo study demonstrated that the core-shell NPs were able to improve calcium absorption and prevent calcium deficiency in rats treated with this novel biphasic material that could represent an improved calcium supplement for the food industry (Guo et al., 2015).



Polymeric Nanofibers

During the past years, polymeric nanofibers have gained considerable interest due to their unique properties, such as high surface-to-volume area, high and controlled porosity and mechanical flexibility (Kenry and Lim, 2017; Al-Enizi et al., 2018; Cheng et al., 2018). Marine biopolymers, due to their biocompatibility and biodegradability, are considered ideal candidates for the development of multifunctional non-wovens. Exhibiting high encapsulation efficacy and architectural analogy to the natural extracellular matrix, they can be easily produced through the electrospinning technique, which is the most widely used method for the production of polymeric nanofibers with tailor-made properties (Teo and Ramakrishna, 2006; Greiner and Wendorff, 2007; Bhardwaj and Kundu, 2010). Various natural and synthetic polymers can be utilized in nanofibrous matrices, incorporating numerous active agents for different biomedical applications.

In most cases, marine polysaccharides, often lacking chain entanglement, have been utilized in combination with other synthetic or natural biopolymers into hybrid polymeric nanofibrous systems that offer the advantageous properties of the combined ingredients (Zhao et al., 2016). Numerous synthetic polymers, such as polycaprolactone, polyethylene oxide, polyvinyl alcohol (Zia et al., 2017), polylactic acid and cellulose acetate, have been used in the development of such hybrid marine polymer-based electrospun patches. Various nanofibrous scaffolds of alginate, fucoidans, ulvan, chitosan and chitin and other biopolymers (e.g., gelatin, cellulose, hyaluronic acid, collagen and their derivatives) have been developed, exhibiting great potential in tissue regeneration, wound healing and controlled drug delivery (Kikionis et al., 2015; Mendes et al., 2017; Augustine et al., 2020). As a recent example, metformin-loaded polycaprolactone/chitosan nanofibrous patches were reported as potential guided bone regeneration membranes (Zhu et al., 2020), while in another work, electrospun alginate nanofibrous dressings loaded with the aqueous extract of Pinus halepensis bark displayed significant in vivo anti-inflammatory activity in mice (Kotroni et al., 2019).



Membranes and Films

While various membranes and films have been developed from marine biopolymers as wound healing or tissue engineering systems, it is alginate that has been most widely used in wound dressings, either alone or combined with other biomaterials. Due to its gelling and fluid-absorption ability, alginate can promote the skin recovery process, maintaining a physiological moist wound environment. It can be easily cross-linked via electrostatic, ionic interactions, covalent-like bonding, redox reactions and coordination with various metals and oppositely charged polysaccharides. The cation interaction of its guluronate blocks with calcium electrolyte into an egg-box-like structure (Goh et al., 2012) has been employed for various wound healing applications. Furthermore, its combination with other positively charged biopolymers, like chitosan in polyelectrolyte forms, has been shown to increase the mechanical stability of the wound dressing materials. In a similar approach, aiming to develop scaffolds for cell cultivation, anionic ulvan and cationic chitosan have been combined to form novel supramolecular structures of stabilized membranes through electrostatic interactions, showing excellent attachment and proliferation of 7F2 osteoblasts (Toskas et al., 2012). As mentioned before, chitosan has been used in many wound dressing and tissue engineering applications, dressing films and membranes (Khan et al., 2020).



3D Structures

In recent years, 3D bioprinting has risen as a versatile tool in regenerative medicine. Therefore, the demand for suitable bioink materials with good printability, biocompatibility and mechanical integrity is apparent. Marine biopolymers, due to their chemical structures and biological functionalities, satisfy most requirements of 3D bioprinting. 3D bioprinting regenerative medicine techniques for human tissue and organ engineering and biofabrication currently apply to 4% chitosan, 10% gelatin, and 26% collagen from a marine origin in bioink formulations for cellular laying/encapsulation (Zhang et al., 2019). Marine polysaccharide hydrogels are naturally derived bioinks, demonstrating low immune response, sufficient biological cues and excellent biocompatibility for tissue engineering applications. Among various marine-origin macromolecules, alginate, carrageenan and chitosan have been widely used as hydrogels in 3D bioprinting for regenerative medicine, such as tissue repair and regeneration during recent years (Zhang et al., 2019). For example, the excellent biocompatibility and the thermogelation properties of κ-carrageenan and alginate have been used to fabricate the cell-laden scaffolds on alginate/carrageenan hydrogels in 3D bioprinting (Kim et al., 2019). In another approach, cells encapsulated within chitosan-based hydrogels demonstrated the printability and applicability of chitosan as a bioink for 3D bioprinting in bone tissue engineering (Demirtaş et al., 2017).

The freeze-drying technique has also been applied for the fabrication of 3D porous scaffolds. Freeze-dried scaffolds can be produced by removing the frozen solvent of a polymeric solution under vacuum, leaving empty spaces (pores) in the formed polymeric scaffold. The architectural characteristics of the produced scaffolds may be tuned by changing the freezing conditions, the polymer solution concentration and the polymer and solvent type (Reys et al., 2017). In this respect, chitosan freeze-dried sponge-like structures were obtained, exhibiting blood absorbing capacity suitable for haemostasis (Kavitha Sankar et al., 2017). Recently, the preparation of ulvan/gelatin hybrid sponge-like scaffolds was reported, exhibiting efficient mesenchymal stem cell adhesion and proliferation for bone tissue engineering applications (Tziveleka et al., 2020).




Novel Materials for Bio-Based Food Packaging

More than 380 million metric tons of plastics are produced worldwide (Ritchie and Roser, 2018). In Europe, 40% of produced plastic is used in packaging. Despite the tremendous benefits of using plastics for packaging, their single-use feature results in an enormous stream of waste with a significantly negative impact on the environment. Synthetic plastics are petroleum-based, hence consuming large amounts of fossil fuels for their production. Moreover, they are not biodegradable and, thus, after disposal, they can accumulate in natural ecosystems for up to several thousands of years. Consequently, more than 5 trillion plastic particles weighing over 250,000 tons are estimated to be floating in Earth’s oceans (Eriksen et al., 2014), posing a major threat to the trophic chain. Only 14% of plastic packaging is currently recycled (Ellen MacArthur Foundation, 2016), and there is a clear consensus that the industry needs to shift to biodegradable plastics from renewable resources (i.e., biopolymers) for a long-term solution to the current situation (Oliveira et al., 2020). Biopolyesters, such as polylactic acid (PLA), polyhydroxyalkanoates (PHAs) and thermoplastic starch, can be used for food packaging due to their relatively good processability using industrial techniques such as extrusion or thermoforming. However, their properties are still far from synthetic polymers (especially in terms of thermal resistance, barrier and mechanical performance), and their production costs are too high to compete on the market. Moreover, the raw materials typically used to produce biopolymers originate from land crops, whose primary use is the food sector. In this context, the packaging industry is looking for alternative biopolymers with enhanced properties that can be extracted from cheaper, sustainable resources. Given its abundance and interesting composition, marine biomass has received great intererest is being focused on marine biomass as one of the most promising alternative sources for the extraction of biopolymers for food packaging applications.

The structural polysaccharides found in the cell walls from seaweeds, such as cellulose and phycocolloids (Table 3), have excellent properties, which make them promising candidates for the development of bio-based and sustainable food packaging. Cellulose from land biomass has been widely used to produce food packaging materials and applied as a filler to improve the properties of other biopolymers (Ramamoorthy et al., 2015; Trache et al., 2016). In parallel, several recent studies have reported on the outstanding properties of cellulose extracted from marine biomass (Bettaieb et al., 2015; Khalil et al., 2017; Benito-González et al., 2018; Martínez-Sanz et al., 2020a). One particularly interesting approach, given the circular economy policies that are being promoted by the governing bodies, is the valorization of marine waste biomass. For instance, the residues generated after the accumulation of leaves from the seagrass Posidonia oceanica, found in the Mediterranean shores and the industrial waste produced after extraction of agar from red seaweeds have been used to extract cellulosic fractions with different degrees of purity (Benito-González et al., 2018; Benito-González et al., 2019a; Martínez-Sanz et al., 2020a). These cellulosic fractions can be used to produce films, employing a green method based on the production of aqueous suspensions. Even though the properties of the films may vary depending on the biomass source, commonly, the presence of other non-cellulosic components in the less purified fractions may improve the performance of the films (Benito-González et al., 2019a; Martínez-Sanz et al., 2020a). This is particularly interesting since high-performance cellulose-based packaging films could be produced utilizing simplified and more sustainable methods, thus reducing the production costs and the environmental impact. These cellulosic fractions can also be used as fillers to improve the properties of other biopolymers. One recent work has reported the capacity of cellulosic fractions from P. oceanica to produce biopolymeric films with improved mechanical and barrier performance, as well as with better stability upon storage when incorporated into thermoplastic starch by melt mixing (Benito-González et al., 2019b).

Cellulose from marine biomass can also be used in a particular type of structure known as aerogels. Aerogels are lightweight and highly porous structures, which present excellent sorption capacity and can be used in food packaging as absorbent pads (for fresh products such as meat and fish) and as components for the incorporation and sustained release of bioactive compounds in smart packaging, amongst others. Their high specific surface makes them also ideal materials for catalysis and other advanced applications. Many studies have reported the production of cellulose-based aerogels (Nguyen et al., 2014; Feng et al., 2015; Buchtová et al., 2019); however, the preparation methods are often quite complex, involving several steps (disruption of cellulose crystalline structure, gelation, cellulose regeneration, solvent exchange and a final drying step through supercritical CO2 or freeze-drying). Moreover, due to the highly hydrophilic characteristic of cellulose, hydrophobization treatments are usually required to improve the water-resistance of the aerogels. A simple freeze-drying method has been recently reported to yield high-performance aerogels from cellulosic fractions derived from aquatic biomass, and a very simple strategy has been developed for hydrophobization of cellulosic aerogels, making them stable in aqueous solutions (Fontes-Candia et al., 2019; Benito-González et al., 2020; Martínez-Sanz et al., 2020a,b). These materials display a highly porous structure, especially when using less purified cellulosic fractions, conferring a great sorption capacity when soaked in hydrophilic and/or hydrophobic liquids. This has been exploited to develop bioactive aerogels, incorporating an antioxidant extract that could be released upon contact with meat, thus reducing the oxidation processes taking place upon storage (Fontes-Candia et al., 2019).

Although cellulose is, without a doubt, the most widely exploited marine biomass biopolymer for the development of food packaging, other structural polysaccharides such as phycocolloids are currently being studied. In particular, agar (Sousa and Gonçalves, 2015; Malagurski et al., 2017; Martínez-Sanz et al., 2019), carrageenans (Choi et al., 2005; Vu and Won, 2014; Farhan and Hani, 2017) and alginate (Abdollahi et al., 2013a, b; Sirviö et al., 2014; Senturk Parreidt et al., 2018) have excellent potential for the production of food packaging films with interesting properties. The main disadvantages of phycocolloid films are their excessive rigidity (which is counteracted with the addition of plasticizing agents) and their low resistance to high relative humidity conditions (which can be improved by incorporating more hydrophobic fillers). Interestingly, less purified agar-based extracts have been shown to overcome these issues due to the positive effect of other compounds remaining from the native seaweeds, such as proteins and minerals (Martínez-Sanz et al., 2019). These phycocolloids can be used to produce porous aerogels (Quignard et al., 2008; Gonçalves et al., 2016; Manzocco et al., 2017), but similarly to cellulose, complex preparation methods are often required. Further research needs to be carried out to look for alternative manufacturing processes and to identify strategies to adjust the properties of the obtained aerogels to the requirements of different food packaging applications.

Even though there are no studies reported on marine collagen as an alternative food packaging material, there are some studies on bovine/porcine collagen that has already been tested to produce edible films for protection and extension of food products, such as sausages casings (Suurs and Barbut, 2020). Moreover, the addition of chitosan to gelatin films of cuttlefish skin improves the thermal stability of the polymer network and increases the antioxidant and antimicrobial activity against some Gram-positive and Gram-negative bacteria, which is a useful property in packaging production (Hajji et al., 2021). However, there are some restrains in a broad application of collagen as packaging material, as it is sensitive to moisture. Gelatin based packaging coatings have also been explored, but various additives (lysozyme, chitosan, chitin, essential oils, among others) need to be applied to achieve the desired properties (antimicrobial, antioxidative) (Chawla et al., 2021).



Use in the Leather Industry

Among the solutions for reducing fish waste, one potential option is utilizing fish skin to produce exotic leathers for accessories such as bags, gloves, or shoes. The valorization of any animal skin into leather materials involves tanning, a process that alters the skin protein structure, transforming the biodegradable skin into durable and flexible leather. Saranya et al. (2020) explored the potential of fish waste to produce fish oil, which could be used as a fat-liquoring agent in leather processing, and the results were better compared to those of a traditional commercial fat-liquoring agent. Thus, the fish oil fat-liquor produced from fish waste can be regarded as an eco-friendly alternative to lubricate leather as it allows to substantially reduce the sludge disposal issues in the tannery industry and reduce waste in the fisheries sector. To satisfy the trends for greener production, bio-tanning processes are being sought that replace chromium with plant-based tannins or the re-use of tanning floats, which can reduce the water consumption in the process up to 90%. An example of successful valorization of fish skin into leather is the Moroccan company SeaSkin, using a plant-based coloring system and a dry tanning process, thus reducing 95% of water in the process. Another valorization example is the use of salmon skin in leather straps for watches by the Norwegian company Berg Watches, in collaboration with the Icelandic Nordic Fishleather.



Use in Food/Feed Industries

Proteins are a highly valuable resource, present in several raw materials from plant and animal origin, available in different amounts and with the primary dietary function to provide essential amino acids and tissue building material to the human and animal body. Proteins of marine origin demonstrated higher quality due to high amounts of all essential amino acids (Abdul-Hamid et al., 2002; Prihanto et al., 2019). Several studies have also proven that the quality, digestibility and bioavailability of the essential amino acids in marine protein concentrates increase after food-grade hydrolysis processing (Faber et al., 2010; Kim, 2013). Marine protein hydrolysates can also contribute the necessary amounts of bioactive peptides with antioxidative, antihypertensive, metal-chelating, antimicrobial and anti-inflammatory/immunomodulatory properties to the human diet (Kim, 2013; Abdelhedi et al., 2018; Ediriweera et al., 2019).

Marine polysaccharides (e.g., alginates, carrageenans, agar), as well as gelatin, are used in food and feed industries as gelling agents, stabilizers and/or emulsifiers. Their addition can change the product’s viscosity, which impacts the transport of volatile components and affects flavor release (Liu et al., 2015). As an excellent source of proteins, lipids, vitamins and minerals, by-products as fish skin, viscera and blood, as well as crustacean and bivalve shells, are used in the pharmaceutical and agriculture industry and innovative food processing technologies (Beaulieu et al., 2013).



Use in Bioremediation

Several marine polysaccharides have also found useful applications in bioremediation, either as adsorbents of organic and inorganic pollutants or as suitable biopolymers for the immobilization of microbial species with relevant catabolic properties. For instance, chitosan and alginate-based membranes have shown to be highly efficient in the retention of industrial dyes and heavy metals, such as mercury, lead or nickel (Ngah et al., 2010), as well as in the removal of priority organic pollutants, including pesticides (Moraes et al., 2013), pharmaceutical drugs (Vassalini et al., 2020), phenolic compounds and other industry-borne pollutants (Vidal and Moraes, 2019; Vassalini et al., 2020). In fact, several membrane composites, containing these biopolymers, are now being regarded as suitable replacements of current adsorption technologies (e.g., activated carbon) for implementation in treatment plants, depuring industrial effluents (Vidal and Moraes, 2019). On the other hand, several marine biopolymers, including alginate, cellulose and chitosan, have also been widely used for the encapsulation of living cells for many purposes in biotechnology, including bioremediation (Wang et al., 2019). Cellular immobilization is of additional significance in bioremediation strategies that rely on the application of degrading microorganisms to the affected sites (i.e., bioaugmentation), as it maximizes cellular viability and stabilizes the metabolic performance, allowing to achieve productive biodegradation in biomes that often showcase inhospitable conditions for microbial development (e.g., extreme pH levels, low nutrient availability). For such ends, alginate beads, cellulose nanofibers or chitosan NPs have served as suitable microbial interfaces to facilitate the bioremediation of various organic pollutants and to mitigate the nutrient load of wastewaters (Eroglu et al., 2012; Sathishkumar et al., 2014; Khanpour-Alikelayeh et al., 2021), while also bearing minimal environmental impacts due to their biocompatibility and biodegradability.




VALORIZATION OF MARINE BIOMASS AS A EUROPEAN STRATEGY

The circular economy and bioeconomy are high on the EU policy making agenda. On the one hand, the Circular Economy Action Plan aims at reducing raw materials and associated environmental pressures, while on the other hand, the Bioeconomy Strategy promotes the exploitation of biomaterials in a sustainable manner. However, the development of novel products demands investment into the optimization of technical procedures, a clear cost-benefit and supply sustainability. That was also recognized by the European Commission that started to support this with new funding opportunities for research and innovation in the field of circular economy within marine biotechnology (Table 4). The first international EU-funded projects focused on exploiting marine organisms. They were financed within Framework Programme 7 - FP7 (2007-2013) and were mainly dedicated to innovative bioprospecting of marine microorganisms and the discovery of high value-added bioactive compounds. Some of these projects investigated the extraction and application potential of marine-derived biopolymers (polysaccharides, proteins, enzymes, among others) in the pharmaceutical, cosmeceutical and medical industries. Two projects within the EU FP7 SME (N-CHITOPACK and SEABIOPLAST) were financed for bioplastic production and food packaging from fish waste and seaweed biomass. At the end of FP7, an ERA-NET was launched for marine biotechnology (ERA-MBT) that funded 21 projects, from which eight were focused on marine biopolymers from a broad range of marine (micro)organisms (bacteria, cyanobacteria, macroalgae, shellfish, crustacean, fish). Polysaccharides, but mostly chitin, chitosan, alginate and laminarin, were the most investigated polymers within ERA-MBT funded projects. H2020 Framework Programme (2014–2020) proceeded with funding projects for marine biomass exploitation for new products. Two projects (PULMO and GoJelly) were focused on jellyfish biomass utilization (usually by-catch) for different applications, from which protein extraction (mainly collagen) was used in cosmeceutical, nutraceutical, medical and agricultural applications. A Public-Private Partnership between the EU and the Bio-based Industries Consortium was established under H2020 called Bio-Based Industries Joint Undertaking (BBI JU). The aim is to reduce Europe’s dependency on fossil-based products and to meet EU climate change goals that would result in greener and eco-friendlier growth. BBI JU funded two projects that foster a cost-effective marine biomass supply (micro- and macro- algae, aquaculture and fisheries side streams) and scale-up the production process of ingredients for further application. On the regional level, INTERREG Programmes also identified marine biomass (mostly seaweed, such as the Interreg Germany-Denmark project FucoSan on fucoidan) as a valuable feedstock for new value chains and biopolymer extraction.


TABLE 4. Overview of the EU funded international projects on marine biotechnology.
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CASE STUDIES

Valorization of side streams (marine and terrestrial ones) could help transition to a more circular economy, where waste is minimized, and resources are used more efficiently by creating new value chains. This strategy is also stated in the EU Action Plan for the Circular Economy (COM/2015/0614), and there have been significant financial contributions to develop new, sustainable value chains, covering marine, and terrestrial sources. This section presents some of these value chains, categorized by geopolitical location: Norway, Scotland, and the Baltic Sea. Norway and Scotland are presented due to their traditional link with fisheries and aquaculture. Both countries have been introducing seaweed aquaculture in the past years, and the valorization potential of this side stream is also presented. Finally, we present the Baltic Sea, which has enormous potential for the valorization of beach wrack (Figure 4).
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FIGURE 4. Monthly beach wrack growth production potential in the Baltic Sea by assessing macroalgal biomass amounts.



Status and Utilization of Marine Residual Raw Material in Norway

In Europe, Norway is the major producer of seafood and generates large quantities of residual raw material. Thus, ensuring sustainable harvesting and utilization of the marine resources is at the Norwegian governance strategic forefront (Ween et al., 2018; Ministry of Trade, Industry and Fisheries, 2019). Therefore, advances in the utilization of residual raw materials have been surveyed over several years under the Norwegian Seafood Research Fund (FHF) and earlier through the RUBIN Foundation (Recycling and Utilization of Organic By-Products in Norway). The surveys have given the industry players a better overview of the flow of goods and the possibilities for increased growth and value creation in the seafood sector.

The residual raw materials are defined as the non-primary products obtained from marine raw materials, which are fish and shellfish (crustaceans and molluscs), and seaweeds farmed and caught under Norwegian quotas in Norwegian waters. Opportunities and challenges of three specific sectors of marine waste (fish, shellfish, and seaweed waste) are presented in Table 5, as well as discussed in subparagraphs below.


TABLE 5. Summary of marine waste utilization in Norway.
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Norwegian Fish and Shellfish Production Waste for Added Value Products

In Norway, most of the residual raw material from fish and shellfish is currently used, making an important contribution to value creation in the fisheries and aquaculture industry (Johansen et al., 2019). In 2020, about 861,000 tons (85%) of the available residual raw material was utilized to produce various products (Myhre et al., 2021). Large volumes are utilized to varying extents between the different sectors, from 62% in the shellfish industry to almost 100% in the pelagic sector. Norway is currently the largest producer of Atlantic salmon, yielding 93% of total Norwegian aquaculture production (FAO, 2016). In the aquaculture sector, there are strict rules for processing and handling waste in production, and in principle, all biological material is processed. The only fraction that is not being economically exploited is the blood from the slaughter process, for which there is still no usable technology. While in the other marine production sectors (e.g., fisheries), there are large seasonal fluctuations that give variation in access to residual raw material, the residues from the aquaculture industry arise as a relatively steady stream throughout the year. The growth in salmon aquaculture production and the increased use of recirculating aquaculture system (RAS) technology has led to an increased focus on the exploitation of solid waste (feed spill and faeces) from Norwegian aquaculture (Brod et al., 2017; Estevez et al., 2019; Meriac, 2019). The sludge from most land-based aquaculture and smolt production is commonly used for biogas production, and the remaining fraction after biogas production is used as a soil enhancer (Aas and Åsgård, 2017). The production of bioenergy from silage of dead fish from the Norwegian aquaculture industry has increased significantly in recent years. However, in open sea cages, no technology for sludge collection currently exists, and unless resource-efficient solutions like integrated multi-trophic aquaculture (IMTA) are applied, valuable resources are lost. Recently there has also been an increasing focus on producing organic fertilizers from fish waste from captured fish, promoting the recycling of nutrients from the sea and back to terrestrial environments (Ahuja et al., 2020).

Products based on marine residues are mainly used for the feed market (69%), direct and indirect human consumption (13%) and energy/biogas (19%) (SINTEF Ocean and Kontali Analyse, 2020; Myhre et al., 2021). Most marine residues from the production of pelagic fish and aquaculture are used as silage, fishmeal, fish oil and fish protein concentrate. The feed market is the most important application when it comes to volume. Consumer products also include flavorings in foods (extracts) and ingredients for functional food. Other products, for example, cosmetics, nutraceuticals and pharmaceutical products, are produced to a very modest extent from Norwegian based raw material (Pleym et al., 2019).



Norwegian Seaweed Production Waste for Added Value Products

In 2017, over 32.6 million tons of brown, red and green seaweed were produced from capture and aquaculture worldwide, with an annual increase of around 7% in the last 10 years and an average value of 400 USD/ton DW (dry weight) (Buschmann et al., 2017), mainly from the aquaculture sector. On the contrary, the European seaweed industry is mainly based on harvesting of natural resources, as the aquaculture of seaweed is still on the experimental and pilot-scale levels. The European seaweed capture has been stable with around 270,000 tons since 1960, in which Norway contributed with an average of 59.6% (FAO, 2021). Norwegian products from wild-harvested seaweed vary from meal or extracts to highly technological pharmaceutical products. The Norwegian seaweed industry has a long history and relies mostly on the wild harvest of two species: Laminaria hyperborea for alginates production and Ascophyllum nodosum for meal and extracts used for agricultural/horticultural and food or feed supplement purposes. The total harvest of A. nodosum and L. hyperborea combined in 2019 was 149,876 tons, with a first-hand value of 4.06 million EUR. Minor amounts of other seaweed species such as Ulva sp., Himanthalia elongata, Vertebrata lanosa, Palmaria palmata are harvested by hand and sold as a whole, locally to restaurants or directly to the consumer and result in almost no waste.

During the harvesting of A. nodosum, by-catches, mostly composed of Fucus species, are occasional and separated manually and processed further, mostly as seaweed extracts for agricultural use. During the A. nodosum biomass processing, low quantities of waste are produced. For example, gravel and sand are removed from the seaweed using high-pressure air and up to 82% of the moisture is removed by drying the wet biomass directly in a drum. After processing of A. nodosum into meal, 50% of the meal is further processed into extracts, together with fresh seaweed. The remaining material after extraction is used as fertilizer by local farmers (∼750 tons/yr). On the contrary, the industrial exploitation of L. hyperborea generates more waste. Alginates can constitute up to 40% of the dry weight of L. hyperborea (Gunn.) and are extracted in over a hundred different qualities for a broad range of applications. The factory DuPont is licensed for the production of 6,000 tons of alginate and has permission to release the liquid product containing stone dust and kelp dry matter into the seawater, while alginate dust is released to the air. Filtration of the production liquid to collect the rest of the material for soil improvement has been tested but not proven to be cost-effective.

As the aquaculture seaweed industry is still immature (Araújo et al., 2021), minimal investigation has been made to estimate the waste types (biomass or processing liquid). Current commercial seaweed farming in Norway is limited to the kelp species Saccharina latissima (sugar kelp) and Alaria esculenta (winged kelp) due to their ability to reach high biomass yields and a favorable content in nutritional and bioactive compounds with multiple industrial applications (Stévant et al., 2017; Broch et al., 2019). The loss during harvesting is estimated to be around 30% and measured losses of up to 40% when seaweed biomass is frozen and thawed (e.g., Emblemsvåg et al., 2020). To optimize the productions and have a minimum impact on the environment, various wastes generated during this novel type of production would need to be identified further to define the volume and develop innovative uses of these wastes.




Marine Waste in Scotland: Opportunities and Challenges

The Scottish aquaculture industry is dominated by farmed Atlantic salmon. However, rainbow trout, mussels and, more recently, seaweed are gaining attraction as well. Scottish government recognizes the importance of marine resources and has set a target to double the economic contribution of aquaculture from 1.8 billion GBP in 2016 to 3.6 billion GBP by 2030 and also to double the number of jobs to 18,000 by 2030 (Scotland Food and Drink, 2016).

However, aquaculture and fisheries also generate leftover residues and waste such as fish trimmings (guts, heads, tails, frames, and skin), by-catch, aquaculture mortalities, shells and various leftover biomass. This residual biomass can be divided into three categories: (a) co-products which contribute to the profit of the business; (b) by-products that do not generate substantial income but are cash-neutral when accounted for disposal costs; and (c) waste which costs business money to dispose of (Zero Waste Scotland, 2015). As with any market, the costs associated with the above categories fluctuate (e.g., cost of landfill) and are subject to policies and reforms.

In 2015, Zero Waste Scotland (a not-for-profit environmental organization funded by the Scottish Government and European Regional Development Fund) conducted a study, ‘Sector Study on Beer, Whisky, and Fish,’ to evaluate waste practices in Scotland. Their report identified several opportunities in the marine waste sector based on extracting value from leftover residue. However, the authors also highlighted a need for (a) coordinated and staged development of biorefinery strategy; (b) locally adapted innovative low-tech solutions, suitable for small scale and rural areas; (c) cross-sector awareness raising; (d) bioresources mapping; and (e) efficient data recording and sharing. Opportunities and challenges of three specific sectors of marine waste (fish, shellfish and seaweed waste) are presented in Table 6, as well as discussed in subparagraphs below.


TABLE 6. Summary of marine waste utilization in Scotland.
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Fish Waste

Some fish are immediately frozen upon arrival and exported as a whole, so the processing occurs elsewhere. Nevertheless, most fish are processed locally, which generates a significant amount of waste. During processing, some trimmings (guts, heads, tails, frames, and skin) are removed. Scotland-wide fish processing waste was estimated at 160,000 tons (Pitcairn et al., 2017). While there are well-established international markets for various fish parts in West Africa and East Asia, it is currently not cost-effective to transport fish waste long distances. However, some Scottish fish waste is exported shorter distances and processed into higher-value products (e.g., fish by-products processed in Norway) (Zero Waste Scotland, 2015).


Fish Waste Opportunities

Fish waste can be minced and sold as fish meal, used in animal feed. In Scotland, most fish waste (75%) that is being re-used is sold for blending into aquaculture feeds. Other lower value markets include pig and poultry feeds and pet food (Zero Waste Scotland, 2015). Aquaculture feed in Scotland is custom formulated to address the nutritional needs of specific fish species and their growth stages. Almost all feeds are a blend of materials. The main requirement is to feed with a high content of protein and ω-3 fatty acids. Physical properties are also considered, and losses during feeding are reduced by increasing pellet digestibility and decreasing the speed of sinking in the water. Intra-species recycling (e.g., salmon waste being recycled back into salmon feed) is not permitted under the EU Animal By-Product Regulation (ABPR); therefore, the dominant source of protein and oils in salmon feed is from other wild fish. Other cheaper feed materials (soy, corn, wheat, plant-based oils) are being blended to reduce the overall cost of fish feed, so the ratio of vegetable meal to fish meal increases. Currently, about 15% of fish feed is recycled into fish meal, and fish feed in Scotland remains more expensive (up to 40% in 2014) than in other countries such as Norway (Zero Waste Scotland, 2015).

Various innovative fish waste applications were identified in the ‘Sector Study on Beer, Whisky, and Fish’ report (Zero Waste Scotland, 2015). These include composting, land spreading and organic fertilizers (taking advantage of high nitrogen and phosphorus content), anaerobic digestion and biodiesel production (suitable for fish mortalities that cannot enter any other value chain), protein hydrolysis (protein and peptone refining techniques), a specialist market of manufacturing fish glue, extraction of collagen, guanine, enzymes, carotenoids, and hydroxyapatite. The number of these innovative applications suggests that there is an economic and environmental opportunity for utilizing fish waste in Scotland. However, these innovative uses have been tested only on a small scale in Scotland and generally have a low technology readiness level.

Currently, there are about 12 companies in Scotland focusing on recycling and use of fish waste. These include the production of fish meal, biofuel, fish leather, new foods, oils, and fertilizers. There is a growing demand for bio-based products and renewable energy. Naturally, the demand is driven by price and quality. In 2015, the price range for fish waste was 130–160 GBP/ton of pelagic waste (Zero Waste Scotland, 2015).



Fish Waste Challenges

There are many challenges associated with fish waste processing. Fish industries are often focused on their core and profitable business and lack the incentive to investigate other applications for their waste, especially if disposable is cheap and easy. Any new technology is often profitable only at a large scale, which is not suitable for small, disperse and rural fishing operations in Scotland. There is also an issue of seasonality and perishability (some products and wastes are available only in certain months), which lowers the steady input and consistency of the feedstock. Similarly, biological waste often consists of multiple residues and potential contamination, while it is cost-prohibitive to pretreat the waste before processing. For example, cod liver can be utilized to extract valuable oils, but is often damaged during processing. Similarly, fish skin used for gelatin extraction must be meat-free, which is not a priority during processing. Complicated waste regulation also presents another obstacle because businesses are reluctant to study different regulatory approaches, which is having a negative impact on their decision-making regarding fish waste.




Shellfish Waste

Shellfish production in Scotland is dominated by mussel (Mytilus spp.) and pacific oyster (Crassostrea gigas), with 6,699 tons and 4,610 tons produced, respectively. Scallop (Pecten maximus), queen scallop (Aequipecten opercularis) and native oyster (Ostrea edulis) are also produced, but at a smaller scale (not more than 150 tons combined). Cultivation of common periwinkle (Littorina littorea) was also recorded. In 2019, the total value for all species combined was approximately 7.9 million GBP (Munro, 2019).

Shellfish are shipped away as a whole, which practically eliminates any significant waste stream. Shellfish farmers have, therefore, a small incentive to even investigate any uses for shellfish waste and prefer local disposal.

Waste from crustacean (crabs, lobster, shrimp, etc.) is more dominant than the others. Shells and/or carapaces with no signs of diseases are often applied as organic land fertilizers. In 2008, Scotland produced 3,400–7,000 tons of crab waste and 6,500–13,000 tons of nephrops (Nephrops norvegicus) (Archer and Russel, 2008). The exact information is difficult to access; hence waste generations are largely broad estimates.

Innovative applications from shellfish waste include composting (Lanno et al., 2020), anaerobic digestion, processing into agricultural lime fertilizer, using shells as a calcium source for animal feed, enzyme extraction from viscera and using shells as aggregate for building applications and track surfacing. All the shells must be flesh-free, which is often difficult to achieve cost-effectively. Crustacean waste can be used to produce chitin (which is a well-established global industry), in fish feed, as an ingredient in pet food, to extract carotenoids, to produce stock for flavoring for human consumption, and use as fertilizer and a pesticide (e.g., reduce nematode presence) (Zero Waste Scotland, 2015).



Seaweed Waste

In Scotland, seaweeds are wild-harvested and have been used locally in small quantities for feed, food and fertilizers for centuries; however, large-scale seaweed cultivation is only recently being developed (Pitcairn et al., 2017). Several commercial and research farms (Hebridean Seaweed Company Ltd and Scottish Association for Marine Science) are actively pioneering the industry. Biorefinery report (Pitcairn et al., 2017) has estimated 8-10 million tons/yr of wild, easily and sustainably harvestable seaweed. Seaweed farming is also becoming more popular.

Overall, the most targeted species are S. latissima, A. esculenta, P. palmata, L. hyperborea, and A. nodosum. The seaweed industry creates significant opportunities in Scotland from seaweed applications in food, feed, fertilizers, anaerobic digestions, nutraceutical and pharmaceutical industry, while macroalgae benefit the environment by sequestering CO2 and absorbing nutrients from the water during growth. Similarly, microalgae have also been recognized for their potential in all application fields listed above and wastewater bioremediation (Scottish Enterprise, 2019). The benefits of IMTA, which includes seaweed, are also being investigated. The socio-economic opportunities and potential of the budding seaweed industry in Scotland are considerable and generally recognized. Scottish Enterprise (2019) estimated that high-value products from seaweed (specifically L. hyperborea) could contribute up to 300 million GBP/yr by 2030.

A recent review by Campbell et al. (2019) highlighted the environmental risks and knowledge gaps associated with large-scale seaweed farming in Europe. The authors identified several areas of concern, including facilitation of disease, alteration of population genetics and broader alterations to the local physiochemical environment (e.g., increased noise, altered nutrient fluxes and flow, impact on benthic species, etc.) (Campbell et al., 2019). Current small-scale farms in Scotland were identified as low risk; however, a transition to large-scale cultivation requires more research and monitoring efforts to fully understand the environmental implications and evaluate the balance between environmental risks and benefits of large-scale seaweed cultivation.




Side Stream Valorization in the Baltic Sea

Beach wrack has ecological functions such as providing food and habitat for sandy beach fauna, nutrients for dune vegetation, and protection for coastal dunes. In the framework of the INTERREG project GRASS (Table 7), existing environmental data and expert opinions were gathered to model beach wrack production potential in the Baltic Sea region. A higher amount of beach wrack is expected in the late autumn months and the early winter, along with the end of production season and the onset of heavier storms. High beach wrack production is predicted at shores that have a narrow photic zone (i.e., distance to the 10 m isobath less than 1 km) and are exposed to favorable wave direction. Moreover, higher solar radiance and water salinity are associated with elevated beach wrack.


TABLE 7. Case studies on beach wrack in the Baltic Sea basin.
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Clear hotspots of beach wrack production and harvest emerged throughout the whole Baltic Sea area (including Kattegat, Figure 4). The highest production values (up to 4,000 g per m2 per month) were observed on the west and east coasts of Sweden, all along the southern coast of Finland, west coast of Estonia and in Gdansk Bay. However, some production hotspots were sporadically found even on the east coast of Finland, reaching northernmost parts of the Bothnian Bay as well as on the shores of St. Petersburg. The remaining parts of the Baltic Sea were characterized by lower beach wrack production potential (approximately 0–1,000 g per m2 per month).

Along most of the coast, the beach wrack that is deposited on the beaches does not unduly affect the people who live close by. However, in certain areas, a proportion of the wrack moving onshore is permanently trapped. It creates problems not only for inhabitants of those areas, local authorities responsible for maintaining the beaches or beach visitors (Kataržytė et al., 2019), but also for the local beach ecosystem. Seagrass and algae wrack, during decomposition, release several constituents, which alter the coastal biogeochemical cycles and influence organisms living there. These include nutrients and dissolved organic carbon, which affect flora and microbial activity, and heavy metals (in polluted systems), creating a risk for biota (Rudovica and Bartkevics, 2015). Also, the emission of volatile components from decaying plant material might represent a risk for human health (H2S, Hg0, Cs–137), as well as for climate change (by CH4 emission). Hence, beach wrack is the subject of several research projects (Table 7).


Pollution Prevention

Anthropogenic mercury release remains a problem in the aquatic environment and, based on the sedimentary records in the Baltic Sea, it exceeds Hg coming from natural sources (i.e., hydrothermal processes and rock weathering) by a factor of 5 on average. Recently, the emission of this metal to the environment has substantially decreased (Helsinki Commission, 2009, 2018; Kwasigroch et al., 2021). This has resulted in a noticeable decrease of mercury concentration in macrophytes in the Polish coastal zone of the southern Baltic (Bełdowska et al., 2015, 2016). In parallel, the intense growth of some macrophytobenthos on the sea bottom has been observed in many areas (Carmen et al., 2019; Sokołowski et al., 2021). This is stimulated by an improvement of environmental conditions and lengthening of the growing season. It leads to the rapid inclusion of mercury from the water column (which is introduced from natural and anthropogenic terrestrial sources) and from sediments (which was deposited in the past and can be considered retarded anthropogenic emission) (Bełdowska et al., 2015).

In many areas of the Baltic Sea, due to the pattern of currents and shape of the coastline, large quantities of macrophytobenthos gather in the coastal zone or end up as beach wrack. During the summer season in the Gulf of Gdansk, on 1 km of the beach, the amount of beached seagrass and algae wrack ranges from several dozens to 800 tons (Filipkowska et al., 2008; Weinberger et al., 2020). Considering median total Hg concentration (7.6 ng/g dry weight), it has been calculated that a beach segment that is 1 km long may receive 6 g of mercury per season. Analyses of coastal erosion in the Southern Baltic show that about 39% of the Polish coast is accumulative (Dubrawski et al., 2008). It means that about 200 km of coastline favors phytobenthic accumulation. During the summer season, benthic plants on Polish beaches alone may contain 0.05–1.2 kg of Hg (Bełdowska et al., 2015).

A recent study performed within the CONTRA project in the Puck Bay (sheltered part of Gulf of Gdańsk), Poland, indicate that the concentrations of Hg in the managed beach (P1), where live algae occur, were lower than those collected in the unmanaged site, where decomposing wrack was collected (sampling sites R1 and R2, Figure 5). However, in the unmanaged station, the concentrations of Hg in live algae (sampling site R3) were similar to those at the managed site. This indicates that although biological material from the bay accumulates Hg at the same rate and is characterized by the same mercury concentration in both sites, accumulation does not stop on landing. Decomposing beach wrack in the unmanaged site is rich in organic matter and continuously builds up Hg concentration. This is probably caused by the excellent sorption capabilities of decaying plants and algae material that may capture Hg from coastal water, acting as a filter for surface waters. Another explanation is the Hg capture from the atmosphere, where it originates in low emission from local sources (Bełdowska et al., 2014). This means that unmanaged beaches may not only transfer Hg from beach wrack via accumulation into live algae and subsequent release, but also enhance Hg flux to the beach from local sources.
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FIGURE 5. The study area (left) and total mercury concentration (right) in live algae at the managed site (P1) and unmanaged site (R3), decaying beach wrack at the unmanaged site (R1, R2).


Besides pollutants, nutrients are also removed from water by algae and marine plants, which are later released from decomposing beach wrack. Decomposition of organic matter at the bottom causes a higher concentration of phosphate and ammonia in porewaters than nearbottom waters (Graca et al., 2006). Porewaters, collected from areas beneath decaying beach wrack, had similar phosphate and ammonia concentrations (phosphate, p = 0.86; ammonia, p = 0.46) as porewaters in the coastal zone sediments, but higher than those in nearbottom waters (phosphate, p = 0.003; ammonia, p < 0.01) (Figures 6A,B).
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FIGURE 6. Concentration of (A) phosphates, (B) ammonia, and (C) nitrates + nitrites in water, porewater and beach porewater (sampled from under the detritus) from April (2019) to November (2019) at three sampling sites (P1, R1, R3) in the Bay of Puck (Poland).


Moreover, in porewaters collected beneath beach wrack in unmanaged beaches (sampling sites R1, R3), the median concentration of phosphate and ammonia equaled to 14.5 and 140.9 μmol/dm3, respectively. These concentrations were over three times higher than those from the managed beach in the same area (P1). This suggests that phosphates and ammonia released from decaying beach wrack are partially retained in the beach porewaters. However, in the longer perspective, they return to coastal waters, where they fuel primary production. One ton of dry beach detritus weight contains from 0.5 to slightly above 3 kg of phosphorus and from 5 to 32 kg of nitrogen. Such a load, delivered to sea water, is potentially responsible for the production of 0.5–3 tons of phytoplankton biomass.

Nitrates are also being produced in porewaters. They reach the highest concentration close to the surface, in oxygenated layers. In deeper layers, they are consumed by denitrification (Behrendt et al., 2013). In the study area, nitrate concentrations in porewaters collected beneath decaying beach wrack were similar to those observed in the water column (p = 0.811) and significantly higher than those in porewaters of coastal sediments (Figure 6C). The conditions below decaying beach wrack favor nitrification, which unfortunately reduces the nitrogen removal (in its gaseous form) from the water.

These results indicate that beach wrack removal from the beach can prevent both – pollutants and nutrients scavenged from plants and algae during their lifetime in the sea from re-entry to the coastal waters. Therefore, using beach wrack as a resource could contribute to the clean-up of the marine environment.



Gasification/Torrefaction

As a prospective solution for beach wrack from the Baltic Sea coast, processing, gasification and transformation to biochar has been demonstrated based on an experimental study and pilot-scale tests. Gasification is a chemical process that converts carbonaceous material, such as biomass and coal, into gaseous fuel or chemical feedstock (Basu, 2010), differing substantially from other thermal processes, such as incineration or pyrolysis (Porshnov et al., 2018). This gaseous fuel is known as producer gas or synthesis gas (syngas) containing CO2, H2, CO, H2O, CH4, and N2. Surplus char, formed from the pyrolysis process, is heated by supplying a limited amount of air in the gasifier. Beach wrack sampled from several sites along the Baltic Sea coastline contains relatively high amounts of plastic residues (up to 5%) and inorganic material (ash up to 30%). However, thermogravimetric and proximate/ultimate analysis on beach wrack demonstrates relatively high carbon amounts (up to 30%) with low organic chlorine and sulfur concentration. The highest heating value ranges 8–15 MJ/kg, thus proving the potential to use it for energy production purposes. Also, trace elements and heavy metal concentrations are low in beach wrack (Burlakovs et al., 2019).

The choice of thermochemical conversion technology was driven by the specific nature of the beach wrack. Beach wrack gasification tests were performed on an innovative gasification plant for pyrolysis of various wastes and the thermal cracking of pyrolysis gas products. The apparatus consists of an extruder-type pyrolizer/gasifier, a pyrolysis product separation chamber, a thermal cracker for gaseous pyrolysis products and a gas burning torch (Figure 7). The gasification process does not use air or oxygen as a gasification agent. The process is allothermal in nature, using an external heat source, and the system is used in continuous operation mode. In the extruder-type pyrolyzer (3), the fuel is compacted. The operating temperature of the extruder is set and automatically adjusted to 300–600°C. The primary reforming of the fuel into pyrolysis gas and coal is carried out in the extruder. In the pyrolysis product separation chamber (4), the pyrolysis gas is separated from the coal. The carbon is stored in an airtight container. After cooling, the coal is unloaded from the container and sent to a laboratory for analysis. The pyrolysis gas is fed to a secondary high-temperature reformer (6), where the pyrolysis gas is heated to 800–1200°C. At elevated temperatures, a high turbulent tar thermal cracking occurs, and heavy organic gaseous substances are reformed into the synthesis gas components, such as H2, CO, CO2. At the output of the secondary reformer, the gas is cooled, and the heat consumed in the process is recovered. The resulting synthesis gas has a high concentration of CH4 (up to 60%), but the obtained waste char can be used as biochar or as fuel to replace fossil analogs.
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FIGURE 7. Construction of experimental gasification plant (Bisters et al., 2021): (1) feedstock bunker; (2) hydraulic press feeder; (3) extruder-type pyrolizer; (4) separation chamber – gas and char accumulation tank; (5) secondary gas cracking; (6) external inductive heater – temperature reformer; (7) gas cooler; (8) inductive heater resonator; (9) inductive heater power box; (10) flare; (11) control cabinet; (12) hydro-station; (13) hydro-cylinder; (14) prior hydro-presser box; (15) nitrogen balloon.




Anaerobic Digestion

To test the biogas potential obtained from different Baltic Sea coastal beach wrack, three experimental studies were conducted using anaerobic digestion methods. The first two tests were undertaken for three types of selected beach wrack algae from the Riga Gulf coast in Latvia and a mixed sample from the Kalmar coast in Sweden. Anaerobic fermentation (Figure 8) was applied for the samples without specific pre-treatment. In the first study, 16 bioreactors operated in batch mode at 38°C were used to ferment the three common algal types available as beach wrack in the Gulf of Riga. Testing samples were taken from the beach wrack piles in Jaunkemeri, Bigaunciems, and Ragaciems coastal areas in Latvia.


[image: image]

FIGURE 8. Schematic overview of the anaerobic fermentation of marine biomass, indicating organic and inorganic connections, the main chemical transformation of compounds and resulting intermediate and final products.


From fermentation of 32 days, 0.276 L/g DrOM (dry organic matter) biogas (0.046 L/g DrOM methane) from brown algae and 0.248 L/g DrOM biogas (0.027 L/g DrOM methane) from red algae were obtained. From green algae, 0.425 L/g DrOM biogas (0.071 L/g DrOM methane) were obtained on average. The study showed that from the coast-washed beach wrack, a small amount of methane can be generated per DrOM if there is no pre-treatment and conditioning of the samples. From the mixed sample, due to a higher presence of debris and lignocellulose feedstock, the biogas yield with applied anaerobic fermentation method also shows limited biogas potential.

Further study for measuring brown algae biogas production was tested with three pre-treatment methods: algae being kept for 24 h in tap water, washed for 1 h in a stream of running fresh water and dried. The resulting methane quantities were compared with those obtained from the raw brown algae. From algae that were kept in tap water for 24 h, 0.560 L/g DrOM biogas (0.198 L/g DrOM methane) was obtained, and from the ones washed 1 h in running water, 0.569 L/g DrOM biogas (0.211 L/g DrOM methane) was obtained, but from dried mass, only 0.164 L/g DrOM biogas (0.065 L/g DrOM methane) was gained. The study confirms that washing brown algae as a pre-treatment for anaerobic fermentation avoids salts inhibition and can perform better in biomethane production.

Biogas (methane), generated from brown algae in the study without special pre-treatment, is on average 0.276 L/g DrOM (0.046 L/g DrOM), which is a very low yield, and from red-brown algae in the study without special pre-treatment is on average 0.248 L/g DrOM (0.027 L/g DrOM). Red-green algae in the study without special pre-treatment acquired an average of 0.425 L/g DrOM (0.071 L/g DrOM), which is slightly better but still represents a relatively low result. Biogas (methane) generated from mixed algae with coastal reed mixture in the study without special pre-treatment on average shows 0.267 L/g DrOM (0.32 L/g DrOM), which is a comparably low yield. The retention of brown algae samples in water for 24 h resulted in about 63.6% more methane in the DrOM compared with unwashed brown algae. In the second brown algae study, sample pre-treatment in running water washed for 1 h gained about 74.4% more methane out of DrOM than units from unwashed brown algae. The test results have shown that rinsing seaweed before feeding into anaerobic digestion is preferable to achieve better yields. In cases where it is not possible to apply the described methodology, biogas/methane yields will be negligible, and recovery of the waste into biogas will not be economically feasible. With the pre-treatment of brown algae in running water, the feedstock is well suited for optimal volume biogas generation for energy recovery and use in other bio-SNG (synthetic natural gas) applications. With or without pre-treatment, seaweed biomass can be used in the co-fermentation of other waste streams like sewage sludge or manure. Such co-fermentation will optimize the C:N ratio and will neutralize the inhibiting effect. For clarification of the optimal process parameters, further studies and tests are recommended.





CONCLUSION

To effectively valorize marine waste, promising perspectives must be considered, namely: (a) the development of mechanical technology for the harvesting of the biomass; (b) the development of chemical and biological pipelines to conserve and/or process marine biomass; (c) the market search to maximize the potential use in the various industries; (d) the employment of communication strategies to raise awareness, increase consumers’ acceptance on the potential greener technologies or public health improvement through enhanced waste-originated food or feed ingredients as well as biomedicals; (e) the promotion of public and private funding toward innovation and technology development, while addressing the potential legislative bottlenecks; and (f) the application of eco-friendly principles to production systems. Even though significant progress has been made in marine-derived biomass research and innovation, there is still the unmet need for technology scale-up and the establishment of business opportunities to promote sustainability and circular economy. Hence, the valorization of waste into useful products entails a tight collaboration between industry and research sectors, as well as governance bodies. It is reflected in the governance promotion of resource efficiency in Europe by several European policy initiatives, the most recent one being the European Green Deal, which is Europe’s roadmap for a sustainable economy. The use of bioactive compounds, valorized from side streams and waste, will significantly contribute to global environmental sustainability as waste valorization companies contribute to a green, blue and circular economy. These companies should include a socially responsible connotation and provide an alternative source of income for communities that are heavily dependent on fisheries and aquaculture. Therefore, future research should, on the one hand, target the optimization of side streams processing into useful products, and guarantee a sustainable supply and product quality on the other hand, regardless of the season or geographical location.
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Conopeptides from the marine cone snails are a mixture of cysteine-rich active peptides, representing a unique and fertile resource for neuroscience research and drug discovery. The ConoServer database includes 8,134 conopeptides from 122 Conus species, yet many more natural conopeptides remain to be discovered. Here, we identified 517 distinct conopeptide precursors in Conus quercinus using de novo deep transcriptome sequencing. Ten of these precursors were verified at the protein level using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). The combined gene and protein analyses revealed two novel gene superfamilies (Que-MNCLQ and Que-MAMNV), and three other gene superfamilies (N, P, and I1) were reported for the first time in C. quercinus. From the Que-MAMNV superfamily, a novel conotoxin, Que-0.1, was obtained via cloning and prokaryotic expression. We also documented a new purification process that can be used to induce the expression of conopeptides containing multiple pairs of disulfide bonds. The animal experiments showed that Que-0.1 strongly inhibited neuroconduction; the effects of Que-1.0 were 6.25 times stronger than those of pethidine hydrochloride. In addition, a new cysteine framework (CC-C-C-C-C-C-CC-C-C-C-C-C) was found in C. quercinus. These discoveries accelerate our understanding of conopeptide diversity in the genus, Conus and supply promising materials for medical research.

Keywords: diversity, conopeptides, de novo sequencing, LC-MS/MS, pethidine hydrochloride


INTRODUCTION

Carnivorous marine gastropod mollusks in the genus Conus produce a venomous cocktail for predation, defense, or competition. Any significant amount of Conus venom may contain hundreds of different peptides, each of which generally comprised of 12–50 residues with multiple pairs of disulfide bonds; these peptides are called conotoxins or conopeptides (Gao et al., 2017; Terlau and Olivera, 2017). Owing to the high selectivity of certain ion channels and nerve receptors, conotoxins have gradually become a useful tool for neuroscience research and have great potential utility for the development of novel drugs. Conus species can be roughly divided into three groups based on diet: vermivorous, molluscivorous, and piscivorous (Gao et al., 2017). Of these, insectivorous Conus are the most common, accounting for about 70% of all the Conus species worldwide (Gao et al., 2017). Insect-eating Conus have dominated throughout the evolution of this genus (Gao et al., 2017).

Several recent studies of conotoxins have focused on their strong pharmacological activity as potential analgesics (Terlau and Olivera, 2017; Shen et al., 2019). The conotoxin MVIIA (Ziconotide), a selective N-type voltage-sensitive calcium channel blocker that contains the cysteine framework C-C-CC-C-C, is approved by the US Food and Drug Administration (FDA) to treat the intractable pain (Miljanich, 2004; Wermeling, 2005). Similarly, the conotoxin MrIA, a norepinephrine transporter inhibitor, is under phase II clinical trials as a potential pain treatment (Lovelace et al., 2006; Paczkowski et al., 2007; Wan et al., 2016). Yet, additional conopeptide materials are still required from which to screen the desired drugs.

In general, the conopeptide signal peptide region is a relatively well conserved (Gao et al., 2017). Based on the sequence similarities among the signal peptides, ConoServer1 currently classifies the conopeptide-encoding genes into 40 superfamilies. Of these, 27 gene superfamilies (A, B1, B2, B3, C, D, E, F, G, H, I1, I2, I3, J, K, L, M, N, O1, O2, O3, P, Q, S, T, V, and Y) are widely recognized (Kaas et al., 2008, 2010, 2012; Puillandre et al., 2012; Ye et al., 2012; Aguilar et al., 2013; Dutertre et al., 2013; Luo et al., 2013; Lu et al., 2014; Fu et al., 2018; Yao et al., 2019; Zhang et al., 2019; Li et al., 2020). The remaining 13 gene superfamilies are listed as temporary in the ConoServer database (Espiritu et al., 2001; Biggs et al., 2010; Kaas et al., 2010, 2012). However, in the ConoServer database, 31 distinct cysteine frameworks are described (Bernáldez et al., 2013). The recent studies have reported more than the 30 novel temporarily gene superfamilies (Lavergne et al., 2015; Peng et al., 2016; Prashanth et al., 2016). The genomic or proteomic analyses of a single Conus specimen may reveal hundreds of unique conopeptides (Biass et al., 2009; Davis et al., 2009; Dutertre et al., 2013; Lavergne et al., 2015). We anticipate that many natural conopeptides remain to be identified, and that these as-yet unknown compounds have great potential utility.

Herein, we used transcriptome sequencing to identify a series of novel putative conopeptides from the three venom ducts of the vermivorous cone snail Conus quercinus. Five novel gene superfamilies were further verified using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). One of the newly discovered conotoxins, Que-0.1, which has a novel cysteine framework, was prepared using the genetic engineering techniques. The nerve-blocking potential of this conotoxin was analyzed using the electrophysiological methods.



RESULTS


Transcriptome Sequencing

A summary of the transcriptome assemblies of the three venom ducts is given in Supplementary Table 1. Illumina sequencing of Que-1-VD, Que-2-VD, and Que-3-VD generated approximately 8.39, 9.21, and 7.19 Gb of clean data, respectively. Based on these data, full-length transcript sequences were assembled using Trinity (Fu et al., 2015). The total numbers of potential transcripts in Que-1-VD, Que-2-VD, and Que-3-VD were 134,610, 113,063, and 97,027, respectively. The percentage of Q30 clean bases in Que-1-VD, Que-2-VD, and Que-3-VD were 93.2, 96.52, and 93.21%, respectively. The GC contents of the potential transcripts in Que-1-VD, Que-2-VD, and Que-3-VD were 43.46, 44, and 42.97%, and the average lengths of potential transcripts were 434.94, 366.95, and 414.24 bp. For Que-1-VD, Que-2-VD, and Que-3-VD, the ratio of pair mapping was 79.09, 70.31, and 83.39%, and the total numbers of open reading frames (ORFs) were 15,364, 12,141, and 10,068, respectively.

We used the Venn diagrams to visualize the numbers of annotated genes. In the databases, non-redundant nucleotide sequences (Nt), Swiss-Prot, and non-redundant protein sequences (Nr), there were 3,071, 14,918, 9,983, and 19,980 hits, respectively, for Que-1-VD (Supplementary Figure 1A); 2,964, 14,608, 8,185, and 18,828 hits, respectively, for Que-2-VD (Supplementary Figure 1B); and 2,419, 11,463, 6,884, and 14,971, respectively, for Que-3-VD (Supplementary Figure 1C). The major functional Gene Ontology Consortium (GO) terms in the biological process category were cellular process, single-organism process, and metabolic process (Supplementary Figure 1D).

The cytochrome c oxidase subunit I (COI) gene is often used as a DNA barcode for animal species identification (Hebert et al., 2003). From the NCBI EST database, we obtained 22 COI nucleotide sequences from eight Conus species: C. tribblei (Barghi et al., 2015), C. lenavati (Li et al., 2017), C. episcopatus (Prashanth et al., 2016), C. marmoreus (Dutertre et al., 2013), C. geographus (Safavi-Hemami et al., 2014), C. eburneus (Liu et al., 2012), C. flavidus (Davis et al., 2009), C. litteratus (Lu et al., 2014), and C. quercinus. We aligned these sequences with the COI nucleotide sequences of Que-1-VD, Que-2-VD, and Que-3-VD. The resulting evolutionary tree indicated that the genetic distances among the COI genes from the nine Conus species were 0.01–0.011. On the contrary, the genetic distances among the two previously published COI sequences (MN389188.1 and KJ606021) and three of the COI sequences collected from the five C. quercinus specimens were 0.000–0.003. This evolutionary tree was consistent with the traditional morphological identifications and classifications. Thus, we identified Que-1-VD, Que-2-VD, and Que-3-VD as C. quercinus (Figure 1).
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FIGURE 1. The phylogenetic relationship of Conus species. The phylogenetic tree was inferred from the partial sequences of cytochrome oxidase I. Tree building method: PHYLIP Neighbor Joining in the UGENE-1.25.0 program. The Distance matrix model: FB4. Transition/transversion ratio: 2.00. Some species pictures were cited in the literature (Zhang et al., 2019).




Eukaryotic Orthologous Group Functional Classification of the Open Reading Frames

To further explore the possible functions, we screened the identified ORFs against the eukaryotic orthologous groups (KOGs) database. In Que-1-VD, Que-2-VD, and Que-3-VD, we successfully assigned the KOG functional annotations to 9,910, 8,114, and 6,753 sequences, respectively, these annotations were grouped into 25 functional categories (Supplementary Figure 2). Across all the annotations, 3,669 sequences (14.81%) were annotated as “general function prediction”; 3,143 sequences (12.69%) were annotated as “signal transduction mechanisms”; and 2,567 sequences (10.36%) were annotated as “posttranslational modification, protein turnover, and chaperones.” The functions “intracellular trafficking, secretion, and vesicular transport,” “transcription,” “translation, ribosomal structure, and biogenesis,” and “RNA processing and modification” were associated with similar numbers of sequences: 5.11% (1,266 sequences), 5.17% (1,282 sequences), 5.00% (1,236 sequences), and 6.92% (1,715 sequences). In contrast, “defense mechanisms” and “cell motility” were associated with the fewest sequences: 0.73% (180 sequences) and 0.35% (78 sequences), respectively. This pattern of KOG enrichment is similar to that of the sequences from the venom ducts of C. litteratus (Puillandre et al., 2012). Our results showed that many genes involved in the signal transduction and post-translational modification are active in the venom ducts.



Putative Conopeptide Precursors Predicted With ConoSorter

ConoSorter, a machine-learning tool that predicts toxin genes, is widely used to identify and classify the conotoxin gene precursors (Lavergne et al., 2013, 2015; Phuong et al., 2016). Owing to the risk of over-fitting that is associated with machine learning, we adjusted the hydrophobicity threshold of the analysis, which reduced noise while improving the accuracy and efficiency of the predictions. This analysis gave reliable output when conopeptide precursors predicted with ConoSorter was further screened using ConoServer (Kaas et al., 2012) and artificial correction (Safavi-Hemami et al., 2015).

According to the ConoServer database (see text footnote 1), C. quercinus contains 133 mature conotoxins in 13 gene superfamilies (A, B1, I2, Insin, K, M, O1, O2, O3, Q, T, Y, and divergent M—L-LTVA). Using ConoSorter (Materials and methods), we predicted and annotated 273, 180, and 188 conopeptide precursor sequences from Que-1-VD, Que-2-VD, and Que-3-VD, respectively (Supplementary Table 2). The Venn diagrams were used to visualize the relationships among the annotated conopeptide precursor sequences (Figure 2A). There were 194, 115, and 106 unique sequences in Que-1-VD, Que-2-VD, and Que-3-VD, respectively, while 42 sequences were shared between Que-1-VD and Que-2-VD, 45 sequences were shared between Que-2-VD and Que-3-VD, and 59 sequences were shared between Que-1-VD and Que-3-VD.
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FIGURE 2. The annotated conopeptides predicted from transcriptome sequencing. (A) Relationship of the annotated conopeptides predicted by ConoSorter from the Que-1-VD, Que-2-VD, and Que-3-VD. (B) Number of the identified conopeptide precursors previously reported for Conus quercinus.


We identified 17 previously reported conopeptides in Que-1-VD, belonging to seven gene superfamilies (A, M, O1, O2, O3, P, and T); 12 previously reported conopeptides in Que-2-VD, belonging to seven gene superfamilies (A, I1, M, N, O1, O2, and T); and 14 previously reported conopeptides in Que-3-VD, belonging to seven gene superfamilies (A, I2, M, O1, O2, O3, and T). In total, 517 conopeptide genes were identified, of which 26 unique precursors were previously reported (Figure 2B). The 26 unique precursors were Qc5.2, Qc5.1, Qc3.1, Qc3-YDG01, Qc1.2, Qc1.1b, Qc1.18, Qc1.16, Qc1.11, MrIA, Mr5.1b, Mr15.3, Mr11.2, MaIr137, LtXVIA, LtXVA, LtVIC, LtVIA, LtIIIA, Lt9a variant, Lt6d/Lt6e, Lt5b, Lt11.2, Eu6.6, Contryphan-Lo, and Contryphan-G. Of these 26 precursors, 5 were previously identified in the molluscivorous species C. marmoreus (MrIA, Mr5.1b, Mr15.3, Mr11.2, and MaIr137) (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006; Liu et al., 2012), and 10 were previously identified in the vermivorous species C. litteratus (LtXVIA, LtXVA, LtXVA, LtVIC, LtVIA, LtIIIA, Lt9a variant, Lt6d/Lt6e, Lt5b, and Lt11.2) (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006; Liu et al., 2012). The Eu6.6 precursors from the related vermivorous species C. ebraeus (Hu et al., 2012) were also predicted by ConoSorter. Notably, the N, P, and I1 gene superfamilies, which were previously reported in this genus, were identified herein for the first time in the vermivorous C. quercinus.



Distribution of Cysteine Frameworks

Cysteine bridges improve the stability of mature conopeptide domains and provide resistance to enzymatic degradation, while the cysteine frameworks with disulfide connectivity are more pharmacologically relevant (Pakkala et al., 2010; Then et al., 2016). Across the 517 conopeptide genes in vermivorous C. quercinus, the most common cysteine frameworks were XIV (C-C-C-C), VI/VII (C-C-CC-C-C), and I (CC-C-C): these frameworks were found in 40, 36, and 26 genes, respectively (Supplementary Figure 3). In addition, 14 genes contained framework V (CC-CC), 10 genes contained framework XVI (C-C-CC), and 10 genes contained framework III (CC-C-C-CC). The frameworks IX (C-C-C-C-C-C), XII (C-C-C-C-CC-C-C), XV (C-C-CC-C-C-C-C), and XXIV (C-CC-C) were all found in seven genes. The remaining nine cysteine frameworks were found in between 2 and 5 genes each. These results further demonstrated the diversity of cysteine frameworks.



Conopeptide Precursors Verified by Liquid Chromatography-Mass Spectrometry/Mass Spectrometry

The total proteins from the venom duct were sequenced using a Thermo LTQ Orbitrap Elite (Thermo Fisher Scientific, MA, United States). LC-MS/MS sequencing generated 177, 138, and 153 Mb of raw ion current traces from Que-1-VD, Que-2-VD, and Que-3-VD, respectively. The total ion current traces for the three venom ducts of C. quercinus are shown in Figure 3A. We identified three conopeptide gene superfamilies (F, A, and M) (Supplementary Table 3) and 10 unique conopeptides (Figure 3B). In addition, Qu1.8 was identified by LC-MS/MS. Que-1-c61524_g2_4_1, Que-2-c19299_g2_2_1, and Que-3-c57791_g1_4_1 were identified as the same toxin, and the mature peptide was renamed Que-0.1. The mature region of the aligned sequence is shown in Figure 3C. The signal regions of Que-0.1, Que-2-c57915_g1_5, and Que-3-c11961_g1_6_5 did not cluster with any known groups. An evolutionary analysis showed that these three novel conopeptide precursors belonged to two new gene superfamilies. We named these gene superfamilies Que-MNCLQ and Que-MAMNV based on their signal peptide sequences (MNCLQLLLVLLLISTIAA and MAMNVWMTISVLVVVVMATAVTG, respectively, Figure 4). In addition, we identified the cysteine framework CC-C-C-C-C-C-CC-C-C-C-C-C for the first time in cone snails. We also found disulfide links at the cysteine residue sites Cys50, Cys56, Cys64, and Cys68 in the cysteine framework of Que-1-c61524_g2_4_1.
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FIGURE 3. The results of LC-MS/MS analysis. (A) Total ion current traces of the venom ducts of three C. quercinus. Liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) runs using an LTQ Orbitrap Elite System. (B) The Venn diagrams of the identified conopeptides at the protein level from the Que-1-VD, Que-2-VD, and Que-3-VD. (C) The sequence alignment of a novel conopeptide Que-0.1 from the Que-1-VD, Que-2-VD, and Que-3-VD.
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FIGURE 4. Phylogenetic tree of signal sequences from three new precursor conopeptides (Supplementary Table 3) and 63 signal sequences. The amino acid sequences were aligned and a guide tree were constructed using the CLUSTALW 2.1. Tree building method: PHYLP Neighbor Joining. The guide tree was decorated using iTOL (http://itol.embl.de/).




Expression, Purification, and Identification of Que-0.1

The length of the Que-0.1 peptide sequence was 80 amino acids. Owing to the multiple pairs of disulfide bonds in Que-0.1, we selected the expression vector PET32a (+) with ampicillin resistance. The N-terminal of this vector contains the tag protein thioredoxin (TrxA) for auxiliary oxidative folding and the six histidine (His) tag sequence for purification. The sequence is the toxin gene, the restriction endonuclease MscI, the spacer sequence, and the intestinal kinase (EK) recognition site from 5′ end to 3′ end. The termination codon and the restriction endonuclease Xho I were added to the 3′ end of the Que-0.1 gene. The recombinant Que-0.1 gene was synthesized directly. The map of the constructed PET32a-Que-0.1 expression vector and the Sanger sequencing peak map of Que-0.1 gene are shown in Supplementary Document.

The PET32a-Que-0.1 expression vector was successfully constructed and transferred into Escherichia coli (E. coli) BL21 (DE3) strain for induction and expression. The optimal temperature, IPTG (Isopropyl β-D-thiogalactoside) concentration, and time used to induce the expression of the fusion peptides were explored to maximize the product yield while retaining the biological activity. The final induction conditions were as follows: culture at 37°C until an OD600 of 0.6, add IPTG to a final concentration of 0.1 mM, and culture at 18°C for 10 h. On average, 3 mg of recombinant Que-0.1 conotoxin were obtained from l L culture.

To obtain high-purity recombinant Que-0.1, we first purified the recombinant Que-0.1 product with six histidines (His). After Ni affinity purification, the resultant recombinant Que-0.1 product was of high purity. After the N-terminal TrxA label in the purified product was removed by EK, Que-0.1 was further purified using the AKTA Explorer chromatography system. The molecular weight of the purified product was consistent with the theoretical molecular weight of Que-0.1 (8.52 kDa), as shown by the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Figure 5A). The crude recombinant Que-0.1 was again purified using reversed phase high performance liquid chromatography (RP-HPLC). The 2 min peak, which was the target peptide (Figure 5B), was collected. To verify that the product was recombinant Que-0.1, we validated it using mass spectrometry. The two peptides of recombinant Que-0.1 were successfully identified (Figure 5C). The products were stored separately and lyophilized for the activity test.
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FIGURE 5. Expression, purification, and identification of Que-0.1. (A) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analyze of expression of recombinant Que-0.1; 1: sample of the fusion protein TrxA-QcMAMN0.1; 2: sample of the fusion protein TrxA-Que-0.1 digested by enterokinase; 3: the standard protein marker. (B) Reverse phase high-performance liquid chromatography (HPLC) purification of purified conopeptide Que-0.1. (C) LC-MS/MS of Que-0.1.




Biological Activity of Que-0.1

To test the biological activity of the recombinant Que-0.1 toxin, we designed the model (Figure 6) described in section “Materials and Methods.” We used the clinical pethidine hydrochloride anesthetic as the positive control group and the recombinant Que-0.1 toxin as the experimental group.
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FIGURE 6. The animal experiment test models.


We recorded eight electrical stimulation signals in the positive control group before drug administration, eight signals when 5 μg/μl pethidine hydrochloride was applied, and six signals after the drug was washed out. The peaks were 0.08, 0.01, and 0.02 mV, respectively, and the troughs were -0.08, -0.02, and -0.04 mV, respectively (Figure 7). In the experimental group, we recorded six electrical stimulation signals in the positive control group before drug administration, six signals when 5 μg/μl pethidine hydrochloride was applied, and six signals after the drug was washed out. The peaks were 0.18, 0.09, and 0.12 mV, respectively, and the troughs were -0.10, -0.11, and -0.07 mV, respectively (Figure 8).
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FIGURE 7. Inhibitory action of the recombinant Que-0.1 on neuromuscular transmission. (A) Before treatment. (B) 0.5 μg/μl recombinant Que-0.1. (C) Cleaning recombinant Que-0.1 with Ren’s solution.
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FIGURE 8. Inhibitory action of pethidine hydrochloride on neuromuscular transmission. (A) Before treatment. (B) 5 μg/μl pethidine hydrochloride. (C) Cleaning pethidine hydrochloride with Ren’s solution.


Using the statistics described in the Materials and methods, we found that the treatment with 5 μg/μl pethidine hydrochloride inhibited neural signal transduction by 20%, which recovered by 60% after the pethidine hydrochloride was washed out. Importantly, treatment with 0.5 μg/μl recombinant Que-0.1 inhibited neural signal transduction by 50%. When the toxin was washed out, neural signal transduction recovered to 66.67%. At equivalent doses, Que-0.1 had a stronger inhibitory effect on neuromuscular conduction than pethidine hydrochloride; specifically, the inhibitory effect of Que-0.1 was 6.25 times greater than that of pethidine hydrochloride.




DISCUSSION

The toxin resources of cone snails are rich and diverse. To date, more than 700 species of cone snail have been described, but the transcriptome and proteome data are available for only a few of these species (Violette et al., 2012; Dutertre et al., 2013; Safavi-Hemami et al., 2014; Jin et al., 2015; Lavergne et al., 2015). The transcriptomic and proteomic approaches have different advantages in the identification of novel conotoxins. To uncover conopeptide diversity in the venom of vermivorous species and to explore the potential pharmacological applications of natural conopeptides, we systematically analyzed the conopeptide genes and proteins in the venom ducts of the vermivorous species C. quercinus. The phenetic and phylogenetic relationships of the specimens were analyzed based on the shell morphology, COI sequences, and internal transcribed spacer 2 (ITS2) sequences. We used these analyses to distinguish this new species from other species (Nam et al., 2009; Puillandre et al., 2014a, b).

The COI gene is an excellent marker gene for species classification in Conus. We extracted the COI genes from transcriptome of C. quercinus. We then constructed an evolutionary tree based on these sequences and previously published the COI gene sequences from eight other cone snails. We found that the genetic distances among the COI genes of the analyzed Conus species were 0.01–0.011. Using these data, we correctly identified C. quercinus. Furthermore, the KOG enrichment analysis showed that the venom ducts were highly enriched in the signal transduction and post-translational modification genes, presumably due to the large number of conopeptides that are synthesized and processed in this organ.

Many conotoxins are identified in various Conus species, such as 215 distinct conopeptides in C. betulinus (Peng et al., 2016), 136 unique conopeptides in C. tribblei (Barghi et al., 2015), and 3,305 novel conopeptides in C. episcopatus (Lavergne et al., 2015). Here, we identified 517 full-length putative conopeptide precursors in total, encompassing 20 known cysteine frameworks. Thus, the accurate identification of conotoxin types provide key clues for the biological research and clinical medicine (Dao et al., 2017). Our analyses of conopeptide genes among the venom ducts of three snails demonstrated that many conopeptide gene sequences differed among the individual C. quercinus. The N, P, and I1 gene superfamilies, which have been previously identified in other Conus species, are reported here for the first time from the vermivorous C. quercinus. In addition, a small set of conopeptide genes with identical sequences were shared among C. quercinus, C. marmoreus, C. litteratus, and C. ebraeus, reflecting the complexity of gene origin and evolution in this genus.

The proteomic sequences reflect the final secreted conopeptides. Using the proteome analysis in combination with transcriptome analysis, we identified 10 unique conopeptides at the protein level, encompassing five conopeptide gene superfamilies: F, A, M, Que-MNCLQ, and Que-MAMNV. The cysteine framework CC-C-C-C-C-C-CC-C-C-C-C-C was identified for the first time in C. quercinus at both the mRNA and the protein levels. The Que-0.1 precursor, which contained seven pairs of disulfide bonds and which was found in all the three individuals, was used for the functional study.

The in vitro preparation of functionally active conopeptides containing multiple pairs of disulfide bonds is challenging (Heimer et al., 2018). Here, we successfully generated the conopeptide Que-0.1 for the first time by constructing an expression system using the tag TrxA. TrxA plays a key role in the oxidative folding of Que-0.1, which is biologically active due to its seven pairs of disulfide bonds. Via a series of trials, we successfully optimized the parameters for efficient induction and purification of recombinant Que-0.1. Further explorations of Que-0.1 activity using the animal models showed that Que-0.1 inhibited neural signal transduction at low concentrations. Specifically, the inhibitory effects of laboratory-generated Que-0.1 on neural signal transduction were more than six times stronger than those of pethidine hydrochloride. This suggests that Que-0.1 may represent a potential biological anesthetic derived from the natural products.

At present, the analgesic drugs used in clinic, such as morphine, pethidine, and dizocine, have side effects, such as easy addiction and poisoning, while conotoxin has the advantages of novel structure, high diversity, strong activity, strong specificity, non-addiction, and few side effects (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006; Hu et al., 2012; Terlau and Olivera, 2017; Shen et al., 2019). It can specifically bind to a variety of membrane proteins and has become an important treasure house in the field of analgesic research and development (Elisabetta et al., 2017; Gao et al., 2017; Shen et al., 2019). For example, Ziconotide, an analgesic drug listed in the United States, can specifically target Ca2+ channel (Cav2.2) (Wermeling, 2005). Other clinical pipelines, such as conotoxin κ-PVIIA (CGX-1051) targeting K+ channel (Kv1) (Kwon et al., 2016) and conotoxin αO-conotoxin GeXIV targeting α9α10 nicotinic acetylcholine receptor (Zhangsun et al., 2017). However, ω-CVID targeting Ca2+ channel (Cav2.2) has completed a preclinical study, but it is temporarily in phase II observation test due to high cytotoxicity (Adams et al., 2003). In the future conotoxin research, the cytotoxicity of conotoxin Que-0.1 and animal safety test can be carried out. In addition, the conotoxin Que-0.1 may contain seven pairs of disulfide bonds, while the other four conotoxins (κ-PVIIA, Kwon et al., 2016; GeXIV, Zhangsun et al., 2017; and ω-CVID Adams et al., 2003) have only three pairs of disulfide bonds. Disulfide connectivity in the peptides bearing intramolecular disulfide bonds is highly important for the structure and the biological activity of the peptides (Massonnet et al., 2018). It may be that Que-0.1 is more stable and can prevent degradation during in vivo administration. The Que-0.1 has better analgesic effect and lower dosage than the clinical anesthetics pethidine in this study. It may be developed into the analgesic drugs for chronic pain and neuropathic pain in the future.

In summary, this study updated our knowledge of the Conus toxins, not only deepening our understanding of conopeptide diversity, but also providing a valuable framework for the future investigations of conotoxin activity. Analgesia has been a long-term effort of humankind, but there is long way to go. The discovery of neuroblocking conotoxin Que-0.1 is helpful to identify its specific analgesic molecular targets.



MATERIALS AND METHODS


RNA Extraction

Three adult specimens of C. quercinus were collected from the South China Sea. The venom ducts were immediately removed from each specimen and designated Que-1-VD, Que-2-VD, and Que-3-VD. Each tissue sample was separated into two parts and stored at −80°C until use. RNA was extracted from one part of each sample, while the remainder was used for LC-MS/MS. Total RNA was extracted using TRIzol, following the instructions of the manufacturer.



Transcriptome Sequencing and Bioinformatics Analysis

The transcriptomes of the C. quercinus species were sequenced on an Illumina HiSeq platform (125-bp paired-end, Illumina Inc., San Diego, CA, United States). The raw data were filtered using the NGS QC Toolkit (Patel and Jain, 2012) and Trimmomatic-0.60 (Bolger et al., 2014). The filtering criteria and analysis pipeline have been described previously (Puillandre et al., 2012).



Screening New Conotoxins With ConoSorter

ConoSorter is a machine learning program for the large-scale identification and classification of conopeptide precursors (Lavergne et al., 2013). The analysis process was as follows: first, ConoSorter was used to analyze the unique transcripts directly. Sequences 40–147 amino acids long were selected. The predicted conopeptide precursors with an N-ter hydrophobicity rate ≥ 65% were selected as candidate conopeptides for further analysis. Finally, according to the prediction of ConoServer, the sequence without signal peptide was removed.



Protein Fractionation and Preparation for Liquid Chromatography-Mass Spectrometry/Mass Spectrometry Analysis

The venom duct samples were stored at −80°C. The sample preparation and analysis methods were preformed following the protocols of the Thermo Scientific EASY-nLC 1000 system, the Thermo LTQ Orbitrap Elite mass spectrometer, and our previously published studies (Puillandre et al., 2012). The sample was solubilized in lysis buffer (8 M urea, pH 8.00) containing 5 mM DTT at 60°C for 45 min, followed by alkylation at 25°C for 45 min in the presence of 25 mM iodoacetamide in the dark. The obtained protein solutions were reconstituted in 50 mM ammonium bicarbonate with 0.5 M urea, pH 7.8, and digested (trypsin: protein = 1:100) for 12 h at 37°C. The pH of the samples was adjusted using a 0.1% formic acid solution before MS sequencing. The test time for each sample was 50 min.



Proteomic Data Analysis

The peak lists were generated and the sequences were identified by searching the Thermo LTQ Orbitrap Elite mass spectra against candidate conopeptide databases using the Thermo Scientific Proteome Discoverer Version 1.3.0.339 (Supplementary Table 2). For the alkylated samples, the fixed modification was set as carbamidomethyl (+57.021 Da). The MS instrument was Collision-induced dissociation- Ion Trap Mass Spectrometer (CID-ITMS), the precursor tolerance was 20 ppm, and the fragment tolerance was 20 ppm. The dynamic modification was set to oxidation (+15.995 Da, methionine). The maximum modifications per peptide were set to 4, the precursor mass tolerance was set to 20 ppm, the fragment mass tolerance was set to 20 ppm, up to 3 missed cleavages were allowed, the enzyme was trypsin, the FDR was set to 1%, the peptide mass was 600–10,000 Da, and the peptide length was 6–100 amino acids.



Phylogenetic Tree

The signal sequences of the 27 superfamilies in ConoServer (A, B1, B2, B3, C, D, E, F, G, H, I1, I2, I3, J, K, L, M, N, O1, O2, O3, P, Q, S, T, V, and Y) as well as the 13 temporary gene superfamilies were referenced (Liu et al., 2012; Bernáldez et al., 2013; Safavi-Hemami et al., 2014; Lavergne et al., 2015). In addition, the signal sequences from the 35 novel superfamilies were described over the past three years (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006), and those from the three newly identified precursor conopeptides were added. The amino acid sequences were aligned by CLUSTALW 2.1 software.2 All the distances were between 0.0 and 1.0. We chose PHYLP Neighbor Joining as tree building method in the UGENE1.25 software.3



Recombinant Expression of the Que-0.1 Conotoxin

The Que-0.1 conopeptide was prepared using the genetic engineering. The codon of the toxin gene was optimized based on the nucleotide sequence of the conotoxin gene encoding the mature peptide, in combination with the polyclonal site of PET32a (+) vector and the restriction endonuclease site of toxin gene. The toxin gene was short and was synthesized using the direct synthesis method. Ni2 + column affinity purification was performed using the ATAK Chromatographic system (chromatographic column: Chelating Sepharose Fast Flow, Sephadex G25, Sephadex G-50, Amersham Pharmacia Biotech, Amersham, United Kingdom). The Que-0.1 gene was sequenced using the Applied BioSystems 3730xl DNA Analyzer (Applied Biosystems, Carlsbad, CA, United States). The sequencing results were viewed using UGENE-1.25.0 (see text footnote 3). The basic procedure for induced expression and product purification of the recombinant Que-0.1 was as follows. (1) Single colonies were cultured in 15 ml 2YT medium and vibrated at 37°C for 12 h as seed. They were inoculated in 1 L 2YT medium at the ratio of 1:50 and cultured at 37°C until the OD value reached at 0.6–0.7. The stock solution 24 mg/ml IPTG and 5% glucose solution were separately added to the culture under the ratio of 1:1,000 and cultured at 18°C for 10 h. (2) The bacteria were collected after centrifugation at 4°C at 8,000 rpm at 4°C for 10 min. The ultrasonic supernatant was collected after crushing the bacteria at 4°C, followed by 12,000 rpm centrifugation for 20 min. (3) Cleaned the ethanol-sealed Ni2+-Chelating Sepharose affinity chromatography column (GE AKTA explorer100, GE Electric Company, MA, United States) with five times the column bed volume of deionized water, bound the Ni2+ to the column matrix with two times the column bed volume of 0.2 M NiSO4, washed with 10 times the column bed volume of deionized water to remove the free NiSO4, and balance the column with an Ultrasonic Buffer (50 mM Tris, 0.5 M NaCl, 20 mM imidazole, and pH 8.0) at five times the column bed volume (4). The supernatant after ultrasound treatment and centrifugation was loaded on the column and washed with ultrasonic buffer until the UV absorption value reached the baseline, then the gradient elution was carried out with the Elution Buffer (50 mM Tris, 0.5 M NaCl, 0.5 M imidazole, and pH8.0). The solutions of the cross-flow peaks and elution peaks were collected for SDS-PAGE detection. (5) For the fusion polypeptide solution obtained using Ni2+ affinity chromatography, a 3 K ultrafiltration tube was used to replace the original buffer with EK enzyme digestion buffer, during which the rotational speed did not exceed 7,500 rpm/min. The volume ratio of the EK enzyme to the fusion peptide solution was 1:100, and the digestion was performed at room temperature for 18 h. (6) The digested product was loaded to a fresh prepared column, and the second round of affinity purification was carried out by repeating the step 3–step 4 above. (7) The crude product obtained above was passed through a C18 reversed-phase column for RP-HPLC detection, during which the salt ions and other miscellaneous peptides and proteins were removed simultaneously. The volume of each sample was 50–100 μl. Linear gradient elution was performed for 30 min using solution A (deionized water + 0.1% TFA) and solution B (acetonitrile + 0.1% TFA): solution A, 95– > 5%; solution B, 5– > 95%. Double wavelength detection was performed at 215 and 280 nm, and the elution peaks were collected for MS detection. After RP-HPLC purification, the collected polypeptide peaks were again vacuum freeze-dried and stored at −20°C until use. After preliminary purification, the Que-0.1 conopeptide was analyzed using LC-MS-MS.



Bullfrog Sciatic Nerve Bioelectric Activity

In this experiment, the bullfrog sciatic nerve bioelectric activitywas used to detect whether the conotoxin blocked neuromuscularconduction (Cymerman and Gottlieb, 1970; Gaffey and Tenforde, 1983). The bullfrog sciatic nerve was prepared as follows: decapitation, destruction of spinal cord, stripping of specimen hind limb, separation of two hind limbs, and examination of specimen. During the specimen preparation, the peeled specimen was frequently moistened with Ren’s solution. The sciatic nerve of the prepared specimen was gently touched with the two poles of the zinc copper arch. If the gastrocnemius muscle contracted immediately, we considered the specimen to have good excitability. Next, the specimen was transferred to Ren’s solution, and the experiment was performed after the excitability of the specimen stabilized. The tension transducer was connected to the root muscle of the gastrocnemius tendon, and the sciatic nerve was placed on the stimulation electrode. The tension transducer and the stimulation electrode were connected to a BL-420S biological function experimental system. To assess the nerve blocking abilities of recombinant Que-0.1, we recorded the signals using the BL-420 biological signaling system. The animals used were bullfrogs purchased at the university market. When the toxin was given, 6–10 electrical stimulations were performed, and at least six signals were collected each time. The time interval between the electrical stimulations was 0.8 s, and the peak was recorded each time. All the electrical stimulations for each model were completed within 5 min. The concentration of the conotoxin was 0.5 μg/μl. The dosage was 50 μl. To calculate the experimental results, at least five peaks were collected, and the maximum of each peak was extracted. The peak represents the maximum pulling force, and the average value of the peak was calculated. The inhibition rate of the neural circuit was calculated as (mean value after administration/mean value before administration) × 100%. The recovery rate of the neural circuit after drug removal was calculated as (mean value after drug removal/mean value before drug administration) × 100% - inhibition of the neural circuit.
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Drying technique Cost Energy demand Salinity Nutrient content N,O emission potential Plant growth effect Total

Lyophilization 4 6 4 5 6 4 29
Salt + Aluminum 2 2 6 6 6 6 28
Oven-drying 2 5 4 5 6 4 26
Dialysis 5 4 2 2 2 2 17
Alcohol 6 1 3 3 2 2 17
CAN 1 3 1 1 | 1 8

For each comparative category (columns), the potential outcome of each treatment (rows) is ranked, where a lower number represents a better theoretical ranking.

The final column (red) represents the overall sum. The lower overall sum determines a better potential outcome: Lower overall potential industrial cost, lower overall energy
demand, lower salinity levels, higher nutrient contents, lower N>O emission potential and higher plant growth effect. The three methods with the lowest overall score
(oven-drying, alcohol and CAN, written in red) were selected for subsequent growth studies.
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Organic fertilizer C N P K Na Ca Mg References
mg per g DM
Cattle slurry (7% DM) 430 50 9 40 - 16 8 Méller and
SchultheiB, 2014;
LWK-SH, 2019
Pig slurry (3% DM) 420 120 23 64 —% 36 14
Digestates (4-6% DM) 400 78 12 60 S <1 7
A. aurita (AA) Oven 31 7 1 10334 8 16 Own data
Alcohol 274 78 10 4 92 8 10
C. capillata (CC) Oven 106 30 5 12195 8 18
Alcohol 155 44 2 16 179 8 20
P, periphylla (PP) Oven 451 74 6 5 55 3 5

8, not available.
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Treatment Drying pH C N P K Mg EC

% mg 100g~1 dry soil  dS/m

A. aurita (AA) Oven 7.4° 1.3 0.08% 9.8 3.9° 14.3° 3.50°

Alcohol 7.48b 1.32 0.092 9.08 0.52 7.28b 0.38?
C. capillata (CC) Oven 7.42> 132 Q.09 9.08 1.72° 8.0 0.992¢

Alcohol 7.32P 1,32 0,092 8.92 2.0° 7.4% 0.67°
P, periphylla (PP) QOven 7.2° 1.32 0.092 8.92 1.5 6.480 0.392d
CAN 7.45 132 0.08% 85% 0.9%° 6.5° 0.234
Control 7.40 1.3 008 872 1.02° 6.70 0.2629

No common lowercase letters show significant differences between the treatments
(n=5,p <0.05).
CAN, Calcium-Ammonium-Nitrate.
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Treatment Drying P K Na Ca Mg

mg per pot
A. aurita (AA) Oven 6.1 79.6 2764.3 69.9 133.6
Alcohol 7.6 3.3 69.3 5.6 75

C. capillata (CC) Oven 9.5 242 384.7 15.2 35.0

Alcohol 29 21.7 236.6 9.9 26.9
P, periphylia (PP) Oven 29 4.6 3.6 43.2 2.3
CAN 4.6 3.6 43.2 2.3 44

CAN, Calcium-Ammonium-Nitrate.
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Treatment Drying DM Cc N P K Na Ca Mg
%FM % DM (mg g~ DM)

A. aurita (AA) Oven 1.5 31 07 07 96 3339 84 1641

Alcohol 0.2 274 7.8 101 44 923 75 10.0

C. capillata (CC) ~ Oven 156 106 3.0 48 1283 1947 7.7 17.7

Alcohol 0.9 165 44 22 16.4 1787 7.5 203

P periphylla (PP) Oven 1.3 451 7.4 58 45 546 29 51
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Amino acid sequence UniProt B2DCR8 (CTX_SEPES): SE-cephalotoxin from Sepia esculenta

1

81

881

961

1041

MMGTSRCVILLFALLLWAANAAPPEIHTTRPNVPEEIKRPNSTEIETPAVKQLETPSIFLLTTLEVAEADVDSTLETMKD

RNKKNSAKLSKIGNNMKSLLSVEFSVEFGGFLSLLSVVTTTSDLQVISDMFTGVNRKLDQINDKLDKLDNSVELQGLLTNY T

PWOYSVKNGIEKLIETYKKMVEETDMNKRRLMAENFILFFENNQIESNINNLIKLTTTTDAVHONMLENELLDEAGCDIT

RLTRIYMHVRRIFYQGTQLVLAYNSFKOMDPPEMKKYLNALIFIRNMYQSRVWHCKETTIAQSKKDIKDIVKTNAKEFGIT

TVLRKINSELSRKYPWYSWSIVTVKKMLANQRNSTLGNQFYEMEAVGPHGSNEVVIWQGFKEHSQCEDIQKANTIAVLTI

CKSCHQSHVFTPSNMLNKNTCPNNQYPQVKAFIDRREPFRDEIQRKKSDVEWVAAGEFKAP

KIQOMKRDISKLISDLOTGYKNAFNVPSLTNILIQGENLAKQLKKMIQRIDNQFELTHILVKY

ISDLOKLDYILKISEFNYSKKKITVDAFSRRMKAFLSLNPVDFIFQQOLSNAILAEGFTDIQGKDFEFNTFKRMIASNRDACT

APYGNEATILLERLSRLDLTAAESILAYYSFESNYLNPANMKRMLENAKQLVRDSKRRMRSYARYWERTSCPPLNVTHLT

Sushi
QTGCGALLSFEGMKVKLSCDGGRAAVPONIEC QWSATPKCE
T LDL-receptor class A
CCQEKYGKFKCDNNKCISLSRVCDGNDD( KYLRSGDRIALRNMAYSQEWLS

VQYTDAVQADLYYGRAYLNHCIKGDHVTSSEWNSCAGQOSLLIYGNYENGKIGKATIRFGDKIAMYYRKTNYHYRWEFICYPT

YCMTYTCPKKAGSFTFGPNGGCDEYEFYIINYNDKLSRDPVKPGDVITLANNRGSVKGNGYNRNININDCTVKRAQDDRI

ECNANAWQIFIK
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Species Toxin name Molecular Isoelectric Known mode-of-action/ Post- References
weight (kDa) point Bioreactivity translational
modifications

Doryteuthis Unknown cytolytic - = - - Kem and Scott,

(Amerigo) pealeii® protein 1980

Eledone cirrhosa Eledone toxin 30-70 >7 Neurotoxin - McDonald and

Cottrell, 1972

Eledone moschata Eledoisin® - - Hypotensive agent - Erspamer and

Eledone cirrhosaP Anastasi, 1962

Enteroctopus - 22.18 5253 Potential neurotoxin = Songdahl and

doflein® Shapiro, 1974

Octopus vulgaris a-cephalotoxin 91.20 4551 Neurotoxin (inhibitor of - Cariello and Zanetti,
glutamate-mediated synaptic 1977
transmission)

Octopus vulgaris B-cephalotoxin 33.90 1.825 Neurotoxin (inhibitor of - Cariello and Zanetti,
glutamate-mediated synaptic 1977
transmission)

Octopus vulgaris OctTK-l and - = Hypotensive agent = Kanda et al., 2003

OctTK-II

Sepia esculenta SE-Cephalotoxin® 100 8.08 Neurotoxin Glycosylation Ueda et al., 2008

Sepia officinalis Cephalotoxin - - Neurotoxin - Ghiretti, 1959

Sepia pharaonis - ~50 - Antibacterial agent - Karthik et al., 2015

Sepia prashadi - 1.96 - Potential antibacterial and - Karthik et al., 2019

antiviral agent

aName updated from Loligo pealei.
bName updated from Eledone aldrovandi.
¢12-amino acid neuropeptide.

9IName updated from Octopus dofieini.
€UniProt accession B2DCR8.

-] Data not available/unknown.
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Application

Specific nanoporous biosilica delivery system of chemotherapeutic drug, consisting in the
attachment of antibodies and hydrophobic drug molecules, without using cross-linking, to the
diatoms biosilica.

Modified frustule with self-assembled antibacterial aromatic amino acid conjugates Tyr—Zn’ as a
zinc carrier for its controlled release to bacteria and inhibiting the bacterial growth.

Genetically modified frustule with chimeric fusion proteins: diatom-derived silica targeting peptide
Sil3T8 and a small synthetic antibody derivative to detect Bacillus anthracis

Rapid and selective detection of typhoid using cross-linked amine-functionalized diatom
photoluminescent biosensor.

Nano composite of nanoporous diatom-ZrOs selective and highly sensitive sensor for
non-enzymatic detection of methyl parathion.

Biomaterial for negative electrode composed by a 3D-structured diatom biosilica for lithium-ion
batteries, showing increased charge capacity compared to graphite.

Improved capacitor performance of in situ coating of FeOx on live diatoms as a potential material for

super capacitor electrodes.

Organism

T. pseudonana

N. palea

T. pseudonana

Amphora sp.

P tricornutum

P trainori

P tricorutum

References

Delalat et al. (2015)

Singh et al. (2020)

Ford et al. (2020)

Selvargj et al.
(2018)

Gannavarapu et al.
(2019)

Nowak et al. (2019)

Karaman et al.
(2019
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Company

Algae Biotechnologia

Algae Farm

Algorigin
Algaetoomega

Algae Control Canada
The Algae Factory
Algae Health

Swedish Algae Factory
Sabrtech

Pondtech

Products/services

Wastewater treatment, animal nutrition, carbon
dioxide fixation, biofuels, human health
Omegag, diatom, water treatment and reuse,
nutraceuticals, cosmeceuticals, algae based
solar fuels cell, die sensitized solar panel,
bioplastics

Nutritional supplements

Omega 3, astaxanthin, animal feed

Pond and lake water management
Chocolate

Antioxidants

Personal care products

Recombinant proteins, fuel, nutraceuticals,
aquaculture, etc.

Astaxanthin, aquaculture

Country

Brazil

Canada

Switzerland
United States
Canada
Netherlands
United States
Sweden
Canada

Canada

Website

http://Awww.algae.com.br/site/pt/

https://www.algaefarm.us/

https://algorigin.com/en/
https://algae2omega.com/
https://www.algaecontrol.ca/
http://thealgaefactory.com/
https://www.algaehealthsciences.com/
https://swedishalgaefactory.com/
https://www.sabrtech.ca/

https://www.pondtech.com/
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Species

Phaeodactylum tricornutum CCAP 1055/1
Thalassiosira pseudonana CCMP 1335
Thalassiosira oceanica CCMP 1005
Thalassiosira weissflogi CCMP1030
Fragilariopsis cylindrus CCMP 1102
Pseudo-nitzschia multiseries CLN-47
Pseudo-nitzschia multistriata B856
Seminavis robusta D6

Fistulifera solaris JPCC DAO58

Cyclotella cryptica CCMP332

Genome database

http://protists.ensembl.org/Phaeodactylum_tricornuturm/Info/Index
https://genome.jgi.doe.gov/Thaps3/Thaps3.home.html
https://genome.jgi.doe.gov/Thaoce1/Thaoce1.info.html
https://genome.jgi.doe.gov/portal/
https://genome.jgi.doe.gov/Fracy1/Fracy1.info.html
https://genome.jgi.doe.gov/Psemul/Psemui.home.html
http://apollo.tgac.ac.uk/Pseudo-nitzschia_multistriata_V1_4_browser/sequences
https://genome.jgi.doe.gov/portal/Semrobnscriptome/Semrobnscriptome.info.html
https://trace.ddbj.nig.ac.jo/DRASearch/submission?acc6DRA002403
http://genomes.mcdb.ucla.edu/Cyclotella/download.html
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Species/strain

Phacodactylm
tricomutum CCAP
1055/1

Thalassiosira
pseudonana CCMP
1335

Thalassiosira weissflogi
Pseudo-nitzschia
mulistriata 8856
Pseudo-nitzschia
arenysensis B85S
Fistulifera solar's JPOC
DAOSS

Cyindrotheca
usiormis CCAP
1017/2-CYL
Navicula saprophia
NAvICH
‘Chaetoceros gracilis
UTEX 82658

Genetic and molecular tools

Transformation methods and
target compartment

Biolstc (Cho et a, 2015)
Electroporation (N ot o, 2012)
Corjugation (Zaboikin et l, 2017)
Nuclear and chioroplast
transformation (4o ot al., 2014)

Biolstc (Pouisen et a, 2006)
Electroporation (Buggé, 2015)
Conjugation (Zaboiki ot al, 2017)

Biolistics (Cho et al,, 2015)

Biolistics (Sabatino et al., 2015)
Biolistics (Sabatino et al., 2015)

Biolstios (Muto et al., 2015)

Biolstis (Kong ot . 2019)

Siolstis Dunahay ot ., 1995)

Biolstcs (1uku ot al., 2015)

Promoters: (S) strong, (I}
inducible and (H) heterologous

(S): Lhcf (Fep), lght responsive:
(Karas o al, 2015), EF-1a,
40SRPS8, g tubulin, RECMT
(Edene-Ochir et al, 2019) and EF2
(Nymark et al, 2013), b4 (Fabris
etal., 2020, HASP1 (Do Riso et al
2009). : rbeL. (e et o, 2014),
NR, low NO3 induce
(Schelenberger Costa et al, 2012),
V-ATPase C, AP1 low P induce (Lin
etal. 2017) Fopt, Fid, it
ironvresponsive (Yoshinaga et al.,
2014)cat, ca2 CO;-responsive
(Harada et al, 2005; Tanakat al.,
2016), US, RNA polymerase i
transoribed (Nymark et al, 2016)
(H): CaP1, GIP1, CIP2, ToP1, TP2
(Edene-Octir et al, 2016), CMV,
RSV-LTR, PCMV, CaMV355
(Sakaue ot al., 2008)

(S): Lhef (: nr (161) SITH,
Si-starvation inducible (Davis et al.,
2017), Thaps3_9619, Si-starvation
inducible (Shvestha and Hidebrand,
2017), UB, RNA polymerase I
transcribed (Weyman et al., 2015)

(8): Lhet2 (Cho et al, 2015)
(8): 14 (Sabatino et al., 2015)

(8): Lhof2 and b4 (H): RSV and
CaMV35S (Muto et al., 2015)

{0z o (<ong et al., 2019)

(S): ACCase (Dunahay et a., 1995)

() Lhor ) e (fuku et al, 2015)

Reporters (R) and resistance
(Re) genos

(R): GUS, GFP (Zhang and Hu,
2014), YFP, GFP (Zabokin et al.,
2017) cat (Karas et al., 2015), LUC
(Cho et al, 2015), Aequorin
(Falciatore et al., 2000) (Re): Zeocin
‘and Phieomycin/sh ble,
Nourseothricin/nat,
Blasticidin-S/bsy, Streptothicinsat,
Neomycinnptl (<aras et al., 2015)

(R): YFP (Zabokin et al,, 2017)
(Re): sh ble, nat (Pouisen et al.,
2006)

(R): GUS (Cho et al, 2015)
(Re): sh ble (Sabatino et al,, 2015)

(R): GUS, GFP (Sabatino e al
2015)

(R): GFP (Re): nptll (Vo et .,
2015)

(R): GFP (Rel: sh ble (Kong et al.
2019)

(Re): nptl Ounahay et i, 1995)

(R): GFP, LUC (Re): nat (uku et al,
2015)

Expression of recombinant
proteins.

Expression of Acy-ACP
thioesterases, increased
‘accumuation of shorter chain
(Radakovits et a., 2011). Malic
enzyme (Trentacoste ot al., 2013).
GBPD (Wu et al., 2019), enhanced
ipid productiviy. Heterologous
biosynthesis of the MIAs by CrGES.
expression under phototrophic
‘conditions (Siatery et al., 2018),
Vanilin production (Erdene-Ochir
etal, 2019). PHBs for Bioplastics.
production (Hempel ot al, 201 1a).
"Human IgGaHBsAg (Hempel et al.,
2011b) and IgG1/kappa Ab
CL4mAD: antibody to hepatitis B
vinus surface protein against the
nucleoprotein of Marburg vius
(Hempel and Maier, 2012). Over
expression of DXS increased
fucoxanthin synthesis (Eilers et al.,
2016)

Overexpression a multple plasmids
can be cotransformed; cloning
‘multple genes of interest Secretion
of recombinant proteins has been
‘shown, Localization of SiMat1-GFP
(Kotzsch et al., 2016). Expression of
the protective HslbpA DR2 antigen
for the production of a vaccine
‘against bovine respiralory disease
(Davis et al., 2017), SCFVINT scFv
and SAABEAT to detected Bacilus
anthracis (Ford et al, 2016).

Overexpression of the endogenous
GK improve lipd productivity (Vo
etal, 2015)

Genome editing
methods and gene
silencing

Targeted mutagenesis
methods:
meganucleases, gene
knockouts, TALENS,
and CRISPR/Cas3
(Poulsen and Kidger,
2005). Development of
auxatrophic strains of
P, trcomutum by
CRISPR/Cas9
(Sakaguchietal,
2011). Alipid producing
strain through the
disruption of the.
UDP-glucose
pyrophosphorylase
gene (Daboussi et al.,
2014).

Targeted mutagenesis
methods:
meganucieases,
TALENS, and
CRISPR/Cas9
(Weyman et al., 2015).
Gene siencing and
gene knockouts are
wel estabished
(Shrestha and
Hidebrand, 2015).

DXS, 1-deoxy-D-xyllose 5-phosphate synthase; 40SRPSS, 40S ribosomal protein S8; ACCase, acetyl-CoA carboxylase; Acyl-ACP thioesterases, acyi~acyl carrir protein thioesterases; AP1, akaline phosphatase
1; bsr, blasticiin-S resistance gene; Cal, carbonic anhydrase 1; CaMV3SS, cauifower mosaic virus 355; CdP, Chaetoceros debifs-infecting DNA virus; CIP, Chaetoceros lorenzianus-infecting DNA virus; cat,
‘chloramphenicol acetyl transferase conferming resistance to chloramphenicol; CRISPR, clustered regularly interspaced short palindromic repeats; CFR, cyan fluorescent protein gene; CMY, cytomegalovirus; Fep,
diatom light-regulated promoters of the fucoxanthin chiorophyll a/c-binding protein genes Lhct; EF-Ta, elongation factor 1 alpha; EF2, elongation factor 2; Fbp1, ferichrome binding proteinT; Fd, flavodoxin; CrGES,
Catharanthus roseus geraniol synthase; G6PD, glucose-6-phosphate dehydrogenase; GK, glycerol kinase; GFP, green fluorescent protein gene; HASP1, highly abundant secreted protein 1; hd, histone Hd; human
IgGaHBSAg, antibody against hepatits B virus surtace 19G1/kappa Ab CLAmAb; HslbpA DR, IbpA DR2 antigen from Histophilus somni; Isi, iron-stanvation-indiiced gene 1; MIAS, monoterpenoid indole alkaloids;
nptil, neomycin phospholransferase Ii: NR, nitiate rediuctase; nat, nourseothricin acetyl ransferase; R, phosphate; PHBS, polyhycroxybutyrate; PCMY, promoter sequences of the cytomegalovirus; psba, PSil reaction
center core 2 quinones are associated with D1; Lhcrs, red algal-ike LHCRs; RBCMT, ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit N-methyttransferase I; RSV-LTR, Rous sarcoma virus long
terminal repeat; b, Rubisco large subunit; Sikat1, siica matrix protein; SIT1, siicon transporter; SCF/TT, single chain antibodies; SJABEAT, single domain antibodies; US, smal nuclear RNA of the US complex; sh
ble, Streptoalteichus hindustanus bleomycin resistance gene; TP, Thalassionema nitzschioides-infecting DNA virus; TALENS, transcription activator-fike effector ucleases; sat, treptothricin acetyl transferase; TAG,
tiacylghycerol; g-tubuin, tubulin gamma chain; GUS, WdA b-glucuronidase-encoding gene; V-ATPase C, vacuolar H+-ATPase; YFF yelow fluorescent protein gene.
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Microalgae Culture condition Lipid (% dry Lipid productivity TAG productivity % of TAG References
weight) mg L~ day~! wmol L1 day~!
Thalassiosira - 29.94 £ 1.17 7.27 £0.28 - 51.0+ 3.2 d’Ippolito et al.
weissflogii PO9 (2015)
Nitrogen limitation - - 19 (+20%) - d’Ippolito et al.
(2015)
Thalassiosira - 38.84 +0.78 4.87 £0.10 - 53.0+1.9 d’lppolito et al.
weissflogii (2015)
CCMP 1010
Thalassiosira - 29.33+1.17 1.72 £0.07 - 19.0+0.9 d’lppolito et al.
pseudonana (2015)
CCMP 1335
High CO» - - 455 + 26 - Jensen et al. (2020)
20,000 ppm (exponential)
(+285%)
Cyclotella - 41.97 £1.26 2.98 + 0.09 - 550421 d’lppolito et al.
cryptica CCMP (2015)
331
Nitrogen limitation & - 45 (+20%) d’lppolito et al.
(2015)
Phaeodactylum - 9.32+0.28 2.09 &+ 0.06 - 19.0+0.6 d’lppolito et al.
tricornutum (2015)
CCMP 632
Tn19745_1 - - = 45-fold increase Daboussi et al.
strain + nitrogen (2014)
limitation
Dark +2.3-fold - - - Bai et al. (2016)
High CO, - - 757 +9 - Jensen et al. (2020)
(stationary) (+50%)
textitNavicula High CO, - - 158.4 + 29 - Jensen et al. (2020)
pelliculosa (stationary) (+35%)

(marine)
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Waste Organic Products
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VFA Production Stage
Acidogenic fermentation (UASB)

l VFA-rich stream
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Selection of PHA-accumulating
organisms (SBR under ADF)

Microbial community with
high PHA-storage ability

Accumulation Stage
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l

Biomass enriched in PHA
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A
Global production capacities of bioplastics 2019

B
Global production capacities of bioplastics 2024

(by material type) (by material type)
© Other 1.1% 13.4% PBAT ® Other 0.9% 11.6% PBAT

(bio-based/ (bio-based/

non-biodegradable) 43% PBS ) non-biodegradable) 3.8% PBS @
®PE 11.8% 13.9% PLA e OF 120% 13.1% PLA [ ]
©® PET 9.8% 1.2% PHA o OFET 6.0% 6.6% PHA )

Total: Total:

®PA 11.6% 211 million 21.3% Starchblends @ @ PA 12.5% 242 million 18.5% Starch blends @
orP 0.9% tonnes 4% Other orP 5.3% tonnes 1.3% Other °
® PEF* 0.0% (biodegradable) ® PEF 0.2% (biodegradable)
®PIT 9.2% ®PTT 8.0%
0000000 00000 0000000 o000
Bio-based/non-biodegradable Biodegradable  Bio-based/non-biodegradabl Biodegradable
44.5% 55.5%  45.0% 55.09%

*PEF i currently in developmert and predicied 1o be amilable in commercial scole in 2023.

Source: European Bioplastics, nova-Institute (2019)

More inf

ket and www.bio-based.cu /markets

Source: European Bioplastics, nova-Institute (2019)

More info

ket and wwiw.bio-based.eu /markets
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Plastics

!

Biodegradation under laboratory conditions

)

Microorganisms involved

Pure bacteria l Pure fungi | Bacterial consortia | Biofilm

}
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Conventional plastics

e.g. PE; PS; PET; PP; PVC; PU

Now S e S S R S M !

Bioplastics
e.g. biobased PE; PET

Fossil-based

Biobased

----- — Biodegradable





OPS/images/fmars-07-567126/cross.jpg
3,

i





OPS/images/fmars-07-567126/fmars-07-567126-g001.jpg
Agriculture
Electrical

Automotive
Construction
Consumer items
Packaging

2015

SLoz

$00Z

S661L

S861

S6l

150

1 1
8 %
[l o~ -

(,-1e2£ 3y) uondnpoud jeqo|n

g8 8 8

Year





OPS/images/fmars-07-567126/fmars-07-567126-g002.jpg
a ¥

Energy Recovery

Fucls/Encrgy Plastic Products

Chemical Products

R
c\\“‘b
oo 0 B A
-
RN
i"‘ ,.h\/ - P
. U





OPS/images/fmars-07-567126/fmars-07-567126-g003.jpg
Nanoplastics (< 1 um) Microplastics (1 pm-5 mm) L@q_ﬂiﬁf‘ @J’@*mu nm) l

A// II

Bacteria = Plankton _ lLarvae _ Fish ——> Seabirds Turtles = Marine mammals

'. '—'> Filter feeders == =
> J—

Hi

Sediment Depositfeeders " Benthic predators ; Top predatofs

_—






OPS/images/fmars-07-597553/fmars-07-597553-g001.gif





OPS/images/fmars-07-567126/fmars-07-567126-t003.jpg
Actinomycete strain Plastic type Biodegradation assay conditions Biodegradation Polymer Ref.
(Media, time, rpm, T°C) detection method reduction%
Rhodococcus ruber strain PE Synthetic media, for 2 months, Weight loss; SEM 7.5 (Sivan et al.,
c208 150 rpm, at 30°C 2006)
Rhodococcus rhodochrous PE Mineral salt media, for 6 months, at FTIR; SEM; GPC n.a. (Bonhomme
ATCC 29672 27°C and 85% humidity et al., 2003)
Micrococcus sp. PE Nutrient broth media, for 1 month Weight loss 6.61 (Kathiresan,
2003)
Bacterial consortia PE Films buried in soil for 7.5 months, at Weight loss; FTIR; 17.0 (Nowak et al.,
Arthrobacter viscosus; RT SEM; elongation at 2011)
Micrococcus lylae; brake
Micrococcus luteus;
Bacillus mycoides; Bacillus
cerus; Bacillus pumilus;
Bacillus thuringiensis
Microbacterium PE (pre-treated with nitric Minimal broth media, for 2 months, Weight loss; FTIR 61.0 (Rajandas
paraoxydans* acid) 180 rpm, at RT etal., 2012)
Streptomyces badius Starch-PE (10 0.6% yeast extract media, for FTIR; tensile strength at n.a. (Pometto et al.,
d-heat-tread) 0.75 months, 125 rpm, at 37°C brake; GPC 1992)
Streptomyces setonii Starch-PE (10 0.6% yeast extract media, for FTIR; tensile strength at n.a. (Pometto et al.,
d-heat-tread) 0.75 months, 125 rpm, at 37°C brake; GPC 1992)
Streptomyces viridosporus Starch-PE (10 0.6% yeast extract media, for FTIR; tensile strength at n.a. (Pometto et al.,
d-heat-tread) 0.75 months, 125 rpm, at 37°C brake; GPC 1992)
Rhodococcus ruber PS Synthetic media, for 2 months, Weight loss; SEM 0.8 (Mor and Sivan,
120 rpm, at 35°C 2008)
Rhodococcus sp. strain 36* PP Bushnell Haas (BH) media, for Weight loss; FTIR; SEM 6.4 (Auta et al.,
1.25 months, at 29°C 2018)
Rhodococcus rhodochrous PP (pre-treated with Mineral media, for 6 months, at 27°C FTIR; "H NMR; n.a. (Fontanella
ATCC 29672 photo and ADP/ATP ratio etal., 2013)
thermo-oxidation)
Micrococcus sp. AF10 PU Films buried in soil, for 6 months, at Clear zone test; SEM; n.a. (Shah et al.,
30-35°C FTIR 2008b)
Arthrobacter sp. AF11 PU Films buried in soil, for 6 months, at Clear zone test; SEM; n.a. (Shah et al.,
30-35°C FTIR 2008b)
Amycolatopsis orientalis* PLA (production of Incubation for 8h, 140 rpm, at 30°C FTIR, pH variation; 100 (Jarerat et al.,
(enzyme production) purified enzyme) enzyme degrading 2006)
activity
Saccharothrix PLA Basal media with 0.1% gelatin, for Weight loss; pH 95 (Jarerat and
waywayandensis* 0.25 months, 180 rpm, at 30°C variation Tokiwa, 2003)
Kibdelosporangium aridum* PLA Basal media with 0.1% gelatin, for Weight loss; pH a7 (Jarerat et al.,
0.5 months, 180 rpm, at 30°C variation; SEM 2003)
Actinomadura sp. T16-1 PLA (production of Basal media with 0.2% gelatin, for 96h, Enzyme activity n.a. (Sukkhum
(enzyme production) PLA-degrading enzyme) 150 rpm, at 50°C et al., 2009)

“ indicates marine-derived actinomycetes. n.a. information not available.
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Strain Plastic type Biodegradation assay conditions Biodegradation detection Polymer Ref.
(Media, time, rpm, T°C) method reduction (%)
Aspergillus flavus PE Synthetic media with mineral oil, for 1 Weight loss; FTIR; SEM 9.34 (Devi et al., 2015)
VRKPT2 month, at 30°C
Aspergillus tubingensis PE Synthetic media with mineral oil, for 1 Weight loss; FTIR; SEM 6.88 (Devi et al., 2015)
VRKPT1 month, at 30°C
Aspergillus oryzae PE Synthetic medium with ampicillin, for Weight loss; FTIR; GC-MS 36.4 (Muhonja et al.,
4 months, at 28°C in a shaker incubator 2018)
Penicillium PE Medium C with 0.5g polymer, for 3 months,  FTIR; GPC n.a. (Yamada-Onodera
simplicissimum YK 150 rpm, at 30°C etal., 2001)
Zalerion maritimum PE Minimum growth media with 0.130g of Weight loss; FTIR; NMR 43 (Pago et al., 2017)
polymer, for 0.94 months, 120 rpm, at 25°C
Trichoderma harzianum  PE (UV treated)  Mineral salt medium for 3 months Weight loss; SEM; FTIR; NMR 40 (Sowmya et al.,
2014)
Pleurotus ostreatus PE (120 days Mineral medium, for 2 months, at 25°C FTIR; SEM; mechanical n.a. (Luz et al., 2019)
exposed to properties
sunlight)
Cephalosporium sp. PS Mineral salt media, for 2 months, at Weight Loss; FTIR; SEM; pH 217 (Chaudhary and
(NCIM 1251) 120 rpm, at 28°C variation; gel permeation Vijayakumar, 2020)
chromatography
Mucor sp. (NCIM 881) PS Mineral salt media, for 2 months, at Weight Loss; FTIR; SEM; pH 1.81 (Chaudhary and
120 rpm, at 28°C variation; gel permeation Vijayakumar, 2020)
chromatography
Pestalotiopsis sp. PS (styrofoam) Malt extract broth, for 1 month, at 25°C Weight loss; FTIR; SEM 74.43 (Yanto et al., 2019)
Ceriporia sp. PS (styrofoam) Malt extract broth, for 1 month, at 25°C Weight loss; FTIR; SEM 19.44 (Yanto et al., 2019)
Cymatoderma PS (styrofoam) Malt extract broth, for 1 month, at 25°C Weight loss; FTIR; SEM 15.50 (Yanto et al., 2019)
dendrriticum
Cladosporium PU Agar medium® Clear zone test; FTIR n.a. (Brunner et al.,
cladosporioides - - 2018)
Phoma sp. PU Buried in soil for 5 months Clear zone test; tensile strength 95 (Cosgrove et al.,
2007)
Aspergillus tubingensis ~ PU Mineral salt medium, for 0.75 months, at FTIR; SEM; tensile strength 90 (Khan et al., 2017)
150 rpm, at 37°C
Phanerochaete PVC (blended Soil buried (soil was mixed with municipal Clear zone test; FTIR; SEM n.a. (Ali et al., 2009)
chyrosporium with cellulose) sewage sludge), for 6 months
Tritirachium album PLA Basal media, for 0.5 months, at 180 rom, at  Weight loss; SEM; pH variation 76 (Jarerat and
30°C Tokiwa, 2001)
Thermomyces PLA Wheat grain with mineral salt medium, for SEM; tensile strength n.a. (Karamanlioglu
lanuginosus 2 months, at 50°C etal., 2014)
Trichoderma viride PLA (plasticized  Liquid Sabouraud medium, for 0.7 months, ~ Weight loss; FTIR; gel permeation 1.2 (Lipsa et al., 2016)
with USE) at 28°C chromatography; SEM

n.a. information not available.
“-Other fungal species such as Leptosphaeria sp., Penicillium ochrochloron, P griseofulvum, Xepiculopsis graminea, Agaricus bisporus, Marasmius oreades

also degrade PU.

*Medium: 3 g L= NHyNO3, 5 g L=' KyHPO,4, 1 g L1 NayCl, 0.2 g L= MgS04-7H,0, 15 g L= agar, and 10 ml L= PU.
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buffer (Tris), at 70°C and pH 8, for
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at 160-200°C, for 5-55 min
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carbonate catalyst; at 65°C, for 3 h
1°,2° and 3° amines, with deep
eutectic solvents and catalysts, for
30 min

Ammonia (NHg) with zinc acetate;
at 70-180°C and ~2 MPa, for 1-7 h
decahydronaphthalene in a slurry
reactor, PYH-p catalyst, at
325-425°C and 3-20 MPa, for
~13h

40-600°C, for 70 min

nitrogen atmosphere, CuO catalyst,

at 350-450°C, heating rates from 5
t0 20°C /min

60-80°C, for 15-50 days

PET,

Reaction Yield (%)

na.

na.
53.5, 44.8, 1.7 (Liquid, gas,
and solid residue,
respectively)
95.5 (maximum liquid yield)

<88
2732
19.9-17.1, 25.8-30,
54.3-55.5 (Solid residue,
gas, waxy products yield,

respectively)
95
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<855
<82
9 (DMT yield)

99.8 (DMT yield)

84
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Products
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hydroperoxides or ketones;
vinyl (and then t-vinylene)
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acids, water-soluble
dicarboxylic acids, acetic and
propionic acids

Benzene

Benzoic acid

Acetaldehyde, ethylene,
benzoic acid, TPA, carboxylic
acids, ketones, and esters

Pure dimethyl terephthalate and
EG

EG, diethylene glycol (DEG),
isophthalic acid (1A) and TPA
Benzoic acid, anhydrides,
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TPAand EG
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DMTand EG

Terephthalic dinydrazide and
ethylene glycol
THETA, TPA and BHETA
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Styrene, ethyl benzene, and
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Methane, ethane and Cz - C1s
hydrocarbons

Lactic acid

PS, PLA, polylactic acid; n.a, information not available.

(Gardette et al., 2013)

(Gardette et al., 2013)

(Ajibola et al., 2018)

(Cheng et al., 2020)

(Béickstrom et al., 2017)

(Kumagai and
Yoshioka, 2016)
(Diaz-Silvarrey et al.,
2018)

(Dhahak et al., 2019)

(Siddiqui et al., 2012)

(Roméo et al., 2009)

(Botelho et al., 2001)

(Mancini and Zanin,
007)

(Sinha et al., 2010;

Raheem et al., 2019;

Thiounn and Smith,

2020)

(Zanelaet al, 2018)

(valh et al., 2019)

(Shirke et ., 2018)

(Xi et al., 2005)

(Esquer and Garcia,
2019)

(Genta et al., 2005; Lee
and Liew, 2020)
(Liuetal., 2015)

(Siodiqui et al., 2012)

(George and Kurian,
2016)
(Musale and Shukia,
2016)

(Sinha et al., 2010;
Raheem et al., 2019)
(Fuentes-Ordériez
etal, 2016)

(Nisar et al., 2019)

(Al et al., 2020)

(Rodriguez et al., 2016)
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Plastic type Application

LDPE Dairy products and fruit packaging films, greenhouse films, organic
fertilizer film, industrial packaging bags, waste containers, plastic
crates, shopping bags.

HDPE Milk packaging, water and fruit juice packaging, oil packaging,
lubricating oil packaging, industrial barrels, waste collection
containers.

PP Garden furniture, non-woven bags, non-woven industrial bags,

packaging fims, industrial barrels, laboratory clothes.

PS Rigid dishes and packaging, foam dishes and packaging, food
packaging, disposable cups for hot drinks, audio tapes and cd
boxes, storage boxes, building insulation, ice buckets, wall tiles,
paint, trays, toys.

PET Water and soft drink packaging, carpet fibers, chewing gum, coffee
spoons, drink cups, food packaging and wrapping, heat-sealing
packaging, kitchen trays, plastic bags, squeezing packaging, toys.

PVC Food packaging, plastic wrapping, toilet tissue boxes, cosmetics,
bumpers, floor tiles, pacifiers, shower curtains, toys, water barrels,
garden hoses, car upholstery, inflatable pools.

PU Refrigerator and freezer thermal insulation systems, body car
production (interior “headline” ceiling sections, doors, windows),
building and construction applications, electrical and electronics
industries to encapsulate, seal and insulate, pressure-sensitive,
microelectronic components, medical devices (e.g., catheter,
general purpose tubing, surgical drapes, injection-molded devices).
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Strain Plastic type Biodegradation assay conditions Biodegradation detection Polymer Ref.
(Media, time, rpm, T°C) method reduction%
Bacillus cereus PE; PET, PS; Mineral salt media with 0.5g polymer, Weight loss; FTIR; SEM 1.6,6.6; 7.4, (Autaetal,
pre-treated with UV for 1.25 months, 150 rpm, at room respectively 2017)
temperature (RT)
Bacillus gottheilli PE; PP; PET; PS; Mineral salt media with 0.5g polymer, Weight loss; FTIR; SEM 6.2;3.0; 3.6; (Autaetal,
pre-treated with UV for 1.25 months, 160 rpm, at room 5.8, 2017)
temperature respectively
Bacillus sp. YP1 PE Liquid carbon-free media (LCFBM) with  Weight loss; FTIR; SEM; GPC; 10.7 (Yang et al.,
1g polymer, for 2 months, 120 rom, at  tensile strength 2014)
30°C
Enterobacter asburiae YT1 PE LCFBM with 1g polymer, for 2 months, ~ Weight loss; FTIR; SEM; GPC; 6.1 (Yang et al.,
120 rpm, at 30°C tensile strength 2014)
Indigenous Marine Microbial PE Nutrient broth media enriched with Weight loss; FTIR; SEM 19 (Syranidou
Community bioaugmented saline water, for 6 months, 120 rpm, at etal., 2017)
with Lysinibacillus sp. and 25°C
Salinibacterium sp.
Mesophilic mixed Bacterial PE Basal media with 100mg of polymer, for Weight loss; FTIR; SEM 14.7 (Park and
Culture (Bacillus sp. and 2 months, at 30°C Kim, 2019)
Paenibacillus sp.)
Biofilm composed by PE and PP Dechlorinated tap water, Woods Hole DNA extraction, amplification and n.a. (Miao et al.,
Pirellulaceae, media, for 0.7 months. (Incubation in sequencing (evaluation of the 2019)
Phycisphaerales, tanks in a greenhouse exposed to effects of substrate type on
Cyclobacteriaceae, and natural light) microbial communities)
Roseococcus
Bacillus sp. strain 27 PP Bushell Haas media with 0.5g polymer,  Weight loss; FTIR; SEM; pH 4 (Auta et al.,
for 1.25 months, at RT variation 2018)
Pseudomonas aeruginosa PU Trypticase soy broth media, for 72 h, at  Weight loss; SEM; tensile strength 2.5 (Uscategui
37°C and elongation at break et al., 2016)
Escherichia coli PU Trypticase soy broth media, for 72 h, at  Weight loss; SEM; tensile strength 2.4 (Uscategui
37°C and elongation at break et al., 2016)
Pseudomonas aeruginosa PS-PLA Minimum salt media, for 0.94 months, ~ Weight loss; FTIR; SEM; pH 9.9 (Shimpi
Nanocomposites at RT variation etal, 2012)
Stenotrophomonas PLA Mineral medium, for 1.33 months, at GPC; FTIR; NMR; tensile strength n.a. (Jeon and
maltophilia LB 2-3 37°C Kim, 2013)

n.a. information not available.
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Type of marine Taxonomy Target pollutant References
biomass
Heavy metals
Algae Enteromorpha prolifera (magnetically Cobalt, Nickel Zhong et al., 2020
modified) Ungureanu et al., 2016
Cladophora sericea Antimony Ungureanu et al., 2016
Chilorella vulgaris Cadmium Cheng et al., 2017
Sargassum sp. Lead, Copper, Cadmium, Nickel, Zinc, Davis et al., 2003; Sheng et al., 2007; He and
Cobalt, Mercury Chen, 2014; Saldarriaga-Hernandez et al., 2020
Sargassum cinereum Lead Kishore Kumar et al., 2018
Sargassum Silver, Cadmium, Chromium, Copper, Cardoso et al., 2017
filipendula Nickel, Zinc
Padina pavonia Uranium, Lead Aytas et al., 2014; He and Chen, 2014
Pelvetia canaliculata Nickel Bhatnagar et al., 2012
Ulva fasciata Chromium, Copper He and Chen, 2014; Shobier et al., 2020
Ulva intestinalis Mercury Fabre et al., 2020
Ulva lactuca Mercury, Cadmium He and Chen, 2014; Fabre et al., 2020
Ulva rigida Antimony Ungureanu et al., 2016
Ulva rigida Arsenic, Selenium Filote et al., 2017
Crab shell Clistocoeloma sinensis Lead, Zinc Zhou et al., 2016
Cancer pagurus Mercury Rae et al., 2009
Shrimp shell Farfantepenaeus aztecus Nickel Hernandez-Estévez and Cristiani-Urbina, 2014
Industrial dyes
Algae Bifurcaria bifurcata Reactive Blue 19, Methylene Blue Bouzikri et al., 2020
Caulerpa lentillifera Astrazon® Blue® FGRL, Astrazon Red Marungrueng and Pavasant, 2007
GTLN
Cymopolia barbata (magnetically Safranin O Mullerova et al., 2019
modified)
Cystoseira barbata (magnetically Methylene Blue Ozudogru et al., 2016
modified)
Euchema spinosum Methylene Blue Mokhtar et al., 2017
Kappaphycus alverezii Methylene Blue Vijayaraghavan et al., 2015
Nizamuddina zanardini Acid Black 1 Esmaeli et al., 2013
Sargassum sp. Anionic dyes, Methylene Blue, Saldarriaga-Hernandez et al., 2020
Malachite Green, Acid Black
Sargassum horneri Acridine orange, Crystal violet, Angelova et al., 2016
(magnetically modified) Malachite Green, Methylene Blue,
Safranin O
Sargassum swartzii Malachite Green Jerold and Sivasubramanian, 2016
Sargassum wighti Briliant Green Vigneshpriya et al., 2017
Seagrass Posidonia oceanica (magnetically Acridine Orange, Bismarck Brown 'Y,
modified) Briliant Green, Crystal Violet, Methylene Safarik et al., 2016a
Blue, Nile Blue A, Safranin O
Crab shell Penaeus indicus Acid Blue 25 Daneshvar et al., 2014

Inorganic nutrients
Algae

Organic compounds
Algae

Gracilaria birdiae
Kappaphycus alverezii

Chilorella vulgaris
Chlorella pyrenoidosa
Lessonia nigrescens
Macrocystis integrifolia
Synechocystis sp.

Nitrates, phosphates
Phosphates

Tetracycline

Progesterone, Norgestrel, Triclosan
Sulfamethoxazole

Sulfacetamide

Paracetamol

Marinho-Soriano et al., 2009
Rathod et al., 2014

de Godos et al., 2012

Wang et al., 2013; Peng et al., 2014
Navarro et al., 2014

Navarro et al., 2014

Escapa et al., 2017
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Biopolymer

Cellulose

Agar

Carrageenan

Alginate

Fucoidans

Ulvans

Chitin, chitosan

Laminarin

Proteins — collager
and gelatin

Structure

Linear homo-polysaccharide of
D-glucose units connected by
(1,4)--glycosidic linkages

Mixture of the linear polysaccharide
agarose and agaropectin

Backbone of disaccharide
repeating units of alternating
a-1,3-linked D-galactopyranosyl
and B-1,4-linked
D-galactopyranosyl groups with
3,6-anhydrogalactose residues

Linear anionic polysaccharides,
forming a block copolymer of
B-1,4-D-mannuronic acid
(M-blocks) and a-L-guluronic acid
(G-blocks) in which the uronic
blocks are organized in a
heteropolymeric (alternating M and
G residues) or homopolymeric
(consecutive M or G residues)
arrangement

a-1,3-fucopyranose residues or
alternating -1,3- and linked a-1,4-
fucopyranosyls

Charged anionic sulphated
polysaccharides composed mainly
of L-rhamnose, D-xylose,
D-glucose, and D-glucuronic and
iduronic acids

Chitin: linear polysaccharide
consisting of -1,4- linked 2-amino-
2-deoxy-B-D-glucopyranose.
Chitosan: polycationic linear
polysaccharide consisting of
B-1,4-linked N-acetyl-2
amino-2-deoxy-D-glucose
(N-acetylglucosamine) and
2-amino-2-deoxy-D-glucose
(glucosamine) residues

Low molecular weight g-glucan

Collagen: three helical a-chains are
tightly packed together, forming a
final superhelix with a hydrophobic
core.

Gelatin is a partially hydrolyzed form
of collagen

Function

The main structural component of
the cell walls in higher plants and
many seaweeds

Structural components of the cell
walls in several red seaweeds, such
as Gelidium and Gracilaria spp.

Present in the cell walls and the
intercellular matrix of some red
seaweeds of the class
Rhodophyceae

Found in the cell walls from some
brown algae (such as Ascophylium
nodosum, Laminaria spp., Lessonia
and Macrocystis, among others)
and brown seaweeds of the class
Phaeophyceae

Structural components in the cell
walls, especially those from the
families Fucaceae and
Laminariaceae

8-35% of the dry weight in green
seaweeds from the class Ulvales

Crustacean exoskeletons, such as
crabs and shrimps, also found in
squid, corals, sponges, fungi and
yeasts

Main storage polysaccharide in
some brown species (especially
those from the Laminariaceae
family

Structural protein derived from fish
skin and bones and marine
invertebrates

Extraction protocol

Sequential extraction based on three steps:
(1) initial Soxhlet extraction to remove lipidic
compounds and pigments using organic
solvents, (2) mild acid treatment (usually
known as bleaching) to remove lignin and
some hemicelluloses and (3) basic
treatment to eliminate hemicelluloses
Application of alkaline pre-treatments,
followed by high-temperature and
high-pressure extraction treatments,
high-temperature filtration and several
freeze-thawing cycles. Alternative extraction
protocols, based on simplified heating
treatments or using ultrasound-assisted
methods, have been recently explored for
the production of less purified agar-based
extracts. These less purified agar-based
extracts show similar rheological behavior
to the pure agar, but they form softer gels
Before extraction, the seaweeds are
washed for removal of impurities and in
some cases are subjected to pre-treatment
with organic solvents for de-colorization.
The extraction process involves the
application of physical separation methods,
followed by alkaline treatments at high
temperatures, removal of insoluble residues
through filtration and filtrate concentration

Pre-treatment step is usually employed to
remove pigments and lipids using various
solvents and solvent mixtures. The
pre-treated seaweed may be further
exposed to vacuum or freeze-drying
methods. Seaweeds are then treated with
hot aqueous, acidic or salt solutions at
increased temperatures and for extended
time periods, followed by precipitation

Under acidic conditions, alginate is
removed as water-insoluble alginic acid,
leaving a rather pure fucoidan extract.
Subsequently, the extracted fucoidan is
precipitated by the addition of high volumes
of alcohol or cationic surfactants, such as
hexadecyltrimethylammonium bromide
(Cetavion®) at low temperatures (4°C)
Extraction with hot water and subsequent
precipitation with ethanol

Chitin is commercially extracted chemically
or enzymatically from crab and shrimp
shells. Chitosan is commercially obtained
from chitin involving chemical methods,
using corrosive acidic and basic solutions,
which have adverse environmental effects

Hot water extraction

Bioconversion of fish skin may include
extraction by acid-alkaline hydrolysis,
enzymatic hydrolysis and fermentation,
using microorganisms or ultrasonic
treatment without changing the molecule
and enzymatic action

Application

Paper industry, food packaging,
and pharmaceutical applications

One of the phycocolloids more
widely used in the microbiology
field, as well as in the food industry
as gelling agent and stabilizing
agent for food products

Used in various biomedical
applications owing to their
anticancer, immunomodulatory,
anticoagulant and
antihyperlipidemic properties.
Additionally, they find applications in
the pharmaceutical and cosmetic
industries. They are also widely
used in the food industry due to
their good texturizing properties
(thickening and/or gelling capacity)
‘Wound healing and other
biomedical applications

Due to their non-toxic nature, in
conjunction with their antioxidant,
antiinflammatory, anticoagulant,
antithrombotic and antitumor
properties, fucoidans have been
used in drug delivery and other
biomedical applications

Texture modifiers in the food
industry, antioxidant,
immunomodulation, antiviral,
antihyperlipidemic and anticancer
pharmaceutical applications

Applications in the biomedical field
due to antimicrobial, anticoagulant
and wound-healing properties, food
packaging

Natural health product, due to the
antitumor, anti-inflammatory,
anticoagulant, and antioxidant
activity
Pharmaceutical/cosmeceutical,
nutraceutical and food packaging
industries due to their
biocompatibility and easy
biodegradability. Antihypertensive,
antioxidant, antimicrobial,
neuroprotective,
antihyperglycaemic, and antiaging
properties
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Type of biofuel Content Process Extraction Potential algae Application References
protocol
Biodiesel Mixture of fatty acid Transesterification These extracted Scenedesmus Recently FAME is Chisti, 2007;
alkyl esters. All the lipid contents are dimorphus, mixed in Adeniyi et al., 2018
algal lipid contents majorly composed Nannochloropsis petro-diesel in a
are extracted from of triglycerides, sp., Chlorella specific proportion
the biomass which react with vulgaris (max 20%) and is
alcohol to produce directly used in the
fatty acid methyl diesel engines
esters (FAMEs). without any engine
modifications
Bioethanol Algae store high Hydrolysis followed Liquefaction is Eucheuma The production of Chenet al., 2015;
amounts of by fermentation of carried out to spinosum bioethanol for fuel Khan et al., 2018;
carbohydrates sugars increase the from algae waste Alfonsin et al., 2019
mainly glucose, efficiency of the could be quite
galactose, and produced ethanol. efficient as the
mannitol industrial waste of
Eucheuma
spinosum can be
converted into
bioethanol with an
efficiency of 75%.
Biogas Algal biomass Methane and Anaerobically Ulva lactuca, Domestic as well as Cirne et al., 2007;
carbon dioxide digested to convert Chlorella industrial purposes Koger and
its organic contents minutissima Ozgimen, 2018
into bio-gas.
Bio-oil Algal biomass Thermal cracking Thermal cracking is Desmodesmus sp., Conversion into Chaiwong et al.,

Pyrolysis

carried out to
extract the lipid
contents from the
biomass at a very
low calorific power
range.

Pyrolysis is the
conversion of algal
biomass into bio-oil
in the absence of
oxygen.

Gelidium
sesquipedale

liquid fuel (bio-oil)

2013; Gang et al.,
2017
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Database

ChemSpider
Glycosmos

Glycomics at
Expasy
GlyGen
CarboMet
MarinLit

CyanoMetDB

Natural
Products Atlas

GNPS
ZINC

Reaxys

ChEMBL

PubChem

Streptome DB
3.0

Source

http://www.chemspider.com/
https://glycosmos.org/

https:
//www.expasy.org/glycomics
https://glygen.org/
https://carbomet.eu/
http://pubs.rsc.org/marinlit/

Jones et al., 2020

https:
//www.npatlas.org/joomla/
van Santen et al., 2019

http://gnps.ucsd.edu
http://zinc.docking.org/

https://www.reaxys.com

https://www.ebi.ac.uk/chembl/

https:
//pubchem.ncbi.nim.nih.gov/
http:
//132.230.56.4/streptomedb/
Moumbock et al., 2021

Content

Chemical structure

Carbohydrate structures
and other
glycobiology-related fields

Marine natural products
literature

cyanobacterial secondary
metabolites

Microbial natural products
discovery

Spectrometry database
Ligand based virtual
screening

Chemical information and
bioactivity

Bioactive molecules with
drug-like properties
General chemical
information
Streptomycetes natural
products
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Source

Metazoans

Macroalgae and
seagrasses

Microalgae

Bacteria and
Archaea

Fungi

Thraustochytrids

Viruses

Use

Medicine, cosmetics

Food, feed, medicine,
cosmetics, nutraceuticals,
biofertilizers/soils
conditioners, biomaterials,
bioremediation, energy

Sustainable energy,
cosmetics, food, feed,
biofertilizers,
bioremediation, medicine

Medicine, cosmetics,
biomaterials,
bioremediation, biofertilizers
Bioremediation, medicine,
cosmetics, food/feed,
biofertilizers

Food/feed, sustainable
energy production
Medicine, biocontrol

Representative phyla (exemplary genera/species)

Tunicates - Chordata (Ecteinascidia turbinata), Mollusca (Conus
magus), sponges - Porifera (Mycale hentscheli), Cnidaria (Sinularia sp.,
Clavularia sp., Pseudopterogorgia sp.)

Rhodophyta (Euchema denticulatum, Porphyra/Pyropia spp., Gelidium
sesquipedale, Pterocladiella capillacea, Furcellaria lumbricalis, Palmaria
spp., Gracilaria spp.), Chlorophyta (Ulva spp.), Ochrophyta (Laminaria
hyperborea, Laminaria digitata, Ascophyllum nodosum, Saccharina
Jjaponica, Saccharina latissima, Sargassum, Undaria pinnatifida, Alaria
spp., Fucus spp.), seagrasses (Zostera, Cymodocea)

Chlorophyta (Chlorella, Haematococcus, Tetraselmis), Cryptophyta,
Myzozoa, Ochrophyta (Nannochloropsis), Haptophyta (lsochrysis),
Bacillariophyta (Phaeodactylum)

Actinobacteria (Salinispora tropica), Firmicutes (Bacillus), Cyanobacteria
(Arthrospira, Spirulina), Proteobacteria (Pseudoalteromonas,
Alteromonas), Euryarchaeota (Pyrococcus, Thermococcus)
Ascomycota (Penicillium, Aspergillus, Fusarium, Cladosporium)

Bigyra (Aurantiochytrium sp.), Heterokonta (Schizochytrium sp.)

Mycoviruses, bacteriophages

Challenges

Sourcing and supply sustainability

Sourcing and supply sustainability
Yield optimization, large-scale
processing and transport
Disease management

Bioprospecting and yield optimization
(1 —increase in biomass/volume ratio,
2 —increase yield of compound/extract
production and 3 — Improve
solar-to-biomass energy conversion)
Culturing for non-culturable species,
yield optimization

Limited in-depth understanding, yield
optimization

Limited in-depth understanding, yield
optimization
Limited in-depth understanding, yield
optimization
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SELECTION OF MARINE

ORGANISMS

Several fish
species, whales,
sharks

Invertebrates
(snails, seashells,
cuttlefish, sea
urchins, corals,
lobsters, crabs,
shrimp)

Macroalgae,
microalgae

Hard tissue
engineering

Soft tissue
engineering

Drug and growth
factor delivery

Cell delivery
system

Bioactive
coatings

Dentistry, oral and
maxillofacial
surgeries

Bone and cartilage
regeneration

O Wound dressing

Artificially cultured
O autologous or
heterologous adult
cell of specific tissue
and stem cell delivery

Gene delivery vehicle
for cancer therapy,
vaccines, sustained
antiinflammatory,
antibioticdrug
delivery
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SELECTION OF MARINE

ORGANISMS

Fish

Invertebrates
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microalgae,
bacteria, fungi

Whole organisms Food and feed
| cells

Enzymes (lipases,

alkane hydroxylases, Bioremediation
laccases), terpenoids,

steroids, alkaloids

Food
Nutraceuticals

Feed

Oil spills removal

Plastic degradation
Antifouling

Metal, nutrients removal

C-capture
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Societal needs and challenges
Knowledge co-design and co-creation
Intellectual Property (IP) protection

Basic Applied Industrial
research research scale-up
Ocean observation Cultivation/harvest * Process and yield = Customer acceptance
Biodiversity studies Extraction, isolation, optimization = Market analysis
Sequencing, profiling and characterization = Sustainable sourcing * Business strategy

Bioassays Lab-scale application Sustainable supply = Legal aspects
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Company

EstAgar AS

ALGAIA
Greensea

Mycrophit

Ocean Basis

Teregroup srl

Arctic Nutrition AS
ArcticZymes Technologies
Aqua Bio Technology
Calanus

Dupont, Norwegian branche
Epax

Marealis
Nutrimar

Fitoplancton Marino

KitoSano S.L.
MONZON BIOTECH

NEOALGAE
PharmaMar
Allmicroalgae
Jellagen

Website

http://estagar.ee/

https://www.algaia.com/
http://greensea.fr/en/

http://microphyt.eu/

https://www.oceanbasis.de/en

https://en.teregroup.net/
https://arcticnutrition.no/
https://arcticzymes.com/
https://aquabiotechnology.com/
https://calanus.no/
https://www.dupont.com/
https://www.epax.com/

https://marealis.com/
http://nutrimar.no/

http://www.fitoplanctonmarino.
com/en/index.html

http://www.kitosano.com/
https://mznbiotech.com/

https://neoalgae.es/?lang=en
https://pharmamar.com/?lang=en
https://www.allmicroalgae.com/
https://www.jellagen.co.uk/

Country

Estonia

France
France

France

Germany

Italy

Norway
Norway
Norway
Norway
Norway
Norway

Norway
Norway

Spain

Spain
Spain

Spain

Spain

Portugal

United Kingdom

Product

A texturant and gelling agent — furcellaran from the red seaweed Furcellaria
lumbricalis

Carrageenans, alginates, plant biostimulants, specialty seaweed extracts

Culture of marine and freshwater microalgae (phytoplankton) and development
of marine vegetation extracts (algae and marine plant life) with high value-added
for food, cosmetics, and health markets.

Unique microalgae-based bioactives using breakthrough technologies and
processes

Naturally occuring substances from the marine environment used for well-being
(food, nutraceuticals, cosmetics)

Products from microalgae — biodiesel, bioplastics, new pharmaceutical products
Nutraceuticals and pharmaceuticals based on herring roe

Cold-adapted enzymes for gene therapy and vaccine production

Skincare products

Lipids and other products from Calanus

Alginate of high quality

Omega-3 concentrates in a wide range of concentrations and EPA:DHA ratios,
and in both ethyl ester and triglyceride form

Shrimp peptides reducing blood pressure

High quality oil, protein consentrate and meal from uniquely fresh raw material
(e.g., fish, seaweed).

Production and commercialization of products with high value-added derived
from microalgae.

Chitosan

Produces two different microalgae species, Nannochloropsis for aquaculture
larval feed and Dunaliella salina for cosmetic applications

Food, cosmetics, agro products from microalgae
Molecules with anticancer activity
Feed, food, cosmetic products from microalgae

Jellyfish collagen, hydrogels and collagen 3D scaffolds for in vitro cell culture
and tissue engineering
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B1-¢32247_g1 COI partial CDS
B2-¢41885_g1 COI partial CDS
B3-¢12910_g1 COI partial CDS

lMN389188.1 Conus quercinus COI partial CDS
3KJ606021.1 Conus quercinus COI partial CDS

—
0.072

-

o

* 0

KJ550217.1 Conus eburneus
009

KUS857030.1 Conus flavidus
004

~ 0.085

0.006
0.011

0.313

Lt1c15168_g1 COI partial CDS
Lt2¢97112_g1 COI partial CDS
Lt3¢69760_g2 COI partial CDS
KJ550336.1 Conus litteratus
KJ550338.1 Conus litteratus
KJ550337.1 Conus litteratus
KJ550369.1 Conus marmoreus

KJ550368.1 Conus marmoreus

KJ550367.1 Conus marmoreus

EU733514.1 Conus episcopatus
KJ550234.1 Conus episcopatus
KJ549904.1 Conus episcopatus
AY588184.1 Conus geographus
KJ549917.1 Conus geographus
FJ868152.1 Conus geographus
K.J550004.1 Conus tribblei
KJ550510.1 Conus tribblei
KR107522.1 Conus tribblei
KR336542.1 Conus lenavati
KR107514.1 Conus lenavati
KR107513.1 Conus lenavati

KJ549901.1 Conus eburneus
KJ549902.1 Conus eburneus

KU857028.1 Conus flavidus
KUS857029.1 Conus flavidus
KF642989.1 Echinus esculentus
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Project

WRACK4SOIL

BIO-CHAR

WRA-COVER

WRACK4COAST

ALREA

WAIT

FERTI-WRACK

ESMIC

GRASS

CONTRA

Keywords

Fertilizers, soil improvement
products

Biochar, products

Compost material, landfill
biocover

Dune restoration

Gasification

Removal of nutrients and
pollution

WWTP, fertilizers

Removal of plastic pollutants

Macroalgae cultivation and
harvesting

Sustainable beach wrack
management

Location

Bad-Doberan, Germany

Island Riigen, Germany

Kege Municipality, Denmark

Curonian and Vistula spits, Russia

Kalmar, Sweden

Puck Bay, Poland

Swarzewo, Puck Bay, Poland

Melnragé, Palanga, Lithuania

Baltic Sea Region

Baltic Sea Region

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

other profit

Yes

Yes

Yes

Yes

Yes

Legislation

No

Yes

Yes

Yes

Main focuses

Improving existed technology of
collection and processing, economic
feasibility

Improving existed technology of
collection and processing, economic
feasibility, legislative issues

Improving existed technology of
collection and processing, economic
feasibility, legislative issues

Analysis of possible technology of
collection and processing, economic
feasibility, legislative issues
Experimental setup and testing of
feasibility — innovation

Assessment of profit of removal of
beach wrack to the Baltic Sea water
quality

Improving existed technology of
collection and processing, economic
feasibility

Assessment of the feasibility of removal
of beach wrack to reduce plastic
pollutants in the Baltic Sea

Raise awareness and develop capacity
building in macroalgae cultivation,
harvesting and use

Assess the environmental, social and
economic impact of wrack removal and
provide its reuse options





OPS/images/fmars-08-723333/fmars-08-723333-t006.jpg
Source

Fish waste

Shellfish and
crustacean waste

Seaweed waste
and/or beach
wrack

Opportunities

Fish waste can be minced for variety of animal feeds. Other uses include
composting and fertilizers, anaerobic digestion and biodiesel production,
protein hydrolysis, extraction of collagen, guanine, enzymes, carotenoids and
hydroxyapatite and other specialty markets (see Zero Waste Scotland, 2015)
Number of companies focusing on recycling is increasing (there are 12 in
Scotland)

Shellfish and crustacean waste can be used in feed and food flavoring,
anaerobic digestion, fertilizers (and pesticides), to extract enzymes,
carotenoids, as calcium source in variety of industries, and as structural material
(see Zero Waste Scotland, 2015)

Shells are a source of chitin which has a well-established market. In addition,
new and innovative technologies are emerging (e.g., antimicrobial chitosan film
from CuanTec Ltd)

Seaweed waste and/or beach wrack can be used for biogas production, soil
improvement products and fertilizers, landfill material for sustainable projects
Environmental benefits of seaweed growth (nutrient and contaminant
absorption, CO, sequestration, positive climate impact etc.)

Seaweed cultivation and/or wild harvesting is a growing industry with new
socio-economic opportunities and emerging research and commercial farms
(e.g., Hebridean Seaweed Company Ltd and Scottish Association for Marine
Science)

Challenges

Lack of incentive to investigate other applications for waste
due to cheap disposal cost

It is cost-prohibitive to sort and/or pretreat the waste
Small, disperse and rural fishing processing facilities cannot
profit at small scale

Seasonality and perishability of the waste

Complicated waste regulation

Most shellfish are shipped away whole, so the waste
stream is very small and cheap disposal is currently
preferred by the industry

For some applications, shells must be meat-free for
processing which can be costly

Complicated waste regulation

Potential for facilitation of disease, alteration of population
genetics and negative environmental alteration for birds and
insects

Knowledge gaps associated with beach wrack collection
and separation (see Chubarenko et al., 2021) and
large-scale seaweed farming (see Campbell et al., 2019)
Need for supportive legal regulations
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Source

Fish waste

Shelifish and crustacean waste

Seaweed waste

Opportunities

85% of the available fish waste was utilized in 2020; the feed
market is the most important application in terms of volume.
The potential for increased utilization of fish waste is related to
the whitefish fishery (cod, haddock, and pollock). Several
ongoing research projects have particular focus on utilization for
higher added-value products/ingredients like nutraceuticals and
pharmaceutical products; bio functional peptides, enzymes,
collagen, etc. (www.legasea.no).

Main consumed shellfish/crustaceans include shrimp, krill, and
crabs. The main composition of this type of waste is, as in most
of the other countries, of 70% heads and 30% shells. A high
amount of nutrients and particularly protein are lost with the
heads. The shells are mostly processed or sold by Norwegian
fisheries and food processing companies to international
partners for chitin/chitosan extraction. Different projects under
development are treating the optimization of sustainable
processing methods with full utilization of the resources
(example: Kril SOFT project, funded by the Norwegian Research
Council in 2019) developing a circular bioeconomic approach
for full utilization of krill.

Wild resource origin: The total catch of Ascophyllum
nodosum and Laminaria hyperborea combined in 2019 was
149,876 tons, with a first- hand value of 4.06 milion EURO
(40.59 million NOK). Minor amounts of other seaweed species
e.g., Ulva sp., Himanthalia elongata, Vertebrata lanosa,
Palmaria palmata are harvested by hand and sold as whole
locally to restaurants or directly to the consumer. The
exploitation of the last-mentioned species as food results in
almost no waste and when so (washing water) in small volume.
Alginates can constitute up to 40% of the dry weight of L.
hyperborea (Gunn.) Foslie and are extracted in over hundred
different qualities for a broad range of applications. During the
processing of the A. nodosum biomass few wastes are
produced: gravel and sand are removed from the seaweed and
up to 82% of moisture is removed. After processing of

A. nodosum in meal, 50% of the meal is further processed into
extracts, together with fresh seaweed. After extraction, the rest
is used as fertilizer by local farmers (~750 tons/year).
Aquaculture origin: Current commercial seaweed farming in
Norway is limited to the kelp species Saccharina latissima
(sugar kelp) and Alaria esculenta (winged kelp) due to their
ability to reach high biomass yields and a favorable content in
nutritional and bioactive compounds with multiple industrial
applications

Challenges

Large seasonal fluctuations in fisheries and consequently an
unstable access to residual raw material, lack of technological
solutions for storage and processing onboard the fishing
vessels, economic incentives, infrastructure for new processing
methods, documentation, regulations and market
authorizations for new marine ingredients or products.

Large seasonal fluctuations in fisheries that give variation in
access to residual raw material, lack of technological solutions
for storage and processing onboard the fishing vessels,
economic incentives, infrastructure for new processing
methods, documentation, regulations and market
authorizations for new marine ingredients or products. An
additional bottleneck is the existing waste regulation framework.

Industrial exploitation of A. nodosum and L. hyperborea
generate waste. During the harvesting of A. nodosum
by-catches composed mostly of Fucus species are occasional
and are separated manually from the Ascophyllum and process
further mostly as seaweed extract for agricultural use.

The extraction of alginate from L. hyperborea results in the
production of a cellulosic suspended phase, which today is
considered as ‘waste,” but can represent a valuable resource
due to their organic matter content.

Aquaculture origin: As the aquaculture industry is stil
immature, very little investigation has been made to estimate
the waste types (biomass or processing liquid). The lost
biomass during harvesting is estimated to be around 30% and
after the freezing and thawing up to 40% of wet weight. To
optimize the productions and have a minimum impact on the
environment, the wastes generated during this novel type of
production would need to be identified further to both define
the volume and develop innovative uses of these wastes.
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Project

BLUEandGREEN
(EU H2020,
Twinning)
ALGAE4A-B (EU
H2020-MSCA-
RISE)
SEABIOTECH (EU
FP7 KBBE)

MACRO CASCADE
(EU H2020)

GOJELLY (EU
H2020)

PULMO (EU H2020
MSCA)

BIOSEA (EU H2020
BBI JU)
AQUABIOPRO-FIT
(EU H2020 BBI JU)
DISCARDLESS (EU
H2020)

OCEAN
MEDICINES (EU
MSCA RISE)
N-CHITOPACK (EU
FP7 SME)
SEABIOPLAST (EU
FP7 SME)
MARPLAST (EU
ERA NET
ERA-MBT)

NOVOFEED (EU
ERA NET
ERA-MBT)

BLUETEETH (EU
ERANET
ERA-MBT)

CYANOBESITY (EU
ERA NET
ERA-MBT)
SEAREFINARY (EU
ERA NET
ERA-MBT)

MARSBIO (EU ERA
NET ERA-MBT)

BLUESHELL (EU
ERA NET
ERA-MBT)

CHITOWOUND (EU
ERANET
ERA-MBT)

PRE-SW-GROW
(INTERREG NPA)
BIOTECMAR
(INTERREG Atlantic
Area)
SUBMARINER
(INTERREG Baltic
Sea)

FUCOSAN
(INTERREG
Germany Denmark)
GRASS (INTERREG
Baltic Sea Region)
BIOCARB-4-FOOD

Focused on
Biopolymers Organisms
Broad Broad

Polysaccharides, proteins,
enzymes, antioxidants

Polymers

Alginate, protein, laminarin,
fucoidan, mannitol
Collagen, proteins
Peptides, collagen and

gelatin, oligosaccharides,
enzymes

Lipids, protein,
carbohydrates

Proteins and bioactive
compounds

Fish pulp production,
protein hydrolysate
production and fish meal/oil
production

Bioactive compounds

Chitin

Polysaccharides

Polyhydroxyalkanoates

Peptides

Biopolymers

Broad

Phlorotannins, fucoidan,
and laminarin

Alginate and chitosan

Proteins/peptides, unusual
fatty acids, pigments, and
chitin

Chitin/chitosan

Broad

Protein, chitin, chitosan, oil,
pigments,

Broad

Fucoidan

Broad

Phycocolloids, cellulose

Microalgae

Bacteria, microalgae,
cyanobacteria

Macroalgae

Jellyfish

Jellyfish

Microalgae and macroalgae

Aquaculture, fisheries, and

agricultural side streams
Fish discard/by-catch

Microorganisms

Fish waste industry

Seaweed

Bacteria

Fish

Crustacean by-products
and waste fraction

Cyanobacteria

Macroalgae

Macroalgae and
crustaceans

Shellfish by-products

Crustacean seafood
processing industry

Seaweed

Seaweed, crustacean,
mussels

Broad

Brown algae

Macroalgae

Seaweed, phycocolloids
industry waste

Targeted industry

Boosting scientific
excellence and innovation
capacity

Cosmetic and Aquaculture
industry

Pharmaceutical, cosmetic,
functional food and
industrial chemistry

Feed, food,
pharmaceuticals,
cosmetics

Cosmetics, food, feed,
fertilizer, nutraceuticals

Nutraceutical and
pharmaceutical

Food, feed, and cosmetic
Feed and nutritional

supplement food products

Food, feed, agriculture,
energy, textile industry

Anticancer or antiinfective

Biodegradable material for
food packaging
Bioplastic production

Biodegradable bioplastic

Novel feed ingredients

Periodontal disease

Nutraceutical, obesity

Nutraceutical, food industry

Materials, cosmeceuticals,
nutraceuticals,
pharmaceuticals

Functional foods
development, food safety
applications and plant
health applications

Wound healing applications

Feed, fertilizer; promote
innovation

Broad

Broad

Medicine, cosmetics

Food industry, packaging,
fertilizer

Food industry, packaging

Website

http://blueandgreen.ciimar.up.pt/

http://www.algaedab.eu/

http://spider.science.strath.ac.uk/
seabiotech/

https://www.macrocascade.eu/

https://gojelly.eu/

https://cordis.europa.eu/project/
id/708698

http://biosea-project.eu/

https://www.aquabioprofit.eu/
index.cfm
http://www.discardless.eu/

https://cordis.europa.eu/project/
id/690944

https://cordis.europa.eu/project/
id/315233
https://cordis.europa.eu/project/
id/606032

http:
//www.marinebiotech.eu/sites/
marinebiotech.eu/files/public/
marplast_ProjectdescriptionERA-
MBTCall2.pdf
http://www.marinebiotech.eu/
sites/marinebiotech.eu/files/
public/Novofeed_
ProjectdescriptionERA-
MBTCall2.pdf
http://www.marinebiotech.eu/
sites/marinebiotech.eu/files/
public/blueteeth_
ProjectdescriptionERA-
MBTCall2.pdf
https://cyanobesity.ciimar.up.pt/

http:
//www.marinebiotech.eu/sites/
marinebiotech.eu/files/public/
SeaRefinaryProjectdescriptionERA-
MBTCall1.pdf

http:
//www.marinebiotech.eu/sites/
marinebiotech.eu/files/public/
Mar3BioProjectdescriptionERA-
MBTCall1.pdf
http://www.marinebiotech.eu/
sites/marinebiotech.eu/files/
public/BlueShell_
ProjectdescriptionERA-
MBTCall2.pdf
http://www.marinebiotech.eu/
sites/marinebiotech.eu/files/
public/CHITOWOUND_
ProjectdescriptionCOFASP%
26ERA-MBTCall.pdf
https://keep.eu/projects/20058/

https://keep.eu/projects/5925/

https://www.submariner-
network.eu/

https://www.fucosan.eu/en/
project

https://www.submariner-
network.eu/grass
https://biooekonomie.uni-
hohenheim.de/en/biocarb4food
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Substances Glioma cell lines

HOG T98G

Glsp TGI LCso Glsg TGI LCso
Dihydroeponemycin
24 h 16.2 (19.8) 333.9 (377.7) - 16.1 (40.2) 694.9 (1735.0) -
48 h 1.6 (4.0) 18.9 (47.3) 221.9 (654.1) 1.7 4.2 32.6 (81.5) 630.0 (1573.1)
72h 1.5(3.8) 19.9 (49.7) 262.6 (655.8) 1.5 (3.7) 15.8 (39.5) 169.3 (422.6)
BRA-346 fraction
24 h 232.3 6135.4 - 197.2 127575 -
48 h 17.6 201.6 2307.0 28.2 404.3 5800.5
72h 29.1 297.3 3033.4 7.8 105.2 14141

The mean values in ng/mL (nM) were obtained from 3 independent experiments and reflect concentrations calculated for half-maximum growth inhibition (Glsg), total
growth inhibition (TGI) and half-maximum lethal concentration (LCsp). Some time-points did not allow the acquisition of values of LCsg.
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Type

Strategy

Strategy

Strategy

Strategy

Strategy

Funding

Funding

Funding

Funding

Funding

Funding

Funding

Name

European Green
Deal

European
Technology
Platform for
Sustainable
Chemistry
European
Bioeconomy
Strategy (2012,
revised 2018)
Strategic Innovation
& Research Agenda
(SIRA) developed
by EC and BIC
Nordic Council of
Ministers has
“Ocean —Blue
Growth in the
North”
Framework
Programme
(Horizon H2020,
Horizon Europe)

Bio-based
Industries Joint
Undertaking
(BBI-JU)

LIFE (LInstrument
Financier pour
I'Environnement)
ERA-Net Cofound

Interreg, Interreg
Med, Interreg
Baltic, Interreg
Atlantic, Interreg
Mac

Joint Programming
Initiative Healthy
and Productive
Seas and Oceans
(JPI Oceans)

National, Bilateral

Location

EU

EU

EU

EU

Regional

EU

EU

EU

Limited country
participation

Regional

Limited country
participation

Limited to single
country or
bordering countries

Link

https://ec.europa.eu/
info/sites/info/files/
european-green-deal-
communication_en.pdf
http:
//www.suschem.org/

https://ec.europa.eu/
research/bioeconomy/
pdf/ec_bioeconomy_
strategy_2018.pdf
https://www.bbi-europe.
eu/sites/default/files/
sira-2017.pdf

Nordic Council of
Ministers, 2018

https://ec.europa.eu/
info/horizon-europe-
next-research-and-
innovation-framework-
programme_en

https:
//www.bbi-europe.eu/

https://ec.europa.eu/
easme/en/life

https://ec.europa.eu/
programmes/
horizon2020/en/h2020-
section/era-net
https://interreg.eu/;
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Strain Culture Temperature Growth rate Maximum Toxin content References
(°C) (n/day) cell density (pg/cell)
(cells/mL)
P, lima (isolates F/2 medium in seawater 5 0.05 600 OA free: 0.99-1.78¢ Aquino-Cruz
from Moonfleet on (NO3™ + NO2™: 928-1000 pM; OA total: 2.05-4.52° etal., 2018
the Fleet Lagoon, P43~ 32-40 uM) DTX1 free: 0.94-2.60°
United Kingdom) : 50 + 15 wmol photons/m?/s; 12/12h DTX1 total: 0.82-1.99°
light/dark cycle; 10 0.13 10500 OA free: 1.51-5.12°
OA total: 3.77-10.99°
DTX1 free: 1.31-5.61¢
DTX1 total: 2.07-5.96°
15 0.18 11500 OA free: 1.41-6.04¢
OA total: 2.78-10.69°
DTX1 free: 1.18-4.92¢
DTX1 total: 1.43-5.32°¢
20 0.14 9600 OA free: 1.30-2.20°
OA total: 2.62-7.50°
DTX1 free: 0.97-2.97¢
DTX1 total: 0.97-3.16°
25 0.17 10100 OA free: 1.16-3.11¢
OA total: 2.68-6.71¢
DTX1 free: 0.82-2.60°
DTX1 total: 0.95-2.66°
30 0.14 4100 OA free: 0.98-4.09¢
OA total: 2.2-10.54°
DTX1 free: 0.88-3.58°
DTX1 total: 0.84-3.31°¢
P, lima (CCMP F/2 medium; salinity 30%; 100 umol 15 ~0.0482 ~16000 (Day OA~5.50¢ Wang et al.,
2579) photons/m?/s; 12/12h light/dark cycle; 35) DTX1a214.10:C 2015
initial cell density 5000 cells/mL 20 ~0.0502 ~25000 (Day OA~1 .Bbc
25) DTX1a11P:C
25 ~0.0562 ~25000 (Day OA~1P:C
25) DTX1~44.70¢
30 ~0.036% ~8200 (Day7)  OA: 12.371P¢
DTX1: 16.5870-°
P, belizeanum L1 medium in seawater; 40 umol 18 ~0.120%° ~120000°¢ ~4.75PC Lépez-Rosales
(VGO1029, photons/m?/s; 12/12h light/dark cycle; (Day 25) etal, 2014
isolates from initial cell density 10000 cells/mL 25 ~0.200%¢ ~135000¢ ~1.qbC
La Puntilla, (Day 20)
Las Palmas de A C
CrrCaERE) 28 ~0.120% ~35000 n.a.
(Day 15)
P lima (isolates n/a 5 ~0.000? ~1000 (Day 28)  OA: 8 (Day 28) Jackson et al.,
from Nova Scotia, 1993
Canada) 10 ~0.0732 ~7800 (Day 28)  OA: 2.5 (Day 28)
15 ~0.1502 ~11000 (Day OA: 4.4 (Day 16)
16)
20 ~0.198% ~23800 (Day OA: 2.5 (Day 16)
16)
25 ~0.229% ~39000 (Day OA: 1.4 (Day 16)
16)
P, hoffmannianum Modified /4 medium: Si free, f/4 21 0.28 2611 (Day 12) OA: 49.57 Accoroni et al.,
(PHKLO414; macronutrients, Se in filtered seawater 27 0.19 5363 (Day 28) OA: 106.91 2018
isolates from and trace metals, iron, vitamines (H, B1
Florida Keys, and B12) and HEPES pH 7.1 at levels

United States)

of /2 medium; 27°C; 90-100 pmol
photons/m?/s; 12/12h light/dark cycle;
initial cell density 500 cells/mL

n.a.: not available; @ The specific growth rate is calculated according to the following formula: w = ((InN4)-In(Ng))/(t1-tg) where Ng and N are the cell density at time tq and
t1; © The toxin level was determined at stationary phase; © The data were estimated from data in the corresponding publication; © Ranges consider lag, exponential and

stationary growth phases,; OA: okadaic acid; DTX1: dinophysistoxin-1.
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Strain Culture Salinity Growth rate Maximum Toxin content References
(%) (n/day) cell density (pg/cell)
(cells/mL)
P lima F/2 medium; salinity 30%; 15 n.a. ~11500 OA~1.0PC Wang et al.,
(CCMP 2579) 25°C; 100 pmol photons/m?/s; (Day 35) DTX1a4.72:¢ 2015
initial cell density 5000 cells/mL 30 n.a. ~25000 OA~1.8b:¢
(Day 35) DTX1a11.0°:¢
45 na. ~7000 OA~3.0>°
(Day 35) DTX1~22.5P¢
P hoffmanni- Modified K medium in seawater 28 ~0.125¢ n.a. OA~T7.5¢ Morton et al.,
anum (no Tris, Cu and Si); salinity 1994
(882a,llsolates 36%; 27°C; 3000 lux; 16/8h 39 ~0.135°¢ na. OA~A4.5°
fLrom L|’:Ie . light/dark cycle 34 ~0.220° B OA~3.2°
ameshur Bay, N - R
St John, US 37 ~O.16OC n.a. OA~3.£2
Virgin Island) 40 ~0.135 n.a. OA~4

n.a.: not available; ® The toxin level was determined at stationary phase; ¢ The data were estimated from data in the corresponding publication; OA: okadaic acid; DTX1:

dinophysistoxin-1.
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Strain Culture Light(h)/ llluminance Growth Maximum Toxin content References
dark(h) rate cell density (pg/cell)
cycle (w/day) (cells/mL)
P, lima F/2 medium; salinity 30%; 8/16 100 pmol n.a. ~11000 (Day OA~1.50¢ Wang et al., 2015
(CCMP 2579) 25°C; 100 wmol photons/m2/s; photons/m?/s 358 b
initial cell density 5000 cells/mL 12112 100 pmol n.a. ~25500 {Day OAm1.5>
photons/m?/s 35)
16/8 100 pmol n.a. ~26000 (Day OA~1.20:¢
photons/m?/s 35)
P, belizeanum L1 medium in seawater; 1212 20 wmol photons/m?/s ~0.075%¢ ~60000° (Day n.a. Lopez-Rosales
(VGO1029), 40 pmol photons/m?/s; initial at 18°C 25) etal.,, 2014
Isolates from cell density 10000 cells/ml- 1212 40 mol photons/m?/s ~0.120 ~120000° (Day OA4. 755
La Puntilla, o
Las Palmas de 4 18 -
Gran Canaria) 12/12 80 wmol photons/m?/s ~0.120%:¢ ~120000° (Day n.a.
at 18°C 25)
12/12 120 pmol ~0.105%¢ ~80000° (Day n.a.
photons/m?/s at 18°C 25)
12/12 20 wmol photons/m?/s ~0.070%¢ ~35000° (Day n.a.
at 25°C 25)
12/12 40 wmol photons/m?/s ~0.200%° ~135000° (Day OA~1.15:C
at 25°C 20)
12/12 80 pmol photons/m?/s ~0.170%¢ ~100000¢ (Day n.a.
at 25°C 20)
12/12 120 pmol ~0.1202-° ~60000° (Day n.a.
photons/m?/s at 25°C 20)
12/12 20 pmol photons/m?/s ~0.070%° ~15000° (Day n.a.
at 28°C 15)
12/12 40 pmol photons/m?/s ~0.120%° ~35000° (Day OA~2.625P-¢
at 28°C 15)
1212 80 pmol photons/m?/s ~0.100%-¢ ~35000° (Day n.a.
at 28°C 15)
1212 120 pmol no growth = n.a.
photons/m?/s at 28°C
P hoffmannianum Modified K medium in seawater 16/8 2000 lux ~0.06-0.2° n.a. OA~10-53.8° Morton et al., 1994
(8824, Isolates (no Tris, Cu and Si); salinity (max at 27°C) (max at 23°C)
from Lt 96e: 4G 16/8 3000 lux ~0.1-0.425° na. OA~11.3-38°
Lameshur Bay, (max at 29°C) (max at 29°C)
\S/itrsi‘; hlrs‘ia:i) 16/8 4000 lux ~0.07-0.425¢ na. OA~5-45¢
(max at 27°C) (max at 29°C)
16/8 5000 lux ~0.08-0.53° n.a. OA~2.5-17.5¢

(max at 27°C)

(max at 25 and 31°C)

n.a.: not available; @ The specific growth rate is calculated according to the following formula: w = ((InN4)-In(No))/(t1-to) where Ny and Ny are the cell density at time ty and t1; ® The toxin level was determined at
stationary phase; © The data were estimated from data in the corresponding publication.
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P, lima n.a. NO3~ (12 pM) PO43~ (36.3 M) 0.33  0.058 ~13180° OA~210P-¢ Zhong et al., 2008
(CCMP2579) NOs~ (25 pM) P0O4%~ (36.3 uM) 0.69 0.058 ~13180° OA~275P-¢
NOs~ (50 M) PO43~ (36.3 nM) 1.38  0.058 ~14540° OA~240P-¢
NOs~ (100 M) PO,43~ (36.3 uM) 2.75  0.058 ~15000° OA~338-¢
NH, (12 pM) PO,43~ (36.3 uM) 0.33  0.059 ~13210° OA~85P-©
NH, (25 M) PO,43~ (36.3 uM) 0.69  0.059 ~11740° OA~68P-°
NHg (50 M) PO43~ (36.3 uM) 1.38  0.059 ~12500° OA~B5P¢
NHg4 (100 pM) P0O4%~ (36.3 uM) 2.75  0.059 ~13620° OA~100P-¢
Urea (12 pM) PO43~ (36.3 uM) 0.33  0.06 ~13880° OA~100P-¢
Urea (25 M) PO43~ (36.3 M) 0.69 0.06 ~13330° OA~58P-¢
Urea (50 M) P43~ (36.3 M) 138  0.06 ~15550° OA~55P-¢
Urea (100 uM) PO43~ (36.3 M) 2.75  0.06 18330 OA~113P-¢
P, lima n.a. NO3™ (882 uM)  PO43~ (0.5 uM) 1764  0.059 ~12230° OA~88P-° Yang et al., 2008
(CCMP2579) NOs~ (882 kM)  PO42~ (1 uM) 882  0.059 ~13290° OA~TBP:C
NO3™ (882 uM)  PO43~ (2 uM) 441 0.059 ~14200° OA~86°-¢
NOs~ (882 kM)  PO43~ (5 uM) 176 0.059 ~15000° OA~60P-C
NOz™ (882 uM) P43~ (10 uM) 882  0.059 ~16000° OA~68P°
NO3~ (882 uM)  Gly PO43~ 1764  0.048 ~11840° OA~116P:c
0.5 uV)
NO3™ (882 uM)  Gly PO43~ (1 uM) 882  0.048 ~11840° OA~97PC
NOs~ (882 uM)  Gly PO43~ (2 uM) 441 0.048 ~11440° OA~100P-©
NOs~ (882 uM)  Gly PO43~ (5 uM) 176 0.048 ~13600° OA~94P-c
NOs~ (882 uM)  Gly PO43~ (10pM) 882  0.048 ~16310° OA~88P-c
NO3~ (882 uM)  ATP (0.5 pM) 1764 0.053 ~13160° OA~51PC
NO3™ (882 uM)  ATP (1 uM) 882  0.053 ~13830° OA~5T7PC
NO3™ (882 uM)  ATP (2 uM) 441 0.053 ~17000° OA~5T7PC
NO3~ (882 uM)  ATP (5 uM) 176 0.053 ~18160° OA~B0PC
NOs™ (882 uM)  ATP (10 M) 88.2  0.053 ~19160° OA~BTPC

n.a.: not available; @ The specific growth rate is calculated according to the following formula: . = ((INN1)-In(Np))/(t1-tp) where No and Ny are the cell density at time to and
t1; © The toxin level was determined at stationary phase; © The data were estimated from data in the corresponding publication; OA: okadaic acid; DTX1: dinophysistoxin-1;
N: nitrogen; P: phosphorus.
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Selection of marine organisms
Bacteria, fungi, (micro)algae and others
(fast growth, high content of bioactive compounds,
tolerance to various stress conditions)

¥

Selection of stress conditions
Environmental stressors (e.g. nitrogen, phosphorous, pH,
salinity, metals, light, oxidative stress, temperature)

Selection of cultivation and storage modes
Selection of growth phase
Two-stage, fed-batch or gradient strategies

Identification of novel compounds
High value biochemicals (e.g. primary and secondary
metabolites, biopolymers, proteins, enzymes) and their
metabolic pathways

¥

Screening of marine derived extracts
Screening for various purposes - medicine, cosmeceuticals,
nutriceuticals, food, feed, agronomy and others

) 2

Exploring biological activities
Anti-oxidant, anti-cancer, anti-microbial, immunomodulatory
activities, wound healing potential and more

4..--

Selection of possible products
Start with a list of desired products
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—'
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| Omics strategies (e.g. genomics, transcriptomics, 1
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Bioprospecting pipeline





OPS/images/fmars-07-00313/fmars-07-00313-g002.jpg





OPS/images/fmars-07-00313/fmars-07-00313-t001.jpg
Position 1a 1b 2a 2b

5 6.62, s 6.66, s 6.62, s 6.66, s
6 2.11,dd 1.62, brd 2.13,dd 1.67, brd
(14.0, 3.0) (14.5) (14.4,1.8) (14.4)
1.38, m 1.35, m 1.36,m 1.88, m
7 1.72-1.75, 1.64-1.66, 1.76-1.82, 1.70-1.74,
m m m m
10 532, 8 53,8 5.34,s 5378
12 3.94,s 395, 8 3.94,s 3.95,.s
13 1.06, s 1.01,s 1.07,s 1.02, s
14 3.82,s 3.83, s 3.82, s 3.84,s
5 0.58,d 0.77,d 0.53,d 0.71,d

(7.0) 6.5 6.6) (7.2)
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R lima
(CCMP2579)

P lima (isolates
from coastal
lagoon of Goro,
taly)

P lima
(CCAP1136/11)

P lima (clone
from Mahone Bay,
Nova Scotia)

P lima
(CCMP2579)

F/2 medium;
20°C; 58 pmol
photons/m?/s;
12/12h
light/dark cycle;
initial cell
density 12000

cells/mL
F/2 medium in

seawater;
salinity 25%;
20°C; 90 pmol
photons/m?/s;
16/8h light/dark
cycle; initial cell
density
300-400
cells/mL

Modified /2
medium by
adding HySeO3
and reducing
the CuSQOy4
conc. in
seawater;
salinity 38 psu;
20°C; 35 pmol
photons/m?/s;
16/8h light/dark
cycle; initial cell
density ~1000°

F/2 medium
buffered with
Tris in
seawater;
28°C:

80-90 pmol
photons/m?/s;
16/8h light/dark
cycle; initial cell
density
5000-6000
cells/mL

n.a.

NO3~ (882 uM)

NOg~ (17.7
M)

NO3~ (882 pM)
NOz~ (17.7
M)

NO3~ (44.2

M)

NO3z~ (88.3
M)

NOz™ (294 uM)
NOz~ (882 nM)
NOz~ (882 uM)
NOz~ (882 nM)
NOz~ (882 pM)

NO3~ (882 uM)

NO3~ (882 M)

NH, ™ (882 M)

NO3~ (300 M)

NOz~ (1450
M)
NOgz™~ (1450
oY)

NOs™ (0 uM)

NO3~ (300 M)

NO3~ (1000
M)

NO3~ (88.2
M)

NO3™ (882 pM)
NO3™ (882 pM)
NO3™~ (882 pM)

PO4%~ (36.3 M)

PO4%~ (36.3 M)

PO43~ (1.81 pM)

P03~ (36.3 uM)
P03~ (36.3 uM)
P03~ (36.3 LM)
P03~ (36.3 uM)
P03~ (36.3 uM)
P03~ (0.73 uM)
PO,3~ (1.81 uM)
P03~ (3.63 uM)
P03~ (12.1 uM)
P03~ (36.3 uM)
P03~ (36.3 uM)
PO,3~ (725 uM)
P03~ (18.1 uM)

P04~ (18.1 pM)

PO4%~ (36.3 M)

P04~ (36.3 pM)

P04~ (36.3 pM)

PO43~ (36.3 uM)

P04~ (36.3 uM)
P0O43~ (3.63 pM)
P04~ (36.3 uM)

24.3

0.49

487

0.49

2.43

8.10

243

1208

487

243

24.3

24.3

414

80.1

80.1

8.26

27.6

2.43

24.3
243
24.3

~0.0972

~0.1032

~0.0212

0.22

0.22

0.22

0.22

0.22

0.22

0.22

0.22

0.22

0.22

0.21

~0.0132

~0.0322

~0.0332

~0.0292

~0.039%
~0.0292
~0.0392

~40000°

~35454°

~25909°

7040

~10000°

~14000°

~24000°

33100-35000

6250

~11000°

~17000°

~31000°

20950

10790

~18000°

~16000°

20690

~8077°

~20000°

~20833°

~5220°

~10000°
~3333°
~10000°

~17.52¢

~30.1P-°

~35,20.¢

OA: 12.5P
DTX1: 0.39°
OAx11PC
DTX1~0.252:¢
OA~11.74PC
DTX1~0.18°¢
OA~10.34P-¢
DTX1~ 0.15P¢
OA: 6.69-6.87°
DTX1: 0.12°
OA: 10.75P
DTX1~ 0.26°:°
OA: 15.80P
DTX1~ 0.320-°
OA~11.27P°
DTX1~ 0.26P:°
OA~9.70:C
DTX1~ 0.160-°

~6°C (Day 34)

~4.7°¢ (Day
20)

~5.0P-° (Day
34)

11.270:¢ (Day
34)

OA: 4.63
DTX1: 0.55

OA + DTX1:
34°
(Day 20)

OA 4 DTX1:
250

(Day 30)

OA + DTX1: 7P
(Day 30)

OA: 192.69°
OA: 100.66P

OA: 268.68°
OA: 100.66°

Hou et al.,
2016

Vanucci et al.,
2010

Varkitzi et al.,
2010

Varkitzi et al.,
2017

McLachlan
et al., 1994

Lietal., 2009
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Strain

P hoffmannianum
(CCMP2804)

P lima
(CCMP2579)

P hoffmannianum
(PHKLO414;
isolates from
Florida Keys,
United States)

Culture

L1-Si medium
in seawater;
salinity 30 ppt;
22°C; 3000 lux;
12/12h
light/dark cycle;
initial cell
density 1000
cells/mL

F/2 medium;
20°C; 58 pmol
photons/m?/s;
12/12h
light/dark cycle;
initial cell
density 12000
cells/mL (no
seawater)

Modified /4
medium: Si
free, /4
macronutrients,
Se in seawater
and trace
metals, iron,
vitamins (H, B1
and B12) and
HEPES pH 7.1
at levels of f/2
medium; 27°C;
90-100 wmol
photons/m?/s;
12/12h
light/dark cycle;
initial cell
density 500
cells/mL

Nitrogen
source

NOz~ (883 pM)

NOsz~ depleted
L1-S1 medium

NOs~ (8830
M)

NO3~ (883 uM)

NO3~ (883 M)

Control F/2
medium

N-limited
(17.7 uM)

NOz~ (883 pM)

NO3~ (883 M)
Urea (883 wM)

NH4* (883 uM)
NO3~ (883 M)
NO3~ (883 M)

NO3~ (883 uM)

NOs;~ (441 pM)

NOs~ (441 pM)

NOs~ (14.7
M)

Phosphorus
source

P0O4%~ (36.2
M)

P0O4%~ (36.2
M)

PO4%~ (36.2
M)

PO437
depleted L1-Si
medium
PO, (362
1)

Control F/2
medium

P43~ (36.2
M)

P-limited
(1.81 uM)

PO,43~ (36.2
1)

P43~ (36.2
1)

P0O4%~ (36.2
M)
Glycerophosphate
(36.3 LM)
NaH» PO4
(36.3 M)
ATP (36.3 M)

P03~ (18.1
M)
P0O43~ (0.6
M)

PO43~ (18.1
M)

N:P

24.4

244

521

24.4

0.49

488

24.4

24.4

24.4

24.3

24.3

24.3

24.4

735

0.81

Growth rate
(n/day)

0.07

n.a.

n.a.

n.a.

n.a.

~0.0432

~0.036°

~0.0232

~0.039?

~0.036°

no growth

~0.0212

~0.0522

~0.0322

0.28 at 21°C
0.19 at 27°C
0.13at21°C

0.12 at27°C
0.21 at21°C

0.14 at 27°C

Maximum
cell density
(cells/mL)

40200 (Day 42)

1910 (Day 42)

53100 (Day 42)

3230 (Day 42)

49000 (Day 42)

45000 (Day 50)

38000 (Day 50)

30000 (Day 50)

47000 (Day 50)

35000 (Day 50)

13000 (Day 12)

45000 (Day 50)

45000 (Day 50)

49000 (Day 50)

2611 (Day 12)
5363 (Day 28)
736 (Day 12)

752 (Day 16)
809 (Day 12)

713 (Day 8)

Toxin content
(pg/cell)

OA: 6.31 (Day
28);

12.40 (Day 50)
OA: 21.38 (Day
28);

45.38 (Day 50)
OA~16.38 (Day
28);

16.38 (Day 50)
OA: 18.36 (Day
28);

67.03 (Day 50)
OA: 12.57 (Day
28);

14.74 (Day 50)

OA~12 (Day
20);

~25 (Day 38);
~60 (Day 50)
OA~12° (Day
20);

~40° (Day 38);
~38¢ (Day 50)
OA~8° (Day
20);

~35° (Day 38);
~175°¢ (Day 50)
OA~25° (Day
38)

OA~18° (Day
38)

OA~13° (Day
38)

OA~18° (Day
38)

OA~35°¢ (Day
38)

OA~30° (Day
38)

OA: 49.57
OA: 106.91
OA: 262.49

OA: 642.57
OA: 51.91

OA: 56.88

References

Lee et al., 2020

Guet al,, 2019

Accoroni et al.,
2018
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Bioactive compound

Microalgae

References

OA P lima (712); (CCAP 1136/11); Murakami et al., 1982; Hu et al., 1992;
(Hainan Island); (Cuba isolates); Rhodes and Syhre, 1995; Bravo et al.,
(Paranagua isolates); (Recife 2001; Holmes et al., 2001; Lu and
isolates); (Spain isolates); (Tahiti Chou, 2002; Fernandez et al., 2003;
isolates); (UK isolates); (Mexico Nascimento et al., 2005; Paz et al.,
isolates); (New Zealand); 2007; Li et al., 2012, 2020; Pan et al.,
(PL11); (PLV2); (Japan isolates) 2017; Moreira-Gonzalez et al., 2019;
Camacho-Mufioz et al., 2020;
Nishimura et al., 2020;
Tarazona-Janampa et al., 2020
2-deoxy OA P lima Schmitz and Yasumoto, 1991
7-deoxy OA P lima Schmitz and Yasumoto, 1991; Holmes
etal., 2001
C4-diol OA/OA ester (2-hydroxymethyl-allyl okadaate) P lima (PLV2) Fernandez et al., 2003; Paz et al., 2007
C6-diol OA/OA ester (5-hydroxy-2-methylene-pent-3-enyl okadaate) P lima Suarez-Gémez et al., 2005; Paz et al.,

2007

C7-diol OA/OA ester (5-methylene-6-hydroxy-2-hexen-1-okadaate)

P, lima; (GY-H57)

Yasumoto et al., 1989; Pan et al., 2017

C8-diol OA/OA ester (7-hydroxy-2-methyl-hepta-2,4-dienyl okadaate)

P lima (712); (Mexico isolates)

Hu et al., 1992; Lu and Chou, 2002;
Suarez-Gomez et al., 2005; Paz et al.,
2007; Tarazona-Janampa et al., 2020

C9-diol OA/OA ester (5,7-dihydroxy-2,4-dimethylene-heptyl okadaate) P lima (GY-H57) Suarez-Gomez et al., 2005; Paz et al.,
2007; Pan et al., 2017

C9-diol OA/OA ester (5-hydroperoxy-7-hydroxy-2,4-dimethylene-heptyl okadaate) P lima (PLV2) Suarez-Gémez et al., 2005; Paz et al.,
2007

C9-diol OA/OA ester (7-hydroxy-4-methyl-2-methylene-hept-4-enyl okadaate) P lima (712) Hu et al., 1992; Paz et al., 2007

C9-diol OA/OA ester (7-hydroxy-2,4-dimethyl-hepta-2,4-dienyl okadaate) P lima Norte et al., 1994; Pan et al., 2017

C9-diol OA/OA ester (7-hydroxy-4-methyl-2-methylene-hept-4-enyl okadaate) P lima Norte et al., 1994; Paz et al., 2007

C9-diol OA R lima Yasumoto et al., 1987; Lu and Chou,

2002

C10-diol OA/OA ester (5,7-dihydroxy-2,4-bis(methylene)heptyl okadaate)

P lima (GY-H57); (Hainan
Island)

Pan et al., 2017; Li et al., 2020

Methyl okadaate/OA Methyl ester/Methyl OA

R lima (PL11); (PL2V); (712)

Hu et al., 1992; Lu and Chou, 2002;
Fernandez et al., 2003; Paz et al.,
2007; Li et al., 2020

Ethyl okadaate/OA Ethyl ester/Ethyl OA

P, lima (712)

Hu et al., 1992

OA ester

P lima (Spain isolates)

Bravo et al., 2001

Norokadanone P lima (PL2V); (CCAP 1136/11) Fernandez et al., 2003; Paz et al.,
2007; Camacho-Mufioz et al., 2020
DTX1 P lima (CCAP 1136/11); (Cuba Hu et al., 1992; Bravo et al., 2001; Lu
isolates); (Paranagua isolates); and Chou, 2002; Nascimento et al.,
(Spain isolates); (UK isolates); 2005; Paz et al., 2007; Pan et al.,
(Mexico isolates); (PL2V); 2017; Moreira-Gonzélez et al., 2019;
(Japan isolates) Camacho-Mufioz et al., 2020;
Nishimura et al., 2020;
Tarazona-Janampa et al., 2020
35S-DTX1 P lima (GY-H57) Pan et al., 2017; Camacho-Mufoz
etal., 2020
DTX1-a P lima (CCAP 1136/11) Camacho-Mufioz et al., 2020;
Tarazona-Janampa et al., 2020
DTX2 P lima (Spain isolates) Hu et al., 1992; Bravo et al., 2001; Pan
etal., 2017
DTX4 P lima (UK isolates) Hu et al., 1995; Nascimento et al., 2005
DTX6 P lima (PL2V) Suarez-Gémez et al., 2001; Paz et al.,
2007
C8-diol DTX1-a P, lima (Mexico isolates) Tarazona-Janampa et al., 2020
C8-diol DTX1 P lima (Mexico isolates) Tarazona-Janampa et al., 2020
C9-diol DTX1 P lima (PL-KNUAL-23) Lee et al., 2015
DTX2 ester P lima (Spain isolates) Bravo et al., 2001

DTX4 diol ester

P, lima (UK isolates)

Nascimento et al., 2005

Formosalide A P lima (PLO40104002) Lu et al., 2009
Formosalide B Lu et al., 2009
Limaol P lima (Korea isolates) Yang et al., 2017
Prorocentrin P lima (PL0O21117001 clone) Lu et al., 2005

Prorocentrolide

(
(
(
P lima (PL040104002)
(
(
(

P, lima (PLO1); (PL11)

Lu and Chou, 2002; Li et al., 2020

Procentrolide 30-sulfate P lima Torigoe, 1990

Prorocentrolide C P lima (YD-5) Leeetal., 2019
14-0-acetyl-4-hydroxyprorocentrolide P, lima (PLO1) Lu and Chou, 2002
3,5-dihydroxy-6,7-megastigmadien-9-one P, lima (PL11) Lietal., 2020
4-hydroxyprorocentrolide P, lima (PLO1); (YD-5) Lu and Chou, 2002; Lee et al., 2019
9,51-dihydroprorocentrolide P lima Torigoe, 1990
Apo-9'-fucoxanthinone P lima (PL11) Li et al., 2020

Polyketide unidentified P lima (PL11) Li et al., 2020

Terpenoid unidentified P, lima (PL11) Li et al., 2020
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Species

Dictyopteris polypodioides

Dictyota dentata
Dictyota dichotoma

Dictyota fasciola
Dictyota spiralis
Padina australis

Padina minor

Padina pavonica

Padina tetrastromatica
Taonia atomaria

Collection site

Portugal
Tunisia
Indonesia

Malaysia
Egypt
Portugal
Tunisia
Tunisia
Tunisia
Indonesia
Indonesia
Malaysia
Malaysia
Portugal
Tunisia

Tunisia

Extraction method

Vortex-assisted solid-liquid microextraction
MeOH ScCO2
Acetone/methanol
Acetone, methanol
Acetate ethyl
Ethanol
Vortex-assisted solid-liquid microextraction
MeOH
MeOH
MeOH
Acetone
Acetone/methanol
Acetate ethyl
Ethanol
Vortex-assisted solid-liquid microextraction
MeOH
Ultrasound assisted extraction, ethanol
MeOH

Fucoxanthin content

597 ng-g~ ' dw
3.43+1.3 202+ 0.6
411 mg-g~" dw
1.1t02.3mg.g~" dw
620.5 mg/100 g
0.1 pmol-g~ 1 FW
1.2t0514 pg-g~ ' dw
26+1.0
0.88 £0.3
0.23+£0.1
0.09t00.12mg-g~ " fw
0.43mg-g~" dw
691.1 mg/100 g
427.9 mg/100 g
10.2 pg-g~ " dw
0.71 £ 0.1
750 ng-g~ ' dw
563+1.2

References

Nunes et al., 2019
Present study
Heriyanto et al., 2017

Perez-Bermudez et al., 1981
Agatonovic-Kustrin and Morton, 2017

Deyab et al., 2017
Nunes et al., 2019
Present study
Present study
Present study

Panintingjati Brotosudarmo et al., 2018

Heriyanto et al., 2017

Agatonovic-Kustrin and Morton, 2017
Agatonovic-Kustrin and Morton, 2017

Nunes et al., 2019
Present study
Raguraman et al., 2018
Present study
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Ref * mg GAE-mg~1 extract

0.51 + 0.05°
0.59 + 0.0220
0.51 + 0.020
0.56 + 0.04a0
0.59 + 0.0420
0.64 + 0.047

o O~ W N =

mg GAE-g~1 dw

254 4+ 0.279
3.36 + 0.149
6.29 + 0.3°
5.21 4 0.37¢
6.07 & 0.43%¢
8.50 + 0.522

ICsp (mg-mi~1)

38.29 + 4.72
38.38 + 9.07
2555+ 2.3°
20.58 + 3.6°
23.45 + 0.9°
26.25 + 0.57°

Values with the same letter are not significant at the level of 5% (o < 0.05). Different
letters mean statistically significant difference at the level of 5% (p < 0.05).

GAE, gallic acid equivalent.

*Pre-treatment: 1: T, 25°C; P, 40 MPa; F, 24 ml-min=1. 2: T, 40°C; R 40 MPa; F,
24 mikmin=1. 3: T, 60°C; P. 30 MPa; F, 24 mi-min~1. 4: T, 60°C; P 40 MPa; F,
24 mikmin=1. 5: T, 60°C; P, 50 MPa; F 15 ml-min—1. 6: T, 60°C; P 50 MPa; F,

24 ml-min—1.
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Ref T (°C) P (MPa) Flow (ml-min—"1) Extraction yield (%) FC (mg-g~"! extract) FC (mg-g~' dw)

1 25 40 24 0.50 + 0.04° 72.71 £ 9.62 0.36 + 0.020
2 40 40 24 0.57 + 0.04° 84.73 + 22 67 0.48 +0.20

3 60 30 24 1.24 + 0.092 71.92 +4.32 0.89 + 0.0120
4 40 24 0.93 + 0.242 97.74 + 8.9 0.92 4+ 0.32b
5 50 15 1.03 + 0.212 128.42 + 36.12 1.36 4 0.67°
6 24 1.32 +0.022 151.99 + 40.22 2.02 + 0.6

FC, fucoxanthin content. Values with the same letter are not significant at the level of 5% (o < 0.05).
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Species ICs (mg-mi~1)

Dictyopteris polypodioides 10.47 £1.0°
Dictyota dichotoma 9.8 +£0.2°
Dictyota fasciola -
Dictyota spiralis -
Padina pavonica 5.86 4 0.42
Taonia atomaria 7.58 +0.20

Values with the same letter are not significant at p < 0.05.
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Species Extraction yield (%) FC TPC
mg-mg~! extract mg-g~! dw mg GAE-mg~"! extract mg GAE-g~ ! dw

Dictyopteris polypodioides 1.81 + 0.09° 0.19 4 0.08? 3.434+1.3° 0.25 4+ 0.02° 4.3 +0.1b¢
Dictyota dichotoma 4.34 +0.632 0.06 + 0.030¢ 2.6 4 1.0b¢ 0.41 + 0.0620 19.3 4+ 0.42
Dictyota fasciola 2154 1.01° 0.04 +0.01¢ 0.88 4 0.3°¢ 0.39 + 0.0722 9.240.5°
Dictyota spiralis 0.73 +0.13° 0.03 + 0.02¢ 0.23 +0.19 0.32 + 0.04° 2.5+ 0.1°
Padina pavonica 0.74 + 0.38° 0.09 + 0.01abc 0.71 £ 0.1¢d 0.54 + 0.09 3.6 +0.2¢
Taonia atomaria 3.48 £ 0.382 0.16 +0.032P 5584+ 1.2 0.41 + 0.062P 18 247

Values with the same letter are not significant at the level of 5% (p < 0.05).
GAE, gallic acid equivalent; FC, fucoxanthin content; TPC, total phenolic content.
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Viscosity [Pa s]
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Species Group Active against Active agent References
Maculabatis gerrardi (Gray, Elasmobranchs S. typhi, E. coli, V. cholerae, K. pneumoniae, S. Acid mucus extracts Vennila et al., 2011
1851); Pastinachus sephen aureus, C. tropicalis, A. niger, Penicillium sp., T.
(Forsskal, 1775) mentagrophytes, A. alternata, C. albicans,
Rhizopus sp., Mucor sp., T. rubrum
Hypanus sabinus (Lesueur, Elasmobranchs vancomycin-resistant Enterococcus (VRE) and Isolated bacteria from Ritchie et al., 2017
1824); Mobula hypostoma methicillin-resistant S. aureus (MRSA). Most of the skin mucus
(Bancroft, 1831); Rhinoptera bacteria with antimicrobial activity were isolated
bonasus (Mitchill, 1815); Raja from R. bonasus (200) and H. sabinus (69). Marine
eglanteria (Bosc, 1800) Bacillus species showed antimicrobial activity
against a range of both Gram-positive and
Gram-negative pathogenic test strains.
Dasyatis pastinaca Elasmobranchs K. pneumoniae (the most sensitive strain), E. coli, P Crude fish mucus Fuochi et al., 2017
(Linnaeus, 1758) aeruginosa, C. albicans, C. glabrata, C. tropicalis
Gadus morhua (Linnaeus, Teleosts A wide range of Gram-negative and Gram-positive Ethanolic and Hellio et al., 2002
1758); Labrus bergylta bacteria. Fractions from P, virens and L. bergylta dichloromethane
(Ascanius, 1767); Platichthys were active against the growth of Gram-negative fractions
flesus (Linnaeus, 1758); bacteria; while extract of P virens inhibited
Pollachius virens (Linnaeus, Gram-positive only. S. rhombus inhibited the
1758); Scophthalmus growth Gram-positive bacteria and fungi. Extracts
rhombus (Linnaeus, 1758); from G. morhua were the most active against fungi.
Solea solea (Linnaeus, 1758)
Anguilla anguilla (Linnaeus, Teleosts E. coli, K. oxytoca, K. pneumonia, L. vulgaris, P Crude extract Bragadeeswaran
1758) microbilus, R aeruginosa, S. paratyphi, S. typhi, S. and Thangaraj,
aerius, V. parahemolyticus. The maximum zone of 2011
inhibition was obtained against S. paratyphi.
Anguilla anguilla (Linnaeus, Teleosts A. awamori, C. falcatum, F. oxysporum Crude fish mucus Pethkar and
1758) Lokhande, 2017
Cynoglossus arel (Bloch & Teleosts S. aureus; S. aureus, V. cholera, V. parahemolyticus Crude extract Bragadeeswaran
Schneider, 1801); Nemapteryx et al., 2011
caelata (Valenciennes, 1840)
Periophthalmodon Teleosts B. anthracis, E. coli, K. pneumoniae, P mirabilis, P, Protein Content Of Mahadevan et al.,
schlosseri (Pallas, 1770) aeruginosa, S. typhi, S. aureus, V. cholerae, A. Mucus Extract 2019
flavus, C. albicans, Mucor sp., T. longibriachtin
Hypanus americanus Elasmobranchs T. rubrum, C. neoformans, C. albicans Fractionated mucus Coelho et al., 2019
(Hildebrand & Schroeder, 1928)
Himantura gerrardi (J. E. Elasmobranchs E. coli, S. typhi, V. cholerae, S. aureus Crude skin mucus Vennila et al., 2011
Gray, 1851)
Solea senegalensis (Kaup Teleosts P. damselae, V. Harveyi, V. anguillarum Crude mucus Guardiola et al.,
1858) 2017
Dicentrarchus labrax Teleosts V. fluvialis, V. parahaemolviticus, V. algvnoliticus, Mucus secretion Gabiriella et al.,
(Linnaeus, 1758) 2014
Sparus aurata (Linnaeus, Teleosts V. harveyi, V. angillarum, P damselae, E. coli, B. Mucus extract Guardiola et al.,
1758), Umbrina cirrosa subtilis, S. putrefacens 2014
(Linnaeus, 1758),
Dicentrarchus labrax
(Linnaeus, 1758), Dentex
dentex (Linnaeus, 1758),
Epinephelus marginatus
(Lowe, 1834)
Amphiprion clarkii (Bennett, Teleosts A.hydrphila, V. Harveyi, V. alginolitiens, V. Mucus extract Wang et al., 2019
1830) parahaemolyticus, P. fluorescens, C. irritans
Epinephelus tauvina Teleosts E. coli, S. typhi, K pneumoniae, R mirabilis, S. Acid extract of mucus Manikantan et al.,
(Forsskal, 1775) aureus, V. alginolytiens, V. parahaemolyticus, A. 2016
hydrophila, P, fluorescens, V. harveyi
Salvelinus alpinus (Linnaeus, Teleosts E. coli, S. enterica, S. epidermis, P. aeruginosa, C. Acid, organic and Subramanian et al.,
1758), Salvelinus fontinalis albicans aqueous extract 2008
(Mitchill, 1814)
Sebastes schlegelii Teleosts A.Salmonicida, P damselae, V. parahaemolytus Extract of mucus Kitani et al., 2008

(Hilgendorf, 1880).
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Jellagen Rat tail Laminin TC plastic

JC (%) collagen (%) (%)
(%)
CD14 97.72 98.73 98.38 98.06
CD16 100.00 99.98 100.00 100.00
CD11b 97.18 97.32 95.74 97.22
HLA-DR 92.42 95.58 89.10 93.95

CD206 95.68 97.45 93.01 96.88
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Molecule

Plitidepsin
Glembatumumab vedotin

Elisidepsin
Kahalalide F

HTI-286

Brentuximab vedotin
Ziconotide
Dermochlorella®

Fragments of fish gelatin
Katsuobushi oligopeptide

Gabolysat PC60® /Stabilium®
/Protizen® /Procalm®
Nutripeptin® /Hydro MN
Peptide

Seacure®

Main characteristic/source

Cyclic depsipeptide/Aplidium
albicans
Dolastatin 10/Symploca sp.

Kahalalide F/Elysia rufescens
Cyclic ridecapeptide/Elysia
rufescens

Hemiasterlin/Hemiasterella
minor

Dolastatin 10/Symploca sp.
Q-conotoxin toxin/C. Magus
Oligopeptide extract/Chlorella
vulgaris

Hydrolysate of fish collagen and
gelatin

Pentapeptide from hydrolysate
of dried bonito

Hydrolysate of fish protein
Hydrolysate of fish protein

Hydrolysate of fish protein

Nature

Natural product

Derivative

Derivative
Natural product

Derivative

Derivative
Natural product
Natural product

Natural product

Natural product

Natural product

Natural product

Natural product

Applications

Cancer treatment

Cancer treatment

Cancer treatment
Cancer treatment

Cancer treatment

Cancer treatment
Analgesic
Skin toner

Nutrient supplement
Antihypertensive
Anxiolytic
Postprandial blood

glucose control

Intestinal health
mediator

Status

Phase I/1l clinical trials

Phase I/1l clinical trials

Phase | clinical trials
Phase | clinical trials

Preclinical trials

Marketed/FDA approved
Marketed/FDA approved
Sold as component of skin care

formula

Marketed as nutraceutical
Marketed as nutraceutical
Marketed as nutraceutical

Marketed as nutraceutical

Marketed as nutraceutical

Adapted from Cheung et al. (2015).
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Strategy of prospection

The crude mucus was
lyophilized and resuspended in
PBS

Gel filtration chromatography
followed by RP-HPLC

Plasm was directly purified in a
RP-HPLC system

Heterologous expression

Heterologous
expression/chemical synthesis

Bio inspiration/chemical
synthesis

Bio inspiration/heterologous
expression

Bacterial challenge

Bacterial
challenge/Heterologous
expression

Enzymatic hydrolysis

Source

Achatina fulica
(Mollusca)

Mytilus coruscus
(Mollusca)

Mytilus coruscus
(Mollusca)

Venerupis philippinarum
(Mollusca)

Scatophagus argus
(Chordata)

Hydrophis
cyanocinctus
(Chordata)

Scylla paramamosain
(Arthropoda)

Styela clava
(Chordata)

Scophthalmus
maximus
(Chordata)
Cyprinus carpio L
(Chordata)
Platichthys stellatus
(Chordata)

Ctenopharyngodon
idella

(Chordata)
Penaeus vannamei
(Arthropoda)
Scorpaena notate
(Chordata)

Origin

Mucus

Hemolymph

Hemolymph

Hemocytes

Liver

Venom gland

Hemocytes

Hemocytes

Liver

Liver

Liver

Head

Head

Peptide

Mytimacin-AF

Myticusin-1

Mytichitin-CB

Clam defensin
(VpDef)

Hepcidin (SA-hepcidini
and 2)

Cathelicidin

SpHyastatin

Clavanin MO

Hepcidin (SM HEP1p

and SM HEP2p)

Hepcidin

PsHepcidin

CiHepsidin

PAB2 and PRB2

D-I, F-l'and E-I

Activity

Antimicrobial

Antimicrobial

Antimicrobial

Antibacterial

Antibacterial and
antiviral

Antimicrobial and
anti-inflammatory

Antimicrobial

Antimicrobial

Antimicrobial

Antimicrobial

Antimicrobial

Antimicrobial

Antiproliferative

Antioxidative and ACE
inhibitory

Reference

Zhong et al., 2013

Liao et al., 2013

Qin et al., 2014

Zhang et al., 2015

Gui et al., 2016

Wei et al., 2015

Shan et al., 2016

Mulder et al., 2015

Chen et al., 2007;

Zhang et al., 2014

Lietal., 2013

Liuetal., 2018

Wei et al., 2018; Chen

etal., 2020

Hsu et al., 2011

Aissaovui et al., 2017
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Factor Diameter (nm) Floating ability Permeability

SA concentration 1% 2.86 22.64% 84.23%
(w/v)
2% 3.41 50.00% 83.89%
3% 4.10 70.83% 78.25%
4% 416 66.67% 73.88%
5% - 58.33% 71.86%
Mass ratio of 0 3.67 6.06% 76.12%
CaCO3:SA
1:4 3.67 20.00% 78.13%
12 3.72 50.00% 78.89%
3:4 3.88 70.37% 80.02%
1 3.88 52.38% 80.66%
CaCly 1% 3.92 37.50% 83.03%
concentration (w/v)
2% 3.96 50.00% 76.10%
3% 3.91 76.19% 75.96%
4% 3.95 68.42% 75.22%
5% 4.00 4211% 71.45%
Citric acid 1% 3.56 3.85% 70.88%
concentration (w/v)
2% 3.83 17.39% 73.36%
3% 4.01 69.57% 79.21%
4% 4.07 77.27% 80.58%
5% 4.26 56.52% 84.15%
EC concentration 0 3.75 24.14% 69.45%
(w/v)
1% 3.59 80.00% 83.27%
2% 4.06 82.76% 82.79%
3% 3.81 68.18% 84.31%
4% 4.02 65.52% 82.91%
5% 4.11 62.96% 83.30%
Crosslinking time 10 4.17 5.26% 69.82%
(min)
20 4.08 47.37% 71.53%
30 3.90 70.00% 77.36%
40 3.77 36.84% 62.52%
50 3.79 33.33% 61.24%

When conducting the single factor effect experiments, except for the variables, the
basic experimental conditions were 3% SA, CaCOg: SA of 3:4, 3% CaCly, 3% citric
acid, 2% EC, and crosslinking for 30 min).
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Sample Name  Total Number of formulae DBE,, Almod,, Polyphenols Highly.unsaturated Unsaturated.aliphatics Saturated fatty acids

Orich Opoor Orich O poor Orich O poor With N CHO CHOX

Porewater 2046 83 0.28 55%  11.0%  22.5% 31.6% 47%  10.3% 5.2% 0.0% 0.4%

P4 1658 7.0 0.20 31%  97%  225% 16.8% 72%  2.8% 13.4% 0.0% 0.8%

P2 2043 7.9 0.29 32%  133%  25.4% 23.3% 6.6%  4.9% 8.7% 0.0% 0.2%

P3 2600 85 0.30 31%  132%  21.7% 35.4% 26%  8.4% 5.2% 0.0% 0.3%

PRLFareates P4 3089 8.7 0.30 19%  149%  135% 45.8% 11%  9.3% 5.0% 0.0% 0.3%
P5 3147 9.8 0.34 14%  172%  6.2% 51.4% 04%  10.9% 3.1% 0.0% 0.2%

P6 2071 10.0 0.36 07%  204%  3.8% 52.6% 03%  12.9% 0.4% 0.0% 0.4%

Deep sea 1906 8.8 024 03%  128%  22.3% 44.9% 26%  57% 5.3% 0.0% 0.4%

P 1645 85 0.24 05%  152%  20.6% 27.1% 57%  1.5% 14.6% 0.0% 1.5%

P2 1813 9.2 0.27 03%  16.0%  24.4% 35.5% 32%  3.9% 7.0% 0.0% 0.0%

P3 1331 8.8 0.26 02%  111%  25.9% 48.1% 23%  4.8% 2.4% 0.0% 0.2%

PrLDeepisea P4 1285 9.1 0.24 02%  81%  22.8% 57.7% 16%  6.1% 2.1% 0.0% 0.2%
P5 1013 10.9 0.25 00%  11.4%  17.5% 60.1% 13%  7.0% 1.4% 0.1% 0.3%

P6 987 10.5 0.28 00%  108%  9.8% 67.4% 12%  7.4% 0.7% 0.0% 0.6%

Sea surface 1888 95 024 05%  93%  254% 36.5% 44%  92% 7.4% 0.0% 0.4%

P4 632 6.5 0.18 02%  117%  16.5% 29.3% 124%  3.6% 12.8% 0.0% 1.6%

P2 1292 83 024 02%  11.8%  22.8% 37.6% 79%  6.7% 8.0% 0.0% 0.2%

P3 866 8.2 0.24 00%  75%  241% 52.3% 32%  8.4% 21% 0.0% 0.2%

PPL Sea surface P4 1045 8.6 0.22 00%  60%  22.8% 56.9% 19%  9.2% 2.3% 0.0% 0.1%
P5 1106 96 0.21 01%  87%  19.3% 50.9% 18%  11.9% 4.4% 0.0% 0.7%

P6 446 8.4 0.23 00%  40%  10.1% 66.8% 11%  15.7% 0.2% 0.0% 0.2%

S5 1208 8.7 0.31 06%  127%  154% 53.8% 9%  7.9% 3.9% 0.0% 0.5%

S4 1356 72 0.25 04%  77%  11.4% 45.6% 24%  25.0% 47% 0.1% 0.9%

SIL Porewater S3 2779 87 028 11%  140%  16.4% 40.7% 44%  8.4% 7.4% 0.0% 0.6%
s2 2845 8.9 0.30 18%  155%  17.0% 36.8% 37%  5.4% 8.2% 0.0% 0.5%

S 2137 8.9 0.33 22%  180%  16.3% 35.9% 28%  3.6% 7.7% 0.0% 0.5%

S5 2032 123 0.25 02%  151%  26.8% 39.2% 33%  3.0% 6.0% 0.0% 0.4%

S4 2413 93 0.24 00%  11.8%  21.4% 51.5% 26%  51% 3.0% 0.1% 0.5%

SIL Deep sea S3 1768 10.3 0.26 01%  11.3%  24.6% 47.6% 18%  24% 3.2% 0.0% 0.3%
s2 2152 95 0.26 09%  162%  25.0% 40.3% 20%  1.5% 5.4% 0.0% 0.4%

S 2304 9.3 0.26 07%  156%  21.2% 41.1% 26%  1.6% 9.6% 0.0% 0.5%

S5 1189 9.9 0.04 03%  111%  26.2% 27% 34%  85% 52% 0.0% 0.2%

s4 1435 8.2 0.23 00%  75%  16.7% 47.2% 55%  14.3% 7.0% 0.0% 0.3%

SIL Sea surface S3 1990 96 0.24 03%  108%  23.4% 47.7% 27%  32% 5.5% 0.1% 0.4%
s2 1947 9.1 0.23 03%  102%  24.7% 45.4% 33%  32% 7.1% 0.0% 0.2%

S 1674 8.5 0.23 0.3% 10.6% 21.6% 41.0% 5.4% 2.8% 12.6% 0.0% 0.6%
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Phylum Class. Strain ID.  Source Genus/species Accession number Closest neighbor

Genus/species Accession number (NCBI) _ Identity (%)
Actinobacteria  Actinobacteria ARTO-02  fon oxide sediments Glutamicibacter sp MW826695  Glutamicibacter sp. 105123131 99.16
AR32-01 White sponge (Sarcotragus sp) - Microbacterium sp. MWB26745  Microbacterium barkeri MT214325.1 98.17
AROT-11A  Hydrozoa Micrococcus . MWB26688  Micrococcus luteus MT539734.1 9048
AR28-05  Inner sediment volcanic rock  Micrococcus sp. MWe26735  Micrococcus luteus MT367834.1 9023
AROT-07  Hydrozoa Micrococcus yunnanensis MWE26686  Micrococcus yunnanensis MT225648.1 99.93
AR22-02 Hydrozoa (Sertuiarella sp) Micromonospora sp. MWB26725  Micromonospora virdifaciens GQ153845.1 9964
AROT-15C Hydrozoa Mycobacterium hippocampi  MWE26692  Mycobacterium hiopocampi MWO12620.1 99.70
AR14-11D Pink flament Pseudonocardia sp. MWe26708  Pseudonocardia sp. MN631183.1 97.82
Bacteroidetes  Flavobacteria AR29-06  Inner sediment volcanic rock  Salinimicrobium sp. MWe26739  Saliimicrobium sp. MW012343.1 98.07
Firmicutes  Bacili AR13:02  Seaweed/green hydrozoa Bacills sp. MWe26699  Bacillus algicola KT984000.1 98.05
AR06-02  Hydrozoa Akalhalobacilus berkeleyi MWe26678  Bacillus berkeleyi NR_109459.1 99.86
AR29-01  Inner sediment volcaric rock  Bacilus sp. MWB26736  Bacilus idrensis MN410537.1 98.95
AROG-01  Hydrozoa Bacilus sp. MW826677  Bacillus sp. GQ284497.1 9857
AR14-078  Pink flament Bacills sp. MWe26705  Bacillus sp. FN179280.1 10000
ARO7-04  Hydrozoa Bacills vietnamensis MWB26683  Bacills vietnamensis. MF384991.1 9078
ARO7-05  Hydrozoa Bacills sp. MWe26684  Bacilus sp. MG893128.1 9993
AR10:01  ron oxide sediments Bacills vietnamensis MWE26604  Bacills vietnamensis MH384991.1 9993
AR11-01  Seaweed/green hydrozoa Bacills vietnamensis MWE26696  Bacills vietnamensis MH384991.1 99.93
AR14-02  Pink flament Bacilus vietnamensis MW826702  Bacillus vietnamensis MH384991.1 99.93
AR19-02 Brown seaweed Bacilus sp. MW826713  Bacills vietnamensis MH384991.1 96.97
AR23-01  Hydrozoa (Sertulerela sp) Bacills vietnamensis MWB26726  Bacills vietnamensis MF384991.1 10000
AR15.01  Hydrozoa (Sertularella sp) Domibacilus sp. MWe26709  Domibacills iocasae NR_148625.1 9964
AR14-06  Pink flament Hlobacills dabanensis MWe26704  Halobacillus dabanensis. MG566184.1 10000
ARO1_01 Biack coral (Stichopathes sp)  Halobacilus sp. MWB26671  Halobacills sp. MK922526.1 99.50
AR16:018  Briozoo Halobacillus trueper MWB26710  Halobacills trueperi MT125721.1 100.00
Proteobacteria Alphaproteobacteria  AR29-03  Inner sediment volcanic rock  Limimaricola sp. MW826738  Limimaricola sp. MN435786.1 9929
AR21-03  ron oxide sediments Henriciella barbarensis MWB26721  Henriciella barbarensis NR_157787.1 9984
AR21-05  ron oxide sediments Hyphomonas sp. MWB26723  Hyphomonas sp. KY770875.1 9085
AR35:02  Orange sponge (Geodlidae)  Ruegeria atiantica MWB26749  Ruegeria atiantica MT072134.1 90,87
AROT-028  Hydrozoa Ruegeria sp. MWB26680  Auegeria sp. MN099589.1 99.92

ARO7-03C  Hydrozoa Ruegeria sp. MWB26682  Ruegeria sp. MN704271.1 95.26
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5’ — oligonucleotide sequence - 3

CTACGAGGAAGGTCCGTICTACCAGCGCTATGCAC
GTGCATAGCGCTGGTAGAACGGACCTTCCTCGTAG
GGAAGGTCCGTACTACCAGGCCTATGCACTGGCGCCGTTC
GAACGGCGCCAGTGCATAGGCCTGGTAGTACGGACCTTCC
CCGACTACGGCGCCGCCGCCTTCCTCAACGTGGAAGC
GCTTCCACGTTGAGGAAGGCGGCGGCGCCGTAGTCGG
GTACAACGGCACCGCCGCGTACGTGCACGGTGCGG
CCGCACCGTGCACGTACGCGGCGGTGCCGTTGTAC

Y238F means that tyrosine residue on the 238th amino acid sequence was
changed to phenylalanine residue. The underiined letters indicate the replaced
nucleotide bases.
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adenovius ECzo

230 mgmL

No

No

No

No
No

1Cs0 10.51-18.35 pg/mlL.

No

Aaptamine (20) (Cso NT2)
s0nM
No

3 3%%

11-deowyfistarin3 21)

13

17 ng/mL->50 ngmL
No

No

Biegeimeyer et al, 2015

Souza et a, 2007
Dystiovoy ot i, 2012
Aswel ot al, 1977 da Sha
otal, 2006

Gopichand and Schitz,
1979; Gunasekera and
Cross, 1992; Compagnone
otal, 1999






