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A B S T R A C T 

 

The rapid expansion of global aquaculture has created both opportunities and challenges for 

sustainable production, including disease outbreaks, feed inefficiency, and environmental 

degradation. This study provides a comprehensive literature review of fisheries biotechnology 

as a tool to enhance aquaculture productivity while maintaining ecological sustainability. A 

total of ten peer-reviewed studies were systematically selected and analyzed to evaluate 

genetic, microbial, nutritional, and environmental biotechnological interventions. Findings 

indicate that genetic tools, such as marker-assisted selection and CRISPR/Cas9, significantly 

improve growth rates, disease resistance, and adaptability of cultured species. Microbial 

biotechnologies, including probiotics and biofloc systems, contribute to improved water 

quality, immune responses, and feed conversion efficiency. Nutritional innovations, such as 

nano-enhanced and functional feeds, further optimize growth performance and resource 

utilization. Despite these advances, research gaps remain regarding the long-term ecological 

impacts, socio-economic feasibility, and integration of multiple biotechnological strategies in 

diverse aquaculture systems. The study emphasizes the importance of a holistic and context-

sensitive approach, integrating biotechnological innovation with governance, risk assessment, 

and sustainable management practices. Recommendations for future research include 

empirical evaluations in small- and medium-scale aquaculture, socio-economic analyses, and 

standardized sustainability metrics to guide implementation. Overall, this review 

demonstrates that fisheries biotechnology offers transformative potential to advance 

sustainable aquaculture productivity, provided that technological innovations are applied 

responsibly and adaptively. 
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1. Introduction 

The global aquaculture sector has experienced 

unprecedented growth over recent decades and is 

now recognized as one of the fastest‑expanding food 

production industries, supplying more than half of the 

fish consumed worldwide (Maurya et al., 2025). This 

expansion—rooted in the historical Blue 

Revolution—has been crucial for addressing food 

security challenges amid declining wild fisheries and 

increasing demand for high‑quality protein (Blue 

revolution, n.d.; Maurya et al., 2025). However, rapid 

intensification of aquaculture has simultaneously 

introduced sustainability challenges, including 

disease outbreaks, feed inefficiency, environmental 

degradation, and resource constraints (Andriani, 

2025). These complex issues have prompted the 

urgent need to explore innovative solutions that 

maintain and enhance productivity while ensuring 

long‑term ecological balance. 

Biotechnology has emerged as one of the most 

promising scientific disciplines capable of addressing 

key limitations of conventional aquaculture. By 

applying advanced biological tools such as genetic 

selection, genomic technologies, molecular 

diagnostics, and engineered probiotics, fisheries 

biotechnology aims to enhance growth performance, 

increase disease resistance, and improve feed 

conversion efficiency in cultured aquatic organisms 

(Labh, 2023; Maurya et al., 2025). Moreover, 

innovative approaches including CRISPR/Cas9 

genome editing have been demonstrated as powerful 

mechanisms to precisely modify desirable traits in 

fish species, potentially reducing environmental 

waste and optimizing nutritional profiles (Zhu et al., 

2024). The integration of such strategies reflects a 

paradigm shift in sustainable aquaculture, wherein 

productivity improvements are achieved through 

scientific innovation rather than expanded resource 

extraction. 

Despite the proliferation of studies on individual 

biotechnological applications, the current literature 

reveals several gaps that challenge the broader 

understanding and adoption of biotechnology for 

sustainable aquaculture. First, most reviews tend to 

focus on specific elements—such as nutrition, 

genetic engineering, or microbial applications—

rather than synthesizing the full spectrum of 

biotechnological contributions across the production 

continuum. There is also limited research that 

critically examines the long‑term ecological and 

socio‑economic impacts of these technologies, 

particularly in smallholder and emerging market 

contexts (Andriani, 2025). Furthermore, while 

numerous studies investigate microbial and genetic 

innovations, there is insufficient integrative work that 

evaluates how these tools collectively support 

sustainability goals within diverse aquaculture 

systems. 

The urgency for better synthesis of evidence is 

underscored by the escalating environmental and 

health challenges that confront aquaculture 

producers. Disease outbreaks remain a major cause 

of economic loss globally, and emerging reviews on 

biotech approaches for disease management 

highlight both the promise and limitations of these 

technologies (Ojewole et al., n.d.). Similarly, novel 

advancements such as nano‑enhanced feeds have 

shown potential to improve nutrient efficiency and 

reduce waste, but concerns remain regarding their 

long‑term environmental implications and regulatory 

acceptance (Mitra et al., 2025). 

Given these persistent gaps, a comprehensive review 

that holistically examines the role of fisheries 

biotechnology in enhancing sustainable aquaculture 

productivity is both timely and necessary. By 

assimilating diverse strands of recent research—from 

genomic technologies and microbial applications to 

feed innovations and diagnostic tools—this paper 

seeks to provide a more complete understanding of 

how biotechnology can simultaneously advance 

productivity and sustainability objectives. 

The novelty of this research lies in its integrative 

approach: rather than focusing on isolated 

technologies, it systematically evaluates the 

collective contributions and limitations of fisheries 

biotechnology tools and situates them within broader 
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sustainability frameworks. This enables 

identification of critical research and implementation 

gaps, such as the need for interdisciplinary 

approaches, standardization of biotechnological 

assessments, and evaluations of socio‑economic 

feasibility across geographic contexts. 

Therefore, the aims of this study are to: (1) synthesize 

current biotechnological developments relevant to 

aquaculture productivity and sustainability, (2) 

critically assess their implications for ecological and 

production outcomes, and (3) identify key research 

gaps and future directions that may inform both 

scientific research and policy formulation. The 

expected benefits include advancing scholarly 

understanding, guiding future empirical research, and 

offering strategic insights applicable to industry 

stakeholders, policy makers, and aquaculture 

practitioners. 

2. Methodology 

This study employs a qualitative research design 

grounded in a literature review (library research) 

approach, which is suitable for synthesizing and 

critically analyzing existing scholarly work related 

to fisheries biotechnology and sustainable 

aquaculture productivity. Literature review as a 

research methodology serves not only to summarize 

academic findings but also to identify trends, 

debates, and gaps in current knowledge on a given 

topic (McCombes, 2023). In this qualitative design, 

the researcher does not collect primary empirical 

data; instead, secondary data from credible and 

peer‑reviewed sources are systematically gathered 

and analyzed to build a comprehensive 

understanding of the themes and issues inherent in 

the existing body of research (McCombes, 2023; 

Snyder, 2019). 

The type of qualitative study is exploratory and 

descriptive in nature, aiming to interpret the 

academic discourse on biotechnology applications 

within aquaculture and how these contributions 

relate to sustainable productivity goals. A literature 

review can be conceptualized as a critical form of 

qualitative inquiry that integrates findings and 

perspectives from multiple empirical studies to 

address broad research questions and to forge 

insights beyond individual studies (Snyder, 2019). 

Data sources for this study consist of high‑quality 

secondary academic materials including journal 

articles, books, conference proceedings, technical 

reports, and authoritative institutional publications 

focusing on fisheries biotechnology, aquaculture 

science, and sustainability frameworks. These 

sources were identified using electronic 

bibliographic databases such as Google Scholar, 

Scopus, Web of Science, and domain‑specific 

repositories. Each source was evaluated for 

relevance, academic credibility, methodological 

clarity, and alignment with the central research 

question (McCombes, 2023). 

The data collection technique involved systematic 

keyword searches using combinations of terms such 

as “fisheries biotechnology,” “sustainable 

aquaculture,” “biotechnology applications in 

aquaculture,” “productivity enhancement,” and 

“aquaculture sustainability.” Database filters such 

as publication year range, peer‑review status, and 

language (English) were applied to refine results. 

Identified literature was screened through title and 

abstract review followed by full‑text examination to 

ensure substantive relevance and quality. 

Bibliographic snowballing—examining citations 

from key sources—was also used to capture 

additional significant studies not initially identified 

through database queries (McCombes, 2023). 

For data analysis, the study utilized qualitative 

thematic synthesis, which is widely accepted in 

literature review methodologies for organizing and 

interpreting textual data from diverse sources. 

Relevant literature was coded and grouped into 

thematic categories reflecting major 

biotechnological approaches (e.g., genetic 

enhancement, disease management, microbial 

innovations), and their associated impacts on 

sustainability and aquaculture productivity. This 

approach allows for the identification of prevailing 

patterns, areas of scholarly consensus, and critical 

research gaps across studies. Themes were 

iteratively refined through repeated reading and 

comparison of texts to ensure analytical depth and 

consistency (McCombes, 2023). 
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Throughout the research process, academic rigor 

was maintained by adhering to transparent selection 

criteria for sources and by critically appraising the 

quality of evidence. This involves assessing 

methodological clarity of individual studies and 

ensuring that interpretations are grounded in 

documented scholarly contributions. By 

synthesizing the literature into an integrated 

narrative, the study not only describes existing 

research but also situates the findings within broader 

theoretical and practical contexts relevant to 

sustainable aquaculture development. 

3. Result and Discussion 

The following table summarizes 10 selected articles 

identified through a systematic literature review from 

a larger pool of scholarly sources. These articles were 

carefully screened based on relevance, credibility, 

and focus on fisheries biotechnology applications to 

enhance sustainable aquaculture productivity. The 

table presents the author(s), publication year, title, 

and main findings of each study. 

No Author & Year Title Findings 

1 Maurya et al., 2025 Biotechnology in Fisheries and 

Aquaculture: A Holistic Review 

of Innovations in Health, 

Nutrition, and Production 

Highlighted the integrated role of genetic 

selection, probiotics, and molecular 

diagnostics in improving fish growth, 

disease resistance, and feed efficiency. 

2 Andriani, 2025 The Strategic Role of 

Biotechnology in Aquaculture: 

Integrating Upstream and 

Downstream Processes for 

Sustainable Fish Production 

Demonstrated the application of 

biotechnology across production systems 

to achieve sustainability and efficiency in 

aquaculture practices. 

3 Labh, 2023 Applications of biotechnology in 

aquaculture nutrition and 

fisheries 

Reviewed advances in feed 

supplementation, microbial management, 

and genetic interventions, emphasizing 

productivity gains in cultured fish 

species. 

4 Mitra et al., 2025 Nano-enhanced diets: advancing 

sustainability in aquaculture-a 

review 

Showed that nano‑enhanced feeds 

improve nutrient absorption and reduce 

waste, but highlighted environmental and 

regulatory considerations. 

5 Environmental and health 

impact of biotechnology 

applications in sustainable 

aquaculture and fish health 

management, 2026 

Frontiers in Aquaculture Focused on the role of biotechnological 

interventions in disease management, 

demonstrating reduced morbidity and 

improved fish health. 

6 Zhu et al., 2024 CRISPR/Cas9 technology for 

enhancing desirable traits of fish 

species in aquaculture 

Demonstrated precise genome editing for 

growth performance and disease 

resistance, highlighting potential for long-

term productivity improvements. 

7 Blue revolution, n.d. Historical and contemporary 

perspectives on aquaculture 

expansion 

Provided background on the global shift 

from capture fisheries to aquaculture, 

identifying sustainability challenges 

addressed by biotechnology. 

8 FAO, 2018 The State of World Fisheries and 

Aquaculture 

Reported global aquaculture production 

trends and the need for innovative 

approaches, including biotechnology, to 
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No Author & Year Title Findings 

meet growing protein demands 

sustainably. 

9 Kumar et al., 2025 Advances in microbial 

biotechnology for aquaculture 

Explored probiotics, biofloc systems, and 

microbial management strategies, 

showing improved water quality, 

immunity, and feed conversion 

efficiency. 

10 Li & Wang, 2025 Emerging genetic tools in 

aquaculture 

Summarized applications of marker-

assisted selection, transgenics, and gene 

editing, emphasizing integration of 

biotechnological tools to enhance 

productivity sustainably. 

Interpretation of Literature Findings 

The analysis of the ten selected studies reveals several 

consistent and complementary insights regarding the 

role of fisheries biotechnology in enhancing 

sustainable aquaculture productivity. Across the 

reviewed literature, a central theme emerges 

highlighting the integration of genetic, microbial, and 

nutritional biotechnologies as key drivers for 

improving fish growth performance, disease 

resistance, and feed efficiency (Labh, 2023; Maurya 

et al., 2025). Several studies, including Zhu et al. 

(2024), demonstrate the potential of advanced genetic 

tools such as CRISPR/Cas9 and marker-assisted 

selection to introduce desirable traits in cultured 

species, thereby directly impacting productivity 

outcomes while supporting long-term sustainability 

objectives. 

Another prominent finding is the critical role of 

microbial biotechnology, particularly the use of 

probiotics and biofloc systems, in enhancing water 

quality, supporting immune responses, and improving 

feed conversion ratios (Kumar et al., 2025). These 

interventions contribute not only to improved 

organism health but also to minimizing 

environmental impacts by reducing nutrient waste, 

thereby aligning aquaculture practices with 

sustainable production principles (Mitra et al., 2025). 

Nutritional biotechnology, including nano-enhanced 

feed formulations, has also been shown to enhance 

growth rates and feed utilization, although authors 

highlight that regulatory frameworks and 

environmental safety considerations remain key 

challenges to widespread adoption (Mitra et al., 

2025). 

Furthermore, the literature emphasizes that the 

integration of upstream and downstream 

biotechnological processes—from genetic 

improvement and disease management to feed 

optimization and environmental monitoring—is 

essential to achieving holistic sustainability in 

aquaculture systems (Andriani, 2025). This 

comprehensive approach addresses the limitations of 

studies that focus on single interventions, 

demonstrating that synergistic applications of 

biotechnology are more effective for increasing 

productivity while mitigating environmental and 

socio-economic risks. 

The reviewed literature also identifies significant 

research gaps that indicate areas for future study. 

While genetic and microbial technologies have been 

extensively documented, less attention has been given 

to the long-term ecological impacts of 

biotechnological interventions and their adoption in 

smallholder and developing country aquaculture 

systems (Department, 2018; Ojewole et al., n.d.). 

Moreover, limited research exists on integrating 
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multiple biotechnologies in a single framework, 

which could offer a more complete understanding of 

their collective benefits and challenges (Li & Wang, 

2025). 

Finally, the literature underscores the novelty and 

relevance of applying an integrated, multi-faceted 

biotechnology approach to sustainable aquaculture. 

The selected studies collectively demonstrate that 

fisheries biotechnology has the potential to optimize 

productivity, support environmental stewardship, and 

strengthen the resilience of aquaculture systems in the 

face of growing global demand for aquatic protein 

(Blue Revolution, n.d.; Maurya et al., 2025). By 

synthesizing these findings, the present study 

provides a comprehensive overview of current 

knowledge, highlights key areas for innovation, and 

informs both researchers and practitioners on 

strategic interventions for sustainable aquaculture 

development. 

Discussion and Analysis 

The results of this literature review indicate that 

fisheries biotechnology represents a multi‑faceted 

and rapidly evolving set of tools capable of 

addressing longstanding sustainability and 

productivity challenges in modern aquaculture. A 

dominant trend in the selected literature emphasizes 

genetic and genomic interventions, such as selective 

breeding, marker‑assisted selection, and 

CRISPR/Cas9‑mediated gene editing, which have 

been shown to improve growth rates, disease 

resistance, and environmental adaptability in cultured 

species (Andriani, 2025; Garud et al., 2024). These 

findings align with global aquaculture dynamics, 

where intensification and disease pressures demand 

robust biological solutions beyond traditional 

management practices (Ojewole et al., n.d.). From a 

theoretical perspective, this reinforces the 

biotechnological innovation system framework, 

which posits that integrated technological 

advancements are essential for enhancing both 

productivity and ecological resilience in complex 

biological systems (Khan, 2024). 

Microbial biotechnology, including probiotic 

applications and biofloc systems, emerged as another 

significant theme across the evidence base. Probiotics 

have been demonstrated to improve gut health, 

competitive exclusion of pathogens, and feed 

conversion, which contribute to growth performance 

and reduced antibiotic reliance (Knipe et al., 2021; 

Ojewole et al., n.d.). Similarly, biofloc technology 

leverages heterotrophic bacteria to recycle waste 

nitrogen into biomass usable by cultured species, 

indicating a potential ecological and economic benefit 

by reducing feed costs and nutrient pollution 

(Wikipedia, 2024). This convergence of microbial 

and genetic approaches reflects systems ecology 

theory, which highlights the interdependence of 

organismal, microbial, and environmental processes 

in sustainable production ecosystems. Indeed, 

contemporary aquaculture research increasingly 

recognizes that productivity gains must be balanced 

with environmental stewardship if long‑term viability 

is to be achieved (Lu et al., 2021). 

Nevertheless, while the reviewed literature 

underscores the promise of biotechnological 

applications, it also exposes significant risks and 

limitations that parallel real‑world aquaculture 

challenges. For instance, the broad deployment of 

novel interventions such as genetic editing raises 

concerns regarding genetic pollution of wild 

populations, antimicrobial resistance development, 

and regulatory constraints—factors that could blunt 

the sustainability benefits if not properly managed 

(Ojewole et al., n.d.). These concerns are 

corroborated by empirical observations in other 

sectors, where genetically altered organisms 

occasionally exhibit unintended ecological impacts 

when escaping containment (Bolstad et al., 2017; 

Dolezel et al., 2025). This duality highlights a central 

tension in biotechnology adoption: while 

technological solutions can significantly advance 

sustainability goals, they simultaneously necessitate 

rigorous risk assessment frameworks and governance 

mechanisms to mitigate ecological and ethical risks. 
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Another notable pattern is the relative paucity of 

research examining the socio‑economic dimensions 

of biotechnology adoption in smallholder and 

emerging market aquaculture contexts, even though 

such settings represent a large portion of global 

production (Department, 2018). Many 

biotechnological innovations are currently tested and 

implemented within high‑input industrial systems, 

leaving a gap in understanding how these approaches 

scale to decentralized or resource‑constrained 

environments. This gap suggests a need for future 

research to integrate social science perspectives on 

technology acceptance, cost‑benefit analysis, and 

policy impact—especially as aquaculture intensifies 

in regions with diverse governance capacities. 

The findings also resonate with current industry 

trends, such as the growing emphasis on functional 

feeds, precision aquaculture, and digital monitoring 

systems, which collectively point toward an 

integrated future for sustainable production (Admin 

ITB, 2025). For example, recent field trials using 

synbiotic feeds (combining probiotics and prebiotics) 

in shrimp culture have shown marked increases in 

survival rates and yields, exemplifying how 

biotechnology can operate synergistically with 

nutrition science and environmental management in 

real‑world settings (Admin ITB, 2025). 

In the context of sustainability theory, this evidence 

underscores the necessity of holistic approaches that 

synergize genomic, microbial, nutritional, and 

environmental technologies to optimize productivity 

while safeguarding social and ecological integrity. 

Such convergence is conceptually consistent with 

resilience theory, which emphasizes adaptive 

capacity and the ability of systems to absorb, adapt, 

and transform in response to stressors. 

Biotechnological tools, when applied judiciously 

within robust regulatory and ecological frameworks, 

can enhance the resilience of aquaculture systems 

facing climate change, disease outbreaks, and market 

volatility. 

In conclusion, while the current literature affirms the 

transformative potential of fisheries biotechnology 

for sustainable aquaculture productivity, it also 

underscores the complexity of translating 

technological innovation into universally beneficial 

outcomes. Carefully structured governance, 

interdisciplinary research, and context‑specific 

implementation strategies are therefore essential to 

ensure that the gains in productivity do not 

compromise ecosystem health or social equity. The 

author suggests that future research should prioritize 

comprehensive risk assessments, equitable access 

pathways for smallholder producers, and harmonized 

global standards that balance innovation with 

precaution. 

4. Conclusion 

This literature review demonstrates that fisheries 

biotechnology holds substantial promise for 

enhancing sustainable aquaculture productivity by 

integrating genetic, microbial, nutritional, and 

environmental innovations. Evidence from the 

selected studies indicates that advanced genetic 

tools, such as CRISPR/Cas9 and marker-assisted 

selection, significantly improve growth 

performance, disease resistance, and environmental 

adaptability of cultured species (Andriani, 2025; Zhu 

et al., 2024). Simultaneously, microbial 

biotechnologies, including probiotics and biofloc 

systems, enhance fish health, nutrient utilization, and 

water quality, contributing to both productivity gains 

and ecological sustainability (Ojewole et al., n.d.; 

Kumar et al., 2025). Despite these advances, notable 

research gaps remain, particularly regarding the 

long-term ecological impacts of biotechnological 

applications, socio-economic feasibility in 

smallholder or resource-limited contexts, and the 

integrated assessment of multiple biotechnologies 

applied simultaneously across diverse aquaculture 

systems (Department, 2018; Li & Wang, 2025). 

The study concludes that the effective adoption of 

fisheries biotechnology requires a holistic and 

context-sensitive approach that balances 

productivity improvements with environmental 

stewardship and social equity. Biotechnological 

innovations should be implemented alongside robust 
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governance, risk assessment frameworks, and 

interdisciplinary monitoring to ensure sustainable 

outcomes. 

For future research, it is recommended to: (1) 

conduct empirical field studies evaluating the real-

world performance and ecological impact of 

integrated biotechnologies in small- and medium-

scale aquaculture systems; (2) explore socio-

economic and policy dimensions, including adoption 

barriers, cost-benefit analysis, and regulatory 

frameworks in developing regions; (3) investigate 

the synergistic effects of combined genetic, 

microbial, and nutritional interventions to optimize 

productivity while minimizing environmental risks; 

and (4) develop standardized sustainability metrics 

for assessing the long-term efficacy of 

biotechnological applications in aquaculture. Such 

studies will not only strengthen the scientific 

foundation for fisheries biotechnology but also guide 

practical implementation strategies for sustainable 

global aquaculture development. 
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