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As aquaculture takes on a major role in global seafood production, the industry has encountered several hurdles, notably in disease management and overharvesting in natural habitats challenges. Vaccination is a critical component of immunological preventive strategy essential for the health management of animals. Over the past two decades, vaccines have revolutionized the sector by addressing these issues while enhancing productivity and ecological balance. Advanced vaccine technologies, including DNA, recombinant, and inactivated vaccines, have demonstrated their potential to transform aquaculture and sea ranching. Innovations like the recombinant DNA vaccine for goldfish using the G protein expressed by baculovirus for spring viremia for carp and the ME-VAC Aqua Strept vaccine for tilapia highlight their ability to reduce antibiotic dependence and support greener practices. Multivalent vaccines in salmon farming further showcase their effectiveness in improving fish health and productivity. Emerging solutions such as plant-based and mucosal vaccines offer scalable, cost-effective options for immunizing large fish populations, reducing disease-related losses, and stabilizing seafood supply chains. Vaccines also improve the survival rates of hatchery-reared fish in natural habitats, supporting long-term sustainability. By integrating vaccination with selective breeding for disease resistance, aquaculture can achieve enhanced productivity and reduced environmental impact. The article highlights the impact vaccines can have on technology leap forward and research cooperation that will allow for collective mobilization to prevent aquatic disease. Not only that, this review also discusses the challenges and opportunities of using vaccines to increase fish resilience for surviving in open waters. Emphasis on the transformative role of vaccines in enabling technological advancements, fostering research collaborations, and addressing economic and environmental challenges to ensure a sustainable future for aquaculture and sea ranching have been highlighted as well. Future research directions and economic implications of widespread vaccine adoption in aquaculture are also discussed.
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1 Introduction

Driven by modern advancements and escalating global demand for fisheries products, aquaculture is undergoing substantial growth. Annual increases in production are necessary to ensure that the rising requirements for food and nutrition are adequately met. Over 80 million tons of aquatic animals, worth US$ 232 billion, are generated by aquaculture activities globally each year, reflecting the scale and economic significance of the industry in addressing the ever-growing demand for seafood and other aquatic products (Angulo et al., 2021). However, the aquaculture sector is severely impacted by several challenges, including fish diseases, which have resulted in substantial mortality rates, posing a major threat to the industry’s sustainable growth (Van Muiswinkel, 2008).

Statistical data reveal that bacterial pathogens cause the majority of disease outbreaks, accounting for 54.9% of cases, followed by viruses (22.6%), parasites (19.4%), and mycotic agents (3.1%), with bacteria posing the greatest threat to fish health in aquaculture operations (Mondal and Thomas, 2022). The disease attacks several types of aquatic animals, such as shrimp, finfish, and mollusks, highlighting their high frequency of spread and significant socio-economic impacts, including reduced production, loss of income and employment, restricted market access, food shortages, and even the closure of businesses or industries. In many cases, economic losses from aquatic diseases have been estimated to reach millions of dollars. For instance, combined production value losses due to shrimp diseases from 1987 to 1994 across 11 countries [Taiwan (1987), the Philippines (1989), Indonesia (1991), China (1992), Ecuador (1992), the USA (1993), Bangladesh (1994), India (1994), Mexico (1994), Thailand (1994), and Vietnam (1994)] were estimated at approximately US$ 3019 million (Israngkura and Sae-Hae, 2002). Another notable example is the infectious salmon anemia (ISA) outbreak in 1998–1999, which caused losses of £20 million to the Scottish fishing industry. Additionally, it led to ongoing annual losses of US$ 11 million in Norway and US$ 14 million in Canada (Bondad-Reantaso et al., 2005). Research on fish diseases is advancing, leading to new prevention and treatment options. Antibiotics and chemotherapies are commonly used, but they face challenges like drug resistance and safety concerns. While effective in the short term, the overreliance on antibiotics has contributed to the global problem of antimicrobial resistance (AMR), posing significant risks to aquaculture and public health. Misuse and overuse of antibiotics in aquaculture not only reduce their efficacy but also promote the proliferation of resistant pathogens that can transfer resistance genes to other microorganisms, including those affecting humans (Preena et al., 2020). This overdependence on antibiotics underscores the urgent need for alternative strategies that are both sustainable and effective.

Since the 1940s, vaccines have been utilized to combat bacterial and viral diseases, contributing to enhanced economic sustainability in global aquaculture and helping mitigate disease outbreaks while reducing the dependency on antibiotics, thereby addressing the dual challenge of fish health management and AMR prevention (Angulo et al., 2021).

Currently, multiple vaccine types exist, such as DNA vaccines, recombinant vaccines, and those based on conventional methods, all aimed at protecting fish from serious diseases. Some of these vaccines have gained approval for use in various aquaculture species (Mondal and Thomas, 2022). Licensed fish vaccines are available for use in different fish species worldwide (Table 1).


Table 1 | Some of the approved bacterial vaccines for fish diseases in aquaculture.



Sustainable fish aquaculture focuses on cultivating fish in a manner that minimizes environmental impact, respects natural ecosystems, and prioritizes the health and welfare of the fish. In this context, vaccination has become an essential strategy for disease prevention, playing a vital role in promoting sustainable practices within the industry (Radhakrishnan et al., 2023). Various innovative strategies have been implemented since the mid-20th century to ensure the sustainability of wild fish populations (Bayliss et al., 2017). One prominent approach involves increasing stocks in marine, coastal, and freshwater areas by releasing aquatic animals bred in hatcheries, and such practices are prominent in countries such as the United States and Norway. The pioneers in adopting this practice have become crucial for managing fish population growth, enhancing production, and improving the profitability of fisheries, particularly as demand for seafood continues to rise with the growing human population. While raising fish in hatcheries offers many benefits, early challenges emerge, including a lack of biological understanding of the species and their adaptive properties to natural environments (Araki et al., 2008). These challenges make it difficult to ensure the health and survival of fish once released (López-Vázquez et al., 2023). However, technological advancements in breeding, nutrition, and health management have significantly improved hatchery practices, enabling better fish preparation for their eventual release. Despite these improvements, concerns remain regarding the vulnerability of hatchery-raised fish, particularly their interaction with pathogens, which pose significant risks. Research has indicated the presence of pathogenic bacteria and parasites in various regions, potentially affecting the health and survival of hatchery-reared fish after release (Buchmann et al., 1997). In this context, vaccination has emerged as a promising approach to increase the survival rates of hatchery-raised fish, both in captivity and after their release into natural habitats, thereby supporting sustainable aquaculture practices.

This review aims to examine the role of sustainable fish aquaculture and sea ranching, focusing on the application of vaccination as a vital tool for improving fish health and survival (Buchmann et al., 2001). The study seeks to analyze current practices and innovations in fish farming and sea ranching while addressing the challenges posed by disease outbreaks and environmental impacts. For instance, polyvalent and live-attenuated vaccines have demonstrated reduced mortality rates while enhancing post-release survival when applied via immersion methods (Buchmann et al., 1997; 2001). By bridging insights from immunoprophylactic approaches and sea ranching practices, this review underscores the potential of targeted vaccination strategies to mitigate disease risks, contributing to sustainable aquaculture and marine biodiversity conservation. Furthermore, the review assesses the effectiveness of various vaccination strategies in enhancing the sustainability of aquaculture operations and supporting stock replenishment in natural habitats. By synthesizing existing research and identifying knowledge gaps, this review intends to offer insights and recommendations that can inform future practices for the sustainable management of aquatic resources.




2 Vaccines in aquaculture



2.1 Importance of vaccines in aquaculture

Vaccines represent a pivotal advancement in aquaculture, offering effective solutions against the major threats posed by bacterial, viral, parasitic, and other pathogenic agents (Table 2). Their role in safeguarding fish health and sustaining productivity is becoming increasingly significant. Vaccines strengthen the immune systems and effectively reduce disease risks in fish and other farmed aquatic species. Countries such as China, Japan, and Norway have integrated vaccination programs into their aquaculture practices, underscoring the global recognition of vaccines as essential tools for improving health management (Gudding and Van Muiswinkel, 2013). The strategic use of vaccines supports the growth of aquaculture production as it aids in supporting aquaculture development, thus addressing the rising global demand for fishery resources.


Table 2 | Bacterial and viral pathogens affecting sea and freshwater fish species.





2.1.1 Disease prevention

Disease remains a significant challenge in global aquaculture, resulting in annual losses exceeding 10 billion USD and impacting approximately 10% of cultured animals. Vaccination is vital for mitigating these losses and protecting fish and other aquatic species from infections caused by bacteria, viruses, parasites, and other pathogens (McKenzie et al., 2016). This approach mirrors the use of vaccines in terrestrial livestock and sea ranching, which help ensure healthier populations and promote sustainable practices (Irshath et al., 2023). The importance of vaccination in fish sea ranching cannot be overstated, as it plays a crucial role in disease prevention, much like its role in traditional livestock farming (Lu et al., 2021). The first aquaculture vaccination designed to prevent bacterial infections was implemented in 1970 (Mondal and Thomas, 2022). Common methods for administering fish vaccines have been injection, immersion (Table 3), and mixing with feed, each presenting distinct merits and demerits concerning protection levels, practicality, side effects, and cost-effectiveness (Table 4). Notably, injection and immersion techniques have been developed for industrial-scale applications, enhancing their effectiveness in aquaculture (Zhou et al., 2019).


Table 3 | Global commercial aquatic vaccines in aquaculture.




Table 4 | Types and characteristics of aquatic vaccines.






2.1.2 Reduction in antibiotic use

The threat of antibiotic resistance has received increasing global attention in recent years (Ventola, 2015). Many countries with high levels of antibiotic consumption have a higher incidence of antibiotic resistance (Goossens, 2009). In developing countries, the increase in antibiotic resistance cases is also faster than as witnessed in developed countries; hence, there have reported high mortality cases as a result of the inadequate health facilities and resources (Buckley et al., 2019). Many countries continue to strive to improve the management of antibiotics for use in animals (Goossens, 2009). Fish and shellfish production have been essential for ensuring nutritional security in Asia’s low- and middle-income countries (ILMICs) and sub-Saharan regions such as Africa and South America. In these areas, the local consumption of freshwater fish varieties such as carp, tilapia, and catfish remains crucial in providing essential nutrients for healthy development (Stentiford et al., 2020). The significant disruptions in aquaculture production stemming from bacterial and viral infections lead to substantial losses in these nations. One effective strategy employed within the fish farming industry to mitigate disease outbreaks is the utilization of anti-microbiota (Subasinghe et al., 2019). Excessive and uncontrolled use of microbes causes antimicrobial resistance (AMR), exacerbating the AMR crisis in veterinary medicine and public health. Since the early 2000s, there has been an increasing trend toward merging traditionally distinct disciplinary approaches to research and policy concerning human, animal, and environmental health. This shift embraces a more comprehensive One Health approach, acknowledging the intricate interconnectedness of humans, animals, and the planet. AMR in bacteria within human populations is correlated with AMC (antimicrobial consumption) in both human and animal populations, demonstrating a connection between AMR in bacteria found in animals and humans (Stentiford et al., 2020). The challenges surrounding AMR usage to the One Health framework necessitates a comprehensive examination of AMR drivers, including those within food production. As aquaculture continues to expand and play a vital role in global food security, the scrutiny of AMR risks during aquatic food production is increasingly prominent within the One Health framework (Stentiford et al., 2020) (Figure 1).




Figure 1 | The cyclic relationship between antimicrobial consumption and resistance in animal and human populations illustrating the feedback loop between antimicrobial consumption and resistance in animal and human populations. Antimicrobial use in animals contributes to resistance to animal pathogens, which can transfer to humans through direct contact, food, or environmental exposure. Similarly, antimicrobial use in humans drives resistance to human pathogens, which can indirectly affect animals through environmental pathways, such as wastewater or contaminated animal feed.



By mitigating disease outbreaks, vaccines can reduce the need for antibiotics, lower the risk of antibiotic resistance, and reduce environmental pollution. Vaccination is an important discovery effective against various diseases, even though vaccines sometimes do not work in some species. Vaccines offer a viable solution for maintaining aquaculture health amidst the widespread use of antimicrobial agents that have caused widespread AMR. It is important to encourage discussion and advocate support for autogenous vaccination as a relatively easy technology that, when implemented locally, can reduce antibiotic use and disrupt the AMR chain in aquaculture (Barnes et al., 2022).




2.1.3 Increased productivity

Infections that occur in fish on commercial farms worldwide are serious, and there are many ways to develop therapy for controlling infections caused by fish pathogens. From time immemorial, antibiotics and chemotherapies have been used to treat diseases in several types of fish, but their weaknesses, such as causing the emergence of antibiotic-resistant genes, antibiotic-resistant bacteria, and consumer and environmental safety problems, have been known to outweigh their strengths. Some vaccines greatly reduce the impact of losses and increase aquaculture production. At present, millions of fish are vaccinated annually and these healthy fish are reported to grow faster, improving productivity and economic gains. Vaccination helps maintain biodiversity, restores depleted populations, and supports the overall stability and resilience of aquatic ecosystems by ensuring the health and survival of stocked fish. When cultured fish are stocked in oceans, rivers, or other natural habitats, they face various environmental challenges and disease risks that may compromise their survival and integration into wild populations. Vaccination provides a proactive approach to disease prevention, helping to protect stocked fish from common pathogens and infectious diseases that could otherwise threaten their health and the surrounding ecosystem (Mutoloki et al., 2015). Incorporating vaccination into stocking programs enhances the survival and well-being of stocked fish and contributes to the conservation and sustainable management of wild fish populations. By reducing the risk of disease transmission from stocked to wild fish, vaccination helps maintain the genetic integrity and ecological balance of native species, thereby preserving the natural biodiversity and functioning of aquatic ecosystems (Arechavala-Lopez et al., 2013). Healthy stocked fish contribute to fisheries overall productivity and resilience, supporting sustainable harvests and economic opportunities for fishermen and aquaculture producers. By bolstering fishery resources through stocking initiatives, vaccination plays a vital role in ensuring the long-term viability and profitability of the fishery industry. In keeping stocked fish healthy and maximizing their contribution to ecosystem health and fishery sustainability, it is essential to implement comprehensive vaccination programs as part of stocking strategies. This includes identifying disease risks, selecting appropriate vaccines, and implementing vaccination protocols tailored to the specific needs and conditions of the stocked fish and their environment (Mondal and Thomas, 2022).




2.1.4 Vaccination reduces the transfer of disease

Stock enhancement within marine and coastal areas through the release of aquatic animals raised in hatcheries is a potential management tool for increasing the production and profitability of marine fisheries and meeting the demand for seafood from an ever-increasing human population (Zhou et al., 2019). The technology to produce a large number of early-life stage aquatic organisms in hatcheries is well-developed in several countries. However, these practices require technical interventions in the rearing process that may substantially change how an organism interacts with the natural environment, the culture environment, and other species. These changes also influence how organisms interact with pathogens (Gregory et al., 2013). The use of alien species to create new fisheries brings special concerns such as having the high potential to transfer new pathogens or for the introduced animals to be susceptible to pathogens that do not affect native species. Bacteria, fungi, parasites, and other organisms that may not be pathogenic under normal environmental conditions for native species can become problematic in stock enhancement programs.

Risk assessment evaluates the probability of a specific pathogen infiltrating, establishing, and disseminating within an importing country or its receiving environment and the ensuing repercussions. This process comprises four distinct components, as depicted in Figure 2. A release assessment involves delineating the pathways for introducing a pathogen into a specific environment and estimating the likelihood of such an event, considering factors like transmission means, infectivity, and geographical characteristics (López-Vázquez et al., 2023). For instance, the White Spot Syndrome Virus (WSSV) displays a wide geographic spread across multiple host species, suggesting a high probability of survival upon release into the wild. Similarly, exposure assessment entails describing pathogen exposure pathways to the hatchery or wild animals and estimating the likelihood of exposure, with considerations mirroring those in release assessments (Bartley et al., 2006). Factors such as transmission mechanisms, biosecurity measures, and consequences on productivity and economy are evaluated. Consequence assessments are conducted when exposure assessments reveal more than a negligible risk, assessing potential impacts on productivity, environment, and economy, exemplified by cases like the Pilchard disease outbreak causing a significant economic loss. Risk estimation involves creating matrices to quantify pathogen risk, aiding in decision-making and mitigation strategies through comprehensive record-keeping and health profiling. Vaccination plays a crucial role in reducing disease transmission within aquaculture and even livestock farming systems. By administering vaccines to aquatic species and livestock, farmers can bolster their immune systems, making them more resistant to pathogens commonly found in their environments. This proactive approach helps mitigate the spread of diseases among individual animals and entire populations, ultimately leading to improved health and productivity. Vaccination strategies tailored to specific diseases and species can significantly contribute to the sustainability and profitability of aquaculture and sea ranching operations (Bartley et al., 2006).




Figure 2 | Four components of risk assessment of the possibility of pathogens entering and developing in the importing country or recipient environment.







2.2 Types of vaccines used in aquaculture

Vaccination is one of the most effective methods for disease prevention in aquaculture. A vaccine is an antigenic preparation designed to stimulate the production of antibodies and memory cells, thereby generating immunity against disease. An “ideal fish vaccine” should elicit a specific immune response and provide robust protection (Muñoz-Atienza, 2021). Vaccines used in aquaculture are classified based on their preparation method, including live attenuated vaccines, vectored vaccines, inactivated vaccines, and subunit vaccines. Conventional methods, such as live attenuated and killed vaccines, are widely used due to their ability to induce specific immune responses in the host, while advancements in molecular vaccines offer targeted and safer approaches (Muheem et al., 2016). The administration methods for aquatic vaccines include immersion, injection, feeding, or gene-based techniques, with each type having its advantages and disadvantages depending on the target pathogen, immune response, safety, and application feasibility (Tables 3, 4). A summary of commonly used vaccines in aquaculture is shown in Figure 3.




Figure 3 | Presentation of the aquatic vaccine types and their delivery methods used in aquaculture. Vaccine types used in aquaculture include live attenuated, inactivated, recombinant, DNA, peptide, monovalent and polyvalent, mucosal, and plant-based edible vaccines. Delivery methods are categorized into oral (via feed or bioencapsulation), injection, and immersion (including bath, dip, and spray). These approaches aim to improve fish health, enhance immunity, and support sustainable aquaculture practices by effectively combating aquatic diseases.





2.2.1 Inactivated vaccines

Inactivated vaccines are reported to be the widely used vaccines in aquaculture. This vaccine is derived from bacteria obtained from cultivating certain microorganisms that are then exposed to formalin inactivation. These vaccines work through inoculation to provide protective immunity, but in some cases, viral diseases are an impractical approach because the emergence of the disease occurs in the early stages of life (Dadar et al., 2017). Many researchers conduct studies on the effects of formalin on retinopathy and viral encephalopathy to determine its immunological and protective effects. What can be seen is how formalin can kill bacteria when injected intraperitoneally. A study was conducted to assess the efficiency of inactivated vaccines using formalin to provide in vivo cross-protection against RGNNV made from Striped Jack strain Nervous Necrosis virus (SJNNV) strain 484.2.2009 and two different betanoda virus serotypes, RGNNV strain 283.2009 (Mondal and Thomas, 2022). The study found that the two serotypes did not protect each other in vivo. Based on their findings, they reported that the production of multivalent formulations, or different types of vaccines based on the needs of fish species and viruses, should be recommended for effective protection. Several studies report that the ALV405 antigen of SAV-based inactivated virus vaccines can effectively protect salmonids against pancreatic disease (PD) infection by using single or polyvalent vaccines as candidates (Dadar et al., 2017).




2.2.2 Recombinant vaccines

Recombinant vaccines use recombinant DNA technology to improve vaccines. This vaccine only works on immunogenic regions of the pathogen expressed in heterologous hosts for use as vaccines. Other studies have also suggested that to determine the survival rate of vaccinated fish, antigen-stimulated protective checks are needed when it comes to vaccinating fish with antigens and then infecting fish experimentally with live pathogens (Lu et al., 2021). Several studies have also used recombinant technology to induce protective immune responses against pathogens such as Aeromonas hydrophila, and infectious salmon anemia virus (ISAV). They report that recombinant DNA technology via oral vaccination can protect salmon from ISAV infection (Lu et al., 2011; Barnes et al., 2022; Dar et al., 2022). Despite the effectiveness of recombinant vaccines in increasing immunity and preventing disease infection in fish in some cases, the widespread application of recombinant vaccines in aquaculture still faces significant challenges, namely regulatory obstacles, including the need for comprehensive safety and efficacy evaluations, often complicating the approval process; thus, takes a long time before hitting the market. The high production costs of recombinant DNA technology, which requires constructing special facilities and scale-up of production for commercial use, is still a major obstacle (Barnes et al., 2023). Overcoming these challenges requires concerted efforts to simplify regulatory pathways and optimize production technologies, such as using cost-effective expression systems or increasing antigen yield through biotechnological advances.




2.2.3 Attenuated vaccines

Attenuated vaccines can genetically or chemically induce an immune response quickly. Microorganisms such as bacteria and viruses can no longer cause certain infections; hence, this vaccine can be used sustainably. From the 1990s till date, there are four live attenuated vaccines used or applied to several pathogens caused by bacteria such as carp disease, koi herpesvirus (KHV) (Harborne, 2013), bacterial kidney disease, columnaris disease (Bayliss et al., 2017) and enteric septicemia in catfish. This particular vaccine can be used via injection or soaking method. A previously conducted study reported that a live vaccine candidate deleted attenuated gene, ΔORF022L, on mandarin-1 fish seed cells (MFF-1) against infectious spleen and renal necrosis virus (ISKNV) (Du et al., 2022) resulted in a 100% survival of fish infected. In addition, the vaccine-induced an anti-ISKNV-specific antibody response that can be beneficial for controlling fish disease.




2.2.4 Monovalent and polyvalent vaccines

Most infectious diseases that are species-specific are reported to be prevented or controlled using polyvalent vaccines, which are an ideal vaccine form. Polyvalent vaccines provide superior protection against turbot and salmon, similar to monovalent vaccines (Radhakrishnan et al., 2023). Many studies have been developed in recent years on the advancement of polyvalent vaccines, one of which is ME-VAC (Marine Environment Vaccine) Aqua Strept, a vaccine product used in aquaculture to protect against infections caused by Streptococcus bacteria in fish or other aquatic animals. This product is probably formulated to prevent or control streptococcosis through injection and immersion methods in Nile tilapia, Oreochromis niloticus. This inactivated polyvalent vaccine showed combined protection against several bacterial infections, such as Streptococcosis, Enterococcosis, and Lactococcosis in tilapia (Mondal and Thomas, 2022).




2.2.5 DNA vaccines

Plasmid combinations carrying pathogen-specific antigens have gained widespread attention for promoting protective immunity against various diseases using DNA vaccines. This vaccine can produce a non-specific immune response, specific immunity, and strict and precise protection in fish. In using this vaccine via injection method, Ge virus encoding glycoprotein showed increased levels of protection against IHNV (infection hematopoietic necrosis virus) infection (Nishizawa et al., 2002). VHSV (viral hemorrhagic septicemia virus) glycoproteins were used to provide an effective immune response, followed by DNA vaccination for rainbow trout. Vibrio anguillarum has the extracellular zinc metalloprotease, a known virulence factor whose toxicity makes it a strong candidate antigen for vaccine development (Ringø et al., 2014). There are reports that the M99-conditioned LB20 stimulates protease activity in V. anguillarum NB10 strains while allowing V. anguillarum M93Sm strains to produce proteases in LB10 (Denkin and Nelson, 2004). A DNA vaccine encapsulated with chitosan was developed to protect European sea bass against nodavirus NNV (nervous necrosis virus) infection (Gámez-Valero et al., 2016). The report showed partial protection of European sea bass juveniles and the regulation of genes associated with cell-mediated cytotoxicity (CMC), TCRB (T-cell receptor beta), and IFN (interferon). A previously conducted study reported that DNA vaccination induces strong protective immunity against certain viral fish infections, particularly in rainbow trout and Atlantic salmon infected with Rhabdovirus and herpes virus infecting catfish (Nusbaum et al., 2002). Cross-protection disappears within 2-months after vaccination, while specific immunity to homologous viruses remains high.




2.2.6 Mucosal vaccines

The application of mucosal vaccines in some fish species are known to also aid in providing longer immunity periods in fish. This type of vaccine has received great attention in the aquaculture industry, and several studies have been carried out to observe a proactive response on mucosal surfaces by blocking pathogens at the initial site of replication (Muñoz-Atienza, 2021). Bath and oral immunizations of grouper (Epinephelus coioides) larvae with a binary ethylenimine (BEI)-inactivated adjuvants could help increase the immunogenicity of these antigens and bypass mucosal tolerance. It implies a greater knowledge of these regulatory systems and a search for adjuvants suited for mucosal delivery in fish. However, this particular vaccine development has been met with several challenges, including designing mucosal vaccines in ray-finned fish to determine the dose of protective antigens needed to provide immunity (Munang’andu et al., 2012). This is because it is known that injectable vaccines are considered more protective; thus, the conditions and doses required to develop an effective mucosal vaccine must be carefully designed.




2.2.7 Plant-based edible vaccines

Edible vaccines or vaccines derived from plants are a class of vaccines that are environmentally friendly compared to several other types of vaccines, such as attenuated and inactivated vaccines, which are expensive to use, and their method of administration, including injection are sometimes not easy to apply to a large number of fish (Shahid and Daniell, 2016). Thus, plant-based vaccine usage is economical for developing efficient vaccines (Bonilla-Aldana et al., 2020). Fish vaccines made from edible plants offer great potential for oral vaccination in aquaculture. A plant-generated recombinant subunit vaccine could simultaneously provide several antigen proteins (Buyel, 2019). Although plant-produced fish vaccine has been used frequently even on commercial bases, they are still under development. For example for salmonids, vaccines have been developed for diseases such as Infectious Pancreatic Necrosis Virus (IPNV) and IHNV. The IPNV vaccine uses an inactivated virus as the antigen, with an inactivated production platform administered intraperitoneally. This vaccine is commercially available and produced by Centrovet in Chile. The IHNV vaccine employs recombinant G protein as the antigen, utilizes a DNA production platform, and is delivered intramuscularly. It is also commercially available, with producers including Aqua Health Ltd. and Novartis, Canada. One type of vaccine that uses a plant expression system is VLP (viral capsid proteins) assembled from viral capsid proteins that mimic the tertiary structure of natural viruses. VLPs do not contain genetic material, thus avoiding the possibility of reversion mutations or pathogen infection (Noad and Roy, 2003). However, VLPs can potentiate the host immune response through recognizable repeat subunits that trigger cellular and humoral responses (Keller et al., 2010). VLP vaccines have been licensed and commercialized in humans, such as Cervarix human papillomavirus (HPV), Recombivax HB Hepatitis B virus (HBV) from Merck, and Gardasil (Yusibov et al., 2011). There have been increasing interest in VLP vaccination in fish. Injection of NNV-VLP vaccines produced by E. coli, yeast, baculovirus, and self-assembled expression from plants or cells have been tested to elicit immune responses in fish, stimulate specific antibody secretion, and trigger full-scale immune responses (Lai et al., 2014). VLP vaccines have become ideal advanced subunit vaccine candidates for fish vaccines. Oral VLP vaccines against grouper NNV can stimulate specific antibody production and provide more than 50% protection against NNV attack (Luu et al., 2017). A yeast-expressed IPNV VP2 capsid protein (SVP) subviral particle vaccine in rainbow trout has been developed to induce specific antibody secretion, proving its immunogenicity (Dhar et al., 2014). Therefore, it is extremely necessary to do further research on fish vaccine production using plant biotechnology.




2.2.8 Synthetic peptide vaccines

Peptide vaccines work almost the same as subunit vaccines or suitable antigenic sites. This vaccine is used to stimulate the production of antibodies to several pathogens such as noda virus, Rhabdovirus, birnavirus, IHNV, IPNV, and VHS, as reported by some researchers (Ma et al., 2019; Kumar et al., 2024). Synthetic peptides are potent antiviral agents and an alternative to control viral infections in Atlantic salmon. Peptides from both RNA viruses, ISAV (infectious salmon anemia virus) and IPNV, were designed based on in silico analysis and tested in vitro on fish cell lines. In addition, in vivo tests were carried out on Salmo salar fish with synthetic peptide GIM 182 from IPNV. The results proved that using peptides as antiviral agents in disease control may be a suitable alternative to explore in aquaculture (Cervera et al., 2024; Cárdenas et al., 2020). Other studies have shown that β-defensin peptides are effective against hemorrhagic septicemia virus (VHSV) in Oncorhynchus mykiss (Falco et al., 2008). Chinook salmon embryo (CHSE) 214 cells were protected from IPNV infection, a significant hazard to the salmon industry causing major economic damage, by administering Tilapia hepcidin (TH) 1–5. Epithelioma papulosumcyprini cells (EPC) were made resistant to hemorrhagic septicemia virus (VHSV) by transfection of a plasmid carrying recombinant rainbow trout β-defensin 1 (Defb1) (Naiel et al., 2023). Hepcidin showed antiviral effects against largemouth bass Micropterus salmoides reovirus (MsReV) and Sinipercachuatsi rhabdovirus (SCRV) in grass carp fin cells (GCF) and EPC (Gui et al., 2016). In addition, antiviral properties against fish NNV have been exhibited by TH1–5 from tilapia and epinecidin-1 from grouper (Chia et al., 2010). The potential of epinecidin-1 to rescue grouper from nerve necrosis disease by increasing survival has led to the proposal of further investigation into its possible therapeutic application for viral infections. Fish-derived antimicrobial peptides (AMPs) vaccination has immune-stimulating effects and antibacterial properties (Naiel et al., 2023). These peptides have been documented to exhibit a variety of pharmacological and nutraceutical properties, including antimicrobial, antioxidant, antihypertensive, anticoagulant, anticarcinogenic, immunomodulatory, and others (Välimaa et al., 2019).





2.3 Targeted vaccination

There is now a wide range of fish species genomes available, and the technological costs of whole genome sequencing are decreasing, but certain genomes are being reported regularly. The targeted vaccine designs for heterogeneous species have been characterized with even more than 300 Flavobacterium Sychrohilum species reported to be characterized, especially those originating from England to produce effective valent whole cells. This is a significant result from an epidemiological point of view (Dar et al., 2022). Sometimes, it is impossible to develop whole-cell vaccines such as some immunosuppressive epitopes; therefore, it is necessary to identify the specific antigen and produce a vaccine that eliminates the unwanted.



2.3.1 Discovering specific potential protective antigens

Reverse vaccinology is a genomic method that is widely used to determine potential vaccine elements for making protein subunits. The process is carried out by examining pathogens’ protein sequences using software to identify potential vaccine components. The selection of pathogen types depends on their status in vaccine candidates on different pathogens, high immunogenicity, and other specified standard criteria. The next step is the production of the recombinant subunit vaccines (produced by recombinant DNA technology) and an in vivo efficacy assessment test. This subunit vaccine (vaccine DNA) has received permission to be used in aquaculture in European countries, and in the future, it will be developed by researching the fertility of DNA vaccines against fish species (Ma et al., 2019).




2.3.2 The administration of vaccines facilitated by nanoparticles

Nanoparticles measuring less than 1000 nm, like virus-like particles (VLPs), liposomes, immunostimulating complexes (ISCOMs), polymeric, and non-degradable nanospheres, demonstrate promise as carriers for vaccine antigens. These entities stabilize vaccine antigens and serve as adjuvants, potentially steering immune responses in diverse directions to elicit protective reactions (Fredriksen et al., 2011). They prove especially suitable for delivering vaccines through mucosal routes, facilitating sustained antigen release, and reducing the necessity for booster shots. Polymeric systems, notably poly D, L-lactide-co-glycolic acid (PLGA) nanoparticles, have been extensively applied in controlled antigen delivery for peptides, synthetic proteins, and nucleic acids in humans, and they have also been evaluated for oral vaccine delivery in fish. Additionally, non-infectious VLPs have emerged as a novel vaccine platform, inducing neutralizing antibodies, as evidenced in studies on orange-spotted grouper NNV (OSGNNV) VLPs, demonstrating potential as oral vaccines. These VLPs, constructed from recombinant capsid proteins through self-assembly, were successfully produced in E. coli (Gregory et al., 2013) and may find applications in alternative expression systems like Pichia pastoris, serving as an effective vehicle for oral antigen delivery in fish (Adams, 2019).

Nanoparticles in fish vaccine development are mostly limited to certain types, such as polymeric nanoparticles, nanoliposomes, carbon nanotubes, calcium phosphates, and ISCOMs. Other types of nanoparticles are still rarely explored. Although nano vaccines have clear advantages, such as increasing efficacy and immune response, there are major challenges, namely maintaining the stability and consistency of nanoparticle properties during production, as well as overcoming their potential toxicity. These challenges must be addressed carefully to ensure the safety and effectiveness of nanoparticle-based vaccines (Lai et al., 2013).

Nanoparticle-based vaccine delivery systems offer a variety of technical approaches, each of which has advantages and limitations. Polymeric nanoparticles provide controlled antigen delivery and biodegradability, but challenges include low antigen loading and premature antigen release (Fredriksen et al., 2011). Inorganic nanoparticles offer better antigen protection but face the problem of low biodegradability. Nanoliposomes, with intrinsic adjuvant properties, are stable in modified form but struggle with poor gastrointestinal stability. ISCOM simplifies antigen encapsulation, but hydrophilic antigens are difficult to incorporate. VLPs mimic viruses due to their potent but less reproducible immune response, while nanoemulsions effectively encapsulate antigens but suffer from gastrointestinal instability. These features determine their role in improving vaccine efficacy in aquaculture (Vinay et al., 2018).




2.3.3 Initial vaccination versus subsequent booster shots

The method of using vaccines by injection usually requires administering the vaccine one by one, triggering an immune response that can last in the long term, such as within one year. In contrast to using vaccines by immersion without adjuvants, the vaccine has no long-term effect. Still, it produces a short duration of immunity, so the next booster vaccination is often needed (Mutoloki et al., 2015). Much research is needed to continue developing vaccines to produce sterile vaccines. To achieve this protection, mucosal and systemic immunity stimulation is required. This can be done by combining the vaccine with a booster vaccine, namely carrying out immersion vaccination first, followed by administering an intraperitoneal (IP) booster vaccine, or with an oral booster vaccine (Nitimulyo et al., 2005).




2.3.4 Custom-made vaccines tailored for specific individual cases or outbreaks

Developing licensed vaccines for fish species susceptible to various diseases is impractical. It requires a lot of money and time and cannot be done for some types of pathogens due to multiple factors. So alternative ways are needed to overcome this, such as the use of emergency vaccines. Emergency vaccines or autogenous vaccines are valuable substitutes. For example, the use of other organisms to block pathogens can interact with fish, for example, the cleaner fish Ballen wrasse (Labrus bergilta) and lumpsucker fish, which are used to control sea lice in Norway, and the same case was also experienced in England (Rees et al., 2021). The research was carried out by isolating pathogens from Ballan fish, which showed variability across locations, while pathogenic bacteria targeted with autogenous vaccines have shown effectiveness in treating several diseases, such as artificial Aeromonas salmonicida. However, there is still a challenge for diseases with respect to fish fry because there is still a lack of understanding regarding the time of immunocompetence in this species for the successful use of vaccines using the immersion method. Significant increase in natural IgM levels in the intestinal tract of Ballans wrasse, suggesting a potential compensatory mechanism in gastric-deficient fish (Gregory et al., 2013).





2.4 Environmental impact

In America and Europe, regulations and marketing in the manufacture of animal products are getting stricter, including the manufacture of fish vaccines, and several rules are being passed. These rules span from acquiring permits or licenses for production facilities to specific production forecasts, raw materials, batch quality, and control of production processes (Sommerset et al., 2005a). Europe also has guidelines in place to apply at the time of producing vaccines. The vaccine to be produced must meet contemporary formation standards regarding vaccine quality, safety, and efficacy. Recombinant vaccines also follow the same strict criteria as other drug productions for humans and fish. The development of fish vaccines has also experienced obstacles, especially for the pharmaceutical industry, which faces high costs associated with meeting regulatory standards and the absence of recognition of evaluation reports among national authorities (Gudding and Van Muiswinkel, 2013). International veterinary medicine observed what happened in the Norwegian region, which showed that sales of fish medicine production experienced an important reduction in sales of fish vaccines, resulting in a decrease in the use of anti-microbial drugs in aquaculture, which is currently a trend often observed by researchers. At the end of the 1980s, the introduction of an effective vaccine against Vibrio infections and a furunculosis vaccine in the early 1990s in Norway also resulted in a decrease in medicated feed in aquaculture, which, of course, had a good impact on the surrounding environment, including for humans who consume fish. Although aquaculture in Norway reached an all-time high production of 300,000 tons per year, sales of antibacterial substances amounted to around 1 ton yearly, a drastic reduction from previous use levels (Angulo et al., 2021). Another case of the use of vaccines that can reduce the use of antibiotics in aquaculture activities can be compared to the level of antibiotic use in these two countries, namely Chile and Norway. Chile, a large fish farming country whose main production is salmon in 2020, produced 1,075,896 tons of salmon using 379,600 kg of antimicrobials. In 2019, Norway’s production, on the other hand, amounted to 1,375,307 tons; nevertheless, only 222 kg of antimicrobials were used, showing that Chile used 2,200 kg of antimicrobials more than as was witnessed in Norway’s production. This significant comparison occurs due to differences in vaccine application between the two countries. Norway has consistently applied vaccination in the field of aquaculture for the last 7 seasons and has shown that the vaccination strategy is effective in protecting salmon in the Norwegian seas (Barnes et al., 2022). One could posit that, in the short term, research into fish vaccines has made a more substantial contribution to safeguarding the aquatic environment than the collective efforts of the environmental and technological sciences.




2.5 Monitoring and research

The practice of sustainable aquaculture in monitoring fish health is carried out through research on various techniques to improve developments in aquaculture, one of which is the use of vaccines. Research programs on genetic improvement and development investment that focus on the recovery of commercial aquaculture species to increase disease-resistance can certainly increase production in aquaculture; thus must receive support (Ma et al., 2019). Research involving selective breeding could enhance the genetic resistance to common diseases, ultimately reducing the prevalence of diseases in the aquaculture systems. Again, fostering collaboration between the aquaculture industry stakeholders and research institutions to conduct ongoing research on disease dynamics, pathogen identification, and developing effective vaccines or treatments for prevalent aquaculture diseases is as well vital.




2.6 Models used specifically to test and assess challenges

Assessing vaccine effectiveness involves standardized disease challenge models in vivo, closely mimicking natural pathogen exposure (Mondal and Thomas, 2022). While bath and co-habitation challenges are more complex to control than injection methods, they best replicate natural exposure scenarios. For instance, when an experimental disease challenge method is not reproducible, pathogen load (measured via qPCR) and immunological markers may serve as proxies for vaccine efficacy evaluation. In cases like Rainbow Trout Fry Syndrome (RTFS) caused by Flavobacterium psychrophilum, inducing the disease through bath or co-habitation challenges is challenging without resorting to scarification or stress induction. Intramuscular injection, while inducing the disease, does not represent an appropriate challenge method for testing mucosal vaccines administered through dip immersion, necessitating pre-treatment with low levels of hydrogen peroxide. Despite this, infection levels might not be adequate to evaluate vaccine efficacy fully, prompting the planning of field trials (Arechavala-Lopez et al., 2013).




2.7 Administration methods

Determining the most effective methods for administering vaccines remains a crucial task. While certain emerging vaccines might confer protection, the existing administration techniques and vaccination strategies might not ensure optimal efficacy. For instance, employing prime/booster vaccination approaches might be necessary (Fredriksen et al., 2011). Fish possess extensive mucosal surfaces (such as skin, gills, gut, and nasal mucosae), making mucosal vaccine administration more feasible and cost-effective in some sectors than injection methods (Ringø et al., 2014). Despite this, only a limited array of mucosal (immersion and oral) vaccines are available commercially. Multiple challenges impede their development, including the absence of reliable indicators of protection, inadequate optimization of necessary protective doses, potential oral tolerance issues, the risk of denaturation in the stomach for oral vaccines, and the ability of antigens to traverse mucosal barriers for access to antigen-presenting cells (APCs) (Zhou et al., 2019) (Figure 3).




2.8 The reaction of the immune system and indicators that signify protection against pathogens

Measuring the responses triggered by vaccination in teleost fish is crucial for advancing new vaccines and assessing those already in existence (Papadopoulos et al., 2008). The adaptive immune response, orchestrated by T and B lymphocytes, primarily contributes to safeguarding following vaccination. Yet, there remain gaps in understanding, particularly concerning protective indicators for mucosal vaccines (Radhakrishnan et al., 2023), although strides are being made in this domain (Newman, 1993). Notably, methodologies have been established to isolate GALT cells from salmonids, revealing their expression of diverse T-cell, B-cell, and dendritic cell markers and their differential responsiveness to various PAMPS, cytokines, and PHA. Such insights are pivotal in guiding the development of oral vaccines (Mondal and Thomas, 2022).




2.9 Challenges and considerations

Fish vaccination functions to protect against disease and must be ecologically safe for the fish and the surrounding ecosystem, economically feasible for large-scale production, easy to carry out, and capable of eliciting a strong immune response in susceptible species, with few side effects (Gudding and Van Muiswinkel, 2013). Molecular research shows that immunoprophylaxis approaches in goldfish stimulate viral nucleic acid sensors, toll-like receptor (TLR), high mobility group box (HMGB), retinoic acid-inducible gene i-like receptor (RIG-I-Like Receptor) RLR, and pattern recognition receptor (PRR), thereby increasing viral resistance (Tamer et al., 2021). This approach can be significantly scaled up to provide the highest level of security. TLRs detect pathogen-associated molecular patterns (PAMPs), which are specific molecules present in pathogens (such as bacteria, viruses, or fungi) and not found in host cells that enhance innate immunity and adaptability to initiate signal cascade (Kumar et al., 2024).

It is required to identify antigens that have the potential to provide protection and validate protection against specific pathogens for the development of effective vaccines. Effective vaccination can be carried out based on several factors, such as the species of fish to be observed, the method of vaccine administration, the availability of reagents, the characteristics of the pathogen, and the challenge model to test the effectiveness of the vaccine (Terech-Majewska, 2016). Various approaches are used to identify protective antigens. Commercial fish vaccines usually consist of whole pathogen cells that have been killed and are given via intraperitoneal injection. Challenges also arise in using whole pathogens for vaccines due to the diverse species of pathogens, the cost of culturing, immunosuppressive epitopes, and intracellular pathogens (Adams, 2019). Some types of vaccines cannot be administered by injection, so the vaccine must be administered via the mucosal method to provide effective protection. Vaccine administration using the mucosal method still experiences several shortcomings, such as limited materials and basic knowledge, which can hamper its effectiveness. Vaccines that are administered by injection are also very expensive in some areas, so they are rarely used in developing countries. Factors like this greatly influence vaccine accessibility (Labh and Shakya, 2014).





3 Vaccines in sea ranching

In animal husbandry, vaccines help improve animal health and productivity. A notable example is the establishment of a salmon hatchery on the Danish island of Bomholm, which began operating in the 1990s. The facility aimed at hatching and rearing Baltic salmon juveniles, emphasizing imprinting them to return to a specific area after feeding in the central Baltic (Buchmann et al., 1997). Concerns have been raised regarding the susceptibility of hatchery-reared smolts to pathogens in the natural environment, given their controlled rearing under strict hygienic conditions. Several studies have assessed the health status of hatchery-reared smolts during the freshwater parr period and floating net cages. In addition, the efficacy of vaccination regimens has been explored as a potential prophylactic measure against pathogens. The goal is to successfully reintroduce hatchery-reared salmon to the natural environment while reducing the risks associated with exposure to pathogens (Bartley et al., 2006). Synthesizing existing research and insights from the Baltic region and beyond can provide valuable perspectives on the potential prophylactic impacts of vaccination systems and their implications for the health, resilience, and sustainability of hatchery-raised fish populations in marine and coastal environments.

Several cases of vaccine use in marine farming to investigate whether immunoprophylaxis can improve the survival of fish that will be released into the wild to increase the population of several types of fish species have been conducted (Table 5).


Table 5 | The reported cases of vaccine used in sea ranching activities.





3.1 Types of vaccines used in sea ranching

Vaccines are used in aquaculture and sea ranching to investigate whether immunoprophylactic measures can increase the survival of fish that will be released into the wild to increase their populations. Based on a previously conducted research (Buchmann et al., 1997, 2001), fish were divided into three groups, namely fish vaccinated using a polyvalent type of vaccine, a weakened vaccine, and the group without a vaccine to compare their effectiveness. In the end, the results showed that the group with vaccines had a low mortality rate, while those without vaccines had a higher death rate. The live-attenuated vaccine containing formalin-inactivated Aeromonas salmonicida, Vibrio anguillarum (serotypes 01 and 02), and Yersinia ruckeri, as well as non-mineral ingredients, after application via immersion method, showed an increase in the level of defense of fish when after being released into the wild.




3.2 Vaccination time

The timeliness of vaccine application is important for the success of the vaccination program. In the application of vaccines in sea ranching, one of the things that must be considered is the time of vaccination of the seeds that will be released. Usually, fish are vaccinated before being released 4-6 weeks into open waters so that there is enough time for the seeds to develop immunity (Loneragan et al., 2013). Fish size plays a significant determining factor, as most species require a minimum weight of 2-5 grams for effective vaccination (Sommerset et al., 2005a). Environmental factors, particularly water temperature, significantly impact the immune response, with temperatures above 10°C generally producing more rapid and robust immunity in species such as Atlantic salmon (Godoy et al., 2008). Some vaccination strategies use a prime-boost approach, where an initial dose is given a few weeks before release, followed by a booster closer to the release date, which has been shown to increase protection against pathogens such as hemorrhagic septicemia virus in rainbow trout (Schönherz et al., 2018). Vaccination is carried out at the enlargement stage in the hatchery or breeding place before the fish are released into the sea (Figure 4). Vaccination is carried out after the fish have reached a certain size and can withstand the stress of the vaccination process (Table 5). This is often done several weeks to months before release so that the fish’s immune system can respond well to the vaccine.




Figure 4 | Sea ranching procedure using a vaccine. The procedure begins at the hatchery, where fish are bred and raised under controlled conditions. Vaccination is administered through methods such as injections or immersion (bath vaccination) to enhance immunity against diseases. Following vaccination, fish are tagged for identification and monitoring purposes. The tagged fish are then released into various marine and coastal environments, including mangrove forests, seagrass beds, upwelling zones, deep-sea environments, coral reef ecosystems, estuarine areas, and intertidal zones. Post-release, the fish are monitored to evaluate the wild’s health, growth, and survival rates. The process concludes with harvesting, ensuring sustainable fish production while maintaining ecological balance. This comprehensive approach integrates health management with ecosystem-based aquaculture practices.






3.3 Specific delivery methods used in sea ranching



3.3.1 Injection of vaccine

The method of using vaccines by injection usually takes a lot of time because vaccines have to be injected one by one into the parts of the fish body, which can trigger an immune response in the species to be released (Fredriksen et al., 2011). Still, this method is the most productive and efficient way to immunize fish and provides better protection than immersion (López-Vázquez et al., 2023). This method of vaccination has been used since time immemorial (Buchmann et al., 1997), and the steps involved initial anesthetization of the fish before intraperitoneal injection. Based on previous research (Buchmann et al., 1997), the method of vaccine injection in sea ranching activities is carried out when the fish are in the juvenile period with a body length of 27.9 cm and a weight of 187.4 g of salmon smelts after 4 months in the net-pens.




3.3.2 Bath vaccine

This bath vaccination method is a simple fish immunization method that is done by soaking the fish in a vaccine solution with the appropriate concentration for several hours, which is useful for fighting infections (Lai et al., 2014). Contrast to the use of vaccines that are administered through injection, the immersion method is much easier and quicker because the vaccination can encompass large fish numbers at once, although this vaccine types does not have long-term effects (Ma et al., 2019). Usually, the vaccines used in this method are known to come from live but weakened bacteria or a vector vaccine (Lim and Webster, 2001). Vaccines with this method are widely used on smaller fish or in the juvenile phase weighing between 0.5 to 5 g and this method is commonly used in sea ranching activities because it is effective, fast, comfortable, has a minimal level of stress on the fish and is economical (Buchmann et al., 2001).





3.4 Current status of fish vaccine and its application in sea ranching

Sea ranching is the activity of cultivating fish in the open sea by releasing young fish into their natural habitat and then harvesting them again (Kallio-Nyberg et al., 2013). However, sea ranching activities are still being discussed regarding their efficiency with one of its obstacles being the difference in hatchery conditions with natural habitats which can cause various risks to fish released into nature, such as diseases that can cause high mortality (Kavitha et al., 2022). Over time the vaccination strategy to improve health and survival of fish has been widely carried out in sea ranching activities as there are several reported cases of vaccine use in sea ranching (Table 5). With regards to the status of vaccine use in sea ranching, there are very limited information on the use of vaccines in sea ranching which is one of the reasons for the high cost of the available ones. Nevertheless, the increasing recognition of the importance of vaccines in increasing the efficiency and sustainability of this unique aquaculture practice provides enough evidence to engage in in-depth research in unearthing new vaccines (Purcell et al., 2012). In marine farming, the most commonly used vaccines are inactivated vaccines, which contain killed pathogens due to their stability and safety in the open water environment (Sommerset et al., 2005b). The right vaccine choice also depends on the pathogens present in the release area and the target species to be released. Several studies have shown that using vaccines in sea ranching can increase fish immunity when released into their natural habitat. For example, research conducted in Ireland on Atlantic salmon farms showed that vaccinated smolts had a 2-5% higher recapture rate than unvaccinated fish (López-Vázquez et al., 2023). Increasing the survival rate directly means increasing efficiency and productivity in sea ranching activities.



3.4.1 Bacterial vaccines

Bacterial vaccines are used to protect fish from dangerous infections, improve health, and reduce mortality. Aeromonas salmonicida, Yersinia ruckeri, Vibrio anguillarum, and Vibrio ordalii are common bacteria that often infect fish in both aquaculture and sea ranching activities (Gudding and Van Muiswinkel, 2013). A previous study (Buchmann et al., 1997) completed the immunization procedure on fish before being released into their natural habitat by grouping them into three groups with different treatments in each group. Briefly, as many as 22,000 pre-smolts (young fish before migrating to the sea) were vaccinated intraperitoneally (injected into the abdominal cavity) on March 27, 1996, using a polyvalent vaccine (a vaccine that can protect against several pathogens at once). The vaccine was made to fight Aeromonas salmonicida, Yersinia ruckeri, and Vibrio anguillarum (serotypes O1 and O2) without using mineral oil-based adjuvants at 0.1 mL per fish dose. This vaccine is known as Aquavac Multivac E, produced by Aquaculture Vaccines, Essex, England. In addition, another 22,000 fish were vaccinated on April 2, 1996, using a different method, namely by immersion in formalin solution containing inactivated (killed) pathogens, except for Vibrio ordalii bacteria that replaced the O2 serotype of Vibrio anguillarum in the Aquavac Triple vaccine. This immersion procedure was carried out for one hour. Meanwhile, a control group consisting of 22,000 fish was kept without vaccination. During the vaccination procedure, the water temperature was maintained at around 10°C to ensure an optimal environment for the fish. The results showed that fish that used the injection vaccine were the fish with the highest number of returns and fish that did not use the vaccine had a high mortality rate.




3.4.2 Viral vaccines

Viral vaccines play a crucial role in sea ranching, a form of aquaculture where juvenile fish are released into open marine environments and harvested at maturity. Currently, sea ranching operations utilize various types of viral vaccines, including inactivated, DNA, and recombinant vaccines, to combat major diseases such as viral pancreas disease (PD) and infectious salmon anemia (ISA) (Muñoz-Atienza, 2021). These vaccines have shown significant efficacy, with DNA vaccines demonstrating up to 85.9% relative percentage survival against VNN in European sea bass (Dhar et al., 2014). Species-specific applications include multivalent vaccines for Atlantic salmon targeting IPN, PD, and ISA, as well as DNA vaccines against VNN for European sea bass (Sommerset et al., 2005b). The integration of vaccination with selective breeding for disease resistance and other health management practices has further enhanced the effectiveness of these strategies. However, sea ranching presents unique challenges for vaccine delivery and maintaining efficacy in open-water environments. Ongoing research focuses on developing mucosal and oral vaccines for easier administration, exploring CRISPR-Cas9 technology for creating disease-resistant fish strains and improving delivery methods through nanoparticle-based systems. Future directions in this field aim to expand vaccine coverage for emerging viral threats, develop more multivalent vaccines, and improve delivery methods to address the specific needs of open-water aquaculture. As the aquaculture industry continues to grow, viral vaccines remain a critical component in ensuring the health and sustainability of sea ranching operations, protecting fish populations against major pathogens, and contributing to the overall viability of this important food production sector (Munang’andu and Evensen, 2019).






4 Conclusion

This study focuses on providing information about the importance of the role of vaccines in supporting aquaculture and sea ranching activities. The use of vaccines in aquaculture is an innovation in the field of aquaculture that continues to experience development over time. Increasing global demand for aquaculture products requires effective disease prevention measures, highlighting the importance of innovative fish vaccine technologies. Modern vaccines, such as plant-based vaccines, inactivated vaccines, subunits, recombinant protein, DNA, and live attenuated vaccines, play an important role in improving fish immunity and supporting aquaculture health. Despite challenges such as high costs and inefficiencies in traditional vaccine development methods, advances in biotechnology provide significant opportunities to address emerging diseases. In this era, vaccines are crucial in aquaculture, and they are used almost all over the world to prevent the slaughter of domesticated animals so that they can increase production yields. The integration of vaccines in marine farming has also been widely used in several cases when releasing fish seeds into natural habitats to improve fish health and reduce the risk of disease transmission. With the rapid development of sea ranching activities, it is proposed that the use of vaccines in sea ranching activities has the potential for sustainable practices, although there are scarce information. Improvements in research, rules, and public awareness are needed for the potential for sustainable vaccine use practices.




5 Future research perspectives

The application of vaccines in sea ranching operations is poised for significant progress despite limited information on vaccine use in its operations. Several researchers have emphasized the need for vaccines that support the long-term ecological balance of aquaculture operations (Adams, 2019). Sea ranching activities focus on keeping the balance of species availability in natural habitats or open waters, as a result sea ranching activities serve as a sustainable program for the future. Sea ranching activity is also closely related to the impact on fish health, which remains an investment for the future. Many researchers are increasingly focusing on the comprehensive effects of vaccines on farmed fish populations, immune responses, and overall fish health (Dadar et al., 2017). This understanding of fish health is essential to developing vaccination strategies that focus on disease prevention and improving the overall vitality of farmed fish. Vaccine development and optimization continue to be a key area for innovation.

The application of vaccines in marine farming operations is estimated to have made significant progress, although information regarding the use of vaccines in marine farming operations is still limited. Vaccine use practices in marine farms show that sustainability has become a major concern, and researchers emphasize the need for vaccines that support long-term ecological balance in aquaculture operations (Adams, 2019). Examining the large role of aquaculture in global food security and the importance of maintaining the ecological balance of the environment. Marine farming activities focus on maintaining a balance in the availability of species in natural habitats or open waters; thus showing that marine farming activities will become a sustainable program in the future with increased research and innovation that will continue to be carried out (Delphino et al., 2019).

Many researchers are increasingly focusing on the comprehensive impact of vaccines on farmed fish populations, immune responses, and overall fish health. Future research will likely explore new antigen delivery systems, better adjuvants, and vaccination strategies tailored to the unique challenges of marine farming environments (Ryan et al., 2022). Optimizing existing vaccines to increase efficacy and reduce side effects is equally important, with research aimed at refining delivery methods and dosing (Nusbaum et al., 2002).

The feasibility of implementing large-scale vaccination programs is still a significant concern, so the field of vaccine development is evolving with the development of artificial intelligence (AI), which is bringing revolutionary advances at every stage of vaccination from discovery to deployment. The study of AI technology will improve vaccine development procedures. AI can find target antigens, predict immune responses, accelerate the search for new vaccines, and improve vaccine design through advanced biological machines and computing. AI increases the efficacy of clinical trials by facilitating real-time data monitoring, optimizing trial design, improving participant recruitment, and predicting the appropriate timing of vaccine administration. However, despite these technological advances, data integrity and quality issues will face challenges, which will include model transparency, ethical and legal issues, and the need for computing resources. Further research is also needed to utilize the full potential of AI to advance research.

Future research will likely explore novel antigen delivery systems, improved adjuvants, and vaccination strategies tailored to the unique challenges of the sea ranching environment (Ryan et al., 2022). Optimizing existing vaccines to increase efficacy and reduce side effects is equally important, with studies aimed at refining delivery methods and dosing protocols (Nusbaum et al., 2002). However, economic considerations remain a significant concern, especially for small-scale operations. The feasibility of implementing large-scale vaccination programs hinges on cost-effectiveness. Future research must emphasize the development of low-cost vaccine solutions tailored to small-scale aquaculture systems, ensuring accessibility for farmers with limited resources. Affordable vaccines could improve fish health, boost production efficiency, and enhance small-scale operators’ economic resilience while contributing to sustainable aquaculture practices, as well as the potential economic benefits of disease prevention in sea ranching operations (Figure 5) (Delphino et al., 2019).




Figure 5 | Future research perspectives on vaccine use in sea ranching.
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Cyprinids, Salmonids, Silurids, Eel, and Sturgeon

Salmonids, Carp, Eel, Tench, perch, Ayu

Salmonids

Salmonids, Eel, Minnows, Sturgeon,
and Crustaceans

Salmonids, Eel, Minnows, Sturgeon,
and Crustaceans

Catfish and Tilapia

Trout, Salmon, Goldfish, koi, and a wide range of
fish species

Salmonids, Salmon, and Trout

Salmonids, Carp, Turbot and Cod

Salmonids, Salmon Trout, Atlantic and Cod

Cyprinid fish species, and Carp

Channel catfish

Salmonids and Ornamental fish

Agents

Mycobacterium
marinum

Streptococcus
phocae

Streptococcus
parauberis

Streptococcus iniae

Lactococcus
garvieae

Tenacibaculum
maritimum

Moritella viscosa
Vibrio vulnificus
Vibrio
salmonicida

Vibrio
anguillarum

Pseudomonas
anguilliseptica

Flavobacterium
columnare

Flavobacterium
psychrophilum

Piscirickettsia
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produced in large quantities, multipathogenic, and
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Targeted for one specific type of pathogen, low-risk,
specific immune responses can be measured and are
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A strong immune response can use humoral and
cellular immunity, have a long immune period, and
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Effective protection because it stimulates the immune
response directly from the skin’s surface, can be
provided through immersion or orally to reduce
stress levels in fish, detecting local and
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Low cost, easy vaccine administration, low risk.

Targeting specific epitopes reduces the risk of non-
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adverse reactions because it does not use live or
inactive pathogens and is very stable

The use of specific pathogens, minimal side effects,
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wider protection.

Demerits

A weaker immune response requires a booster for
long-term protection, short immunity maintenance,
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Small risk of reverting mutation, relatively narrow
use, the potential for shedding and spreading to non-
target species, short validity period, poor thermal
stability, and high

requirements for transportation and
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development costs, and concerns about

genetic modification.

Only protecting against certain types of pathogens,
higher costs because several vaccines must be used
for various diseases, and repeated vaccination
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High risk of unwanted mutations, concerns about
genetic use in food animals, and complex
delivery systems.

The response is inconsistent because it is difficult to
ensure adequate absorption on the mucosal surface,
the duration is shorter, and it is easily degraded in
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limited immune period.

Requires adjuvants, complicated and expensive
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Multiples
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vaccines
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edible
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Disease
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hematopoietic
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pancreatic
necrosis

Infectious
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Koi
herpesvirus
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Infectious
spleen and
kidney necrosis

Heart and
skeletal muscle
inflammation
(HSMI)

Red spotted
grouper
nervous
necrosis

Grass carp
hemorrhagic
disease

Infectious
spleen and
kidney necrosis

Iridoviral
disease

Betanoda virus

Grass carp
hemorrhagic
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Viral
Nervous
Necrosis

Pancreas
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Vibriosis

Enteric
septicemia

Edwardsiella
tarda

Edwardsiella
tarda

Pasteurellosis

Lactococcosis

Streptococcus
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Pasteurellosis

Infectious
pancreatic
necrosis

(IPNV)

Spring viremia
of carp
virus (SVCV)

Koi herpesvirus
disease (KHV)

Columnaris
disease

Piscirickettsiosis

Bacterial kidney
disease (BKD)

Vibrio
anguillarum

Vibrio disease
IPNV
Birnavirus

Various
bacterial and
viral diseases

Infectious
pancreatic
necrosis
virus (IPNV)

Infectious
hematopoietic
necrosis

virus (IHNV)

Salmon
alphaviruses
(SAV)

Vibrosis

Infectious
pancreatic
necrosis virus
(IPNV)

and VHS

Pathogen

THNV
Rhabdovirus

IPNV Birnavirus

ISAV
Orthomyxovirus

SAV alphavirus

svev
Rhabdovirus

KHV Herpesvirus

ISKNV Iridovirus

Piscine
orthoreovirus
(PRV)

Red spotted
grouper nervous
necrosis

virus (RGNNV)

GCHV

Infectious spleen
and kidney
necrosis

virus (ISKNV)

Iridoviral Disease

Betanodavirus

Grass Carp
Hemorrhage
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Nodavirus

Pancreas
Disease Virus

Vibrio
anguillarum;
Vibrio
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Edwardsiella

ictaluri

Edwardsiella tarda
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Pasteurella
piscicida

Lactococcus
garvieae

Streptococcus spp.

Photobacterium
damselae
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IPNV Birnavirus

svev
Rhabdovirus

KHV Herpesvirus

Flavobacterium
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Piscirickettsia
salmonis

Renibacterium
salmoninarum

V. anguillarum
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alginolyticus, V.
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rhabdovirus,
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Major
Fish Host

Salmonids

Salmonids, sea bass,
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Olive flounder

Rainbow trout,
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Amberjack,
Yellowtail

Salmonids
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All freshwater
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turbot, salmon

Salmonids

Salmonids

Rainbow trout
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Salmonids

Salmonids

Salmonids

Salmonids

Carb

Salmonids

‘Where IM, Intramuscular injection; IP, Intraperitoneal injection; IMM, Immersion.
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Recombinant G

Synthetic peptide
GIM 182 of IPNV

Delivery
Methods

M

id

1P

1P

id

IMM or IP

1P

jig

1P

i

1P

g

i

1P

g

IP or IMM

P
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P
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Vaccine

Type Disease Pathogen Country/Region Methods References
Inactivated Vibriosis Vibrio anguillarum; Vibrio USA, Canada, Japan, IP or IMM (Ma et al,, 2019)
ordalii; Vibrio salmonicida Europe, Australia
Inactivated Furunculosis Aeromonas salmonicida USA, Canada, Chile, IP or IMM (Ma et al., 2019)
Europe, Australia
Avirulent Bacterial kidney Renibacterium, Canada, Chile, USA P (Irshath et al., 2023)
live culture disease (BKD) salmoninarum
Inactivated Enteric septicemia Edwarsiella ictaluri Vietnam P (Irshath et al., 2023)
of catfish (ESC)
Attenuated Columnaris disease | Flavobacterium columnaris USA IMM https://www.msd-animal-health.com/contact-us/
Inactivated Pasteurellosis Pasteurella piscicida USA, Europe, IMM https://www.pharmaq.com/no/pharmagq/produkter/
Taiwan, Japan zcountry=all&category=Injeksjonsvaksiner
Attenuated Lactococcus Lactococcus garvieae Spain P https://www.hipra.com/en/hipra-stats-aquaculture
Inactivated | Streptococcus Streptococcus spp. Taiwan Province of China, P (Du et al,, 2022)
infections Japan, Brazil, Indonesia
Inactivated | Salmonid Piscirickettsia salmonis Chile i https://www.pharmaq.com/no/pharmagq/produkter/
rickettsial 2country=all&category=Injeksjonsvaksiner
septicemia
Inactivated Motile Aeromonas Aeromonas hydrophila, A. Asia, Europe, United States ig (Ma et al,, 2019)
septicemia (MAS) caviae, A. sobria
Inactivated ‘Wound Disease Moritella viscosa Norway, UK, hig https://www.pharmag.com/no/pharmag/produkter/
Ireland, Iceland 2country=all&category=Injeksjonsvaksiner
Inactivated Tenacibaculosis Tenacibaculum maritimum Spain P (Irshath et al., 2023)
}.\vlrulem Channet - Edwardsiella ictaluri United States 1M (Reier H2019)
live culture Catfish Septicemia
Attenuated Enteric IMM (Buchmann et al., 1997)

Redmouth Disease

Yersinia ruckeri

United States

Where IM, Intramuscular injection; IP, Intraperitoneal injection; IMM, Immersion.
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Furunculosis Aeromonas Salmon Inactivated Injection 279 (Buchmann
salmonicida et al, 1997)
Enteric redmouth disease Yersinia ruckeri Salmon Inactivated Injection 27.9 (Buchmann
et al, 1997)
Vibriosis Vibrio anguillarum | Salmon Inactivated Bath 24.6 (Buchmann
et al, 1997)
Vibriosis Vibrio anguillarum | Salmon Formalin Bath 25.0 (Buchmann
inactivated et al, 2001)
Infectious Pancreatic Necrosis Aquabirnavirus Salmon Inactivated Injection, bath = (Munang’andu
Virus (IPNV) et al, 2012)






