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Abstract
Recirculating aquaculture systems (RAS) are a sustainable type of land-based fish farm that reduces water consumption and preserves quality. RAS is based on biofiltration, a biological process that removes nitrogen from wastewater through nitrification and denitrification. Focusing on nitrifying and denitrifying consortia, this review provides an extensive summary of recent advances in the principles of biofiltration along with biofilm reactor design and microbial community dynamics. High nitrate and total ammonia nitrogen (TAN) removal efficiencies were characteristic of moving-bed biofilm reactors (MBBRs), denitrifying bioreactors, and innovative FeSₓ-based systems. Also present are microbial succession, network correlation and role of ammonia-oxidizing archaea and complete ammonia oxidizers (comammox). Molecular techniques, higher-generation sequencing and Internet of Things (IOT) based supervision make it available to all for gaining insights towards microbial ecology and water quality management. Probiotics and bacteriophage therapy are creative control strategies to counterbalance pathogenic hazards and biosecurity threats. Overall, the development of the next-generation RASs with higher sustainability, productivity and resilience will need to integrate microbial ecology, engineering design and technology innovation.
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Introduction
Aquaculture is now the fastest-growing food production sector in the world. However, its growth often faces challenges like limited water supplies, waste buildup, and a higher risk of disease. To address these issues, recirculating aquaculture systems (RAS) are becoming more essential. Unlike traditional open systems, RAS continuously recycles and treats water with modern technologies. This approach significantly reduces water use and improves environmental care. Biological filtration is a key part of RAS. It ensures the removal of harmful nitrogen compounds that arise from fish metabolism and feed breakdown. The biofiltration process relies on a diverse community of microbes. Ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB), and ammonia-oxidizing archaea (AOA) are important players. They work together to convert ammonia and nitrite into the less harmful nitrate. In recent years, the discovery of complete ammonia-oxidizing (comammox) organisms, which can convert ammonia to nitrate in one step, has changed how we understand the nitrogen cycle in aquaculture systems. 
Denitrifying bacteria are vital for changing nitrate into gaseous nitrogen. This process helps prevent the long-term buildup of nitrate in closed or low-exchange systems. The success of these microbial activities relies heavily on the underlying microbial ecology, operational conditions, and system design. This underscores the need for effective microbial management to ensure the stable performance of RAS. Recent advancements in science and technology have greatly improved our ability to understand and optimize biofiltration in aquaculture. Researchers and practitioners can now track how microbial communities function, describe them in unprecedented detail, and identify potential instabilities before they affect water quality. Breakthroughs in molecular biology, metagenomics, and real-time monitoring are key to these improvements. 
Examples of innovative engineering advancements include moving-bed biofilm reactors (MBBRs), denitrifying bioreactors, and water quality monitoring systems connected to the Internet of Things. These have significantly boosted filtration efficiency and reliability. Such advancements not only improve environmental control but also enhance animal health and the overall sustainability of the system. Together, these scientific and technological progressions suggest that digital monitoring, improved biofilter designs, and a deeper understanding of microbial ecology will lead to more reliable, efficient, and sustainable RAS systems. This work encapsulates our current knowledge of the essential concepts of microbial communities and biofiltration.

2. The Fundamentals and Significance of Biofiltration in RAS
2.1 Biofiltration Principles
	An important aspect of recirculating aquaculture systems (RAS) has to do with biofiltation. In this process, organic matter, food scraps, and toxic nitrogenous compounds produced as a result of fish metabolic processes are removed. Total ammonia nitrogen (TAN) is viewed as the most toxic of such metabolic byproducts. TAN, through physiological processes, gets broken down into nitrite and, subsequently, nitrate through nitrification. There exist some microbial groups capable of facilitating this twofold process. Bacteria such as Nitrosomonas and Nitrosospira, which belong to ammonia-oxidizing bacteria (AOB), oxidize TAN to nitrite, and nitrite-oxidizing bacteria (NOB), such as Nitrobacter and Nitrospira, oxidize nitrite to nitrate (Rurangwa, 2015). Biofilters play a critical role in this aspect because they provide a great surface area which facilitates colonizing bacteria, leading to the development of biofilms and, consequently, nitrification processes under refined conditions. Operational factors such as temperature, level of dissolved oxygen, pH, water flow rate, and hydraulic retention time significantly affect biofilter performance.
      A situation, however, arises in which nitrate concentrations continue to build up, even when TAN and nitrites have already been detoxified through biofiltration processes, primarily due to concentrations of RAS being usually between 100-1,000 mg N/L (Preena et al., 2021). However, nitrate sensitivity affects fish health, stress, and development performance (Preena et al., 2021). Consequently, nitrate regulation remains vital for maintaining water quality and creating sustainability within RAS technology.
2.2 The Role and Importance of Biofiltration in RAS
Due to the efficient ability to remove nitrogenous waste and various by-products with potential toxicity resulting from the metabolism of fishes, biofiltration forms the backbone of recirculating aquaculture systems. To achieve this, biofilters are designed and composed of materials such as sand, granulated activated carbon, and plastic bio supports with high surface areas to foster the development and growth of biofilms colonized by various microbes. Nitrification, involving the oxidation of ammonia to nitrite and later to nitrate, relies heavily on the symbiotic communities of various microbes residing and thriving within biofilms. Microbes contributing to nitrification are assisted by various types, namely, ammonia-oxidizing bacteria such as Nitrosomonas, Nitrosospira, and Nitrososphaeria, and also by archaea and Nitrotoga bacteria (Moschos, 2022). Denitrifying microbes are also essential for maintaining water quality not only for nitrification processes, especially in systems having little to no water exchange as in RAS. By converting the precipitated nitrate to innocuous nitrogen gas, the microbes decrease the risk and likelihood of nitrate buildup, rendering the system and fishes at risk and unsustainability as per the context and situation (Bakke, 2017). In general, biofiltration has significant roles as the biologic component to preserve, restore, and maintain ecological harmony and steady and stable conditions in RAS. Microbe diversities and interactions in biofiltration enable not only effective nutrient recycling in the aquatic ecosystem, preventing and abating ecological and environmental problems, but also reduce various environmental hazards and problems with unsustainability in intensive aquaculture.
3. BioFilter Design and Setup
There are a number of factors, such as system design, hydraulic residence time, biofilter media, and disinfection protocol, that play a significant role in determining the microbiology of recirculating aquaculture system (RAS) biofilters. Poor design and control of these factors can lead to disruption of the microbiological balance, favoring opportunistic infection and, ultimately, disease emergence in farm-raised fish. This is because well-designed biofilters can create a balanced microbiology that is competent in the reduction of nitrogenous compounds while maintaining a healthy and beneficial microbiome. As a means of enhancing the robustness and productivity of modern RAS systems, it is imperative that RAS designers and aquaculture practitioners couple their current knowledge of microbiology with biofilter design and development.
3.1 MBBRs and Biofilm Formation
Moving Bed Biofilm Reactors
Nitrifying bacteria form biofilms on suspended carriers in a moving bed biofilm reactor (MBBR), which is a biological filtering process that efficiently treats nitrogenous waste (Piculell, 2016). However, because dissolved oxygen (DO) influences the rate of oxygen diffusion into the biofilm and plays a vital role in determining microbial form, the effectiveness of nitrification processes during MBBR has remained largely dependent on the levels of dissolved oxygen (Tsitouras, 2023; Gaps, 2009) available to nitrifying microorganisms. Diffusion bubblers and aeration systems are often used to ensure optimal levels of dissolved oxygen. Other microbial and biofilter-related processes, such as pH, temperature, and total dissolved solids (TDS) levels, are known to heavily influence microbial and biofilter processes and operations. Thus, to ensure the consistent and reliable performance and functionality of MBBR technology, effective and instantaneous monitoring and control of various biochemical parameters within water are imperative. All considered, MBBR technology comprises a rather robust and adaptive biological filtering technology that achieves remarkably high levels of treatment efficiency even during variable operating conditions. Its enhanced durability and adaptability are boosted through the self-regenerative nature of suspended carriers, which makes it complementing technology during wastewater treatment and commercial fish farming.
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Fig. 1 Schematic representation of Moving Bed Biofilm Reactor (MBBR) System and Its Operational Parameters
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Source: Netsol Water

Fig. 2 Schematic of a laboratory scale continuous flow MBBR
                                                                                   (Source: Kody A et al., 2022)
3.2 Biofilm Dynamics and Performance
At the laboratory scale, the trials in the RAS involved a 24 L tank with a 15 L MBBR operating at 40% fill, using K1 Kaldnes support material. A bubble diffuser used tiny bubbles with a diameter of 555 nm to enhance oxygenation. To initiate the process of biofilm formation, pure Nitrobacter and Nitrosomonas cultures were used. Ammonia nitrogen TAN values were measured daily, while the measurement of biofilm formation occurred weekly (Tsagkari, 2023). Using the above study, TAN values were measured for the first time when the biofilm reached a thickness of 104-119µm, marking the onset of TAN values being reduced by 50%. The four phases involved in the process of biofilm formation were initial reversible attachment, irreversible attachment, maturation, and final separation phases respectively (Doran, 2024). Indeed, the greatest TAN reduction in the biofilm occurred in the growth phase, but reduced in the famine phase and maturity phase respectively, aligning with a known dynamic pattern of microbial growth dynamics, as described in Morita, 1993)Interestingly, TAN reduction occurred in the growth phase, but reduced in the famine phase and maturity phase respectively, aligning with a known dynamic pattern of microbial growth dynamics, as described in Morita, 1993)In light of the above findings, the dynamic effect of biofilm structure on nitrification in the RAS using the MBBR has significant effects on nitrification. Moreover, maintaining an ideal food level, while attempting to maintain an ideal biofilm thickness, can have an important role in sustaining maximum microbial activity as well as optimizing the process of ammonia oxidation reaction rates maximization. Consequently, in the context of recirculating aquaculture systems, an ideal control involving preventing the system from being engulfed in substantial biofilm growth can have an important effect in improving system performance, besides ensuring continuous stable performance of the system in nitrification processes.
3.3 Denitrification Bioreactor for Nitrate Removal
A bioreactor for denitrification has been incorporated to the RAS in order to remove the nitrate. Denitrification takes place via NO₂, NO, and N₂O, converting the NO₃-N to N₂. However, this requires the assistance of an electron donor. Conventional heterotrophic denitrification appears to increase biomass yield and oxygen utilization, depending on organic carbon. Autotrophic, otherwise, appears to be lower in biomass yield and stable in the RAS condition, depending on inorganic substances, namely, iron and sulfur compounds, as the electron donors (Wang et al., 2016; Hu et al., 2020). A denitrification bioreactor packed with calcined FeSₓ was investigated in this study. The concentrations of NO₂--N and NH₄+-N were very low (<0.01 mg/L and below detection limits, respectively) and the nitrate removal rate was at 79%, while the sulfate production and pH were maintained below 200 mg/L and pH around 7, respectively. The performance level of the FeSₓ as the chemical can be attributed to the rapid growth rate and the rate at which the fish survived at 95% at high concentration. The results have demonstrated promising performance by the bioreactor packed with the calcined FeSₓ, and thus this technology appears to have high potential as sustainable nitrate management in the RAS. Further explorations are, however, necessary for the optimization and regeneration of the medium with the FeSₓ under different operating conditions. Inquiry focusing on the internal dynamics regarding the bacteria related to the autotrophic bacteria and the FeSₓ bioreactors appears to provide crucial information to improve the efficacy and efficacy and technology. Furthermore, integrating this bioreactor technology with real-time monitoring and controlling technology appears to increase the nitrate accuracy while reducing the by-product. Finally, the cost-effectiveness and scalability and influence and effects on the ecology might also need to be explored. Taking all the factors, this is the initiating technology to develop cost-effective, environmentally safe, and energy-saving techniques for the development and development and management of the RAS.
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Fig. 3 Schematic diagrams of different bioreactor configurations
(Source: Chengyue Li et al., 2022)
4. Microbial Community Structure and Diversity
Denitrification bioreactors are widely adopted in RAS design to mitigate nitrate accumulation. By using intermediates such as nitrite (NO₂⁻), nitric oxide (NO), and nitrous oxide (N₂O), denitrification reduces nitrate (NO₃⁻-N) into nitrogen gas (N₂), which requires an electron donor. While relying on organic carbon sources, traditional heterotrophic denitrification often leads to excessive biomass production and high oxygen demand. In contrast, autotrophic denitrification relies on inorganic electron donors such as iron and sulfur compounds and is characterized by low biomass production and excellent operational stability under RAS conditions (Wang et al., 2016; Hu et al., 2020). In this study, we evaluated the nitrate removal performance of a denitrification bioreactor packed with calcined FeSₓ. The removal efficiency of NO₃+-N was 79%, and the NO₂⁻-N and NH₄+-N levels were very low (less than 0.01 mg/L and below detection, respectively) after addition into the system. With a near-neutral pH of around 7, no sulfate accumulation (less than 200 mg/L), and constantly high fish growth and survival (95%), the system parameters were favorable. The results here indicate the potential of FeSₓ to serve as a reliable and efficient electron donor for autotrophic denitrification in RAS applications. When calcined FeSₓ was used as an electron donor, effective and stable nitrate removal in RAS showed great promise. Its long-term stability under different working conditions, regeneration potential, and interaction with microbes should be the main topics of future studies. Above all, extensive testing and economic analysis should be done to ascertain its practical application in commercial aquaculture. All things considered, FeS-based autotrophic denitrification can be one of the feasible ways for long-term nitrogen control in RAS. A nitrifying microbial community is composed Ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) are two functional categories of microbes, largely responsible for the efficiency of nitrification in RASs. AOB oxidize ammonia to nitrite, a process largely attributed to the phytotypes Nitrosomonas and Nitrosospira. Finally, the process follows the conversion of nitrite, catalyzed by Nitrobacter and Nitrospira, producing nitrate (Daims et al., 2016). Environmental conditions strongly influence the proportion and abundance of these two phytotypes. Nitrosomonas, for example, is largely abundant in wastewater biofilm, but Nitrosospira outnumbers Nitrosomonas when the biofilter is heavily loaded with organic matter (Martins et al., 2013). The discovery of complete ammonia oxidizers among the Nitrospira phytotypes was a turning point in nitrification research. Comammox microorganisms increase the resistance, functionality, and ecologically modified biofilters entirely oxidizing ammonia to nitrate through a unique metabolic process (van Kessel et al., 2015).
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Fig. 4 Experimental RAS device.
                                                                                    (Source: Tian Ma et al., 2024)

4.2 Denitrifying Microbial Community and Nitrogen Cycle
Nitrosomonas and Nitrosospira were identified as the most prominent AOB in this biofilter. Still, the growth of Nitrosospira in our RAS system remains unknown and stresses the needs for additional research focused on the ecological role and interactions of Nitrosospira in aquaculture biofilters. There were no data associated with Nitrosococcus, which is another AOB belonging to the group of Gammaproteobacteria (Schreier, 2010). The fact that Nitrosococcus species (such as N. oceani and N. halophilum) are halophilic and prefer to inhabit marine environments is possibly due to the freshwater RAS environment studied (Koops, 2001). According to previous research in activated sludge ecological systems, several species of bacteria, such as Betaproteobacteria, Alphaproteobacteria, and Gammaproteobacteria, are thought to be involved in denitrification in the biofilter (Nielsen, 2008). Thauera, Azoarcus, Paracoccus, and Dechloromonas are the most significant taxa identified in our study and are previously identified in landfill leachate bioreactors (Melidis, 2016), and Azoarcus is one of the most successful N-transformers (Sun, 2014). Cupriavidus is another significant taxon identified, which is known as a soil denitrifier (Wang, 2018).  
      Pseudomonas and Thauera are the most representative species of this study and reflect the bacterial community design in the sediments of the Hangzhou Bay (Zhu, 2018). For example, Pseudomonas is widespread in marine RAS biofilters (Gao, 2012) and is famous for its heterotrophic abilities and biofilms as well as its capability to occupy diverse biological niches (Blancheton, 2013). The primary method for decreasing the toxicity of ammonia in RAS is related to nitrification, although nitrate accumulation remains a possible threat to water quality. By chemically transforming nitrate to gaseous nitrogen in anoxic and hypoxic environments in biofilms and special denitrification reactors, facultative anaerobic bacteria provide the additional mechanism (Tal et al., 2009). The genera of Pseudomonas, Paracoccus, and Bacillus are among the usual representatives involved in heterotrophic denitrification in aquaculture (Schreier et al., 2010). A balanced nutrient management strategy is required since, although additional organic carbon could improve the effectiveness of denitrification, its surplus can repress the activity of nitrifying bacteria (Blancheton et al., 2013). Some of the environmentally friendly technologies proposed with the intention of maintaining a balance of nitrogen and reducing the levels of nitrates found in RAS systems include biofilter systems with multi-stage nitrification and denitrification processes and aerobic or anoxic systems.
4.3 Microbial Community Composition in Biofilters
As such, Proteobacteria, Bacteriodetes, Actinobacteria, and Planctomycetes have appeared in literature on various occasions to be the major constituents of the microbial communities in biofilters, which exist in highly diverse and active populations. As such, the microbial communities in biofilters perform important ecological roles through the promotion of nitrification, the facilitation of the degradation of organic materials, the facilitation of nutrient cycling, and the retention of the structural integrity of biofilms. High-throughput sequencing studies have shown that the composition of the microbial communities in biofilters is highly dependent on various environmental factors such as temperature, pH, dissolved oxygen concentration (DO), and the presence of organic carbon. Additionally, various microbial niches, which determine microbially mediated community differentiation, exist in biofilter habitat spatial heterogeneity, such as enhanced concentrations of DO, total ammonia nitrogen (TAN), relative to the concentrations of intake, output, or both. This resilience to the overall system is enhanced by the structural and functional diversity, which allows biofiltration to run continuously, even within highly unpredictable or challenging conditions.
Table 1 Microorganisms linked to biofiltration in recirculating aquaculture systems (Based on: Schreier et al., 2010 & Brown et al., 2013)
	Process
	Phylum and Genus

	Nitrification
Ammonia-oxidizing bacteria

Ammonia-oxidizing archea 
Nitrite-oxidizing bacteria
	
Nitrosomonas sp., Nitrosococcus sp., Nitrosospira
Nitrosopumilus
Nitrospira sp., Nitrobacter sp.

	Denitrification
Autotrophic

Heterotrophic
	
Thiomicrospira sp., Thiothrix sp.,
Rhodobacter sp., Hydrogenophaga sp.
Pseudomonas sp., Paracoccus sp., Comamonas sp.

	Dissimilatory nitrate reduction to ammonia
	Various Proteobacteria and Firmicutes

	Anaerobic ammonium oxidation (Anammox)
	Planctomycetes sp., Brocadia sp.

	Sulphate reduction
	Desulfovibrio sp., Dethiosulfovibrio sp., Fusibacter sp., Bacteroides sp.

	Sulphide oxidation
	Thiomicrospira sp.

	Methanogenesis
	Methanogenic Archaea

	
	


4.4 Functional Roles of Microbial Communities in Biofilters
The existence Microbial communities display a functional aspect in recirculating aquaculture systems (RAS) which transcends conventional nitrification cycles.” Even as heterotrophic bacteria contribute to decomposing suspended and dissolved organic carbon in water, denitrifying bacteria play a key functional aspect in nitrate removal under anoxic conditions. Again, microbial communities display functional relevance in combating opportunistic infections through modification of physical and chemical conditions inside biofilters, production of antibiotics, and tenets of competitive exclusion. The microbial structure of biofilters in RAS possesses functional redundancy with improved resilience and stability against environmental fluctuations, according to metagenomic and metatranscriptomic studies. It therefore follows that this improvement in design and operations of RAS must be informed by knowledge of functional properties among microorganisms and their impact on biofilter performance. Apart from their significance in nutrient elimination, microbial organisms contribute substantially to remineralization of organic materials, nutrient cycles, and stability of systems, which impact fish production and health. Phyla Proteobacteria and Bacteroidetes, which display functional relevance in nitrification and denitrification, appear predominantly among principal microbial organisms (Kuypers, 2018). There appear to be flavobacteria responsible for reducing nitrous oxide concentrations in these organisms, with others playing a crucial role in organic matter remineralization, which is vital for extended function and performance of biofilters (Tsoy, 2016). Environmental conditions in RAS contribute to microbial distribution and dispersion. An example of these organisms shows biofilms comprised mainly of nutrient-cycling microbial families Rhizobiales and Comamonadaceae, with others, such as Chryseobacterium and Flavobacterium, predominantly present in water column samples (Almeida, 2021). These environment-specific microbial groups underline functional diversity, multiplicity, and complexity in microbial cultures in RAS, with both spatial and functional diversity offering long-term stability and performance of systems.
4.5 Network Characteristics of Different Functional Microbiomes
Network correlation analysis is one methodological approach for studying interspecies relationships in complex microbial communities (Wang, 2020). The prominent hub taxon in the biofilter front (BFF) biofilter community was Nitrosospira, which is a critical ammonia-oxidizing bacterium responsible for the first step in the nitrification reaction in the DAS-NUA RAS biofilter (Saito, 2010). Nitrification was highest near the biofilter inlet where ammonia was also highest, as per previous studies (Dong, 2019). Nevertheless, the prominent hub taxon in the biofilter's middle and backward sectors (BFM and BFB), which contain the main body of denitrifying bacteria, was denitrifying bacteria. Azoarcus, Magnetospirillum, and Thauera emerged as the dominant taxa in the biofilter's backward sectors (BFB). The role of Magnetospirillum in nitrate reduction in the DAS-NUA biofilter was proven by its highest degrees with other 12 bacterial species of denitrifiers (Peng, 2020). Interestingly, Thauera appeared as the prominent hub taxon in both the biofilter middle backward sectors (BFM) and the biofilter backward sectors (BFB), highlighting its irreplaceable role in the den
Various ecological processes were evident within the interaction web. Both positive and negative links indicated mutualism or commensalism, competition, predation, or asymbiotic relationships, respectively (Jiang, 2019). The ecological theory that community structure and niche partitioning within microbial assemblages were maintained by resource constraint was supported by the observation that competition was the most numerous type of interaction (Yachi, 1999). Although the hub assemblages in both the BFF and the BFB demonstrated only negative interactions, the hub assemblages in the BFM were characterized by positive and negative interactions with each other, respectively. As the nitrifiers and the denitrifiers appeared to compete for the forefront and the rear respectively, it is inferred that competition for the niche increases as one progress towards the ends of the biofilter.
4.6 Biofilm Succession and Community Dynamics
The interactions between microbes, attachment rate, and environment affect biofilm formation in biofilters and aquariums in a non-random successive process in RAS (recirculating aquaculture systems) (Grinberg, 2019). Initially, biofilms are created by opportunistic microbes that can be potential pathogens in biofilms from Proteobacteria and Bacteroidetes genera. On a highly evolved level, beneficial microbes from Nitrospira defluvii spp. are formed and ensure effective nitrification or efficient removal of nitrogen (Schmidt, 2016). Nonetheless, excessive cleaning or disturbance in biofilms can prevent or prolong these beneficial microbes in RAS systems that would affect system resiliency and nitrification capabilities (Smith, 2019). Biofilms in RAS are also distributed non-homogeneously in spatial distribution. Biofilms in RAS systems contain varying microbial components across different biofilms in RAS systems (Almeida, 2021). Consequently, spatial and temporal considerations in RAS stress the importance of effective biofilm management and co-rearing practices in RAS systems.
4.7 Microbial Interactions and Network Properties
The microbial communities within the biofilters of recirculating aquaculture systems (RAS) comprise heterotrophic bacteria, fungi, and archaea, which interact via complex ecological web, extending beyond the usual nitrifiers and denitrifiers. According to the network correlation study, heterotrophic microbes assist in the degradation of organic waste, thereby enhancing the entire resilience of biofilms. Nitrifiers, in turn, usually act as hub or hub species, enhancing the stability of biofilm topography, thereby ensuring the functionality of the biofilter. Biofilm dynamics are also heavily influenced by the interactions between beneficial microbes, on one hand, and opportunistic diseases, on the other. Biofilms, via resource-based competitions or the production of molecules known as antibiotics, act to prevent the infections. Another property of the biofilter is its geographical diversity. The dissolved oxygen, total ammonia nitrogen, and total organic carbon content in the biofilter is greater in the front area of the biofilter, in contrast to the rear portions. This, in turn, generates particular microbial niches, thus influencing the diversity, composition, and overall structure of the microbial communities. This functional stability of biofilter microbes is further enhanced or improved by geographical heterogeneities, in addition to various operational, biological, or overall factors. Designing or engineering, hydraulic retention time, filter materials, or means of sterilization exert tremendous influence on the microbial population within the biofilter of the RAS. Biofilters, if improperly designed or inadequately managed, may have adverse effects on the ecological balance of microbes within the filter, thus possibly leading to the emergence of opportunistic diseases, thus affecting the health of the fish population. A biofilter with proper engineering, on the other hand, enhances the removal of waste materials, thus also ensuring the long stability within the beneficial microbial populations. It is therefore essential to include microbial ecological information into the proper engineering, management, or administration of the biofilters, specifically within the current state-of-the-art RAS technology or processing, also known as Resilience and Stability of Acquisition.
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Fig. 5 Schematic representation of biofilter-MBBR integrated system in aquaculture, illustrating water recirculation, microbial community interactions and monitoring technologies for system optimization.
                                       \                                                 (Source: J.Zou et al., 2013)

5. Environmental and Management Influences
5.1 Environmental Factors Affecting Microbial Distribution Patterns
Throughout the biofilter, there was definite regional variation in the various indicators of water quality. In line with other studies, intake had lower amounts of nitrate (NO₃⁻-N) and higher quantities of dissolved oxygen (DO), pH, TAN, and TOC than outflow (Liu, 2019). Within the filter media, TAN is converted to nitrate by way of a two-stage nitrification process.

NH₄⁺ + 1.5 O₂ → NO₂⁻ + 2H⁺ + H₂O NH₄⁺ + 1.5 O₂ → NO₂⁻ + 2H⁺ + H₂O NO₂⁻ + 0.5 O₂ → NO₃⁻ NO₂⁻ + 0.5 O₂ → NO₃⁻
It connects oxygen consumption and proton production, respectively, in the NO3growth path from front to back of the biofilter, hence increasing the nitrate concentrations and decreasing DO and pH in that route.
Along the flow channel, TOC levels decreased while organic matter was captured by the biofilter.
These gradients were reflected in the composition of the microbial communities. Whereas some taxa, such as Azoarcus and Cupriavidus, remained largely unchanged across compartments, denitrifying bacteria were typically most abundant and diverse toward the rear of the biofilter. Basic changes in water quality were revealed by relative abundances of Dechloromonas increasing while Pseudomonas, Thauera, and Paracoccus decreased toward the back. These findings were supported by correlation analysis. Dechloromonas negatively correlated with TOC, while Thauera and Paracoccus showed a positive correlation. The same trends have also been reported in landfill leachate bioreactors (Li, 2014) and shrimp biofloc systems (Dong, 2020). Thauera is one of the most common denitrifying bacteria in wastewater treatment and contributes to the decomposition of organic matter, thriving in environments with high levels of ammonium (Long, 2014). One key biomarker in the rear part of the biofilter is dechloromonas.
In concert with results in nitrate-treating biofilters Peng, 2020 and artificial wetlands Xie 2018, its abundance was positively related to NO₃⁻-N and negatively with TAN. In contrast, redundancy analysis showed a positive relation with DO, and Pseudomonas served as a biomarker of BFF. Pearson correlation confirmed the preference of Pseudomonas for an environment that has a high C/N ratio as TOC had a positive relationship with DO, although it had to be excluded from the model owing to collinearity Schreier, 2010. Organic carbon availability along with oxygen gradients is one of the most influential environmental factors affecting a heterotrophic denitrifier Pseudomonas.
Different from the dynamics of denitrifiers, the AOB communities did not show significant structural changes along the biofilter. This likely signals the stability and maturity of the system, where the established nitrifier community continues to function steadily under the comparatively uniform environmental settings. Reference Tang (2018) 5.2 Operating Conditions and Farm Management Several factors relating to farm design, feeding strategies, and water supply properties, along with environmental parameters like pH, salinity, and temperature, are seen to influence community development in RAS. Recent studies have underlined the "island biogeography effect," or the development of unique microbial communities across facilities despite the exchange of juvenile fish among farms. Reference Davidson et al. (2016) These studies show a very context-dependent nature of microbial ecology in RAS and suggest that management measures should be tailored to the unique environmental and operating conditions of each facility rather than following a generic approach.
6. Aspects of Health and Biosecurity
6.1 Pathogenic and Opportunistic Microorganisms in Recirculating Aquaculture Systems (RAS)
Nevertheless, despite the stability of the RAS technology depending on the positive microbial presence, pathogenic bacterial species pose a serious risk to the fish farm enterprise. Opportunistic microbes, such as Aeromonas, Flavobacterium, to be more accurate, may be dominant if certain suboptimal environment or management requirements exist. As such, these microbes have the potential to cause diseases leading to greater fish mortality. According to Assefa (2018), the entire fish farming industry incurs losses estimated at approximately $6 billion each year. Dangerous bacterial species, such as Aeromonas veronii, the cause of infections leading to the widespread occurrence of septicemia in freshwater fish, or Flavobacterium psychrophilum, the causal agent of bacterial cold-water disease, have also been discovered through high-throughput sequencing. Notably, diseases such as the aforementioned may also be transmitted between species, thus possibly increasing the risk of detrimental effects for the overall population in fish farming enterprises (Mishra, 2019). The presence of microbes may influence the fish farming enterprise adversely, with effects on the health or the overall quality of the fish. For instance, bacterial species responsible for the production of off-flavors, including geosmin- or 2-methylisoborneol-producing microbes, may have negative effects on the overall food quality or possibly pose further risk to the economic interests of fish farmers (Kormas, 2022).
6.2 Microbial Community Composition in Biofilters
RAS sludge was microbes-driven in the biofiltration process. Based on the outcomes of high-throughput sequencing, it was evident that the FeS-based denitrification bioreactors treating RAS sludge (RAS_Sludge) harbored greater microbial diversity compared to the corresponding.Importantly, FeS-based denitrification bioreactors treating RAS sludge (RAS_Sludge) had greater microbial diversity than the corresponding synthetic wastewater (Synthetic_Sludge) treatment microbes. Major phylotypes identified in RAS_Sludge comprised Proteobacteria, Bacteroidetes, Chloroflexus, Firmicutes, and Actinobacteria, which are generally found in wastewater treatment systems and have received wide recognition for their capabilities in the nitrogen cycle (Zhang et al., 2019; Xu et al., 2022).
     Similarly, at the species level, RAS_Sludge was dominated by the following genera: Thermomonas, Longilinea, Arenimonas, and Thiobacillus, which are generally known for wastewater treatment systems and have received wide recognition for their potential in the nitrogen cycle (Zhang et al., 2019; Xu et al., 2022).
     However, the unidentified genera dominated the Synthetic_Sludge. Notably, the identified species have the following functions: Thermomonas is capable of denitrification irrespective of the presence or absence of organic matter, which utilizes inorganic carbon. Concurrently, Arenimonas and Longilinea are involved in the breakdown of labile complex organic wastes, while Thiobacillus is the most important autochthons, which oxidize sulfur. In this case, the bacterium Desulfuromonas is involved in the direct denitrification process. Notably, the
6.3 Disease and Health
Knowledge on the nature of pathogenic risks associated with RAS is crucial for fish health and sustainability because fish disease results in losses estimated above US$6 billion annually. According to Mishra (2019), the primary pathogens for fish include viruses, bacteria, parasites, and fungi. Pathogenic organisms identified through shotgun metagenomic sequencing were identified in RAS Farm A, composed of Flavobacterium psychrophilum and Aeromonas veronii, pathogens associated with salmonid fish, potentially manifesting the spillover risk for perch, respectively, at 0.09% and 0.04%. The identified pathogens but at low abundance include the septicemia of the motile Aeromonas, caused by the bacterium Aeromonas hydrophila; columnar disease, caused by Flavobacterium columnare; and the bacterial gill disease, caused by Flavobacterium branchiophylum. At present, the imperativity for applying more non-pharmaceutical interventions is a pressing concern owing to the threat posed by the rise in antibiotic resistance, a threat against the sustainability status. Moreover, the horizontal transfer of antibiotic resistance genes within the aquatic bacteria aggravates the matter. Clearly, phage/bacteriophage therapies, consequently, rapidly gain momentum among the list of viable interventions. The phage groups identified among the aquaculture farms, whose phages have been studied, include Ackerman viridae and Myoviridae. Clearly, they can be considered the hosts for the viruse antagonists for the bacterial pathogens. Although phage therapies can be considered in their infancy, the effectiveness for a considerable list, including pathogens like so-called A. hydrophila, F. columnare, and F. psychrophilum, for considerable numbers of species for domesticated species for fish, clearly renders their usage handy. The incorporation of the shotgun genomes for the monitoring of pathogens can provide a wellbeing tool for the designing of intervention methods and techniques for dealing with fish diseases through phage and other nonconformist approaches.
TABLE 2: Water treatment technologies used in RAS.
	Technology
	Removed contaminants
	Efficiency
	Disadvantages/challenges
	Comments

	Floating bed filters
[C. Xia, 2018]





	Suspended solids
	>30μm single pass all suspended particles, after multiple passes
	−Requires backwashing
	Widely used in both freshwater and marine applications

	Fluidized sand biofilters [P. C.Lindholm-Lehto and J. Vielma, 2019]
	Ammonia (NH4-N), BOD5, COD, TP, TAN
	86%–88% TAN, 66%–82% cBOD5, and 1–2log10 total coliform bacteria
	+High nitrification capacity 
+Self-cleaning capacity +Compact 
+Low price of filter medium (sand) 
−High energy consumption
	Second-generation biofilter three-phase FSB can also perform denitrification

	Moving-bed bioreactors [L. Fu, 2018]
	Ammonia (NH4-N), BOD5
	110.9gTAN/m3 per day
	+Low cost
 +Continuous operation +Self-cleaning capacity +Easy to design and operate
	Second-generation biofilter

	Fixed-bed biofilm reactors
	Ammonia (NH4-N), BOD5, COD, TP, TAN
	
	−Easy to plug 
−Needs regular backwash
	Has been found to be more robust and protect nitrifying bacteria from the effect of disinfectant

	Rotating biological contactors [P. C.Lindholm-Lehto and J. Vielma, 2019]
	Ammonia (NH4-N), CO2,
	76gTAN/m3 per day removed
	+Simplicity of operation +Self-cleaning capacity −High capital cost −Mechanical instability
	Older solutions, widely used in domestic wastewater treatment


                                                                                    (Source: Shruti et al., 2024)
7. Molecular Biological and Technological Approaches
7.1 Molecular Biological Knowledge of Biofilter Microbiota
The knowledge of biofilter microbiota in recirculating aquaculture systems (RAS) has been greatly advanced by recent advancements in the field of molecular biology. Ammonia-oxidizing archaea (AOA), and the full ammonia-oxidizing bacterium Nitrospira, are examples of microbes whose actual potential has been underestimated for long, but whose diversity has been revealed through the use of high-throughput sequencing analysis (van Kessel et al., 2015). Metagenomic, metatranscriptomic analysis, coupled with taxonomy, has enabled the functional analysis of microbial communities, and also the identification of relevant genes involved in carbon cycling, stress responses, or the nitrogen cycle (Sara et al., 2022).
Existence of functional redundancy in biofilter microbial communities, the fact that more than one phylotype has the ability to perform similar biogeochemical processes has also been revealed using these advanced tools.  According to the report published by Daims et al., in 2016, the redundancy of function in biofilter microbial communities increases the system's ecological robustness and ensures stable system function even under operational stresses and changing environmental conditions.  All in all, the findings described above show that biofilters, in fact, support complex microbial communities rather than being simple filters.    The microbial communities, in turn, have an important effect on the health of the fish, water, and recirculating aquaculture system viability, respectively. (Schreier et al., 2010)
7.2 Tools: Primers, Pipelines, and Platforms
The approach employed during microbial ecology studies greatly influences the findings. Studies conducted in recirculating aquaculture systems (RAS), the case for this research, are also not exceptional in this regard. The analysis of microbial diversity and composition is actually affected by the biases associated with primer design, amplification techniques, sequencing technology, and bioinformatic analysis. Since amplification techniques always suffer from the natural problem of primer bias, there is a need for proper choice in aquaculture studies. The use of 16S rRNA sequencing is actually widely applicable and relatively cheap for studying the microbiome of RAS in aquaculture studies (Bartelme, 2019). The taxonomic representation is actually directly affected by primer choice (Scibetta, 2018). For example, the use of the primer combination 27F-534R actually did not meet expectations owing to competition by smaller fragments, even when one considers the potential for increased taxonomic resolution (Johnson, 2019). There are actually large spatiotemporal patterns which are generally not variable when considering larger taxonomic resolutions, even when there is evidence of bias in smaller taxonomic units (Albertsen, 2015).
Short-read sequencing platforms can be used for large-scale RAS analysis because they enable a good trade-off among their accuracy, cost, and well-established bioinformatic analysis. However, the resolution attainable for species, pathogens, and archaea is low. Resolution attainable for RAS species, pathogens, and archaea can be enhanced using long-read sequencing technologies like PacBio, but their application for quantitative RAS analysis is restricted because the technology faces issues related to DNA quality, cellular lysis, and inhibition by sample components (Pootakham, 2017). On the other hand, shotgun metagenomics is a tool for detecting archaea, fungi, viruses, and bacteria, offering unbiased primer design, and analysis is more representative because DNA fragment numbers can be estimated instead of sequence, all within RAS ecosystems (Kibenge, 2019). Moreover, functional profiling can be accomplished through metagenomic analysis, including expression research, when metatranscriptomics analysis is coupled (Hempel, 2022) and metagenomic mass estimates (Bates, 2020). Bioinformatic analysis also affects the results obtained from the research. Amplicons generated through algorithms like DADA2 increase the resolution while decreasing the chances of errors, offering a more refined microbiological analysis, albeit based on OTUs, since their analysis is still common (Prodan, 2020). Finally, the research technique should conform to the goals. Hence, the best RAS microbial ecological information can be determined through shotgun metagenomics, the second best through long-read sequencing for species resolution and pathogen isolation, while the third is through 16S sequencing (Brown, 2021).
7.3 Advances in Microbial Monitoring Technologies
Recent advances in the area of sequencing technology have contributed immensely to the characterization and understanding of microbial assembles found in closed systems, such as recirculating aquaculture systems (RAS) microcosms. Though current short reads for amplicon sequencing are widely available and relatively affordable, with significant taxonomic data, they also come with issues such as low species definition or primer bias, as reviewed by Darwish (2021). The advantage afforded by complete 16S rRNA gene resequencing for the improvement of phylogenetic definition and the correct identification and isolation of functional microorganism populations such as nitrifiers and potential pathogens in aquaculture systems, as opposed to short reads, is the absence of such limitations and restrictions, and the ability for detailed identification and correct isolation and definition of microorganism identities for proper or appropriate microbial control strategies and development, as detailed by Torma (2021). The metagenomic approach, with its identification and targeting abilities for bacteria, viruses, fungus, archaea, and bacteriophage, widens the spectrum for characterization and understanding, and supports the examination and analysis of interactions among microcosms, such as the microbial interactions within the microcosm in the study, as further detailed by Torma (2021). This integration and complementary approach, therefore, aids and supports the improvement and optimization of appropriate diagnosis for precise and focused microbial control and the development of appropriate procedures for the improvement and optimization of microbial productivity and aquaculture performance for healthier and improved-quality waters, as detailed by Torma (2021),
7.4 The Role of IoT and Smart Systems in Water Quality Monitoring
IoT can provide an economical platform for real-time monitoring in aquaculture systems. Generally, IoT-based platforms integrate intelligent sensors and communication protocols to facilitate automation, remote access, and scalability for various applications (Islam, 2023). Indeed, due to these devices, critical water quality indicators such as pH, dissolved oxygen, turbidity, temperature, and electrical conductivity can be monitored in depth. They usually comprise three layers: a presentation layer for showing data, middleware for data processing, and sensor nodes for data collection (Shafique, 2020; Zhang, 2020). Microcontrollers, such as Arduino and Raspberry Pi, along with the communication modules like GSM, have been used in practical implementation to send data from sensors to cloud platforms for farmer access via dashboards or mobile applications. Real-time monitoring will help farmers take proactive steps to manage fish health and water quality, reducing laborious tasks manually (Shete, 2024). IoT adoption, however faces certain obstacles to overcome, including data security risks, inconsistent communication ranges in aquatic environments, problems with sensor calibration, and limitations in interoperability between diverse hardware and software components (Hashemi, 2018). Furthermore, due to the great diversity in aquaculture habitat water sources, sensor types, and operational objectives, there is no single comprehensive IoT solution; instead, site-specific modification variables need to be considered (Jan, 2021). Although several works highlighted that IoT-based monitoring has improved fish welfare and environmental control, little information exists on how IoT-based monitoring has directly influenced biofilm formation and the efficiency of TAN removal in RAS. Further studies may integrate IoT data into biofilter performance indicators, potentially leading to precision aquaculture and improvement of the nitrogen cycling process in recirculating biofilters.
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Fig. 6 Laboratory-scale RAS.
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Fig. 7 IOT Monitoring and Control System
(Source: Putu A. Suriasni et al., 2024)

8. Recent Trends and Future Outlook
8.1 Modern Recirculating Aquaculture Systems (RAS) and Microbial Control
By using efficient management practices which not only involve mechanical and biological filters, but also disinfection strategies such as ultraviolet light or ozonation, the recirculating aquaculture system (RAS) is expected to optimize fish growth and health. A properly managed RAS and strong biosecurity measures are imperative, as an uncontrolled system may favor the proliferation of opportunistic and subsequent infectious diseases (Blancheton, 2000). There are a variety of harmful microorganisms existing in the RAS system, which may include bacteria, viruses, fungi, and parasites (Rurangwa and Verdegem, 2015). These types of infections may result in some fish species, including the prevalence of the bacterial Salmon and Rainbow Trout, which are usually responsible for the spread and proliferation of the bacteria Aeromonas, Renibacterium, and Flavobacterium. Other types may result in the proliferation or production of the parasite “Ichthyophthirius” and “Trichodina,” the fungal “Saprolegnia,” as well as the “Infectious Pancreatic Necrosis Virus” or “Viral hemorrhagic septicemia virus” and “Infectious Hematopoietic Necrosis virus” or “Vivris” and “Vhs” (Noble and Summerfelt, 1996).
Since deep sequencing research has identified diverse and complex microbes and potential pathogens, including “Flavobacterium,” “Polaribacter,” and “Pseudoalteromonas” found in the Atlantic Salmon RAS, though no outbreak of the respective diseases has yet been reported and documented (Kolarevic, 2017).
Aeromonas hydrophila and “Aeromonas salmonicida” with rates of up to 3% mortality each week at 20°C have already been isolated for the “ulcerative and Systemic Diseases” in the “European Perch” species, which have frequently established colonization sites, specifically “Flavobacterium columnare” at the gill and epidermal levels (Rupp, 2019). The “Granulomatous lesions” identified within the “Florida Pompano” species may cause Mycobacterium marinum (Pouder, 2010). Based on the study, the RAS with no infectious diseases comprises more diverse microbes, with the predominance being more pathogenic “Vibrio harveyi” As medical therapies could disrupt beneficial bacterial colonies that are important for effective biofiltering and optimal water quality, disease management within RAS has remained challenging (Bozzi, 2021). This has made the minimum effective dose within medical therapies the aim of treatments (Pedersen, 2010). Due to its high selectivity and effectiveness rates, bacteriophage treatment has emerged as a promising remedy. For example, phages against “Flavobacterium columnarum” can survive within RAS water containing rainbow trout up to three weeks and require steady circulation treatment to ensure therapeutic benefits (Ninawe, 2020). Moreover, to establish methods and processes within phage treatment that are economically advantageous and environmentally sustainable, more research studies need to be conducted. When administered using either feed or water, fish immunity and opportunistic diseases will increase, and various indices of water quality will also be improved. In RAS systems, the most effective treatment option involved oral Bacillus species, while probiotics provided through water lowered the incidence of skin lesions and mortality rates within Atlantic salmon. This resulted in improved beneficial microbial flora within the Nile tilapia species to ensure improved fish health and well-being (Rurangwa, 2015; Salonius, 2020; Deng, 2022).
8.2 Novel Strategies for Optimized Biofiltration
In RAS, biofiltration is especially important in efforts to avoid the accumulation of nitrogenous compounds-ammonia, nitrite, and nitrate-that are detrimental to fish health and water quality. While nitrifying bacteria break down ammonia and nitrite, nitrate build-up requires active removal in low- or zero-exchange systems, thus making nitrate management more challenging. Denitrification, anaerobic ammonium oxidation (anammox), and assimilation into microbial or algal biomass represent the three major processes used to remove nitrate in RAS. Due to its intensive use in wastewater treatment, denitrification has received more interest than the other two methods. However, there is not much practical application of the method in RAS, or Reactive Assay: Natural Environmental Remediation (Preena, 2021). Denitrification is a microbial process by which nitrate is successively reduced to nitrogen gas (NO3− → NO2− → NO → N2O → N2NO3− → NO2− → NO → N2O → N2), which effectively removes nitrogen from the system. Autotrophs and heterotrophs can both mediate this process, but heterotrophic denitrification is generally considered more economical (Murray, 2014). An electron donor, usually provided by an external carbon source such as methanol, ethanol, and acetate, is needed for heterotrophic denitrification. Organically derived waste from fish has lately been the subject of research in terms of carbon sources that are internally available and thus possibly sustainable (Cherchi, 2009). The type and composition of carbon available affect the microbial ecology of denitrifying biofilters, which can be quite dynamic. Various heterotrophic communities thrive in these systems, whose composition influences the stability and effectiveness of the denitrification outcome (Sun, 2016). Notably, denitrification units have been shown to be possible hotspots for off-flavor bacteria, particularly those responsible for geosmin (GSM) and 2-methylisoborneol (MIB) production during routine maintenance and cleaning activities (Podduturi, 2020). However, recent information indicates that denitrifying bacterial populations tend to play a context-dependent role in the anoxic degradation of GSM and MIB (Post, 2020).
Operational problems make denitrification in RAS far more complicated. Insufficiently managed environmental conditions can create unwanted pathways of nitrogen transformation, including dissimilatory nitrate reduction (DNRA), which results in ammonium instead of nitrogen gas. Whether the denitrification process is completed or delayed in one of the intermediate stages largely depends on carbon availability and concentration. Either incomplete denitrification or over-supplementation of carbon accumulates toxic intermediates like nitrite and nitric oxide, bringing greater risk to farmed fish species. To overcome these issues, system design and management strategies are needed. This involves tuning key parameters, such as carbon input, flow rate, and hydraulic retention time (HRT), to balance microbial activity and avoid the accumulation of hazardous by-products. Integration with other filtration devices and regular monitoring of water quality are also crucial for maintaining non-harmful nitrate and nitrite concentrations, reducing operation costs, and enhancing the overall lifespan of biological filters.
Concluding, denitrification is a promising technique to remove nitrate from RAS, while its effectiveness is solely dependent on a deep understanding of microbial ecology, carbon-nitrogen dynamics, and system-level operating management. These factors, when optimized, make the technique more accurately shift from limited-use strategy to dependable parts of sustainable aquaculture production.
8.3 Future Applications and Research Directions
In an effort to achieve more sustainability and production, the future of biofiltration and microbes in RAS technology is based on the integration of ecological principles, molecular research, and advances in technology. In an effort to keep fish healthy, the overall aquaculture trend has raised awareness regarding the need to pay more attention, apart from controlling the quality of water, to the microbes and their ecological research.
Current developments in omics fields, such as metagenomics, metatranscriptomics, and metabolomics, are revolutionizing our ability to describe and assess the role of microbial communities in the most fundamental way. These technologies will enable the deliberate design of optimized microbiomes for nitrification, denitrification, and other processes of fundamental importance by yielding previously unimaginable knowledge of their bioactive potential in biofilters. Parallel to the above, the increasing interest and use of bioaugmentation and probiotics as mechanisms to ensure the resilience of the microbial communities, as well as provide protection from opportunistic pathogens, are also important. This information not only enhances the use of the nitrogen removal process, but also the development of the microbial communities that can conduct different functions, such as the decomposition of organic substances and the prevention of diseases. Innovation opportunities are again brought to the fore by the latest findings of organisms involved in the biocycle of nitrogen. The discovery of ammonia-oxidizing archaea (AOA) and of complete ammonia-oxidizing bacteria (comammox Nitrospira) opens the way for improving the sustainability and efficiency of the nitrification process.
Likewise, autotrophic denitrification methods that promote low biomass production and sludge management issues and employ media with reduced sulfur contents (sulfur media or FeS-based media) offer more sustainable options for nitrate control. As far as the engineering aspect is concerned, integration of smart technology is on the cusp of revolutionizing the management of RAS biofilters. Monitoring of critical parameters such as dissolved oxygen, pH, total ammonia nitrogen (TAN), and nitrate is ensured by the integration of Internet of Things-related sensors and real-time monitoring systems with artificial intelligence.
Such advancements will make possible the preventive treatment of microbial imbalances and disease issues, the early detection of irregularities in water quality, and the foresight biofilter treatment process. Furthermore, the adoption of multi-stage aerobic-anoxic systems based on moving-bed biofilm reactors (MBBRs) will help make aquaculture more environmentally benign and will help promote low-exchange and recirculated aquaculture systems by achieving more precise control over nitrification and denitrification processes. Most importantly, however, the adoption of microbial control in RAS systems extends beyond fish health and water purification purposes. The use of microbial by-products for bio-based products, enzymes, or animal feed will have important economic and natural resource implications. Resource recovery will also be possible through the use of microbial mass and biofilters. The worldwide fight against antimicrobial resistance (AMR), and the improvement of biosecurity in aquaculture, will be facilitated simultaneously by advancements in phage therapy and precision probiotics, promising innovative substitutes for antibiotics in disease treatment. In sum, the next generation of Research and Resistance (RAS) will be defined by the convergence of digital technology, eco-engineering approaches, and microbial ecology. Individually, or collectively combined, systems-level thinking and natural microbiological processes will make RAS systems more resilient, more efficient, and more eco-friendly.
9. Conclusion
Biofiltration, the backbone of recirculating aquaculture systems (RAS), has provided a crucial means to remove nitrogenous waste and ensure the necessary levels of water quality that are essential to fish health and production. Within the preceding 20 years, improvements in biofiltration technology, notably the application of moving-bed biofilm reactors (MBBRs) and denitrification bioreactors, have greatly enhanced nitrification and nitrate removal processes' efficiencies. The application of Comamox Nitrospira with full ammonia-oxidizing abilities and FeSₓ-media to promote autotrophic denitrification are two important recent breakthroughs about microbial processes concerning Nitrogen cycling, which are important improvements that increase the capabilities of using biofiltration technology. However, the application of microbial populations to biofiltration technology can play a role that only partially involves Nitrogen cycling. The application of diverse microbial life forms plays important roles in the processes of organic decomposition, pathogen inhibition, and overall stability of aquatic systems. However, there are still challenges. In order to increase the efficiency of nitrogen removal, the above-mentioned data call for the development of microbial life with multiple tasks, which include organic waste decomposition and inhibition of diseases. Recent data about Nitrogen microbial life forms provide important pointers to RAS biofiltration. The identification of full ammonia-oxidizers, full ammonia-oxidizing Nitrospira or ammonia-oxidizing archaea (AOA) provides important ground to increase Nitrification efficiencies. The synergy between microbial processes and technological and digital innovations will provide important futures towards improving biofiltration processes. RAS will provide important increases to make aquatic systems more stable and more effective using probiotics/bacteriophages and microbial consortia and AI technology. All will provide important inputs towards achieving stable mass production without environmental and fish diseases with the increase of demand to international fish products.
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