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Abstract
Over 50% of aquatic food production depends on aquaculture, which faces sustainability challenges, 
including wastewater pollution, eutrophication from excess nitrogen and phosphorus, and antimicrobial 
resistance (AMR) and antibiotic resistance genes (ARGs) from effluent discharge. Conventional 
wastewater treatment can’t fully address these problems, increasing environmental and health risks. 
The concept of precision microbiome engineering (PME), which includes next-generation probiotics, 
synthetic microbial communities (SynComs), and omics-guided bioremediation consortia, is seen as 
revolutionary because it can enhance bioremediation and prevent antimicrobial resistance (AMR). 
However, PME’s application to host-associated and environmental microbiomes is less studied. This 
review proposes a strategy linking host microbiome manipulation to wastewater bioremediation to 
address AMR. It combines environmental biotechnology and aquaculture science to evaluate the role 
of PME across these interconnected domains critically. It provides a comprehensive overview of the 
microbial ecology of host systems in aquaculture and their corresponding effluents. The text analyzes 
how probiotics, postbiotics, and synbiotics boost fish immunity and combat resistant pathogens. It 
also assesses advanced bioremediation methods like biofloc, MBBRs, and microbial consortia. This 
review redefines PME as an integrated system rather than isolated interventions, considering current 
knowledge on aquaculture wastewater, AMR mechanisms, and treatment limitations. It critically 
assesses ecological, regulatory, biosafety, and scalability issues, highlighting knowledge gaps and 
dangers. The article proposes a model combining SynCom construction using multi-omics, CRISPR, 
and real-time microbiome monitoring via AI.
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INTRODUCTION

	 Global aquaculture production reached 
94.4 million tonnes in 2022, accounting for over 
50% of the total aquatic food supply. According 
to the Food and Agriculture Organization (FAO), 
this is further expected to exceed 140 million 
tonnes by 2050, representing the fastest-
growing food production sector in the world.1-4 
Increased demand for animal protein is being 
met with the rapid intensification of aquaculture 
practices globally.5,6 This has significantly 
enhanced aquaculture productivity, but it has 
also introduced several environmental and public 
health challenges due to higher stocking densities, 
shorter production cycles, and excessive reliance 
on chemotherapeutic agents. This dual-natured 
environmental burden is now in turn threatening 
the long-term viability of this sector.7,8 One major 
problem that arises from excessive nitrogen 
and phosphorus content linked to fish waste 
and leftover feeds is eutrophication, which may 
cause anoxia and proliferation of algae.9 On the 
other hand, the widespread use of prophylactic 
treatment and antibiotics in aquaculture has made 
aquatic habitats breeding grounds for antibiotic 
resistance genes (ARGs) and organisms with 
antimicrobial resistance (AMR).10-12 Under such 
conditions, precision microbiome engineering 
(PME) has become a feasible solution from an 
interdisciplinary perspective for addressing 
fish health issues by applying developments in 
microbiology, multi-omics, and synthetic biology to 
construct and manipulate the microbiota towards 
specific objectives.13 PME comprises strategies 
such as classical probiotics, heat-inactivated 
paraprobiotics, metabolite-rich postbiotics, 
prebiotic-probiotic synbiotics, and precisely 
designed SynComs, which can modulate microbial 
communities in both fish guts and production 
water, simultaneously enhancing nutrient removal 
and reducing the load of pathogenic and resistant 
microorganisms.5,14,15 A comprehensive review that 
addresses PME’s dual functionality and defines it 
as a novel convergent paradigm remains lacking. 
	 In parallel, bioremediation strategies 
have also evolved to support this convergence. 
Advanced technologies such as biofloc technology 
(BFT), moving bed biofilm reactor (MBBR)
are efficiently reducing the loads of nitrogen, 

phosphorus, and organic carbon in aquaculture 
effluents to a level that is comparable with 
municipal wastewater treatments.16-21 The 
application of multi-omics tools (metagenomics, 
metatranscriptomics, metabolomics) and artificial 
intelligence (AI) for real-time effluent quality 
prediction has further enhanced the precision and 
scalability of these approaches.22,23

	 Most of the existing studies focus either on 
host-associated microbiome manipulation for the 
improvement of fish health or on environmental 
bioremediation to enhance water quality. 
Addressing this gap is therefore essential for 
developing sustainable aquaculture systems. This 
review article aims to combine the evidence from 
environmental biotechnology and aquaculture 
production science to examine the role of PME for 
its dual functionality in wastewater purification as 
well as in mitigating AMR. Through the integration 
of current research findings and new approaches 
in methodology, this review redefines PME as a 
holistic concept that forms the basis of sustainable 
development in aquaculture ecosystems.

Aquaculture microbiome and its environmental 
interface
	 Aquaculture is a microbial ecosystem 
that involves interactions between host-related 
and environment-related microorganisms. 
This dynamic microbial ecosystem is strongly 
influenced by the physicochemical characteristics 
of the wastewater produced in the system. It 
typically comprises a mixture of organic and 
inorganic matters, residual feed, fecal waste, 
and other chemicals, including antibiotics and 
heavy metals.24 The high amount of nitrogen and 
phosphorus present in wastewater mainly comes 
from the uneaten feed and metabolic excretion, 
resulting in up to 70%-80% being released into 
the surrounding environment.25 This enrichment 
promotes eutrophication, as evidenced by algal 
blooms, reduced oxygen levels, and disruptions 
to aquatic ecosystems. This imbalanced nitrogen-
phosphorus ratio in wastewater further favours 
opportunistic and pathogenic microorganisms.26 
Apart from the nutrients, aquaculture effluents 
also contain different chemical therapeutics 
and other xenobiotics that can alter microbial 
metabolic activity.24,27
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	 Combining these physicochemical and 
chemical stresses creates selection pressure that 
affects the structure, diversity, and functional 
potential of microbial communities within their 
hosts and the surrounding ecosystem. Therefore, 
it is essential to understand how these microbial 
communities organize themselves and interact 
with each other to link water quality and fish 
health.

Microbial ecology of fish guts and production 
environments
	 The gut microbiome of fish is a diverse 
community, majorly dominated by Proteobacteria, 
Firmicutes, Bacteroidetes, and Actinobacteria. 
Their species level is influenced by host genetics, 
diet, water temperature, salinity, stage of life, 
etc.28 Metagenomic analysis has revealed that 
gut microbiota in Salmo salar, Oreochromis 
niloticus, and Litopenaeus vannamei share 
some common taxa, including Lactobacillus, 
Bacillus, Aeromonas, and Pseudomonas; however, 
they show a diverse response to dietary and 
environmental perturbations.28 This flexibility can 
be either beneficial for microbiome modulation or 
it can be a risk for dysbiosis under stress, allowing 
opportunistic pathogens to sustain.29

	 In a pond ecosystem, a close link between 
the fish microbiome and sediment microbiomes 
has been observed through continuous microbial 
exchange in water.30 Co-existence of nitrogen-fixing 
heterotrophic bacteria, such as Nitrosomonas, 
Nitrospira, and Paracoccus denitrificans, has been 
reported with several pathogenic species, including 
Vibrio harveyi, Aeromonas hydrophila, and drug-
resistant Edwardsiella tarda.31,32 Biofilm-producing 
communities produce a semi-permanent reservoir 
on the tank surface, sediments, or biofloc particles, 
which act as a stable reservoir of microbiomes 
that continuously exchange bacteria with fish, 
creating an overlap between host-associated and 
environmental microbiomes.33-35 This synchronized 
interface between the environment and host could 
be the most effective target for dual-function 
microbial strategies.

Emergence of AMR as a potential challenge in 
environmental biotechnology 
	 In wastewater and aquaculture systems, 
AMR has emerged as a critical challenge, as diverse 

microbial communities, residual antibiotics, and 
selection pressure co-exist. This system is also 
a hotspot for ARG accumulation and horizontal 
gene transfer (HGT) due to high microbial density, 
antibiotic residues, and other co-selective agents, 
such as heavy metals.36-38 Among several ARGs, 
the tetracycline-resistant genes (tetA, tetB, 
tetM), integrons (intI1), sul genes (sulI, sulII), 
and b-lactamase-encoding genes (blaTEM, blaCTX-M) 
are the most commonly detected in aquaculture 
and wastewater environments, reflecting the 
widespread use of tetracyclines, sulfonamides, and 
b-lactam antibiotics in aquaculture systems.39-42 
Due to the involvement of several mobile 
genetic elements (plasmids, transposons, etc.) 
HGT further facilitates the spread of these ARGs 
across the microbial population, which are even 
phylogenetically distant, within a few days under 
this selection pressure.43-46

	 The conventional treatment system 
reduces organic pollutants; however, it is not 
capable of eliminating ARGs, allowing resistant 
determinants to persist in treated effluents 
that eventually enter the natural ecosystem.47 
The increased occurrence of ARGs in the 
environment not only disrupts the microbial 
ecosystem but also poses a serious threat to 
human and animal health, necessitating urgent 
combined mitigation strategies. WHO has already 
classified fluoroquinolones, third-generation 
cephalosporins, macrolides, and colistin as 
critically important antimicrobials used for human 
medicine.48 Several jurisdictions, such as the EU, 
Norway, and Chile, have already restricted the use 
of prophylactics in aquaculture.49 However, the 
regulatory framework across the Asia-Pacific and 
Latin American regions collectively produces above 
80% of global aquaculture output, which requires 
a collective reform of policy and biotechnological 
approaches capable of less dependency on 
antibiotic usage at the farm level to systematically 
mitigate AMR.50

Microbiome-based intervention for host health
	 PME has emerged as a promising 
approach for the modulation of host-associated 
microbiomes in aquaculture to improve fish 
health, disease resistance, and overall system. PME 
leverages the application of beneficial microbes 
such as probiotics, postbiotics, and synbiotics.13 
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These novel strategies function through diverse 
mechanisms, including competitive exclusion of 
pathogens, production of bioactive metabolites, 
and modulation of host immunity (Figure 1). In 
past years, continued attention has been paid 
to understanding their combined and individual 
efficacy under diverse environmental conditions. 
The mechanisms, advantages, and limitations of 
these approaches have been discussed thoroughly 
in this section, providing a comparative evaluation 
of their effectiveness. 

Classical and second-generation probiotics: 
mechanism and limitations
	 Living microorganisms that confer 
health benefits to the host when consumed in 
adequate amounts are known as probiotics.13 

Over the last few years, the first-generation 
probiotics, dominated by Bacillus spp. (B. subtilis, 
B. licheniformis, B. pumilus), Lactobacillus 
rhamnosus, and Pediococcus acidilactici have 
been evaluated across several aquatic animals 
including Atlantic salmon, Nile tilapia, shrimp, 
and rainbow trout.5,51-53 These microorganisms 
work in different ways; by competitive exclusion 
of pathogens, they occupy the host surface and 
produce antimicrobial compounds like organic 
acids, hydrogen peroxide, and bacteriocins. As 
a result, the harmful bacteria cannot attach to 
the host surface.54,55 They also help the host with 
digestion by releasing proteases and amylases, and 
with immunomodulation through Toll-like receptor 
(TLR) signaling and cytokine induction.56,57 

Figure 1. Mechanistic pathways of precision microbiome engineering (PME) in mitigating antimicrobial resistance 
(AMR) in aquaculture systems
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	 Among second-generation probiotics, 
Saccharomyces cerevisiae, Enterococcus faecium, 
and novel strains identified through metagenomic 
screening provide additional benefits in mitigation 
strategies. They can enhance the host’s innate 
immunity, particularly through b-glucans-
mediated responses.58 They also produce 
beneficial compounds such as short-chain fatty 
acid (SCFA) including butyrate, which contribute 
to gut health.55,59 In addition, they can disrupt 
bacterial communication mechanisms known 
as quorum sensing. This interference limits the 
formation of biofilms and reduces the expression 
of virulence genes in pathogenic bacteria such 
as Vibrio harveyi.60 With the help of next-
generation sequencing (NGS), the identification 
of candidate probiotics from gut metagenomes 
has accelerated significantly. It has enabled the 
species-specific formulations of probiotics rather 
than conventional trial-and-error approaches.61,62

Paraprobiotics and postbiotics
	 Pa ra p ro b i o t i c s  a r e  a t t e n u a t e d 
microorganisms (prepared by heat-inactivation, 
UV-irradiation, or sonication) that still retain their 
beneficial immunogenic components. They are 
devoid of safety concerns linked to live probiotics 
in aquaculture ecosystems, including HGT and 
disruption of natural microbial communities.63 
Heat-killed Lactobacillus plantarum applied to 
bighead catfish (Clarias macrocephalus) with a 
concentration of approximately 2.0 × 1011 cells g-1 

has demonstrated improved growth performance 
and immune response through reduced FCR and 
significant enhancement of total white blood cells, 
or improved digestibility coefficient.64 
	 On the other hand, postbiotics are 
preparations of inanimate microorganisms and/
or their components conferring health benefits. 
It includes bioactive compounds such as SCFAs, 
bacteriocins, exopolysaccharides, and cell-free 
supernatants.65 In aquaculture systems, SCFAs, 
including acetate, propionate, and butyrate, play 
a major role in improving intestinal health by 
enhancing epithelial barrier function through the 
regulation of tight junction proteins such as claudin 
and occludin.66
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Synbiotics and SynComs: Stability advantage, 
synergistic effects
	 Synbiotics are the combination of a 
probiotic with a cognate prebiotic substrate 
specially designed for the selective fueling of 
the probiotic’s proliferation inside the gut.67 
Combination of Lactobacillus rhamnosus with 
fructooligosaccharides or Bacillus subtilis 
with mannan-oligosaccharides.68 They have 
demonstrated greater additive effects on gut 
microbiome diversity, activation of immune-
responsive genes, and pathogen exclusion 
compared to either component alone.69 These 
bioactive formulations are being delivered 
rapidly via encapsulated feed pellets or water-
dispersible formulations to enable controlled 
dosing, improved stability, and targeted application 
in aquaculture.56,70,71 
	 SynComs represent the synthetic 
microbial communities that are designed consortia 
of functionally complementary microorganisms 
to achieve targeted microbiome modulation. In 
aquaculture, it has emerged as an alternative 
strategy to stabilize the fish gut microbiome, 
enhancing nutrient utilization and improving 
host immunity. SynComs can engage multiple 
ecological niches inside the gut, which promotes 
community resilience and the risk of dysbiosis.72,73 
Within the aquatic environment, the use of such 
synthetic communities has been shown to boost 
microbial diversity, which in turn has resulted 
in higher disease resistance and improved 
growth characteristics.69,74,75 Such function-based 
approaches highlight the potential of SynComs as 
a key tool in PME for sustainable aquaculture. 

PME for aquaculture effluents bioremediation 
	 For the optimization of microbial 
communities for simultaneous enhancement 
of water quality and suppression of AMR in the 
aquaculture system, PME provides a system-level 
solution. Use of functionally designed microbial 
consortia, PME, enables efficient removal 
capability of excess nutrients, organic matter, 
and microbial contaminants from aquaculture 
effluents. The most widely used PME strategies 
include Biofloc Technology (BFT), Moving Bed 
Biofilm Reactor (MBBR), Synthetic Microbial 
Communities (SynCom), and microalgae-bacteria 
consortium systems. They offer distinct advantages 

that can be tailored in operation context of 
rigorous aquaculture. Table 1 provides an overview 
of bioremediation technologies for aquaculture 
effluents.

Biofloc Technology (BFT): Microbial conversion 
of nitrogenous waste and water quality 
enhancement
	 It is a largely adopted microbial-based 
system converting dissolved nitrogenous waste into 
microbial biomass using heterotrophic bacterial 
communities through carbon supplementation. 
It also reduces the feed conversion ratio and 
overall production costs. BFT can promote the 
assimilation of ammonia and nitrate into biofloc 
aggregates to reduce the nitrogen toxicity level 
and improve the water quality.34,75,76 Bioflocs 
are composed of bacteria, algae, protozoa, and 
organic particles that cannot recycle nutrients but 
serve as a supplemental food source. It has been 
shown to improve microbial diversity and suppress 
opportunistic pathogens, including several species 
of Vibrio spp., through competitive exclusion 
and inhibiting quorum sensing.75,77 However, this 
technology also has some limitations, including 
complex regulation of the carbon-to-nitrogen 
ratio, accumulation of suspended substances, 
and acidification of bottom sludges that directs 
toward the use of a hybrid configuration of BFT 
coupled with MBBR and associated multi-trophic 
aquaculture systems.77-79

Moving Bed Biofilm Reactor (MBBR) for enhanced 
nitrogen removal in aquaculture systems
	 Moving bed biofilm reactor (MBBR) is an 
advanced biofilm-based wastewater treatment 
technology, utilising suspended plastic carrier 
media to support the growth of microbial 
biofilms capable of nitrogen fixing and organic 
matter degradation. These are efficient to 
facilitate the nitrification and denitrification 
processes by providing a large surface for the 
colonisation of autotrophic and heterotrophic 
microorganisms.80,81 In the aquaculture system, 
MBBR has shown high efficiency in removing 
ammonia, nitrite, and organic carbon, which 
makes it suitable for recirculating aquaculture 
systems (RAS).81 At the microbial level, biofilms 
in MBBR contain a large amount of Nitrospira, 
promoting nitrification. These biofilm-associated 
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communities demonstrate higher functional 
abilities for the removal of nitrogen compounds 
as compared to other sediment communities.82,83 
MBBR offers a platform for targeted enhancement 
of microbial communities, including nitrifiers and 
denitrifiers, that can be used for omics-guided 
strategies to improve nutrient removal efficiency. 
One major challenge of MBBR is the requirement 
of a prolonged colonisation period before the 
efficient nitrification process. This has been 
recently addressed by integrating MBBR with BFT- 
the advanced biofloc system, resulted in improved 
water quality and fish health with genes linked to 
denitrification.75,80,81 

SynComs in aquatic bioremediation
	 Strategies with SynCom aim to integrate 
nutrient removal, pathogen suppression, and AMR 
mitigation using a single engineered microorganism 
strain. Direct applications of SynCom are still 
limited in aquaculture, however, these consortia 
can be designed to include nitrifiers, denitrifiers, 
organic matter degrading microbes, and probiotic 
strains to enable simultaneous removal of nitrogen, 
phosphorus and pathogenic microbes through 
metabolic.34,75,84 SynComs have the potential to 
reduce the abundance of ARGs by promoting 
competitive microbial environments that limit 
the growth of resistant species.85,86 Despite 
their promises, employing SynComs in open 
aquaculture systems remains in a nascent stage, 
but it is maturing rapidly, with concerns about 
ecological stability and regulatory frameworks that 
require resolution. 

PME as a Convergent Dual Strategy: Integrating 
host and environmental microbiomes for 
sustainable aquaculture 
	 Aquaculture systems operate as tightly 
coupled ecological networks in which host-
associated microbiomes and surrounding microbial 
communities interact continuously. Fish, water, 
sediment, and biofilm-associated microbiota are 
connected through a constant microbial exchange 
that forms a dynamic ecosystem influencing 
nutrient cycle, disease dynamics, and overall 
system productivity.75,87 In this interconnected 
network, disturbances in one section can rapidly 
affect the ecosystem, increasing susceptibility 
to disease outbreaks and the proliferation 
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of opportunistic pathogens. PME offers an 
opportunity to address these challenges through 
coordinated microbial interventions that target 
host health and improve environmental quality 

as well (Figure 2). A comparative overview of 
microbiome engineering strategies has been given 
in Table 2.

Figure 2. Integrated framework of precision microbiome engineering (PME) for host aquaculture bioremediation 
and antimicrobial resistance (AMR) mitigation
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Linking host and environmental microbiomes
	 The fish gut microbiome is essential 
in the metabolism of nutrients, immune 
response, and disease resistance, whereas the 
water and environmental microbiomes control 
biogeochemical activities such as nitrogen 
and carbon cycles. The processes do not occur 
independently but interact by exchanging 
microorganisms via ingestion, excretion, and direct 
contact with the aquatic environment, thereby 
forming a cycle of interaction between the host 
and environmental microbiomes.62,87 For example, 
beneficial bacteria introduced as probiotics in fish 
feed can be released into the surrounding water 
via faeces, where they can contribute to nutrient 
cycling and pathogen suppression. On the contrary, 
environmental microbes can colonise the fish gut, 
influencing microbial composition and the host’s 
pathology. This bidirectional exchange between 
host and environment highlights the importance 
of considering the aquaculture system as an 
integrated microbiome rather than a single unit. 
Species from different taxa, such as Bacillus and 
Lactiplantibacillus have demonstrated their ability 
to function across both domains, enhancing the 
host’s gut immunity while also improving water 
quality through organic matter degradation and 
competitive exclusion of pathogenic strains.55,88 
PME utilises these multifunctional microbes to 
develop a coherent strategy that bridges the gap 
between host and environmental development, 
thereby enhancing system resilience.

AMR mitigation through PME
	 The occurrence and spread of AMR in the 
aquaculture system is driven by a combined events 
of antibiotic usage, high microbial population, 
and environmental selection pressure that 
promote horizontal gene transfer (HGT).10,85 The 
effluents discharged from aquaculture farms act as 
reservoirs and routes for the transmission of ARGs, 
thus posing a threat to the environment and public 
health. Traditional sewage treatment methods are 
not sufficient for removing ARGs, allowing them 
to spread in the natural environment.
	 PME serves as an alternative approach to 
AMR mitigation by minimising antibiotic use and 
promoting microbial ecosystems, which inhibit 
the growth of resistant microbial populations. 

Probiotics, synbiotics and postbiotics play a crucial 
role in enhancing host immune response and 
reducing disease incidence, minimising the need 
for chemotherapeutic interventions.57 Engineered 
microbial consortia can compete with pathogenic 
bacteria and ARG-carrying microorganisms 
through niche occupation, resource competition 
and production of antimicrobial substances 
under water.34,75 Antibiotics used in aquaculture, 
including fluoroquinolones, third-generation 
cephalosporins, and colistin, are classified by the 
World Health Organization (WHO) as the highest 
priority antimicrobials for humans, highlighting 
the One Health dimensions of aquaculture-derived 
AMR.48,89

	 Unl ike convent ional  approaches 
that treat host health and environmental 
remediation separately, PME aims to improve 
both simultaneously. Many of the same microbial 
taxa that improve gut immunity in fish (e.g., 
Bacillus subtilis, Lactiplantibacillus plantarum) 
also contribute significantly to the improvement 
of water quality through competitive exclusion of 
potentially resistant microorganisms, ammonia 
oxidation, and organic matter decomposition.88,90-92

Toward a system-level PME framework
	 In order to understand the real potential 
of PME, a framework at the system level is required 
where host and environmental microbiome 
management would be incorporated into a unified 
strategy. The framework should encompass 
coordinated intervention at various levels, such 
as (i) targeted manipulation of the fish gut 
microbiome; (ii) optimisation of the environmental 
microbiome through technologies such as Biofloc 
Technology (BFT), Moving Bed Biofilm Reactor 
(MBBR), and others, and (iii) monitoring and 
feedback using omics and artificial intelligence (AI).
	 Functional complementarity is the core 
of the concept, in which microbial communities 
are strategically designed to perform specific 
ecological roles, including disease prevention, 
removal of harmful substances, and modulation 
of the host’s immune response. The application of 
SynComs serves as an innovative advancement in 
the theory, allowing for the assembly of microbial 
communities with designated functionalities in 
host-related and environmental compartments.93,94
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	 Utilization of an integrative method that 
involves omics technologies, such as metagenomics, 
metatranscriptomics, and metabolomics, enables 
a broader comprehension of the microorganism 
structure and function.95 Utilizing artificial 
intelligence and machine learning can enable data 
analysis and monitoring for optimal performance 
and stability of the system.96,97

Emerging technologies in precision microbiome 
engineering
Multi-omics approaches
	 The recent development of multi-omics 
techniques has greatly enhanced our ability to study 
and manage microbial communities in aquatic 
ecosystems. The combination of metagenomics, 
metatranscriptomics, metabolomics, and 
proteomics provides a holistic approach to 
understanding microbial community structure 
and functionality. These tools allow us to identify 
key taxa and the pathways involved in nutrient 
cycling, pathogen suppression, and host-microbe 
interactions.95 It has facilitated the discovery of 
functional biomarkers linked to fish health, disease 
resistance and environmental performance, 
thereby enabling more targeted and predictive 
microbiome interventions.62 Such data-driven 
insights are key to the rational design of microbial 
consortia and optimisation of PME strategies.

CRISPR-based approaches for dual-function 
strains
	 CRISPR-Cas9-based gene-level editing 
offers the precision to engineer the probiotic strains 
with enhanced dual-function capabilities, such as 
overexpression of ammonia monooxygenase 
(AMO) genes from Nitrosomonas in Bacillus 
chassis, deletion of prophage elements responsible 
for HGT, and insertion of bacteriocin biosynthesis 
gene cluster targeting AMR-harbouring Vibrio 
species.98-100 While regulatory frameworks for 
genetically modified organisms in food production 
remain stringent in most jurisdictions, certain 
regions have offered a legally and ecologically 
flexible regulatory pathway, providing a defined 
context for the controlled employment of genome-
edited strains and their applications.101,102 

Challenges, biosafety, and implementation 
barriers in PME
	 Although tremendous advancements 
have been made in microbiome engineering 
technology, the lack of a unified regulatory 
framework remains a major challenge for its 
commercialisation in aquaculture. Regulation of 
probiotics varies substantially across jurisdictions. 
For example, in the EU, probiotics are classified as 
feed additives (Regulation EC No. 1831/2003); in 
contrast, in the US and Canada, it is categorized 
as veterinary drugs or generally recognised 
as safe (GRAS) substances.56,103 In the Asia 
Pacific and Latin America regions, the regulatory 
framework is not clear or is still under construction. 
This heterogeneity of a structured regulatory 
framework complicates the product validation 
and further slows the research and development 
of the particular product.
	 F u r t h e r m o re ,  t h e  c h a l l e n g e  i s 
amplified for postbiotics and synthetic microbial 
communities (SynComs), which lack distinct 
regulatory definitions and may raise questions 
regarding biosafety evaluations, similar to GMOs, 
depending on their compositions.104,105 Given their 
more complex nature, harmonised regulatory 
guidelines and a risk assessment framework 
are essential to ensure the safety and scalable 
employment of microbiome-related products. 
	 The application of l ive microbial 
populations in open aquaculture systems raises 
severe concerns about horizontal gene transfer 
(HGT) among microbial populations. In particular, 
from the ARG point of view, it becomes an open 
debate for the scientific community. Strains 
introduced into aquatic ecosystems might act as 
reservoirs or vectors of resistance genes. This can 
be transferred to native microbial populations 
through various gene transfer mechanisms, 
including conjugation and mobile genetic elements 
such as transposons.49,85 To reduce these risk 
factors, the use of non-living elements such as 
postbiotics or paraprobiotics is getting more 
attention due to having less possibilities of gene 
transfer while retaining the immunomodulatory 
and antimicrobial benefits.65 Incorporation of strict 
biosafety evaluation protocols, including whole-
genome sequencing and antibiotic susceptibility 
profiling, is essential for developing the next-
generation PME strategy.
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	 In addition to these hurdles, the economic 
sustainability of modern bioremediation methods 
poses another important obstacle, particularly 
for smaller farms in developing nations that, 
together, account for a sizable proportion 
of aquaculture production worldwide.79,81 In 
comparison, cost-efficient methodologies like 
BFT are comparatively easier to access; but they 
may have their constraints associated with land, 
stability, and environment.35,106

	 Another critical factor influencing 
microbial performance is temperature. For 
example, reduced biofloc activity and nitrification 
efficiency have been observed under low 
temperatures, reducing system efficiency in 
temperate regions.76,77 Furthermore, climate 
change is expected to alter microbial community 
dynamics, favoring thermophilic and opportunistic 
pathogenic microorganisms like Vibrio spp., which 
could override the beneficial microbes under 
elevated temperatures.107-109

Future perspectives: A data-driven precision 
microbiome engineering
	 Upcoming advancements in PME are 
going to heavily rely on the integration of multi-
omics and artificial intelligence (AI) to achieve 
predictive and controlled aquaculture systems. 
Multi-omics platforms, including metagenomics, 
metatranscr iptomics and metabolomics 
or proteomics, offer exceptional clarity for 
characterization of microbial community, functional 
potential, and metabolic interactions. These 
approaches enable the identification of major 
microbial species, functional pathways, and host-
microbe interactions.95 Integration of multiomics 
data sets will further facilitate the discovery of 
biomarkers for several disease detection and 
system standardization.110 Developing a publicly 
accessible high-quality reference database for 
commercially important aquaculture species is a 
prerequisite for this vision, which will coordinate 
the data sharing at an international level, as 
performed in the Human Microbiome Project.111-113

	 A I  and machine learning would 
complement these advancements, revolutionising 
the management practices in aquaculture systems 
through real-time monitoring, predictive analysis, 
and decision-making. Deployment of edge 
computing AI and IoT biosensor networks in the 

aquaculture ecosystem has started to translate the 
physicochemical parameters like dissolved oxygen, 
pH, turbidity, temperature, and conductivity, which 
enable controlled probiotic dosing, carbon nitrogen 
ratio manipulation in BFT, or aeration cycling 
in MBBR technologies.114-116 Implementation of 
nanopore-based sequencing from a metagenomic 
point of view, taking less than 3-4 hours, makes it 
extremely feasible for on-site ARG monitoring in 
water effluents, allowing real-time management 
of bioremediation consortia rather than time-
consuming laboratory analysis.117-119 Such a fusion 
of multi-omics, AI, and sensor-driven data streams 
into fully digital twin frameworks for aquaculture 
microbial communities can replicate community 
behaviour under different operational conditions 
and is considered a revolutionary area of scientific 
research, as it could reduce the timeline required 
for technology transfer from bench to farm 
level.120,121

CONCLUSION 

	 Overall, PME represents a transformative 
strategy in aquaculture, bridging host-associated 
and environmental microbial community 
management to enhance system productivity, 
sustainability, and resilience. This review 
has synthesised a rapidly expanding body of 
evidence from environmental biotechnology and 
aquaculture production science demonstrating 
PME as a dual strategic approach for water 
bioremediation and host health improvement. This 
convergence is not only conceptual, but it is also 
established in the documented dual functionality 
of several microbial taxa that operate productively 
in both the fish gut and effluent treatment 
contexts.
	 However, multiple challenges, including 
regulatory affairs, biosafety concerns related to 
HGT and limitations in scalability and climate 
sensitivity, are present. Identifying these barriers 
is necessary to provide a standardised regulatory 
framework, risk assessment protocol and cost-
effective technological adaptations suitable for 
the aquaculture system. Integration of digital 
technologies such as AI-driven data analytics 
and digital models holds immense potential for 
developing highly adaptive and precise systems. 
This could accelerate the transition from traditional 
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practices to predictive system-level management. 
Finally, this review has sought to explore the 
potential of PME to redefine aquaculture practices 
with scientific rigor and practical clarity.
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