Review Article
Proteomic Approaches in Fish Biology: Insights into Aquaculture, Stress Responses, and Disease – A Mini-Review
Abstract:
The aquaculture industry faces significant challenges in achieving sustainable fish production amid growing demand. Proteomics, a cutting-edge omics technology, is revolutionizing fish health research by delivering molecular insights into pathogen identification, immune responses, and adaptations to environmental stress. Advanced mass spectrometry-based methods, such as matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), enable detailed characterization of any fish or aquatic product's proteome, accelerating the analysis of molecular mechanisms in complex aquatic environments. Over the past decade, omics technologies have gained traction in aquaculture, enhancing selective breeding programs through proteomic profiling of proteins linked to disease resistance, growth performance, and metabolic efficiency. This paves the way for precision aquaculture. A comprehensive review reveals that proteomics facilitates examination of key fish traits, identification of molecular markers for health and welfare, and promotion of sustainable development—ultimately ensuring the safety and quality of aquatic food products.
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1.Introduction
Global food and nutritional security relies heavily on fisheries and aquaculture. In 2020, aquaculture contributed a substantial 87.5 million tonnes to the world's 178 million tonnes of aquatic animal production (FAO, 2022). In India, inland fisheries account for 75% of total fish production, with a marked shift from capture fisheries to aquaculture over the past two and a half decades. Over the last decade, proteomics has emerged as a key discipline in aquaculture, advancing the sector's goals of scaling production while ensuring high-quality, sustainable products. Proteomic changes occur across fish life stages, underscoring the role of signaling events in adapting to dynamic environments. Advanced proteomics can map detailed proteomes, revealing key proteins in disease mechanisms and host-microbial interactions. Earlier techniques have supported applications in developmental biology, toxicology, environmental monitoring, disease, health, and proteome profiling using gel-based and label-free methods (Nissa et al., 2021). Label-free proteomics offers superior consistency, peptide identification confidence, quantification accuracy, and proteome coverage via mass spectrometry (MS), enabling multiplexed analysis of complex samples (Nissa et al., 2021; Ma et al., 2020; Zecha et al., 2019). Label-based approaches include TMT (tandem mass tag), ICAT (isotope-coded affinity tag), metabolomics, SILAC (stable isotope labeling of amino acids in cell culture), and spiking synthetic labeled peptides (Nissa et al., 2021). In fisheries, TMT-based proteomics has identified fillet quality markers, fish parasites, toxicity responses, stress, and metabolic pathways (Wang et al., 2023; Fan et al., 2022; Wu et al., 2022; Xiang et al., 2020).
2. Proteomic Approaches in Aquaculture
Proteomic techniques in aquaculture rely on fundamental methods for protein separation, identification, and quantification, supporting both functional and expression proteomics (Monti et al., 2005). Expression proteomics quantifies proteome or sub-proteome changes across samples, revealing proteins in biological pathways or those altered by disease, toxins, or stressors (Bradley et al., 2009). Affinity-based techniques, such as immunoprecipitation, exploit ligand-binding properties to isolate target proteins and their interactors from total extracts (Monti et al., 2009). A standard workflow encompasses sample preparation, protein separation, digestion, and identification. Key methods include mass spectrometry (MS), protein microarrays, chromatography, and gel electrophoresis (Vadivel, 2015). Proteins are commonly separated via polyacrylamide gels using one-dimensional (1-DE) or two-dimensional electrophoresis (2-DE) (Vadivel, 2015).1-DE: This robust method suits complex samples. For instance, 1-DE (10% acrylamide) with label-free quantification detected ~3,000 proteins in rainbow trout liver during Aeromonas salmonicida infection (Causey et al., 2018).2-DE: The gold standard for gel-based profiling, it separates hundreds of proteins per gel by isoelectric point (pI) in the first dimension and molecular weight in the second (Meleady, 2018).
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Fig 1:  Overview for a typical proteomic fish experiment
3. Mass Spectrometry in Proteomic Workflows
Mass spectrometry (MS) serves as the cornerstone for protein identification and quantification in proteomics, generating raw data from ionized analytes separated by mass-to-charge (m/z) ratio (Urban, 2016). A typical MS system includes an ionization source, mass analyzer, and detector. In HPLC-MS/MS setups, analytes from HPLC are ionized (e.g., via electrospray ionization [ESI] or matrix-assisted laser desorption/ionization [MALDI]) before analysis. These soft ionization methods produce protonated peptides, with MALDI favoring singly charged ions for rapid m/z separation (Singhal et al., 2015). MALDI-TOF Applications: This technique excels in aquatic proteomics for its speed, robustness, high throughput, and cost-effectiveness—ideal alternatives to traditional methods despite MS's high upfront costs (Dieme et al., 2014). It supports bacterial/species identification in aquaculture settings.


Targeted Proteomics and Quantification
Targeted proteomics offers immunoassay alternatives, precisely detecting fish/food proteins and peptides with high specificity, reproducibility, and accuracy (Manes & Nita-Lazar, 2018). It bridges systems biology across omics fields, aiding biomarker discovery in stress or disease.
Bioinformatics and Data Analysis
Bioinformatics is integral from raw MS data processing to interpretation, enabling multi-omics integration for biological insights (Prasanna-Mohanty et al., 2019). Search engines like Sequest, Comet, X!Tandem, Mascot, and MaxQuant (Andromeda) match spectra against databases derived from fish genomes/transcriptomes—NCBI holds sequences for 331 fish species, including 24 aquaculture ones (Ting et al., 2015).
Biomonitoring and Practical Applications
MS supports biomonitoring by profiling protein extracts varying in hydrophobicity, pI, aromaticity, and molecular weight, informing ELISA for seafood allergies (Bose et al., 2021). Standardized protocols extract/digest peptides from marine biomass (e.g., salmon, tilapia, shrimp) for feed analysis (Colatriano et al., 2015; Leduc et al., 2020). Protein fingerprinting (peptide mass fingerprinting) assesses structural similarities via MS, enhanced by bioinformatics and dynamic vibration analysis (Cue et al., 2014; Niessner et al., 2019). It elucidates protein-protein interactions under environmental stress, as in H₂O₂-mediated inhibition of algae (Scenedesmus obliquus) metabolism (Zhang et al., 2022).
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                    Fig 2:  Schematic overview for a typical proteomic experiment 
Protein extraction and separation, which might be 1D/2DE/DIGE, are performed on biological material after they have been homogenized. Protein digestion utilizing a filter-based, gel-based, or solution-based approach is the following stage. To collect targeted or discovery data, protein digests (peptides) are put via liquid chromatography tandem mass spectrometry (LC-MS/MS). To find and measure the identified peptides and put them together to form proteins, the raw data is analyzed utilizing databases. The discovery of proteins is followed by functional analysis utilizing protein networks and pathways, where a novel hypothesis is developed or shown to comprehend biology. A specific route, protein, or peptide marker for a certain condition is found and used for a variety of purposes in aquaculture and fisheries.
4. Proteomics in Fisheries and Aquaculture
Proteomics analyses the entire set of proteins in organisms, revealing how they respond to environmental, nutritional, and health factors. In fisheries and aquaculture—where production grows faster than any other food sector—proteomics addresses key challenges like ensuring farmed fish match wild counterparts in quality, welfare, and safety. It shifts focus from model species to food fishes, supporting sustainable nutrient sources like omega-3 fatty acids (DHA and EPA).
5.Proteomics tackles three core areas in aquatic research:
Aquatic Food Business: Identifies biomarkers for fish freshness, quality, pathogens, allergens, and hazards. It detects functional changes in nutrient-rich proteins, verifies species labeling to prevent fraud (e.g., EU standards), and differentiates sex or commercial sources (Piñeiro et al., 2003; Kayvanshokooh et al., 2009; Martínez et al., 2009).
Aquatic Natural Products Development: Supports welfare, nutrition, health, productivity, and safety via targeted (specific proteins) and discovery (broad profiling) approaches. It links genomic data from NGS to protein functions, aiding new species evaluation and breeding (Abdelrahman et al., 2017; Carrera et al., 2020; Rodrigue et al., 2012).
Challenges and Future Directions: Many aquatic genomes remain incomplete, limiting omics predictions. Proteomics bridges this by studying protein dynamics post-genomics. Future needs include refining tools for emerging species, integrating with NGS for causal gene identification, and scaling for global food security (Fiorella et al., 2021; Hicks et al., 2016). Proteomics, the large-scale study of proteins, plays a pivotal role in fisheries and aquaculture, addressing challenges in aquatic food production, environmental monitoring, and natural product development. With aquaculture expanding faster than other food sectors, ensuring farmed fish match wild quality is crucial amid factors like stress and nutrition. While model species aided basic biology, focus now targets food fishes for nutrition and security, leveraging proteomics for welfare, health, productivity, safety, and quality (Rodrigue et al., 2012; Carrera et al., 2020).
Key applications span three domains: In the aquatic food business, proteomics identifies biomarkers for freshness, pathogens, allergens, and hazards; verifies species labeling against fraud (e.g., EU standards); and differentiates sex or sources (Piñeiro et al., 2003; Kayvanshokooh et al., 2009; Martínez et al., 2009). Environmental monitoring uses it to analyze microalgae and aquatic waste responses to stressors like pollutants, heavy metals, microplastics, antimicrobials, bacteria, and viruses (Hicks et al., 2016). For natural products, it evaluates new species growth, links NGS genomes to protein functions, and enhances sustainable techniques from algae to fish (Abdelrahman et al., 2017; Fiorella et al., 2021). Targeted and discovery proteomics improve fish physiology, but incomplete genomes demand refined omics integration. Over 20 years, its use has surged, promising traceability, safety, and innovation for global nutrient sustainability.







Page 8 of 12

Table 1. Applications of target protein identification in fishes
	S.No
	Aim of Study
	Species (Tissues)
	Technique
	Number of Proteins
	Full Reference

	1
	Proteomic analysis of blood plasma reveals changes in immune- and stress-associated proteins following hormonal stimulation of carp males
	Common carp (blood plasma)
	MALDI TOF/TOF MS, MS/MS, RT-qPCR
	44
	Dietrich MA, et al. (2021). 

	2
	Acclimation to cold and warm temperatures is associated with differential expression of male carp blood proteins involved in acute phase and stress responses, and lipid metabolism
	Common carp (blood plasma)
	MALDI TOF/TOF
	47
	Dietrich MA, et al. (2018). 

	3
	Proteome Analysis of Whole-Body Responses in Medaka Experimentally Exposed to Fish-Killing Dinoflagellate Karenia mikimotoi
	Medaka (whole body)
	Mass spectrometry (likely LC-MS/MS)
	35
	Kwok CSN, et al. (2021). ​

	4
	Proteomics Analysis of Liver Tissue of Labeo rohita
	Labeo rohita (liver)
	ESI-MS, MASCOT
	42
	Goswami S, et al. (2015). 

	5
	Physiological Responses to Acute Heat Stress in Rohu, Labeo rohita: Insights from Liver Proteomics
	Labeo rohita (liver)
	Mass spectrometry (likely MALDI TOF/TOF or LC-MS/MS)
	44
	Badhe MR, et al. (2024). 

	6
	Identification of proteins differentially expressed in the gills of grass carp (Ctenopharyngodon idella) after hypoxic stress by two-dimensional gel electrophoresis analysis
	Grass carp (gills)
	2-DE, LC-MS/MS
	6
	Xu ZN, et al. (2019).

	7
	MS-based proteomic analysis of cardiac response to hypoxia in the goldfish (Carassius auratus)
	Goldfish (Carassius auratus) (heart/cardiac)
	MALDI MS/MS
	12
	Imbrogno S, et al. (2019). 

	8
	Proteomic analysis of muscle tissue from rainbow trout (Oncorhynchus mykiss) fed dietary β-glucan
	Oncorhynchus mykiss (muscle)
	2-DE, MALDI TOF/TOF MS
	8
	Ghaedi G, et al. (2016). 



6.Conclusion
Sustainable aquaculture demands advanced tools like omics platforms (genomics, transcriptomic, proteomics) to explore fish traits and identify welfare biomarkers. This review evaluates proteomics as a powerful approach to address safety, quality, nutrition, health, and disease in aquaculture. Despite limited database integration for most species, studies on model and food fishes reveal its potential: elucidating biological pathways, tackling key challenges, and pinpointing biomarkers. Discovery and targeted proteomics provide high-sensitivity methods for food authenticity, traceability, and allergen detection in fisheries products. As primary functional macromolecules, proteins enable comprehensive analysis of environmental and aquaculture impacts on safety/quality via diverse sample preparation techniques—from simple to advanced. Proteomics poised to transform the food sector; this review urges intensified research. Integrating it with other omics will propel the blue revolution forward.
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