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The freshwater and saltwater aquatic food sector has experienced the most significant growth in recent years and is increasingly recognized as a sustainable alternative for fostering prosperous societies self-sufficiently and ecologically. One primary economic and health risk factor in aquaculture production is health control, with potentially more severe impacts observed in tropical and developing countries. While metagenomics holds great promise for application in agro-industrial fields like aquaculture, its adoption remains limited. Consequently, this study aimed to assess the prospects for developing and applying metagenomics in identifying pathogens in freshwater aquaculture. The WIPO database was used to search for patents developed using metagenomics to monitoring pathogens in freshwater aquaculture. Metagenomics methods have been extensively employed in different fields, such as, medicine, veterinary, biotechnology, agriculture, particularly in studies focusing on microbial communities in different ecosystems. In aquaculture, the utilization of metagenomics has predominantly revolved around investigating antibiotic resistance genes, primarily in saltwater farms. Despite this, freshwater aquaculture, particularly in fish and crustacean farming, aligns closely with sustainable development goals, notably (SDGs) 2, 3, 6, and 13. Countries such as the United States of America, South Korea, and Canada stand at the forefront of utilizing metagenomics for disease monitoring in freshwater aquaculture, evidenced by their active patent developments. The metagenomic analysis, coupled with bioinformatics tools and databases, represents a rapid, secure, and non-invasive approach to environmental monitoring for preventive purposes.

Systematic review registration: https://osf.io/srpyz/, identifier 10.17605/OSF.IO/SRPYZ.
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1 Introduction

Fresh and saltwater fish and seafood are essential for global food security, strategically addressing food demand and nutritional deficiencies, particularly in developing countries (Cojocaru et al., 2022). In this context, aquaculture has experienced significant growth over the years, the long-term trend in total global capture fisheries has been relatively stable since the late-1980's, with catches generally fluctuating between 86 and 93 million tons per year. However, in 2018, total global capture fisheries production reached the highest level ever recorded at 96.4 million tons—an increase of 5.4% from the average of the previous 3 years (Bjørndal et al., 2024; FAO, 2020), emerging as a key player in sustainable animal protein production. The aquaculture production chain can sustain livelihoods, economies, and cultures while minimizing environmental impact, thus encompassing all three sustainability dimensions: social, economic, and environmental (Gephart et al., 2020; Verdegem et al., 2023). Consequently, the seafood sector is increasingly recognized as vital for fostering prosperous societies self-sufficiently and ecologically and sustainable development, particularly in countries with coastal and freshwater environments (Béné et al., 2016; Bennett et al., 2021; HLPE, 2014). The importance of aquatic foods was underscored in 2021 during the launch of the UN nutrition report, which declared, “There can be no food system transformation without aquatic foods” (Troell et al., 2023; WHO, 2020).

Health management plays a fundamental role in ensuring the sustainability and success of aquaculture production, necessitating robust monitoring techniques to identify and prevent the spread of diseases in fish stocks (Assefa and Abunna, 2018). Annual financial losses due to diseases amount to 6 million dollars and can be more severe in tropical and developing countries, where mitigation of losses is often constrained. The complete eradication of pathogens poses both technical and financial challenges. The adaptability of production systems relies on three main characteristics: (1) the ability to prevent the system from being affected by a disease, (2) the development of internal resistance following an infection, and (3) the management of additional risks associated with strategies to reduce vulnerability (Leung and Bates, 2013; Bush et al., 2010). Overall, based on the index of technological practices adoption, the implementation of technological practices in aquaculture production centers significantly reduces the likelihood of disease outbreaks and enhances the economic profitability of producers (Amaral et al., 2019).

However, molecular approaches can be used to identify pathogens previously to prevent losses in aquaculture production. In this field, metagenomics is a promising molecular biology approach for analyzing complex microbial communities. This method provides valuable information about microbial diversity in an area and allows us to infer their biological roles (New and Brito, 2020; Nielsen et al., 2014). Although metagenomics has found applications in infectious disease surveillance in public health (Miller et al., 2013) and food and pharmaceutical industries (Coughlan et al., 2015), its use remains uncommon in specific agro-industrial disciplines such as aquaculture, despite numerous studies focused on characterizing microbial communities in cattle rumen (Xie et al., 2022) and agricultural soil (Macedo et al., 2021).

The global rise in antibiotic resistance, driven by intense human activity, is altering microbial communities and consequently compromising the environmental health of aquatic ecosystems. Metagenomic techniques offer a detailed analysis of microbiome dynamics, facilitating the monitoring of water resources and aiding in the identification of enzymatic pathways that may uncover new gene sequences of interest. A significant aspect of pollution in aquatic environments is the accumulation of contaminants in riverbed sediments. When these sediments are disturbed, they can resuspend, negatively impacting water quality. The microbiome diversity within these sediments plays a crucial role in regulating metabolic activity and can be influenced by various factors, including seasonal variations and human actions (Behera et al., 2021; Rout et al., 2022).

These characteristics were observed in the Ganges River in India, which has a high level of pollution and where bacterial strains highly resistant to antibiotics have been discovered. Rapid urbanization and the disposal of toxic products have intensified this process. The situation is further exacerbated by the likelihood of Horizontal Gene Transfer (HGT) events, which facilitate the spread of antibiotic resistance genes (ARGs) among various microbial species (Rout et al., 2023). On the other hand, there is also the emergence of beneficial bacteria with potential for bioremediation of heavy metals, pesticides, and other pollutants (Behera et al., 2020).

The application of metagenomics in aquaculture has predominantly centered on assessing antibiotic-resistance genes (Hemamalini et al., 2022), while investigations into microbiome evaluation for pathogen monitoring are primarily conducted in saltwater environments (Munang'andu, 2016). This highlights a reliance on conventional disease monitoring methods involving isolating microorganisms from infected aquatic organisms (Munang'andu, 2016). However, these traditional detection methods have limitations, including the variety of microorganism species and the challenges associated with cultivating some species under laboratory conditions (Martínez-Porchas and Vargas-Albores, 2017; Streit and Schmitz, 2004; Wang et al., 2012).

Given the potential of metagenomics to enhance food safety and public health in freshwater aquaculture, this review examines the current status and possible applications of metagenomic analysis for monitoring pathogens as an alternative approach to achieving sustainable production, ensuring food safety for humans and maintaining animal health in aquaculture.



2 Methods


2.1 Search strategy

This systematic review was performed according to the PRISMA 2020 guidelines (Page et al., 2021). The articles search focused on published between 2015 and 2024 in the Scopus and Pubmed databases (Table 1). No search filters were applied to the article databases, considering that the PubMed and Scopus filters are different. In addition, articles were searched on websites using the integrative review method to ensure compatibility with the theme discussed. The WIPO database was used to search for patents developed using metagenomics to monitoring pathogens in freshwater aquaculture.


TABLE 1 Table of search terms employed in the literature review on metagenomics in aquaculture, detailing the databases accessed, boolean operators used, applied filters, number of results retrieved, and relevant observations.
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2.2 Eligibility criteria

Initially, articles were selected using large criteria based on title, abstract and keywords. Thereafter, small criteria were used for selection: (1) published between 2015 and 2024; (2) articles and literature reviews; (3) english literature; (4) subject area. Articles were removed: (a) literature unrelated to the topic; (b) not significant monitoring pathogen focus; (c) non-English literature; (d) duplications. The patents are selected only according to subject area and relationship with the topic. The selection methodology flowchart can be seen (Figure 1).


[image: Figure 1]
FIGURE 1
 PRISMA workflow indicating the bibliography inclusion and exclusion criteria. The bibliographic material selection process was divided into two categories highlighted in yellow, with each category comprising three stages marked in blue: identification, screening, and inclusion.




2.3 Data analysis

The selected data were organized and stored in Microsoft Excel® spreadsheet software for data evaluation and accounting. The articles were analyzed with a focus on sustainable development considerations. The Vosviewer software (Van Eck and Waltman, 2010) was used for bibliometric analysis for the selection of key terms in research and their application related to the 17 Sustainable Development Goals (SDGs). The geographic indicators of technological production were evaluated based on the origin of the patents.




3 Results


3.1 Sustainability indicators

Since most global aquaculture production is concentrated in freshwater environments (FAO Fisheries and Aquaculture, 2016), these environments require increased emphasis on implementing Sustainable Development Goals. This is due to the potentially greater impact of aquaculture activities in freshwater areas compared to saltwater systems, which are less numerous. Despite estimates existing for aquaculture production, a substantial data gap remains regarding the actual volume of aquaculture production (Ottinger et al., 2018). Therefore, it is speculated that current production levels in freshwater regions are considerably higher.

The 17 SDGs, consisting of 169 targets and 232 indicators, were established in 2015 to promote global sustainable development by 2030. The goals are urgent for all countries in the political and social spheres. Targets consist of sets of actions of an urgent and delimited nature aimed at achieving a specific goal within a specified timeframe. Indicators, both quantitative and qualitative, are necessary for tracking progress and monitoring the SDGs (NU, 2015). The SDGs are universally applicable and take into account diverse realities, capabilities, and levels of development across countries. Aquaculture is aligned with the goals of Agenda 30 for life in water. According to FAO (2017), sustainable aquaculture can contribute to the success of other SDGs, including SDG 1 (ending poverty), SDG 2 (ending hunger, achieving food security, and promoting sustainable agriculture), SDG 3 (health), SDG 6 (water), SDG 13 (climate action), SDG 14 (marine ecosystems), and SDG 15 (terrestrial ecosystems, forests, and land). Farmers play an indispensable role in realizing a sustainable future. The adoption of the SDGs by rural producers emerges as a strategy for adapting to climate change and holds the potential to enhance productivity and production efficiency. Consequently, it contributes to all the aforementioned SDGs, with particular emphasis on food security, poverty eradication, and climate action (SDG 1, SDG 2, and SDG 13), which are target objectives of the UN. This is because a rural enterprise has the capacity to stimulate the local economy by generating jobs, income, and food (Khanal et al., 2021).

In the analysis of selected and published articles from 2017 to 2023 and patents, subsequently cited in Sections 3.3, 3.5, respectively, exhibit characteristics that align with their shared objectives in the Figure 2. Freshwater aquaculture, with a focus on the cultivation of fish and crustaceans, is in line with sustainable development goals and disease control initiatives aimed at ensuring public safety, particularly addressing the emergence of novel viruses and infectious diseases. Climate change is also a notable concern. These indicators are directly relevant to SDGs 2, 3, 6, and 13.
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FIGURE 2
 Network visualization performed through binary counting of shared characteristics among articles published between 2017 and 2023 on the PubMed and ScienceDirect platforms. The exclusive presence of a single color signifies the association with a distinct group, elucidating the interconnectedness of the words and highlighting their inherent relationship.




3.2 Aquaculture systems and molecular surveillance

Emerging diseases in terrestrial and marine ecosystems represent significant focal points for syntheses aimed at advancing our understanding of host-pathogen dynamics in a changing world. However, freshwater environments currently lack a comprehensive and generalized perspective on disease development (Okamura and Feist, 2011). The impacts of human-animal-environment interactions have historically been more pronounced in freshwater systems due to the preference for human settlements near freshwater bodies, resulting in animal aggregations near, excessive fishing, and environmental degradation. Consequently, new factors of human impact warrant investigation regarding their influence on pathogen dynamics in freshwater environments, including climate change (El-Sayed and Kamel, 2020) and novel practices in aquaculture production (Murray and Peeler, 2005). Characteristics such as high population density, the importation of fish products for feed, equipment movement, and pathogen exchange with wild populations contribute to the emergence and prevalence of new diseases in aquaculture (Bouwmeester et al., 2021). Moreover, the type of aquaculture system significantly influences pathogen establishment and impact on farms. In recirculating aquaculture systems (RAS), pathogen loads can escalate rapidly, with the challenge dose directly correlated to the onset of clinical conditions (Noble and Summerfelt, 1996; Bowden et al., 2002).

The specific pathogen free (SPF) strategy was experimentally introduced in aquaculture during the 1980's with Litopenaeus vannamei shrimp (Alday-Sanz, 2018). This approach mitigates disease risks in aquaculture, enabling greater farming intensification, production, and profitability. While the L. vannamei and Salmon industries in Asia have successfully adopted the SPF strategy, other farms, such as those cultivating Lates calcarifer and Oreochromis niloticus, are increasingly implementing this breeding approach (Subasinghe et al., 2023). The foundation for SPF breeding involves acquiring stocks whose original population has demonstrated resistance to specific pathogens, such as White Spot Syndrome Virus (WSSV), for at least 2 consecutive years. These stocks must be reared in highly biosecure facilities and fed pathogen-free diets. Consequently, a surveillance program utilizing molecular and histological tools is imperative (Alday-Sanz et al., 2020).

This scenario has paved the way for the development of proactive diagnostic tools for screening broodstock to ensure SPF stocks, which can also be applied to biosecurity management across various aquaculture farms (Munang'andu et al., 2017). Among the molecular tools, some methods used are nested PCR, quantitative real-time PCR, fluorescent quantitative PCR, pre-amplification PCR, insulated isothermal PCR assays, one-step PCR assay, duplex real-time PCR, optimized PCR assay, and fluorescence in situ hybridization (Islam et al., 2023).

Metagenomics remains relatively underexplored for this purpose in aquaculture, yet it holds significant potential for facilitating effective, low-cost, and comprehensive monitoring. Furthermore, it can contribute to the surveillance of new and emerging diseases, as the method does not require prior knowledge of the genomic sequence of the pathogen due to being a cultivation-independent method (Peters et al., 2018).



3.3 Metagenomics as a recent disease monitoring method in freshwater aquaculture

In recent years, identifying relevant parasitic, etiological, and infectious agents in freshwater aquaculture through metagenomic approaches has yielded new insights into disease and diagnosis. Evidence has surfaced regarding proliferative gill disease (PGD) and infections involving mixed myxozoan species alongside Henneguya ictaluri, the primary causative agent of PGD and the most significant parasite in the fish farming of Ictalurus punctatus and hybrid catfish (female channel catfish Ictalurus punctatus × male blue catfish I. furcatus) in North America (Stilwell et al., 2022). These mixed PGD infections were subsequently confirmed by detecting pre-sporogonic stages of other myxozoans (Stilwell et al., 2023). It was observed that populations of anaerobic microorganisms increased and at the same time, ascomycetes decreased in the intestinal flora of the Chinese mitten crab, Eriocheir sinensis, after infection by the fungus Metschnikowia bicuspidata. This finding contributes to a better understanding of host-pathogen interactions associated with “milky disease,” which can impact fish and crustaceans, often leading to medium to high mortality rates (Jiang et al., 2022).

Developing pathogen control strategies in aquaculture is typically a time-consuming process, commencing with the manifestation of the disease in clinical reports and extending until the identification of the etiological agent. For example, metagenomics has reduced diagnostic time preventing virus disease outbreaks and mitigating significant economic losses in aquaculture production. Moreover, it enables the discovery of new viruses from one or a few samples (Gangnonngiw et al., 2023), acknowledging that these environments are susceptible to the emergence of novel viruses infecting diverse organisms (Munang'andu et al., 2017). Examining the microbiota of an aquaculture system can help forestall the emergence of opportunistic pathogens, such as Aeromonas spp., through the early identification of other infectious agents like the WSSV. Furthermore, these investigations are integral to understanding their associations with metabolism, diseases, environmental information processing, organic systems, and cellular processes (Xue et al., 2022), also enables the acquisition of complete genomes of viruses, such as Decapod iridescent virus 1, which threatens the cultivation of Macrobrachium rosenbergii and other crustaceans (Qian et al., 2023).

Metagenomic analyses of freshwater can serve as valuable tools in aquaculture sanitary management. They facilitate not only the monitoring of potential pathogens but also the conducting of hygienic-sanitary assessments, including the inference of levels of nitrogenous compounds in water that may be toxic to aquaculture species. Fang et al. (2019) identified the prevalence of Proteobacteria in water and sediment samples from freshwater crab aquaculture environments, reaching levels equivalent to those found in water bodies influenced by wastewater treatment plants.



3.4 Bioinformatic tools for metagenomic analyze

Many microbial communities within freshwater environments remain largely unexplored, resulting in a scarcity of dedicated reference databases for metagenomic annotation (Tyagi et al., 2019). Conversely, marine environments have seen significant advancements in metagenomic database development, exemplified by resources like MarRef, MarDB, and MarCat (Klemetsen et al., 2018), due to having a more established inventory of microbial diversity, supported by extensive projects such as the International Census of Marine Microbes (ICoMM; http://icomm.mbl.edu). Nevertheless, in this section, we will outline bioinformatics tools (Table 2) applicable to metagenomic analyses within freshwater systems, aiming to delve deeper into these ecosystems, including their relevance to aquaculture. Given the current significant focus of aquaculture on studies of resistance genes, we also compiled databases currently utilized in investigations within this area. We emphasize that while this information is not the main focus of the review, we believe it to be relevant for aquaculture and can be used in conjunction with diversity analysis and metagenomic gene prediction to monitor pathogens for health control.


TABLE 2 Programs and databases for metagenomic analysis in freshwater aquaculture systems.
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3.5 Perspectives on technological development

This review identified a limited number of patents related to metagenomic analysis in freshwater aquaculture. Notably, technological advancements in production are relatively recent within this industry and coincide with the launch period of the United Nations 2030 agenda. Achieving sustainable growth in freshwater aquaculture necessitates technological advancements to enhance productivity and expand the market for aquatic products (Mizik, 2023). This imperative arises from the need to address contemporary challenges such as climate change, contamination risks, and environmental impacts (Maulu et al., 2021). Consequently, strategies aimed at optimizing aquaculture systems and enhancing health management are paramount for sustaining and fostering the growth of the freshwater aquaculture industry. Within the realm of health management, continual monitoring, disease surveillance, and prompt diagnosis emerge as indispensable long-term solutions for safeguarding the health of aquaculture facilities (Ragasa et al., 2022). Metagenomics can serve as a valuable tool in this regard.

The application of metagenomic techniques has resulted in significant advancements in freshwater aquaculture and has fundamentally altered the approach to exploring the genetic diversity of environmental resources. Consequently, numerous endeavors have been undertaken to seek technological solutions and surmount obstacles in developing and applying metagenomics, aiming to broaden the exploration of diverse ecosystems (Yadav et al., 2020; Offiong et al., 2023). The advancement of the aquaculture system has been propelled by the development of patents for disease monitoring and food safety, including patents applied to metagenomic analysis (Table 3), thereby ensuring both production and consumer safety and safeguarding the exclusivity and commercial value of its products. Moreover, climate changes, characterized by temperature variations, can impact the dynamics of microorganisms, influencing factors such as pathogenicity, presence, and abundance (Majdi et al., 2020).


TABLE 3 Patents identified within the World Intellectual Property Organization between 2016 and 2023 are detailed below.
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The United States of America, South Korea, and Canada countries typically lead in the development of patents, benefiting from a well-established scientific foundation alongside substantial investments, infrastructure, and a streamlined registration system, in contrast to countries like Brazil (Yamashita, 2021; Zhou et al., 2019). A common thread among these regions is the scarcity of water resources, stemming from factors such as pollution, climate change, or limited availability, necessitating investments in water treatment technologies, adoption of sustainable agricultural practices, implementation of water monitoring measures, and promotion of resource efficiency across all sectors (Huang et al., 2021; Dolan et al., 2021). Conversely, these regions are also notable for their status as significant fish producers and exporters in recent years (FAO, 2022).




4 Discussion


4.1 Metagenomics and its potential applications in freshwater aquaculture

This is the first review on the application of metagenomics in freshwater aquaculture systems. The physicochemical parameters of water play a pivotal role in shaping the composition of bacterial groups, with salinity emerging as a crucial determinant. Salinity exerts a profound influence on microbial communities by diminishing activity and biomass and altering the physiological properties of microbial cells, thus serving as a key indicator with significant ramifications for aquatic ecosystems (Rath et al., 2019). Specific bacterial subclasses, such as Beta-proteobacteria, exhibit a notable preference for freshwater ecosystems (Lew et al., 2022). Consequently, it is imperative to distinguish and juxtapose research findings between freshwater and saltwater systems, even within artificial aquaculture environments, and to make this differentiation in bibliographical research, as done in this review.

This review underscores the recent emergence of metagenomics application within freshwater aquaculture, primarily confined to investigations into antibiotic-resistance genes, while its utilization for pathogen monitoring remains relatively limited. In contrast, research in saltwater aquaculture has seen broader engagement (Haro-Moreno et al., 2020; Xie et al., 2022). Marine microbial communities have long been the focus of phylogenetic diversity studies and have constituted a significant area of early research in applied metagenomics (Handelsman, 2004). Moreover, they have been the subject of international ocean discovery initiatives (Bickle et al., 2011). This dynamic underscores the pressing need to incorporate climate change into ocean conservation strategies, given the vulnerability of marine socio-ecological systems (Santos et al., 2020), alongside the expansion of marine aquaculture driven by increased demand for seafood products in recent years (Galparsoro et al., 2020), which has propelled advancements in studies concerning marine microbial communities in aquaculture.

Despite the discrepancy in the advancement of studies concerning microbial communities in marine and freshwater environments, freshwater aquaculture necessitates a more comprehensive understanding of microbiological dynamics. This understanding is crucial for elucidating the intricate symbiotic and antagonistic relationships between cultivable aquatic organisms and microbial agents. Currently, inland or freshwater aquaculture stands as the primary contributor to global fish production, accounting for 64% of the total output in 2016. Although crustaceans are produced in smaller quantities within the inland aquaculture sector (Goddard and Delghandi, 2020), freshwater aquaculture still represents a significant portion of global aquaculture production. Consequently, there is a pressing need for further research into water management and treatment, encompassing the exploration of microbial diversity within the aquatic environment.

Microbial activities within aquaculture systems, particularly in open or semi-closed systems that use river water, remain inadequately understood in practice. The adoption of metagenomics within freshwater aquaculture holds promise for furnishing comprehensive microbiological data, encompassing insights into metabolic processes. This approach could significantly enhance our comprehension and manipulation of the microcosm within aquaculture systems, particularly regarding nutrient biogeochemical processes, antibiotic resistance, biofloc-forming microbial communities, probiotic utilization, effluent bioremediation, pathogen detection, and disease outbreak mechanisms (Martínez-Porchas and Vargas-Albores, 2017). The widespread integration of metagenomics into freshwater aquaculture practices could catalyze sustainable transformations in traditional aquaculture methodologies, facilitating enhanced health control and water quality monitoring within these systems.

Here we highlight the indicators “climate change,” “zoonotic viruses,” and “prevention.” Climate change is associated with losses in aquaculture production across various regions, impacting factors such as alterations in feeding behavior, physiology, metabolism, and growth performance due to thermal stress, as well as changes in primary and secondary productivity of systems reliant on this food source for animals (Maulu et al., 2021). For more technically advanced or intensive production systems—such as those involving covered or indoor structures, genetic improvement programs, and the application of molecular biology tools—the anticipated impacts are expected to be smaller and may even lead to beneficial outcomes in this scenario. Concerning diseases, it is evident that alterations in temperature regimes can render fish and shellfish vulnerable to pathogenic agents, potentially leading to the emergence of new diseases and, at elevated temperatures, an escalation in virulence, replication rates, and the life cycle of pathogens (Marcogliese, 2008; Sae-Lim et al., 2017).

Zoonotic viruses were one of the main focuses of the articles. It is noteworthy that, from a public health perspective, zoonotic diseases in aquaculture are predominantly investigated concerning bacterial and parasitic agents. The primary zoonotic agents in fish belong to bacterial genera, including Mycobacterium spp., Streptococcus spp., Erysipelothrix spp., Vibrio spp., Aeromonas spp., and Pseudomonas spp. (Ziarati et al., 2022). Consequently, a new trend in research on aquatic organisms is emerging, with a growing emphasis on the investigation of viruses and the discovery of new ones. This trend may be attributed to current aquaculture practices, which may favor the emergence of novel viruses (Munang'andu et al., 2017).

Prevention, as the primary objective of articles applying metagenomics in freshwater aquaculture, underscores an active surveillance approach aimed at gathering data that directly assesses the health status of a population concerning a specific disease. This form of surveillance is characterized by its provision of higher-quality information, as well as its swiftness and cost-effectiveness compared to passive surveillance methods typically employed in aquaculture. In passive surveillance, data collected for other purposes, such as biometrics for performance monitoring, are repurposed to assess the health status of animals (Assefa and Abunna, 2018).

Viral diseases have gained notable importance in public health, especially those derived from food, including fish, crustaceans, and fresh or frozen shellfish. Fish products have been associated with diseases such as acute gastroenteritis and hepatitis A, leading to major economic losses and serious human health problems. In the case of hepatitis A, symptoms can range from vomiting and abdominal cramps to liver failure and death, particularly in high-risk groups such as the elderly (Ziarati et al., 2022).



4.2 Advantages of implementing metagenomic analysis in sustainable freshwater aquaculture: optimization of production and disease prevention

Metagenomics offers significant control over aquaculture production by enabling precise environmental monitoring, thereby aligning with the concept of Precision Fish Farming. The principles underlying precision farming in aquaculture emphasize enhancing the accuracy, precision, and repeatability of operations, facilitating continuous monitoring, enabling more reliable decision-making, and reducing reliance on manual operations and subjective assessments (Føre et al., 2018). This management approach involves the acquisition, processing, and analysis of temporal, spatial, and individual data to optimize resource utilization. In highly intensive production systems, the adoption of technological advancements is paramount for optimizing various aspects of production, including survival, growth, and overall performance. This optimization facilitates higher stocking densities and enables modifications to daily operations to maintain a controlled environment (Mizik, 2023). Consequently, the integration of metagenomics technology within freshwater aquaculture enterprises allows for increased intensification of activities, leading to enhanced economic profitability (Amaral et al., 2019). The intensification of aquaculture systems represents the pathway toward fostering a more sustainable aquaculture industry, given that aquaculture does not necessitate expanding spatial footprints to augment production volume (Costa-Pierce and Chopin, 2021).

Disease control represents a primary challenge in aquaculture production, with the predominant method being the utilization of antibiotics or pharmacologically active compounds, even as a preventive measure in the absence of evident pathogens (Chen et al., 2020). However, this practice has led to the indiscriminate use of antibiotics in aquaculture, resulting in the emergence of antibiotic-resistant microorganisms and the bioaccumulation of antibiotics in aquaculture products intended for consumption. Consequently, this has had adverse effects on international trade, including the rejection of imported aquaculture products.

While the overall risks of antibiotic exposure through the consumption of aquaculture products are deemed non-threatening to human health (Chen et al., 2018), numerous studies have linked the escalation in antimicrobial resistance within aquaculture environments to the resistance observed in human pathogens (Chen et al., 2022; Li et al., 2020; Salgueiro et al., 2020). This situation underscores the imperative for alternatives to traditional antibiotic usage in disease prevention and control within aquaculture, facilitating the development of a sustainable and prosperous industry. Hence, metagenomics emerges as a viable option within aquaculture production, offering a safe and environmentally less aggressive methodology in disease control and prevention. This approach ensures a proactive assessment of disease establishment and prevalence in freshwater aquaculture systems.




5 Conclusion

Climate changes and common practices within aquaculture systems contribute to altering the dynamics of pathogens in freshwater environments, potentially facilitating the emergence of new pathogens or establishing the prevalence of specific microorganisms relative to others. Consequently, there is an imperative to establish sustainable management practices aimed at monitoring diseases beyond traditional production methods, that can be done by metagenomic analysis, coupled with bioinformatics tools and databases, to enable comprehensive understanding of the microbiota within both natural and artificial freshwater systems. From this perspective, the development of new technologies for metagenomic analysis in freshwater aquaculture has been the focus of developed countries, yet the number of technologies remains limited. Furthermore, among the main targets of pathogen monitoring research in recent years, viruses have been a category subject to increasing investigation, with evidence suggesting a constant emergence of new viruses in freshwater aquaculture. In this context, metagenomic analysis has emerged as a facilitating tool for identifying and monitoring new diseases, which represents a fast, safe, and non-invasive approach to environmental monitoring aimed at disease prevention in freshwater aquaculture, and it can add significant value to aquaculture products.
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Han Jung Kyun; Kim Yong
Gil; Kim Gyeong Ju; Kim
Hong Gyun; Park Se Hyun;
Park Se In

Geographical indicator

South Korea

Descripti

The present invention relates to a method for
manufacturing sterile farming water and to a new
flowing water-type sterile water aquaculture
method

A novel system for the biocontrol of
pathogens in aquaculture and other
animal systems (Sayre and
Vinogradava-Shah, 2020)

Richard Sayre; Tatiana
Vinogradava-Shah

United States of America

The invention includes novel paratransgenic
strategies for biocontrol pathogens in aquatic
organisms raised in aquaculture environments

Novel probiotic bacteria and methods to
control pathogens in aquatic animals
(Sineva et al,, 2023)

Elena Sineva; Pedro
Costa-Nunes; Tatiana
Vinogradova-Shah

United States of America

Current inventive technology includes the novel
use of enteric bacteria to provide a vehicle for
stable and continuous non-integrative
transformation of a target host cell through the
continual delivery of select molecules

Fusion proteins, recombinant bacteria,
and exosporium fragments for animal
health and aquaculture (Thompson and
Siegel, 2017)

Brian M. Thompson; Ashley
Siegel

Canada

The invention further relates to methods for using
exosporium fragments and/or spores of a
recombinant Bacillus cereus family member to
produce an immunogenic response in an animal

Systems and methods for controlling
acute hepatopancreatic necrosis disease
(Sayre et al.,, 2020)

Richard Sayre; Tatiana
Vinogradova-Shah; Elena
Sineva

United States of America

The inventive technology may include novel
systems, methods, and compositions for treating
and/or preventing Early Mortality Syndrome
(EMS) associated mortality susceptible organisms
through the use of genetically engineered bacteria
expressing one or more molecules that reduce
virulence/fitness of pathogenic Vibrio spp. in the
shrimp intestine

The first column lists the title and year of the patents, followed by subsequent columns presenting the authors and their respective descriptions.
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tabase Descriptors Boolean operators  Number of results Notes

PubMed “Metagenomic” AND “Etiologic” AND AND 94 Most articles focus on saltwater
“Aquaculture’; “Metagenomic” AND “Parasites” systems and resistance genes, with
AND “Aquaculture”; “Metagenomic” AND little to no relevance to pathogen
“Infectious” AND “Aquaculture”; “Metagenomic” identification for disease
AND “Pathogens” AND “Aquaculture”; monitoring in aquaculture.
“Metagenomic” AND “Disease” AND
“Aquaculture’; “Metagenomic” AND “Freshwater”
AND “Farming” AND “Monitoring”;
“Metagenomic” AND “Freshwater” AND
“Husbandry” AND “Monitoring.”

Scopus “Metagenomic” AND “Etiologic” AND AND 3,243 Most articles focus on saltwater
“Aquaculture”; “Metagenomic” AND “Parasites” systems and resistance genes, with
AND “Aquaculture’; “Metagenomic” AND little to no relevance to pathogen
“Infectious” AND “Aquaculture”; “Metagenomic” identification for disease
AND “Pathogens” AND “Aquaculture”; monitoring in aquaculture.
“Metagenomic” AND “Disease” AND
“Aquaculture’; “Metagenomic” AND “Freshwater”
AND “Farming” AND “Monitoring™;
“Metagenomic” AND “Freshwater” AND
“Husbandry” AND “Monitoring.”

WIPO “Aquaculture” AND “Pathogens” AND AND 2,311 Most patents did not focus on
“Identification” AND “Freshwater.” freshwater metagenomic

methodologies or lacked specificity
application.

The first column lists the database, followed by subsequent columns presenting the descriptors, the boolean operators, number of results and notes, respectively.
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Name (references)

Description

Number of citations

(Scopus)

‘Taxonomic analysis

USEARCH (Edgar, 2010)

A high-scoring global search algorithm designed for large sequence
databases. Grouping into Operational Taxonomic Units (OTUs) is
performed at the single-read level, utilizing UCLUST as the clustering
method. This approach is well-suited for classifying next-generation
sequences. Users have the flexibility to adjust the speed and sensitivity by
determining the number of candidate results examined until the completion
of the search.

15,874

Phylogenetic Investigation of
Communities by
Reconstruction of
Unobserved States (PICRUSt;
Langille et al., 2013)

A computational approach centered on metagenomic prediction utilizing
16S rRNA and a reference genome database. PICRUSt employs an ancestral
state reconstruction algorithm to predict the presence of gene families,
subsequently merging these families to estimate the composite
metagenome. The program requires an OTU table as input, containing
marker gene identifiers and corresponding abundances for each OTU in the
samples. Presently, it exclusively incorporates markers from bacterial and
archaeal genomes.

6,903

Kraken (Wood and Salzberg,
2014)

A taxonomic classification program designed for metagenomic DNA
sequences, based on the alignment of k-mers of the reads for taxonomic
prediction. Kraken operates as a selective classifier, meaning sequences
lacking adequate evidence are not classified, thereby mitigating the
occurrence of false positives. Notably, the program excels in accurately
classifying sequences at higher taxonomic levels, while those at lower levels
may not be reliably identified.

2,788

Kaiju web program (Menzel
etal, 2016)

Serves as a metagenomic classifier, leveraging the translation of six-frame
reads and employing a search mechanism for identifying maximum exact
matches of amino acid sequences within a reference database of microbial
proteins. This search methodology is founded on the Burrows-Wheeler
transform, facilitating exact string matching with computational efficiency
proportional to the length of the query. Upon identification of matches, the
program assigns an identifier to the corresponding taxon or infers the least
common ancestor in instances of similar identities across different taxa.
Taxonomic prediction within the program is executed utilizing contigs.

1,161

Diversity analysis

MOTHUR (Schloss et al.,
2011, 2009)

Quantitative Insights Into
Microbial Ecology (QIIME 2;
Bolyen et al., 2019)

An open source software package that implements algorithms from tools
such as DOTUR, SONS, TreeClimber and LIBSHUFFE, -LIBSHUFF and
UniFrac. The program allows community richness measurement
(abundance-based coverage estimator and bias-corrected Chaol richness)
and diversity (Shannon diversity) for each sample. In addition to including
visualization of Venn diagrams, heat maps and dendrograms. The input file
must have the mapping of each sequence to a sample, such as bootstrap
trees. Diversity is measured by observed OTUs (operational taxonomic
units) using the reciprocal of the Simpson Index.

An open-source software designed for the analysis of microbial
communities utilizing raw sequencing data. QIIME 2 employs a plugin
architecture, enabling users to extend its functionality as needed. The tool
encompasses functionalities for quality control across various sequencing
platforms, for taxonomic and phylogenetic assignments through OTUs
clustering, facilitating the evaluation of beta and alpha diversity metrics
such as Chaol, Shannon, and Simpson indices. Additionally, the plugins
support microbiome paired-sample and time-series analyses.

1,746 and 16,390

11,052

Metagenomic gene
prediction

MetaGeneMark (Zhu et al.,
2010)

Program designed to identify coding regions within genomes. Its
functionality encompasses measurements such as codon frequencies, the
frequency distribution of ORF (open reading frame) lengths, distances
between adjacent ORFs, and the distance from the leftmost start codons.
Domain classification within the program relies on disparities in codon
frequencies. The output for the input sequence is determined by selecting
the highest score among the optimal ORF paths. MetaGeneMark accepts
raw sequence reads as well as relatively short contigs as input files.

1,140

Antibiotic Research Database
(CARD; McArthur etal.,
2013)

The database enables the identification of putative antibiotic resistance
genes within unannotated genomic sequences, employing the Antibiotic
Resistance Ontology (ARO) as a guiding principle. Its development is
rooted in the open-source software Generic Model Organism Database
(GMOD; http://www.gmod.org). The ARO ontology is constructed through
data integration with sources such as NCBI, PubMed, PubChem, and PDB.

1,403

Antibiotic genes
database

MEGARes (Lakin et al., 2017)

Boasts a manual curation and annotation structure that forms the
foundation for acyclic classifiers and statistical analysis. Moreover, it offers
seamless integration into sequence analysis pipelines or standalone
utilization. The software prioritizes identity preservation and ensures
balance with molecular function within sequence groups. MEGARes derives
its content from essential databases such as Resfinder, ARG-ANNOT,
CARD, and NCBI.

240

ResFinder (Florensa et al.,
2022)

A user-friendly online tool designed to identify genes and mutations aligned
within raw reads. It specifically targets point mutations associated with
microbial resistance in various pathogens including Campylobacter,
Enterococcus faecalis, Enterococcus faecium, Escherichia coli, Helicobacter
pylori, Kiebsiella, Mycobacterium tuberculosis, Neisseria gonorrhoeae,
Plasmodium falciparum, Salmonella, and Staphylococcus aureus, offering a
dedicated database for these species. ResFinder operates with its proprietary
database.

The columns display the tool category title, the names and references of the tools, along with their respective descriptions.
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