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Abstract

Aquaculture plays a pivotal role in meeting global food demands, contributing 59% of the
223.2 million tonnes of fisheries and aquaculture production in 2022. The integration of
omics technologies, genomics, transcriptomics, proteomics, and metabolomics has
revolutionized aquaculture genetics, enabling comprehensive insights into the molecular
mechanisms governing fish growth, disease resistance, and environmental adaptability.
This review explores the application of these omics disciplines in advancing aquaculture
research and production. Genomics facilitates genome sequencing and genetic marker
identification, enhancing selective breeding and disease resistance through techniques
like QTL mapping and CRISPR/Cas9. Transcriptomics reveals gene expression profiles,
elucidating responses to environmental stressors and phenotypic plasticity. Proteomics
provides a detailed understanding of protein dynamics, aiding in biomarker discovery and
food quality assessment. Metabolomics uncovers metabolic pathways and biomarkers,
offering insights into fish health and nutrition under varying conditions. Integrated multi-
omics approaches, despite challenges like limited genomic data, promise a holistic
understanding of fish physiology, paving the way for sustainable aquaculture practices and
improved global food security.

Metabolomics

1. Introduction

In 2022, global fisheries and aquaculture
production rose significantly to 223.2 million tonnes,
including 185.4 million tonnes of aquatic animals. That
year, aquaculture alone accounted for 130.9 million
tonnes, representing 59% of total fisheries and
aquaculture output, with an estimated value of USD
312.8 billion (SOFIA, 2024). The increasing global
demand for food presents challenges, as expanding
land-based food production raises environmental and
health concerns (Yadav et al., 2024; Yadav et al., 2025).
Seafood, with its rich nutritional profile and lower
environmental impact compared to terrestrial food
production, is well-positioned to support global food
supply and future food and nutrition security (Costello
et al, 2020; Lal et al., 2024).

Over the past decade, technological
advancements have accelerated fish genome
sequencing, enabling the development of protocols and
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methods to study global changes in gene, protein, and
metabolite expression levels (Zampiga et al., 2018).
While genes primarily function at the protein level,
responses to stress are often regulated at the
transcriptional stage.

Consequently, analyzing transcriptional profiles
has become crucial in understanding how genes
coordinate responses to various physiological and
pathological factors (Prieto-Alamo et al., 2012).
Traditionally, it was believed that genes govern all
cellular and organismal processes by directing the
hierarchical synthesis of proteins, mRNA, and
metabolites when activated (Alfaro and Young, 2018).
However, this view has evolved with the recognition that
many metabolic processes are governed by intricate
regulatory networks and feedback mechanisms,
including post-translational protein modifications and
metabolite fluxes, which operate independently of gene
expression (Saroglia and Liu, 2012; Chubukov et al.,
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2013; Feussner and Polle, 2015). Rather than identifying
individual gene products separately, modern
technological advancements now enable the use of
non-targeted "omics" approaches to examine the
complete set of gene products including transcripts,
proteins, and metabolites within a biological sample.
Due to their exploratory nature, these methods often
lead to the formulation of new theories rather than
merely validating existing ones. One of the key
advantages of "omics" techniques is their ability to
uncover unexpected insights, driving significant
innovation and discovery in a highly efficient manner.
Omics technology is playing a crucial role in modern
aquaculture and its related research. Various omics
disciplines such as genomics, proteomics,
transcriptomics, epigenomics, lipidomics, glycomics,
and metabolomics are paving the way for
advancements in fisheries research and sectoral
development (Tripathi et al., 2022). As a collection of
advanced technologies, omics enables the exploration
of  functions, mechanisms, interactions, and
relationships among genes, transcripts, proteins, lipids,
and other biomolecules within a biological sample in an
unbiased and non-targeted manner (Horgan et al.,
2011). The foundation for expanding these techniques
is rooted in the central dogma of biology, encompassing
DNA replication, mRNA transcription, and protein
translation (Power et al.,, 2023). High-throughput
screening technologies provide a comprehensive view
of various biological molecules at different levels,
including genes (genomics), mRNA (transcriptomics),
proteins  (proteomics), lipids (lipidomics), and
metabolites (metabolomics), all of which are essential
for cellular function and maintenance (Westerhoff et
al., 2004; Horgan et al.,, 2011). Additionally, omics
technologies have proven highly valuable in assessing
the quality of perishable food products. They facilitate
the detection of pathogenic and spoilage bacteria, as
well as the evaluation of how processing and storage
impact proteins, carbohydrates, and fats in different
food products (Carrera et al., 2013; Ferri et al., 2015).
When integrated with other omics platforms,
proteomics offers a comprehensive view of the
molecular composition of a biological sample in an
unbiased and non-targeted manner (Hasin et al., 2017).
Proteomics emerged to address the need for a more
complete understanding of cellular processes by
analyzing the entire proteome (the complete set of
proteins) within a specific tissue or fluid, rather than
focusing on individual proteins. This approach provides
valuable insights into an organism’s physiological state
at a given time, offering a holistic perspective of the
subject under study (Rodrigues et al., 2012; Almeida et
al., 2014). Despite growing interest in proteomics
technologies, their application in aquaculture remains
relatively new. Proteomics only began gaining traction
in this field in the 21st century, with a noticeable
increase in related research publications over the past
decade (Eckersall et al., 2012; Rodrigues et al., 2012,
2018; Almeida et al., 2014).

The integration of biological data from multiple omics
platforms, known as systems biology, provides a more

comprehensive understanding of an organism’s
information flow compared to studies focusing on a
single omics type. This approach enables hypothesis-
driven various experiments that have significantly
advanced our knowledge of physiological processes in
fishes (Horgan & Kenny, 2011). Genomics, the study of
an organism's genome, can complement proteomic
research by validating proteome data or correlating
findings at the transcript level (Raposo de Magalhdes et
al., 2020). While gene expression profiles are
traditionally examined using cDNA microarrays, real-
time quantitative reverse transcription polymerase
chain reaction (gQRT-PCR) is now identified as the most
accurate and reliable technique for validating proteomic
data. This method offers rapid analysis with high
sensitivity, accuracy, and reproducibility for assessing
the relative mRNA expression of target genes (Mallona
et al., 2010; Kozera & Rapacz, 2013). Metabolomics, the
most recent addition to systems biology strategies, is
widely applied across various aquaculture research
areas, including studies on fish stress and their
mechanism (Melis et al., 2014; Mushtaq et al., 2014; Jin
et al., 2015; Ma et al.,, 2015; Castejon et al.,, 2016;
Sheedy et al., 2016; Young et al., 2016; Alfaro & Young,
2018). Despite the existing research gap in proteomics
within the aquaculture sector, an integrated omics
approach presents vast opportunities for enhancing fish
production, which is essential for ensuring global food
security (Jaiswal et al.,, 2023). In Figure 1 shows
schematic representation of the molecular biology
pipeline, illustrating the flow from genomics to
transcriptomics, proteomics, and metabolomics,
culminating in phenotypic variations.

2. Role of genomics in aquaculture
2.1 Genome sequencing

The primary objective of genome sequencing is to
decipher structural and functional similarities between
organisms. Whole genome sequencing provides critical
insights into the structural, functional, evolutionary, and
organismal aspects of species or species groups
(Randhawa & Pawar, 2021). Genomic selection relies on
collecting genome-wide genotype data from a large
number of individuals, a process that requires significant
financial investment (Kriaridou et al., 2020). Recent
genome sequencing projects in various fish species have
enhanced our understanding of the molecular and
genetic mechanisms that influence their responses to
environmental stressors (Schartl et al., 2013; Chen et al.,
2014). Comparative genome analysis between distantly
related species offers valuable information, particularly
through the accumulation of neutral mutations in
nonfunctional regions (Crollius & Weissenbach, 2005).
Whole genome shotgun (WGS) strategy has been used
to generate extensive genomic data, including 412.8 Gb
(350X genome coverage), 74.2 Gb (66X genome
coverage), and 71.4 Gb (63X genome coverage) using
llumina paired-end, 2-8 kb, and 2-10 kb mate-pair
libraries, respectively in Pikeperch (Sander lucioperca)
(Nguinkal et al., 2019). Additionally, RNA sequencing has
been employed to identify single nucleotide
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Figure 1: Integrated overview of genomics, transcriptomics, proteomics, and metabolomics in relation to phenotypic

variation

polymorphism (SNP) markers associated with growth
traits in Rainbow Trout, aiding in the detection of genes
linked to genetic variation in growth (Salem et al.,
2012). Similarly, transcriptome analysis has been
utilized to identify growth-related genes and explore
their functions in compensatory growth in Mandarin
Fish (Siniperca chuatsi) (Liu et al., 2020).

Infectious diseases pose a significant challenge to the
sustainable growth of fish farming. Various genetic

approaches, including quantitative trait loci (QTL)
mapping and genome-wide association studies (GWAS),
have been employed to analyze the genetic
architecture of disease resistance. Additionally,

transcriptomics and functional assays help link a fish’s
genetic makeup to the molecular mechanisms involved
in pathogen interactions (Fraslin et al., 2020). QTL
mapping plays a crucial role in unraveling these
complex interactions by identifying the genetic factors
that determine host resistance. This approach helps
pinpoint genetic variations and mechanisms that
influence whether a fish is resistant or susceptible to
disease (Houston et al., 2020). A GWAS based on
genome sequencing was conducted to identify loci
associated with resistance to rotten body disease in
large yellow croaker (Larimichthys crocea). The study
identified 2,019,067 single nucleotide polymorphisms
(SNPs), with 14 SNPs ultimately linked to disease
resistance, accounting for phenotypic variance
between 5.4% and 9.2% (Zhang et al., 2022). Similarly,
restriction site-associated DNA sequencing (RAD-seq)
has been used to identify genetic markers related to
disease resistance in rainbow trout (Oncorhynchus
mykiss) (Campbell et al., 2014).

2.2 Genetic markers and QTL mapping

Genetic markers commonly used in aquaculture
research include simple sequence repeats (SSRs or
microsatellites), restriction fragment length
polymorphism (RFLP), randomly amplified polymorphic
DNA (RAPD), single nucleotide polymorphism (SNP),
amplified fragment length polymorphism (AFLP), and
expressed sequence tags (ESTs) (Ramya and Behera,
2023). These nuclear DNA markers have significantly
contributed to the assessment of genetic variability,
inbreeding analysis, parentage assignments, species and
strain identification, and the development of high-
resolution genetic linkage maps for aquaculture species
(Wenne, 2023).

Marker-assisted selection (MAS) utilizes genetic markers
linked to desirable traits to inform breeding decisions,
playing a crucial role in improving agricultural species.
MAS has proven highly effective in developing animal
and plant strains with significantly enhanced traits (Han
et al., 1997; Serraj et al., 2005). Quantitative trait locus
(QTL) mapping is essential for understanding the genetic
basis of complex traits, such as growth and sex
determination in aquaculture species. This technique
helps identify specific genomic regions associated with
these traits, supporting MAS-based breeding programs.
Advances in high-throughput sequencing technologies
have greatly facilitated marker discovery and
genotyping (Liu et al.,, 2020). Linkage maps of high-
density, form the foundation of QTL mappings, serve as
valuable tools for studying genomic biology and
evolutionary genetics. They allow researchers to
quantify recombination rates, linkage disequilibrium,

and chromosomal rearrangements across
chromosomes, sexes, and populations (Hillier et al.,
2007). A QTL mapping study in Epinephelus

fuscoguttatus, Epinephelus tukula, and their hybrid
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progeny successfully constructed genetic maps and
identified 45 QTLs, comprising 318 SNPs linked to
growth traits. Additionally, 56 candidate genes
associated with growth, metabolism, bone formation,
and neural regulation were identified (Chen et al.,
2022).

The CRISPR/Cas9 genome editing technology has
shown great success in improving desirable traits in fish
species, including growth rate, muscle quality, disease
resistance, and pigmentation. This technology allows
for precise and targeted DNA modifications, leading to
enhancements in key characteristics (Zhu et al., 2024).
By enabling accurate genome editing, CRISPR/Cas9
plays a crucial role in boosting traits like growth
performance (e.g., higher body weight, length, and
muscle fiber development), muscle quality, disease
resistance, and even sex determination. (Li et al., 2014;
Khalil et al., 2017; Zhang et al., 2020; Potts et al., 2021;
Nagahama et al., 2021; Kamachi et al., 2023; Wu et al.,
2023). Technology has been successfully used to
enhance growth rates in economically significant
species like tilapia and common carp, helping improve
the efficiency of aquaculture production systems (Li et
al., 2021; Zhu et al, 2024). CRISPR/Cas9 is also
commonly employed to target and modify specific
genes, resulting in a range of beneficial outcomes. For
instance, it has been applied to alter pigmentation
pathways, enhancing coloration in ornamental fish such
as goldfish and common carp (Chen et al., 2019; Li et
al., 2024). More importantly, genetic modifications
using this technology have significantly improved
disease resistance by enhancing immune responses in
species like Atlantic salmon and rainbow trout,
reducing mortality caused by common aquaculture
pathogens (Edvardsen et al., 2014). Additionally,
CRISPR/Cas9 has demonstrated potential in improving
feed conversion efficiency, as seen in medaka, helping
to lower production costs and reduce environmental
impact (Yeh et al., 2017). These advancements highlight
the transformative role of genome editing in
aquaculture, paving the way for more sustainable and
efficient fish farming practices.

2.3 Critical Synthesis

Aguaculture genomics has entered a powerful new
phase, moving beyond simple gene maps to an
integrated view of polygenic networks, host—
microbiome interactions, and precision gene editing
with clear commercial promise. Yet, this progress is
constrained by persistent gaps between genomic data
and real-world phenotypes, environmental and
epigenetic  unpredictability, high technical and
economic barriers, unresolved ecological risks, and
fragmented global regulations. Bridging these
biological, technological, and governance challenges
will be essential for translating molecular breeding
innovations into resilient, ethical, and widely accessible
aquaculture systems.

3. Application of transcriptomics in aquaculture
3.1 RNA sequencing

Animal populations can alter their phenotypes in
response to environmental changes through two main
mechanisms: plasticity and genetic adaptation. Plasticity
refers to a genotype’s ability to produce different
phenotypes depending on environmental conditions,
which shifts the trait phenotype along a "norm of
reaction" defined by the genotype (Bradshaw, 1965;
Woltereck, 1909). Over the past decade,
transcriptomics- the study of all gene expressions has
been used to explore the relationships between
environment, genotype, and phenotype in natural
populations (Oomen and Hutchings, 2017). Recent
advancements in  high-throughput  sequencing,
particularly deep RNA-seq, have revolutionized
transcriptomics. RNA-seq is a rapid and cost-effective
method that enables researchers to determine the full
set of genes expressed in a specific environment,
including their sequences with single base-pair
resolution and their relative abundances with
unprecedented precision compared to older techniques
(Wang et al.,, 2009). A study using RNA-sequencing
(RNA-Seq) on the brain tissues of male and female
golden mahseer (Tor putitora) revealed substantial
sequencing data, with 20.6 million reads from male
brains and 21.5 million reads from female brains. The
study uncovered distinct gene expression profiles
between sexes, providing valuable insights that could
aid in developing reproductive manipulation strategies
for this species (Shahi et al., 2023). Another RNA-seq
study focused on the differential gene expression in the
brains of juvenile rainbow trout (Oncorhynchus mykiss),
specifically examining migratory and resident behaviors.
The analysis identified 533 differentially expressed
genes (1.9%) between different crosses and between
smolt and resident samples. This research contributes a
list of candidate genes and pathways for future studies
on migration in rainbow trout and potentially other
migratory species (Hale et al., 2016). In zebrafish, a
growth association study utilized gene expression and
single nucleotide polymorphism (SNP) identification to
explore potential markers for growth. The identified
genes are considered good candidates for further
growth studies in fish, especially regarding SNPs that
might be associated with varying growth rates in
response to a plant protein-based diet (Ullao et al.,
2015).

3.2 Critical synthesis

Transcriptomics has become a cornerstone of modern
aquaculture research, bridging the gap between an
organism's genetic potential and its actual physical
response to the environment. By analyzing the complete
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Table 1: Summary of transcriptomic studies conducted in various fish species
Fish Species Infection Methods Organ Key findings Reference
used
Grass carp Aeromonas RNA-Seq, |Spleen Complement C1lg subcomponent subunit | Dang et al.
(Ctenopharyngod hydrophila llumina C (€1QC), complement component 8 (2016)
on idella) NextSeq™ subunit beta (C8B) and the complement
500 component factor B (CFB), coagulation
factor Il (thrombin) receptor (F2R) were
significantly up-regulated, while
fibrinogen gamma chain (FGG) was
down-regulated, and lysosomal acid
lipase/cholesteryl ester hydrolase (LIPA)
remained unaffected, exhibiting complex
temporal patterns.
Atlantic salmon Piscirickettsia Microarray Head |Atlantic salmon families with different [Pulgar et al.
(Salmo salar) salmonis kidney | susceptibilities to P. salmonis infection (2015)
were analyzed for gene expression. Low-
susceptibility families showed iron-
depletion mechanisms as a defense
strategy, which was supported by finding
iron acquisition genes in P. salmonis that
respond to low-iron conditions.
Tilapia Streptococcus RNA-Seq, Spleen | Gene expression analysis revealed 1,399 |Zhang et al.
(Oreochromis agalactiae llumina and differentially expressed genes, including (2013)
niloticus) HiSeq™ Kidney | 65 immune-related genes across 17
2000 pathways. The study confirmed changes
in six genes’ expression involved in toll-
like receptor signaling, providing insights
into tilapia's immune response to this
pathogen.
Grass carp Grass Carp Reo RNA-Seq, Spleen, | RNA-seq analysis showed GCRV triggered | Shietal.
(Ctenopharyngod Virus (GCRV) llumina Gill, immune responses across all tested (2014)
on idella) HiSeq™ Liver tissues rather than targeting specific
2000 and organs. The infection disrupted lipid and
Intestin | carbohydrate metabolism, with
e complement and cellular immunity
playing key roles in the disease
progression.
Zebrafish (Danio  Response to fulvic DNBseq Gill Upregulation of xenobiotic metabolism | Lieke et al.
rerio) acid (cypla3, cyplbl, pik3r6), immune (2025)
response (rgs2, dll1, ccl19, acodl), and
mucosal glycoprotein expression (muc2,
prg4)
Zebrafish (Danio Effects of RNA-Seq Liver Genes related to neurotransmission, | Lee etal.
rerio) probiotics (htr3a, mao, ddc, ntsrl, and gfra2), (2023)
(Lactococcus stress (hsp70, hsp90B1, hspEl, prdxli,
lactis WFLU12) and gss) and transcriptional regulators
on (fos, duspl, and dusp2) were
neurotransmissi upregulated.
on and stress
alleviation
Zebrafish (Danio Effect of 17a- RNA Seq Gonads |While EE2 affected some key genes \bdelmoneim
rerio) ethinylestradiol involved in sex differentiation (e.g., etal
on male larvae cldn19, ctbpl, hsd17b4), it didn't alter (2019)
during gonadal the expression of all expected genes
differentiation (e.g., wnt4b).
Zebrafish (Danio Effects of 17a- RNA Seq, Whole |Alters brain gene expression in a sex- paaristo et al.
rerio) ethinyl estradiol llumina brain specific manner, impacting hundreds of (2017)
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seq (Mi transcripts and confirming changes in
Seq and Hi genes related to transposable elements,
Seq) neuroserpin, and heat shock protein,
providing insights into EE2's feminizing
brain effects.
Catfish (Clarias Comparative Illumina Testis Revealed varying numbers of transcripts | Roy et al.
batrachus) testicular paired-end (105-123k) and reads (42-62M). Most (2017)
transcriptome sequencing functional categories peaked during
analysis from spawning. Involved in cell proliferation,
different cytoskeleton organization, and
reproductive responses to vitamin A and hypoxia.
phases Some genes showed  significant
differential  expression related to
spermatogenesis, steroidogenesis,
sperm development, and sperm motility.
Zebrafish (Danio Identification of RNA-Seq, Gonads | Ovaries showed high expression of stem | Baretal.
rerio) key genes llumina (ovarie | cell maintenance genes, while testes (2016)
expressed in the Seq sand | expressed high levels of reproductive
gonads testes) | receptor and hormone-related genes. In
the purified testicular cell fraction, genes
associated with post-meiotic germ cells
were particularly abundant.

Table 2: Summary of proteomics studies conducted in various fish species

Species

Parameter

Key findings

Reference

Cyprinus carpio

Seminal plasma
protein

Identification of 137 proteins in semen plasma, in which
transferrin, serine proteinase inhibitors, complement C3
and Wap65 were abundant.

Dietrich et al. (2014)

Blood plasma
protein

Macroglobulins and immunoglobulins were major

protein identified.

Dietrich et al. (2014)

Cyprinus carpio

Semen
freezability

Sperm exhibiting poor freezability were related to
protein involved in innate immune response, while
protein involved in maintenance of sperm membrane
integrity and antioxidative protection were associated
with higher freezabilty of sperm.

Dietrich et al. (2017)

Sparus auratus

Stress
biomarkers in

Shotgun proteomics identified 2166 proteins in skin
mucus. Hypoxia and repeated net handling majorly
affected fish skin mucus proteome, proving candidacy of

De Magalhaes et al.

2023
skin mucus 28 skin mucus in future management protocol as ( )
biomarkers.
Proteomics studies of growth hormone transgenesis
and selective breeding for growth showed focused
Oncorhynchus . . . .
Kisutch Growth upregulation of system, driving protein synthesis and, Causey et al. (2018)
isutc
diverse changes justifying complex modification in
metabolic and cellular pathways, respectively.
Protein
composition . . . .
. . Protein showing toxicity was present in both venom and
Scorpaena and biological . .
o . skin mucus extract. Both extracts showed proteolytic as Borges et al. (2018)
plumieri activities of o . L
. well as anti-microbial activities.
skin mucus
and venom
Immunity In whole kidney, a sum of 82 proteins were differentially
Paralichthys against expressed, among which those involved in mediating
) . ] Cha et al. (2012)
olivaceus Streptococcus | immune responses (cathepsins, goose-type lysozyme,
parauberis heat-shock protein and, complement components) and,




J Fisheries and Zoological Sciences, 1(2), 60-95

66

in cellular recovery and glycoprotein synthesis (cell
division cycle 48 and calreticulin) were expressed most
dramatically. Besides, proteins unrelated to immunity
were not expressing themselves.

Sander
lucioperca

Ovarian fluid
and egg
protein

96 ovarian fluid proteins were identified. Abundant
proteins in ovarian fluid showed involvement in egg

immunological defense, restoration of immune

homeostasis after inflammation, free radical scavenging

and, sperm performance enhancement during

fertilization.

Nynca et al. (2021)

Oncorhynchus
mykiss

Skeletal
deformities in
diploid and
triploid larvae

Among diploid larvae, creatine kinase was reported to
be upregulated, and apo-lipo-protein A-I-2, apo-lipo-
protein A-ll were downregulated. In heat shock induced
triploid larvae, apo-lipo-protein A-I-2, apo-lipo-protein
A-ll, parvalbumin, myosin light chain 1-1 and nucleoside
diphosphate kinase were decreased.

Babaheydari et al. (2016)

Oncorhynchus
mykiss

Heat stress

The study identified 3,362 proteins, including 152
differentially expressed proteins (DEPs). Of these, 37
were specifically expressed in the heat stress group,
with 42 proteins upregulated and 38 downregulated.
Most proteins were in the cytoplasm, nucleus, and
extracellular matrix, involved in functions like enzyme
facilitation and protein binding. Besides, significant
changes in various biological processes, particularly in
the estrogen signaling pathway, platelet activation, and
complement and coagulation cascades due to high
temperature stress.

Kang et al. (2019)

Oncorhynchus
mykiss

Yersinia ruckeri
infection in
head kidney
and spleen

Upon infection, 85 and 34 proteins were differentially
expressed in spleen and head kidney, respectively, which
included metalloproteinase, lysosomal, tetraspanin,
antioxidant, metalloproteinase, c-type lectin receptor

proteins, cytoskeleton and, cathepsin B.

Kumar et al. (2018)

Acipenser
persicus

Ova

73 different proteins were identified, which were
classified into 11 groups in context of their chief known
function involving metabolism and energy production,

cell  structure, transcription, protein synthesis,

translation, transport, cell signaling, cell division, cell

defense, vitellogenin, unclassified and unknown

function.

Keyvanshokooh and
Vaziri (2007)

set of RNA transcripts, researchers can distinguish
between genetic adaptation and phenotypic plasticity,
the latter being a genotype's ability to produce varying
phenotypes across a "norm of reaction" (Bradshaw,
1965). The advent of deep RNA-sequencing (RNA-seq)
has revolutionized this field, offering a high-resolution,
cost-effective tool to quantify gene expression with
single base-pair precision, far surpassing the capabilities
of older technologies.

4. Role of proteomics in aquaculture
4.1 Protein identification and quantification
Proteomics is the study of proteins aimed at

understanding the structure, function, and regulation
of biological systems (Bludau and Aebersold, 2020).

This includes proteins that are directly synthesized
based on genetic instructions, as well as those that
result from post-translational modifications (Monti et
al.,, 2019). It offers a more comprehensive view of an
organism's phenotype, as metabolites, being highly
sensitive to environmental changes, provide insights
into the actual metabolic and physiological processes
occurring within the organism (Betz, 2020). High-
throughput genomic and proteomic studies have been
conducted on molecular signaling cascades, including
the effects of neurotransmitter and nuclear receptor
agonists and antagonists (Martyniuk et al., 2012). In
addition to transcriptomics, investigating the neuro-
proteome is crucial for toxicology and physiology
research, as fish share orthologs with human genes that
serve as drug targets (Gunnarsson et al., 2008), and are
expected to exhibit conserved molecular responses to
neuroactive compounds. Previous studies identified
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unique proteins in the hypothalamus of largemouth
bass (LMB), goldfish, and fathead minnow (FHM)
telencephalon. These proteins were functionally
annotated using tools like AgBase-Goanna to further
understand their roles (McCarthy et al.,, 2006;
Martyniuk et al., 2010; Popesku et al., 2010).

Aquaculture faces significant challenges in providing
high-quality farmed fish  through sustainable
production systems. To address these challenges, new
management strategies and advanced technologies,
such as proteomics, are being used to study factors
such as welfare, safety, nutrition, and disease, all of
which directly impact the quality of the final product
(Rodrigues et al., 2018). Proteomics offers powerful
tools to assess food quality and safety and has
contributed significantly to biomarker discovery,
particularly for food authentication. Research has
explored the most effective methods for assessing fish
identity, emphasizing the crucial role of proteomics in
verifying fish species and processed products'
authenticity (Mazzeo and Siciliano, 2016). Proteomics
also aids in the identification and detection of
pathogens such as Anisakids, using techniques like
parallel reaction monitoring (PRM) mass spectrometry.
This method, coupled with the purification of
thermostable proteins and trypsin digestion, allows for
the fast monitoring of peptide markers (Carrera et al.,
2016). Furthermore, proteomics is applied to fish
otoliths using qualitative shotgun proteomics strategies
for protein expression profiling. Liquid chromatography
coupled with an electrospray ionization-orbitrap
tandem mass spectrometer has uncovered diverse
roles of proteins in otoliths, revealing valuable life
history information that could help in understanding
fish biology and population ecology (Rideout et al.,
2023).

4.2 Functional proteomics

Proteomics has vast potential in human and animal
research (Almeida et al., 2015), yet its application in
fisheries science, particularly for economically
significant species, remains limited. While some
proteomic studies have been conducted in model fish
species, comprehensive proteomic analyses of
aquaculture species are still rare (Pifieiro and Martinez,
2012). One such study focused on organ-based protein
profiling of Labeo rohita, a key aquaculture species.
This research aimed to analyze tissue-specific protein
expression and identify global post-translational
modifications (PTMs) such as acetylation, methylation,
and phosphorylation across various tissues. By mapping
these modifications, the study provided a valuable
proteome resource that can advance both basic and
applied research in aquaculture, addressing the critical
challenge of meeting global food and nutritional
security demands (Nissa et al., 2021).

Sustainability challenges in aquaculture are also a
significant concern, especially with the industry's
dependence on marine-derived ingredients, which are
finite (FAO, 2022). In response, proteomics and

phosphoproteomics analyses have been applied to
understand the impacts of alternative diets on fish
health. A study on large yellow croakers (Larimichthys
crocea) fed a soybean oil-based diet identified immune
protein markers in the liver. This research highlighted
the effects of high soybean oil inclusion, showing that it
upregulated NF-kB signaling-related proteins and
activated the MAPK pathway, promoting immune cell
migration. These findings could help develop strategies
to alleviate health issues linked to soybean oil-based
diets, contributing to more sustainable aquaculture
practices (Zhu et al., 2023).

4.3 Critical synthesis

Proteomics has deepened fisheries research by
revealing phenotype-level complexity beyond genomics,
capturing post-translational regulation,
neurotoxicological responses, and diet-induced immune
pathways relevant to sustainability. However, its
broader application is constrained by limited species-
specific datasets, high costs, and demanding
bioinformatics requirements. Key challenges remain in
translating  functional  proteomic insights into
standardized, scalable  tools for  aquaculture
management, food security, and welfare monitoring
across diverse production systems.

5. Role of Metabolomics in Aquaculture
5.1 Metabolite Profiling

Metabolomics, a promising new ‘omics’ approach, focuses
on using metabolite profiles to identify biomarkers that
reflect the physiological responses of living samples—such
as whole organisms, tissues, or cells—to environmental or
culture conditions (Alfaro and Young, 2018). This
approach provides valuable insights into fish metabolism
by analyzing a wide range of metabolites in biofluids or
tissues through non-targeted methods. Factors like
nutrition and environmental stress can significantly
influence fish metabolism, making metabolomics a
powerful tool for understanding these impacts (Roques et
al., 2020). While metabolomics was initially developed for
human health applications, it has recently expanded to
include livestock animals and, more recently, fish (Wishart
2008; Brennan 2013; Goldansaz et al. 2017). Metabolomic
research is increasingly applied in aquaculture to study
metabolic changes and the end products of gene
expression, offering a deeper understanding of fish
health, nutrition, and environmental interactions (Lulijwa
et al., 2022). The field utilizes several analytical platforms,
including mass spectrometry (MS), nuclear magnetic
resonance (NMR), and vibrational-based techniques like
Raman and infrared spectroscopy (Sidira et al., 2024).
These methods help characterize complex metabolic
changes in response to various conditions. In fish,
metabolomic studies have been utilized in areas such as
environmental metabolomics, health monitoring, and fish
nutrition (Samuelsson and Larsson 2008; Alfaro and Young
2018). Unlike targeted approaches, the holistic nature of
metabolomics allows researchers to capture the broader
metabolic shifts that occur when a biological system is
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exposed to specific environmental conditions, such as
different diets or stressors (Brennan et al., 2015; Sébédio
2017; Alfaro & Young 2018). The above studies provide
comprehensive view of how fish respond to their
environment, making it a valuable tool for advancing
aquaculture research, improving fish nutrition, and
optimizing environmental conditions for better fish
health.

5.2 Identifying Biomarkers

Fingerprinting and profiling are complementary
approaches used to study the effects of environmental
factors on metabolism. These methods, when combined,
provide insights into how organisms adapt to different
environmental conditions, particularly in aquaculture.
For example, a study on fasted gilthead sea bream
(Sparus aurata) used both fingerprinting and profiling to
identify nutritional biomarkers and the metabolic
adaptations that occur under specific conditions (Gil-
Solsona et al.,, 2017). Similarly, nuclear magnetic
resonance (NMR) spectroscopy has been utilized in
Sparus aurata to enhance the traceability of the species
by providing detailed metabolic and lipid profile data
(Badaoui et al., 2024). Metabolomics techniques, like Gas
Chromatography-Mass Spectrometry (GC-MS), have also
been applied to study the metabolic profile of Siniperca
chuatsi (Mandarin fish) when farmed in a recirculating
aquaculture system (RAS) versus traditional pond
farming methods. The results suggested that RAS could
enhance certain metabolic processes that are beneficial
for fish growth and health (Xiao et al.,, 2020).
Temperature variations significantly influence fish
growth and development. A study on juvenile European
seabass (Dicentrarchus labrax) used metabolomics to
investigate how different temperatures impacted the fish
over 60 days. This research identified potential marker
metabolites, such as L-cysteine and taurocholic acid,
which could provide insights into the metabolic
mechanisms by which temperature influences growth
and development (Zhang et al., 2021).In the context of
aquaculture, metabolomics is also used to understand
the effects of diet, such as oxidized fish oil, on fish health.
For instance, a study on juvenile hybrid grouper
(Epinephelus fuscoguttatus and Epinephelus lanceolatus)
fed oxidized fish oil showed that it inhibited growth
performance and induced oxidative stress in the liver.
This was marked by reduced antioxidant enzyme activity
and increased malondialdehyde levels (Long et al., 2021).
Other studies have explored similar effects of oxidized
fish oil on various species, including the Pond loach
(Misgurnus  anguillicaudatus) and Yellow catfish
(Ameiurus  natalis), using metabolomics  and
transcriptomic approaches (Yin et al., 2019; Zhang et al.,
2017, 2019, 2021). Metabolomics, as an emerging
discipline, complements genomics, transcriptomics, and
proteomics to offer a holistic understanding of biological

systems and improve aquaculture practices (Adav and
Wang, 2021).

5.3 Understanding Metabolic Pathways

Proteomics has been widely used in fish research to
study hepatic metabolism and stress responses to
various environmental and nutritional factors (Gandar et
al., 2017; Pédron et al., 2017; Zhang et al., 2017; Causey
et al.,, 2018; Naderi et al., 2018; Ghisaura et al., 2019;
Raposo de Magalhdes et al.,, 2021; Quan et al., 2021).
This approach focuses on understanding protein
expression and post-translational modifications in fish,
offering valuable insights into how the liver responds to
different stressors, such as environmental changes or
disease. While proteomics is well-established,
untargeted metabolomics has become increasingly
relevant in fish stress research in recent years, though it
has been explored less extensively (Ziarrusta et al.,
2018; Jiao et al, 2020; Alfaro et al, 2021).
Metabolomics, which focuses on profiling a wide variety
of metabolites, is a powerful tool for understanding the
metabolic responses of fish to various stressors.

Integrated multiomics approaches, combining genomics,
transcriptomics, proteomics, and metabolomics, have
emerged as promising methods for gaining a more
comprehensive understanding of the interrelationships
between biomolecules and their functions (Raposo de
Magalhdes et al., 2020). However, the full potential of
multiomics is still limited in fish and aquaculture
research due to challenges such as insufficient genomic
data, a lack of advanced analytical tools, and gaps in
comprehensive databases. Despite these challenges,
recent studies have provided valuable insights into how
fish respond to nutritional stress, environmental
changes, and pathogens, using multiomics approaches
(Wei et al., 2021; Zhu et al., 2019; Wen et al., 2019;
Colas-Ruiz et al., 2022; Dale et al., 2020).

5.4 Critical synthesis

Metabolomics has emerged as a powerful tool for
decoding real-time physiological responses in fish,
linking environmental conditions, nutrition, and culture
systems directly to growth and health outcomes.
However, its application in aquaculture is still
constrained by limited databases, technical complexity,
and uneven infrastructure, while the promise of fully
integrated multi-omics remains largely unrealized.
Advancing toward holistic, predictive models that work
across species and region-specific environments will be
essential to translate metabolomic insights into
practical, scalable aquaculture management strategies.
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Table 3: Summary of metabolomics studies conducted in various fish species
Species Parameter Result Reference
Xi t l.
Metabolomic analysis exhibited 96 metabolites in fish gills lang et @
Coori (involved in amino acid, lipid and carbohydrate (2021)
rinus
vp . Gill metabolome metabolism, and are considerably supplemented in
carpio
P tricarboxylic acid (TCA) cycle), decreased to 90, post 7 days
recovery period of silver nanoparticle exposure.
Replacing fish-based feed with plant-based ingredients Gil-Solsona et
significantly altered the metabolic profile, with over 50 al. (2018)
mainly lipid-related metabolites showing differential
Clotted serum . . . e
Sparus aurata expression. These changes, including shifts in N-acyl
metabolome . - .
taurine, cytidine, and other nucleoside-related compounds,
indicate impacts on lipid metabolism, tissue repair, and
DNA turnover.
Plasma Zhou et al
Megalobrama | metabolic profile | A whole of 29 metabolites were recognized as differential (2017)
amblycephala for fish biomarkers linked with female maturation level.
maturation
Differential metabolic disturbance between male and Cappello et al.
Thunnus Sex dependent female were reported, mainly involved in energy, lipid and (2018)
thynnus health condition | amino acid metabolism. In male tuna, ketogenesis and fatty
acids biosynthesis were activated.
. Fish fed with test diet (decontaminated fishmeal, Mytilus Cheng et al
. Liver, muscle . o .
Salvelinus edulis and Saccharomyces cerevisiae) had lower level of tri- 2017
] and plasma ) ) . } _ ( )
alpinus . ) methyl-amine-N-oxide (TMAO), aromatic amino acids and
metabolic profile . o .
higher level of betaine, in plasma or tissue.
Effect of No significant changes were observed in metabolites of Brunel et al.
ect o
liver. In plasma, metabolites involved in ener athwa
Salvelinus Rhodotorula ] P . . SER . Y (2022)
. ] for instance, serine, choline, 3-hydroxy-butyrate, alanine,
alpinus toruloides on . - . . .
. and betaine were significantly higher in experimental
metabolism
treatment group.
Different soluble chemical compounds were exhibited | Deborde et al.
between diets (fish oil based, plant based and control) (2021)
Oncorhynchus Amino acid upon proton nuclear magnetic resonance (H-NMR) based
mykiss metabolism metabolomics analysis. In relation to fish meal-based diet,
plant-based diet fed fish showed higher plasma amino acid
content.
. In the taurine-supplemented feed group, key metabolites | Shen et al.
Metabolic Effect . . . . . .
. . associated with energy metabolism, amino acid absorption, 2019
Epinephelus of Dietary . L ( )
o . and glycol-phospholipid pathways were reduced, indicating
coioides Taurine . . . .
. a downregulation of glycolysis—gluconeogenesis, protein
Supplementation . . . A .
digestion and absorption, and membrane lipid metabolism.
Under heat stress, 51 metabolites were differentially | Chen et al.
expressed (34 in positive and 17 in negative ion mode),
Intestinal P ) ( . P . . . § ) (2022)
. . reflecting major metabolic disruption. These changes
Brachymystax | metabolic profile | . . . L
. involved glycolysis, fatty acid pB-oxidation, reduced
lenok in response to o . . ]
glycerophospholipid metabolites, and broad alterations in
heat stress . . . o .
amino acid profiles, indicating impaired energy balance and
protein metabolism.
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Table 4: Summary of use of integrated omics techniques use in aquaculture
Fish species Technology Study Key findings References
Used
Black tiger Microbiomics, | To investigate the Gut bacterial community structure Uengwetwanit
shrimp Transcriptomic | intestinal microbiota, was similar between top- and et al. (2020)
(Penaeus sand host gene expression, bottom-weight shrimp, clear
monodon) Metabolomics | and metabolites of differences emerged at the
black tiger shrimp functional level. Top-weight shrimp
(Penaeus monodon) showed enhanced expression of
with varying growth genes linked to nutrient metabolism
performance. and immunity, along with higher
levels of amino acids and energy-
related metabolites, indicating more
efficient nutrient utilization and
superior growth performance.
Pearl gentian Microbiomics, | Examination of marine | Soybean meal-induced enteritis in Zhang et al.
grouper Transcriptomic | fish enteritis caused by | juvenile pearl gentian groupers (2021)
. sand soybean meal in disrupted gut microbial balance,
Epinephelus . . ) . . . . .
fuscoguttatus Metabolomics | juveline pearll gentian suppres.smg beneflcgl bact(_ena while
. groupers, Epinephelus promoting pathogenic species.
@x Epinephelu
s lanceolatus fuscog.uttatus
@ x Epinephelus
o
lanceolatus J.
Grass carp Transcriptomic | Viral Susceptibility in Juvenile grass carp were more He et al.
(Ctenopharyn | sand Grass Carp Dependent | vulnerable to viral infections than (2021)
godon idellus) | Metabolomics | on Age. older fish, a pattern linked to weaker
immune readiness. Reduced
expression of interferons and
cytokines in younger fish, together
with lower levels of energy
metabolites essential for immune
defense, explains their heightened
susceptibility, while older individuals
exhibit more robust antiviral and
metabolic responses.
Salmo salar Metabolomics | Important Components | Integrated metabolomic, Lazado et al.
, and Mechanisms of transcriptomic, and proteomic (2021)
Transcriptomic | Atlantic Salmon's analyses showed that
s and (Salmo salar) chemotherapeutic exposure induces
Proteomics Physiological Response | oxidative stress in salmon, triggering
to Chemotherapeutic- | strong antioxidant responses,
Induced Oxidative especially in the liver and gills. The
Stress. depletion of metabolites such as
glutathione highlights metabolic
reprogramming to counter stress,
revealing key molecular pathways
underlying stress resilience and the
impacts of chemotherapeutic
treatments.
Grouper Transcriptomic | Examining orange- NNV-infected orange-spotted Geetal.
(Epinephelus s and spotted grouper larvae | grouper larvae exhibited a persistent | (2020)
coioides), Proteomics infected with the infection marked by enhanced
Orange- Analysis Nnervous necrosis virus collagen production and elevated
spotted reveals elevated adhesion molecules. Concordant
grouper collagen synthesis and | transcriptomic and proteomic
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cell adhesion as host strategies to
preserve tissue integrity, which may
inadvertently facilitate long-term
viral persistence.

Common carp | Genomics and | To examine how Nanosilver exposure induced severe Xiang et al.
Cyprinus Metabolomics exposurfe to hanosilver gill damage and oxidative.stress in (2021)
carpio affects fish gill damage | common carp, accompanied by
and recovery. activation of stress-response genes
and disruption of antioxidant and
energy metabolism. Although partial
recovery occurred after exposure
ceased, persistent metabolic
alterations in gill tissue suggest
lasting adverse effects of nanosilver
toxicity on fish health.
GIFT Tilapia Transcriptomic | To investigate the Hypoxic stress in GIFT tilapia Ma et al.
(Oreochromis | s, response mechanism triggered marked shifts in liver (2021)
niloticus) Metabolomics | for glycolipid glycolipid metabolism, with
metabolism in the liver | enhanced glycolysis and lipid
of genetically modified | synthesis supporting short-term
farmed tilapia (GIFT, energy homeostasis under low
Oreochromis niloticus) | oxygen. However, sustained hypoxia
under hypoxic stress. disrupted liver function, ultimately
compromising growth and overall
fish health.
Scylla Transcriptomic | To investigate Scylla paramamosain demonstrates Niu et al.
paramamosai | s and osmoconformation and | strong salinity tolerance through (2020)
n (Crab) Proteomics osmoregulation on coordinated molecular adaptations.
crab Scylla The upregulation of ion transport
paramamosain. and stress-response genes, together
with elevated osmoregulatory
proteins such as Na*/K*-ATPase,
enables effective osmotic balance
and supports survival across
fluctuating estuarine environments.
Grass carp Proteomics To investigate the Dietary pro-oxidants in crisp grass Yu et al.
(Ctenopharyn | and texture of crisp grass carp enhanced muscle firmness by (2020)
godon metabolomics | carp upregulating structural muscle
idellus C.et V) (Ctenopharyngodon proteins, as revealed by proteomics.
idellus C.et V) fed a However, metabolomic evidence of
natural dietary pro- increased oxidative stress and
oxidant. depleted antioxidants indicates a
trade-off, where improved texture
may come at the cost of fish health
unless antioxidant balance is
carefully managed.
Pavona Transcriptomic | Exposing the host Temperature stress in Pavona minuta | Liang et al.
minuta s& metabolism and disrupted host metabolism and (2021)
Metabolomics | symbiotic symbiotic stability, suppressing genes
(using Ultra- microorganism linked to photosynthesis and nutrient
Performance response patterns to exchange and reducing key sugars
Liquid temperature stresses and amino acids. Concurrent shifts in
Chromatograp | in Scleractinian Coral symbiotic microbial communities
hy Tandem (Pavona minuta). weakened host—symbiont
Mass interactions, driving coral bleaching
Spectrometry and lowering resilience to thermal
(UPLC-MS) stress.
Crucian carp Genomics and | The first report on the Rahnella aquatilis KCL-5 was Liang et al.
(Carassius Proteomics crucian carp identified as an emerging pathogen (2020)
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auratus) analyses pathogenic Rahnella in crucian carp, causing hemorrhages
aquatilis KCL-5 and internal organ damage. Genomic
characterization. and proteomic evidence confirmed
the presence and expression of
virulence factors linked to adhesion
and toxin production, underscoring
the importance of surveillance and
biosecurity measures to prevent its
spread in aquaculture systems.
Hybrid Striped | Transcriptomic | Method for Hybrid striped bass exhibited Nguyen and

Bass (HSB) s and comprehending the enhanced white muscle growth Alfaro, (2020)
(striped bass x | Metabolomics | regulation of white under optimized aquaculture
white bass) muscle growth in conditions. Transcriptomic analysis
hybrid striped bass showed upregulation of genes
aquaculture. involved in myogenesis and protein
synthesis, while metabolomic
profiles indicated increased levels of
amino acids and energy metabolites.
These findings suggest that dietary
and environmental factors can be
manipulated to promote muscle
development and improve yield.
Tenualosa Transcriptomic | Research on Tenualosa | Habitat strongly shaped the Gangult et al.
ilisha s, ilisha, an anadromous nutritional profile of Tenualosa ilisha. | (2020)
Metabolomics | clupeid, to better Marine environments promoted
understand how higher expression of lipid metabolism
habitat affects genes and elevated omega-3 fatty
nutritional acid levels, demonstrating how
composition. environmental conditions directly
influence the nutritional quality of
this species.
Mud Transcriptomic | Elucidation of WSSV infection in Scylla Kong et al.
crab (Scylla s and metabolic responses in | paramamosain induced pronounced | (2020)
paramamosai | Metabolomics | mud crab Scylla metabolic reprogramming, marked
n) paramamosain challen | by activation of immune and energy
ged to WSSV infection. | metabolism genes and elevated
amino acid levels. However, the
concurrent depletion of energy
reserves points to metabolic
exhaustion, which likely underlies the
high mortality associated with
infection.
Kuruma Transcriptomic | Research on how the Cold stress in kuruma shrimp Ren et al.
shrimp s and hepatopancreas of triggered molecular adjustments in (2020)
(Marsupenaeu | Metabolomics | kuruma shrimp the hepatopancreas, including
s japonicus) (Marsupenaeus activation of stress-response and
japonicus) reacts to lipid metabolism pathways.
cold stress.
Yellow drum Transcriptomic | The yellow drum's Combined cold and starvation stress Jiao et al.
(Nibea sand (Nibea albiflora) liver's | in yellow drum led to pronounced (2020)
albiflora) Metabolomics | physiological reactions | liver dysfunction, characterized by
to cold and starvation suppressed metabolic gene
stressors. expression and activation of stress-
response pathways.
Pearl oyster Metabolomics | to investigate the pearl | Larval metamorphosis in Pinctada Zhang et al.
(Pinctada and oyster's (Pinctada fucata martensii is driven by (2021)
fucata Transcriptomic | fucata martensii) larval | coordinated molecular remodeling,
martensii) s metamorphosis. with enhanced expression of shell

formation and hormone-signaling




salmoides) when they
are fed in a different
way.

and digestive genes, while
metabolomic profiles indicated
changes in amino acid and lipid
metabolism. Optimized protein diets
improved gut health and growth, but
unsuitable proteins caused
inflammation and reduced nutrient
absorption.
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genes alongside elevated amino
acids and energy metabolites.
turbot (Scopht | Metabolome Heat stress effects on Heat stress disrupted lipid Zhao et al.
halmus and juveline turbot metabolism in juvenile turbot. (2021)
maximus) Transcriptome | Scophthalmus Transcriptomic analysis showed
maximus for lipid downregulation of lipid synthesis
metabolism. genes and upregulation of oxidative
stress pathways, while metabolomic
profiles indicated reduced levels of
fatty acids and increased oxidative
stress markers.
Manila Transcriptomic | Benzo[a]pyrene Combined exposure to Jiang et al.
clam, Ruditap | sand increases the toxicity benzo[a]pyrene and mercury (2021)
es Metabolomics | of mercury to the significantly increased toxicity in
philippinarum Manila clam, Ruditapes | Manila clams. Transcriptomic analysis
philippinarum. revealed upregulation of
detoxification and stress response
genes, while metabolomic profiles
showed altered levels of antioxidants
and energy metabolites. These
changes indicate synergistic toxic
effects, leading to impaired growth
and survival.
Exopalaemon | Transcriptomic | Research on the Alkalinity stress in Exopalaemon Qin et al.
carinicauda s and responses of carinicauda triggered significant (2021)
Proteomics Exopalaemon physiological responses.
Analysis carinicauda to Transcriptomic analysis showed
alkalinity stress. upregulation of ion transport and
stress response genes, while
proteomic data confirmed increased
levels of stress-related proteins.
These adaptations help the shrimp
cope with high alkalinity but may
reduce growth and reproductive
success under chronic exposure.
Oyster Transcriptional | Investigation of Lipid Lipid deprivation in Perkinsus Noell & Pitula,
Parasite and Metabolic | Deprivation in marinus disrupted its metabolic and (2021
. Perkinsus marinus, an reproductive processes.
(Perkinsus . . . .
marinus) Oyster Parasite. Transcrlptomilc analys!s revealed.
downregulation of lipid metabolism
genes, while metabolomic profiles
showed reduced levels of fatty acids
essential for growth. These findings
suggest that targeting lipid
metabolism could be a strategy to
control this oyster parasite.
Juvenile Metabolomics | To investigate how new | Novel protein diets (e.g., plant-based | Li et al. (2023)
largemouth and proteins affect the or insect-based) altered intestinal
bass Transcriptomic | intestinal health of health in juvenile largemouth bass.
(Micropterus s young largemouth bass | Transcriptomic analysis showed
salmoides) (Micropterus differential expression of immune




Metabolome

Features and Feed

key predictors of feed efficiency (FE).
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Crucian carp Metabolomics | Physiological reactions | Saline-alkaline stress caused Liu et al.
(Carassius and of crucian carp significant gill damage in crucian (2022)
auratus) Transcriptomic | (Carassius auratus) gills | carp. Transcriptomic analysis

s to saline-alkaline revealed upregulation of ion
stress. transport and stress response genes,
while metabolomic profiles showed
altered levels of osmoregulatory
metabolites.
Hybrid Metabolomics | Mechanism of hybrid Ship noise stress disrupted liver Zhang et al.
sturgeon transcriptomic | sturgeon liver metabolism in hybrid sturgeon. (2022)
s metabolism under ship | Transcriptomic analysis showed
noise stress. downregulation of metabolic genes
and upregulation of stress response
pathways, while metabolomic
profiles indicated reduced levels of
energy metabolites and increased
oxidative stress markers.
Different fish Transcriptomic | To evaluate the toxicity | Multi-omics studies show that micro- | Bhagat et al.
species and s, Proteomics, | of microplastics and and nanoplastics disrupt fish and (2022)
seafood Microbiomics, | nanoplastics to fish shellfish health at multiple biological
species and and seafood. levels. Transcriptomic changes drive
Metabolomics oxidative stress and immune
dysfunction, while proteomic and
metabolomic shifts reveal disturbed
lipid and energy metabolism; gut
microbiome dysbiosis further
amplifies inflammation and pathogen
risk.
Tetraodon Transcriptomic | Exogenous vibrio C3 was strongly upregulated at gene | Jianget al.
Nigroviridis s, Proteomics Parahaemolyticus and protein levels due to (2022)
Infection on molecular | downregulation of C3-targeting
mechanism of miRNAs, activating complement,
Tetraodon nigroviridis. chemokine, and JAK—STAT pathways.
The results confirm V.
parahaemolyticus as a blood-borne
extracellular pathogen targeting the
liver, with miR-29b linked to liver
steatosis.
Pelteobagrus Transcriptome | Environmental Hypoxia | Hypoxia (4 h, 0.7 mg/L 02) altered Li et al. (2022)
vachelli , miRNAome, Response on muscle of | HIF-1 signaling, energy metabolism,
Proteome, Pelteobagrus vachelli. and muscle function. Significant
and changes included inhibited oxidative
Metabolome phosphorylation, increased
anaerobic glycolysis, and muscle
damage. Discrete tissue-specific
responses showed muscles suffered
more damage than liver.
Cyprinus Metabolomics | Impact of dietary Pro supplementation (0.8 g/kg) Jia et al.
carpio , proanthocyanidins on enhanced antioxidant capacity, (2023)
transcriptomic | common carp increased muscle n-3 and n-6 PUFA
S intestinal microbiota, levels, and improved gut microbial
muscle nutrients, lipid diversity, notably Cetobacterium and
metabolism, and Pirellula. Transcriptomic changes
antioxidant capacity. indicated enhanced lipid turnover
and reduced cholesterol absorption
in the intestine.
Oncorhynchus | Proteome, Forecasting Fish Liver and muscle proteomic, Young et al.
tshawytscha and Performance-Based metabolomic, and lipid profiles were | (2023)
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Efficiency.

Efficient fish showed enhanced
protein synthesis, whereas inefficient
fish exhibited greater protein
degradation, with multi-omics
models explaining 30.4% of FE
variation.

sulisobenzone, a UV
filter.

phosphorylation and lipid
metabolism. Metabolomics identified
123 altered plasma and 118 liver
metabolites, indicating oxidative
stress and lipid peroxidation. Multi-
omics integration confirmed BP-4 as
a potential endocrine disruptor, with
energy depletion and metabolic
stress.

Pelteobagrus Transcriptom | Investigation of the Hypoxia (0.7 mg/L, 4 h) inhibited Li et al. (2023)
vachelli e, effects of energy energy metabolism (oxidative
miRNAome, Pr | metabolism on brain phosphorylation,
oteome, dysfunction in carbohydrate/protein metabolism),
and Metabolo | Pelteobagrus vachelli causing blood-brain barrier injury,
me under hypoxic stress. neurodegenerative, and autoimmune
diseases. Brain damage was milder
than in muscle due to blood
redistribution. Key pathways
included HIF-1 signaling, with tissue-
specific responses noted.
Sea bream Transcriptomi | Research on gilt-head After 22 days of exposure (10 pg/L), Colas-Ruiz et
(Sparus cand sea bream (Sparus 371 liver genes were differentially al. (2022)
aurata) Metabolomics | aurata) subjected to expressed, impacting oxidative

Red seabream

Transcriptomi

Research on red

8-week soybean meal-based diet in

Yoshinagaet

crucian carp Carassius
auratus revealed by
multi-omics analysis.

carp skin immunity, with widespread
changes in metabolic, stress,
cytoskeletal, and immune proteins.
Key immune factors such as
lysozyme, complement C3, DNAIJCS,
and AIF1L were strongly upregulated,
confirming a robust early defense

(Pagrus major) | cand seabream (Pagrus Pagrus major impaired growth and al. (2023)
Metabolomics | major) hepatopancreas | hepatopancreas condition, reducing
fed a diet consisting of | cholesterol levels and causing
soybean meal. hepatocyte atrophy. Integrated
transcriptomic and metabolomic
analyses revealed disrupted
cholesterol, bile acid, amino acid,
lipid, and energy metabolism, driving
metabolic stress and tissue
degeneration.
Golden Metagenomics | Investigation of zinc Low dietary zinc (134.6 mg/kg) Ma et al.
pompano and exposure regulation promoted growth, enriched gut (2022)
(Trachinotus Transcriptomic | mechanisms in the bacteria diversity, and activated liver
ovatus) S intestine-liver axis of growth hormone metabolism. While,
golden pompano in high dietary zinc (161.4 mg/kg)
Trachinotus ovatus. reduced growth, caused gut bacteria
imbalance (dysbiosis), activated
bacterial competition systems (T6SS),
and triggered liver stress (oxidative
stress, immune/antiviral responses).
Crucian Transcriptomic | Skin immune response | Proteomic-transcriptomic analysis Li et al. (2022)
carp (Carassiu | s, Proteomics to Aeromonas showed that Aeromonas hydrophila
s auratus) hydrophila infection in | infection rapidly activates crucian
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response.

Rainbow trout

Metagenomic,

Variations in rainbow

Probiotic and synbiotic feed additives

Rasmussen et

(Oncorhynchu | Metabolomics | trout (Oncorhynchus in rainbow trout (Oncorhynchus al. (2022)
s mykiss) mykiss) probiotic and mykiss) reduced Candidatus
synbiotic additives. Mycoplasma salmoninae in the gut,
altered microbial metabolic pathways
(e.g., arginine and terpenoid
synthesis), and shifted intestinal
metabolites (lipids, amino acids, bile
acids).
Pacific oysters | Transcriptomic | Investigating High salinity (38 g/L) upregulated Chen et al.
(Crassostrea s, Proteomics, | bioinformatics glycolysis genes and proteins but (2023)
gigas) and metabolo | methods to evaluate reduced lipid metabolism and citric
mics Pacific oysters' acid cycle activity. Salinity
(Crassostrea gigas) fluctuations of £10% preserved
tolerance mechanisms | oyster quality, while +20% caused
and response to salt metabolic and protein disruptions.
stress during Optimal depuration salinity should
depuration. align within £10% of production area
salinity.
Pelteobagrus Transcriptomic | The IL17 signaling Transcriptomics and proteomics Zhang et al.
fulvidraco s and Proteom | pathway was found to revealed upregulated IL-17-related (2023)
ics be a putative signaling | genes and proteins, driving immune
mechanism that responses and oxidative stress. Gill
mediates inflammation | hyperplasia impaired respiratory
and gill hyperplasia function, highlighting IL-17 as a key
during ammonia mechanism in ammonia-induced
nitrogen stress. damage.
Common Carp | Genomics, Research on Genes Integrated GWAS, transcriptomic, Zhang et al.
(Cyprinus Transcriptomic | Associated with Amino | and epigenomic analyses identified (2022)
carpio) sand Acids in the Common key genes and pathways controlling
Epigenomics Carp (Cyprinus carpio). | essential and flavor-related amino
acids in carp. The overlap between
genetic variants, differential
expression, and promoter
methylation highlights promising
molecular targets for improving
nutritional quality.
Rainbow trout | Genomics Finding, categorizing, Rainbow trout possess 23 HSP70 Roh et al.
(Oncorhynchu | and Transcript | and describing the genes grouped into seven (2022)
s mykiss) omics functions of HSP70s in | evolutionary clades. Groups 3 and 6
rainbow trout show distinct stress responses—
(Oncorhynchus mykiss). | group 3 to Ichthyophthirius multifiliis
infection and group 6 to thermal
stress. TFBS variation drives
expression differences, while HSP70a
isoforms respond strongly to hypoxia,
heat, and crowding, underscoring
HSP70s as key stress biomarkers in
aquaculture.
Grass carp Transcriptomic | Investigation of the Comparative transcriptomic and Zhao et al.
(Ctenopharyn | s and Proteom | regulatory mechanisms | proteomic analyses showed that (2023)
godon idellus) | ics behind the impacts of artificial feed accelerates grass carp

artificial feed and grass
feeding on grass carp
(Ctenopharyngodon
idellus) growth and

growth but compromises muscle
texture, while grass feeding
enhances muscle quality at the cost
of growth rate. Differential regulation




and metabolo
mics,
Proteomics

Challenges.

proteomics, and metabolomics.
Stressors (e.g., crowding, diet)
altered liver gene expression and
protein profiles. Metabolic pathways
like lipid oxidation were disrupted,
affecting fish health. Integrated
omics revealed biomarkers for stress
resilience in sea bream.
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muscle quality. of lipid metabolism and protein
synthesis pathways underlies these
effects, offering targets for feed
optimization.
Common carp | Transcriptomic | Research on the Integrated transcriptomic and Want et al.
(Cyprinus s molecular mechanisms | metabolomic analyses revealed (2024)
carpio) and metabolo | behind the variations system-specific regulation of carp
mics in muscle quality in muscle quality. Pond culture
common carp enhanced lipid biosynthesis linked to
(Cyprinus carpio) raised | firmness and flavor, while flow-
in two aquaculture through systems favored protein
systems. metabolism, highlighting aquaculture
system-dependent effects on muscle
quality.
Yellow catfish | Transcriptomic | Study on liver Transcriptomic and metabolomic Want et al.
(Pelteobagrus | s metabolism in yellow analyses showed that hypoxic stress (2024)
fulvidraco) and metabolo | catfish (Pelteobagrus reshapes liver metabolism in yellow
mics fulvidraco) under catfish, suppressing aerobic
hypoxic stress. pathways while enhancing lipid and
carbohydrate remodeling. Elevated
lactate and stress-response gene
expression indicate a shift toward
anaerobic metabolism, revealing
adaptive mechanisms underlying
hypoxia tolerance in aquaculture
species.
Sparus aurata | Genomics, The hepatic response Examined hepatic responses to Raposo de
Transcriptomic | of Sparus aurata to aquaculture challenges using Magalhaes et
s various aquaculture genomics, transcriptomics, al. (2024)

Thamnaconus | Transcriptomic | Molecular processes of | Integrated transcriptomic and Li et al. (2024)
septentrionalis | s Thamnaconus metabolomic analyses revealed that
and metabolo | septentrionalis H,0, stress activates oxidative-stress
mics negative responses to genes and disrupts amino acid
H202. metabolism. Reduced glutathione
levels indicate compromised
antioxidant defenses, clarifying
mechanisms of oxidative damage
and stress adaptation.
Grass carp Metagenomics | Study on gut Metagenomic and transcriptomic Li et al. (2024)
(Ctenopharyn | and microbiome of grass analyses revealed diet-driven shifts
godon idella) Transcriptomic | carp. in the grass carp gut microbiome,

S

with Firmicutes associated with
enhanced nutrient absorption.
Corresponding upregulation of host
digestive and immune genes
highlights microbiota-host
interactions that can guide probiotic
strategies to improve gut health and
growth.
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greater Genomics and | Sex-related research in | Genomic and transcriptomic analyses | Li et al. (2025)
amberjack Transcriptomic | greater amberjack identified sex-biased genes
(Seriola s (Seriola dumerili) underlying gonad development and
dumerili) includes sex-specific reproduction in amberjack. Males
marker development, showed elevated metabolic gene
sex-biased expression expression, while females exhibited
analysis, and gene immune-related upregulation,
identification. supporting sex-specific breeding
strategies in aquaculture.
Crucian Genomics and | Investigation of Transcriptomic analysis revealed Huo et al.
carp (Carassiu | Transcriptomic | miRNA-mediated miRNA-mediated regulation of (2024)
s auratus) s alterations in crucian immune and metabolic genes during
carp intestinal Rahnella aquatilis infection, leading
microbiota Rahnella to shifts in gut microbiota and loss of
aquatilis infected beneficial bacteria. These findings
Carassius auratus. highlight miRNAs as key modulators
of host-microbe interactions and
disease resistance.
Rockfish Transcriptomi | Effect of toxic fibrous Integrated transcriptomic and Choi et al.
cs and and fragmented metabolomic analyses showed that (2024)
Metabolomics | microplastic exposure fibrous microplastic exposure
to juvenile rockfish. activates stress and detoxification
pathways while reducing amino acid
levels, indicating metabolic
disruption. These results elucidate
microplastic toxicity mechanisms
affecting juvenile rockfish health.
Lateo labrax Metagenomics | Investigating the Investigated gut microbiota and Zhou et al.
japonicus and metabolome and gut metabolome interactions in sea bass | (2025)
Transcriptomic | microbiota of Lateo via metagenomics and
s (Labrax japonicus). transcriptomics. Diet shifts altered
microbial composition, affecting lipid
and carbohydrate metabolism. Host
genes for digestion and immunity
correlated with specific bacteria.
Results guide dietary interventions
for enhanced gut health and growth.
Yellow catfish | Transcriptome | Study on yellow Multi-omics analyses revealed sex- Yin & Zhao,
(Pelteobagrus | , Proteome catfish's (Pelteobagrus | specific brain responses to prolonged | (2025).
fulvidraco) and fulvidraco) brain sex- hypoxia in catfish, with males
Metabolome specific reactions to showing elevated stress-related gene
prolonged hypoxia. expression and females exhibiting
metabolic downregulation. Altered
metabolites such as GABA indicate
distinct neural adaptation and
hypoxia tolerance mechanisms.
Groupers Transcriptomic | Research on fish Researched liver metabolic Liu et al.
(Epinephelus sand iridovirus-induced liver | reprogramming during fish iridovirus | (2024)
lanceolatus) Metabolomics | metabolic infection. Transcriptomics and
reprogramming and metabolomics showed upregulated
alpha-linolenic acid's antiviral and lipid metabolism genes.
antiviral properties. Alpha-linolenic acid reduced viral
load by modulating metabolic
pathways.
Results suggest dietary interventions
for viral disease management.
Salmo trutta Metagenomics | Investigation of the Investigated probiotic effects on Chen et al.
and regulatory mechanisms | growth and gut health using (2024)

Metabolomics

of several probiotics on

metagenomics and metabolomics.
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Salmo trutta growth Probiotics increased beneficial
performance and bacteria, enhancing nutrient
intestinal health. absorption. Metabolites like short-
chain fatty acids rose, supporting gut
integrity.
Findings promote probiotic use for
improved trout performance.
Carassius Metabolomics | How Auxenochlorella Explored Auxenochlorella Dong et al.
auratus and pyrenoidosa Protein pyrenoidosa protein as a fetal bovine | (2024)
Proteomics Extract Works to serum alternative in fish cell culture.
Replace Fetal Bovine Metabolomics and proteomics
Serum in Fish Muscle showed comparable cell growth and
Cell Culture. protein profiles. Key metabolic
pathways remained stable,
supporting serum replacement.
Results advance sustainable fish
muscle cell culture techniques.
(Cyprinus Transcriptomic | Mechanisms Transcriptomic and metabolomic Xu et al.
carpio var. bai | sand underlying the analyses revealed that escape (2024)
senensis) Metabolomics | common strain black responses in black carp are
carp's (Cyprinus carpio | supported by rapid activation of
var. baisenensis) muscle contraction and energy
escape response. metabolism pathways. Elevated
lactate levels reflect acute energy
demand, providing molecular
insights that can inform selective
breeding for stress resilience and
performance.
Penaeus Transcriptomic | Study on Penaeus Investigated ammonia-N stress Luo et al.
monodon and monodon based on responses using transcriptomic and (2024)
Metabolomic immunological and metabolomic analyses.
Analyses physiological reactions | Stress upregulated immune and
to ammonia-N stress. detoxification genes in shrimp.
Metabolites like amino acids
decreased, indicating metabolic
strain. Results inform stress
mitigation strategies for shrimp
aquaculture.
Cynoglossus Transcriptomic | Study on Cynoglossus Studied pseudomale development Zhang et al.
semilaevis s, Proteomics | semilaevis pseudomale | using transcriptomics, proteomics, (2024)
and s. and ubiquitinated proteomic
Ubiquitinated analyses. Sex-reversal genes and
Proteomic ubiquitinated proteins regulated
Analyses gonad differentiation. Metabolic and
immune pathways differed between
sexes. Findings elucidate molecular
mechanisms of sex determination in
flatfish.
Adult razor Transcriptome | Razor clam Researched ammonia nitrogen Sun et al.
clam and (Sinonovacula tolerance mechanisms using (2024)
(Sinonvacula Metabolome constricta) ammonia transcriptomics and metabolomics.
constricta) nitrogen tolerance Stress upregulated detoxification and
physiological reaction antioxidant genes. Metabolites like
mechanism. taurine increased, supporting
osmoregulation. Results reveal
adaptive strategies for ammonia
tolerance in clams.




J Fisheries and Zoological Sciences, 1(2), 60-95

80

Pelteobagrus Transcriptome | Research on Investigated gonadal failure under Zhao et al.
fulvidraco , Proteome, Pelteobagrus fulvidraco | persistent hypoxia using (2024)
and based on ovarian and transcriptomics, proteomics, and
Metabolome testicular failure metabolomics. Hypoxia
brought on by downregulated reproductive genes
persistent hypoxia. and altered steroid metabolism.
Metabolites like testosterone
decreased, impairing gonad function.
Findings highlight hypoxia’s
reproductive impacts in catfish.
American Transcriptomic | Understanding the Studied molecular responses to high | Luo et al.
shad (Alosa s, Proteomics, | molecular regulation of | temperatures using transcriptomics, (2024)
sapidissima) and Metabolo | the American shad proteomics, and metabolomics. Heat
mics (Alosa sapidissimay) stress upregulated chaperone and
exposure to high antioxidant proteins. Metabolites like
temperatures. glucose altered, indicating metabolic
shifts. Results inform thermal
tolerance mechanisms for shad
conservation.
Mylopharyngo | Integrated Tra | Mechanism of Explored hepatotoxicity of diclofenac | Chen et al.
don piceus nscriptomics hepatotoxicity of and nanopolystyrene using (2024)
diclofenac and/or transcriptomics and metabolomics.
and Metabolo . . .
mics analysis nanopolystyrene in TOXInS. l.Jpr(.eguIated liver stress. and.
Mylopharyngodon detoxification genes. Metabolites like
piceus. bile acids decreased, reflecting liver
damage. Findings reveal synergistic
toxic effects on black carp liver.
Macrobrachiu | Transcriptomic | Mechanism of Acute Investigated low-salinity stress in Li et al. (2024)

m rosenbergii

s, Proteomics
and
Metabolomics

Low-Salinity Stress in
Macrobrachium
rosenbergii Larval
Stages.

larvae using transcriptomics,
proteomics, and metabolomics.
Stress altered osmoregulatory and
immune gene expression.
Metabolites like glycine increased,
supporting salinity adaptation.
Results guide salinity management in
shrimp larval culture.

Nile Tilapia Transcriptome | Chronic Microcystin-LR | Studied chronic microcystin-LR Li et al. (2024)
and Exposure and Its Toxic exposure effects on liver using
Metabolome Effects on the Liver of transcriptomics and metabolomics.
Nile Tilapia. Toxin upregulated detoxification and
oxidative stress genes. Metabolites
like glutathione decreased, indicating
liver damage. Findings highlight
molecular mechanisms of cyanotoxin
toxicity in tilapia.
Juvenile Transcriptomic | Impact of Fibrous and Examined polyethylene Choi et al.
Rockfish sand Fragmented terephthalate microplastic effects (2024)
Metabolomics | Microplastics of using transcriptomics and
Polyethylene metabolomics.
Terephthalate on Microplastics disrupted metabolic
Juvenile Rockfish. and immune pathways. Metabolites
like amino acids decreased, reflecting
toxicity. Results underscore
microplastic risks to juvenile fish
health.
Yellow catfish | Transcriptomic | Finding hepatic Multi-omics analyses revealed sex- Zhao et al.
(Pelteobagrus | s, protein-metabolite specific hepatic adaptations to long- (2024)
fulvidraco) Metabolomics | networks unique to term hypoxia in catfish, with males

and

each sex in yellow

exhibiting stronger antioxidant




homologous Bacillus
tequilensis (GCB-3) on
grass carp
(Ctenopharyngodon
idellus) growth
performance.

metabolites, including short-chain
fatty acids, enhancing nutrient
absorption and growth performance.
These results support probiotic
application in grass carp aquaculture.
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Proteomics catfish (Pelteobagrus responses and females showing
fulvidraco) exposed to | altered lipid metabolism. Changes in
long-term hypoxia. metabolites such as NAD* highlight
distinct regulatory networks
underlying hypoxia resilience.
Takifugu Transcriptomic | The physiological Investigated larval liver responsesto | Zhou et al.
rubripes and reactions of Takifugu temperature changes using (2025)
Metabolomic rubripes larvae to transcriptomic and metabolomic
Analyses varying temperatures analyses. Temperature shifts altered
in their liver. metabolic and developmental genes.
Metabolites like lipids fluctuated,
affecting growth. Results inform
optimal rearing conditions for
pufferfish larvae.
Golden Transcriptomic | Investigating the Studied enteritis effects using Yuan et al.
pompano s and fundamental processes | transcriptomics and metabolomics (2024)
(Trachinotus Metabolomics | by which enteritis analyses. Enteritis upregulated
ovatus) Analyses affects golden inflammatory and immune genes in
pompano (Trachinotus | the gut.
ovatus). Metabolites like short-chain fatty
acids decreased, impairing gut
health. Findings elucidate molecular
mechanisms of enteritis for disease
management.
Atlantic Metabolomics | Identification of Identified plasma biomarkers for Ivanova et al.
Salmon analyses Possible Plasma PRV-1 infection using metabolomics (2024)
(Salmo salar) Biomarkers in Atlantic analyses. Infection altered lipid and
Salmon Infected with amino acid metabolites in plasma.
PRV-1. Key biomarkers included ceramides,
indicating immune activation. Results
support non-invasive diagnostics for
salmon viral infections.
Crucian Carp Transcriptomic | Examining Differences Compared triploid vs. diploid gill Han et al.
(Carassius sand in Triploid and Diploid responses to NaHCO3 stress using (2024)
auratus) Metabolomics | Crucian Carp's transcriptomics and metabolomics.
Analyses (Carassius auratus) gill | Triploids showed higher stress gene
physiological reactions | expression and metabolic resilience.
to habitat stress Metabolites like taurine increased,
caused by NaHCO3. supporting osmoregulation. Findings
highlight ploidy effects on stress
adaptation in carp.
Macrobrachiu | Transcriptomic | Research on the Researched growth variations in Zhao et al.
m rosenbergii | sand variations in the female prawns using transcriptomics | (2025)
Metabolomics | growth of female and metabolomics.
Macrobrachium Larger females upregulated growth
rosenbergii gigantic and reproductive genes. Metabolites
freshwater prawns. like amino acids increased,
supporting tissue development.
Results inform selective breeding for
enhanced prawn growth.
Grass carp Metabolomics | The regulatory Metabolomic analysis showed that Wang et al.
(Ctenopharyn mechanism that Bacillus tequilensis (GCB-3) (2024)
godon idellus) underlies the impact of | supplementation increases beneficial
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Zebrafish Transcriptomic | Research on how Investigated ammonia-enhanced Ou-Yang et al.
sand exposure to ammonia- | Microcystis aeruginosa effects using (2024)
Metabolomics | enhanced Microcystis transcriptomics and metabolomics.
aeruginosa causes Exposure caused muscle nutrient loss
zebrafish to lose and liver fat accumulation. Genes for
muscle nutrients and lipid metabolism and stress were
accumulate liver fat. upregulated. Results reveal
synergistic toxicity mechanisms in
zebrafish.
Yellowfin tuna | Transcriptomic | Research on how adult | Integrated transcriptomic and Zou et al.
(Thunnus s and and juvenile yellowfin metabolomic analyses revealed life- (2024)
albacares) Metabolomics | tuna (Thunnus stage differences in intestinal lipid
albacares) differ in metabolism in tuna, with adults
their intestinal lipid showing higher lipid absorption gene
metabolism. expression and altered triglyceride
profiles. These findings inform age-
specific dietary strategies in
aquaculture.
Sea Bass Proteomics, Sea Bass Multi-omics analyses linked sea bass | Benedetto et
(Dicentrarchus | Lipidomics, (Dicentrarchus Labrax) | freshness to distinct protein and lipid | al. (2024)
Labrax) Metabolomics | Freshness Estimation profiles, while illicit treatments
Characterizati | and lllicit Conservation | produced characteristic microbial
on and Treatment Detection. and metabolite signatures. These
Metagenomics results demonstrate the value of
Analysis integrated omics for seafood
freshness assessment and quality
control.

6. Role of integrating omics technologies in
aquaculture

6.1 Systems biology approach

The development of molecular biology technologies
has led to a significant shift in biological research.
While single-omics approaches (such as genomics,
proteomics, and metabolomics) have provided valuable
insights, the complexity of biological systems demands
a more holistic view. Multi-omics approaches, which
integrate data from multiple biomolecular disciplines,
have emerged as a powerful tool for systems biology,
offering a comprehensive perspective on molecular
responses in living systems (Nam et al., 2023). Multi-
omics encompasses a range of scientific fields,
including genomics, epigenomics, transcriptomics,
proteomics, phosphoproteomics, metabolomics,
lipidomics, and microbiomics. By combining these
disciplines, researchers can gain insights into the
complex interactions between various biomolecules
and understand how they contribute to biological
processes (Kim and Kim, 2021). In aquaculture, multi-
omics has been instrumental in improving our
understanding of various biological mechanisms, from
DNA variations (genomics) to gene expression
(transcriptomics) and protein function (proteomics), as
well as metabolic and chemical processes
(metabolomics) (Alfaro and Young, 2016; Chandhini
and Rejish Kumar, 2018; Ye et al,, 2018). In particular,
the application of multi-omics in environmental

toxicology has proven to be valuable, as it allows for the
integration of multiple layers of molecular data to
understand the complex responses of biological systems
to external stressors (Augustyn et al.,, 2021). In
aquaculture research, this integrative approach has
been used to address various challenges, such as
understanding the molecular responses of fish to
temperature changes and saline-alkaline stress. For
instance, studies on low-temperature tolerance in
Takifugu fasciatus (fugu) used a combination of mRNA-
seq and metabolomics to identify differentially
expressed metabolites and genes involved in cold
tolerance (Wen et al.,, 2019). Similarly, a multi-omics
study on the gills of crucian carp exposed to saline-
alkaline stress provided insights into the physiological
responses to changes in carbonate alkalinity (Liu et al.,
2022). Additionally, the use of integrated multi-omics
technologies has been applied to study the epithelial
tissue and mucus secreted by fish, aiming to better
understand mucosal immunity and functionality in
teleost species (Reyes-Lopez et al., 2020). By combining
transcriptomics, metabolomics, and biochemical assays,
multi-omics  provides a more comprehensive
understanding of biological systems, facilitating the
development of more sustainable and efficient practices
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in aquaculture. For example, an integrated approach
combining metabolomics and transcriptomics was used
to evaluate the effects of different diets on the
metabolism and gene expression of rainbow trout
(Oncorhynchus mykiss), providing valuable insights into
how diet influences fish health and growth (Cao et al,,
2022).

6.2 Predictive modeling

Recent advancements in sequencing and high-
throughput technologies have led to the generation of
a wide range of omics data, such as genomics,
epigenomics, transcriptomics, proteomics,
metabolomics, lipidomics, glycomics, cytomics,
microbiomics, metagenomics, radiomics, interactomics,
and chemical genomics (Hasin et al., 2017). While
genomics and epigenomics data focus on genetic
makeup and microbiomics, metagenomics, and
chemical genomics provide insight into environmental
factors, most other omics data uncover the molecular
details of distinct endophenotypes at various levels
(Wu and Xie, 2024). These datasets are essential for
linking genetic information to phenotypic traits and
predicting how phenotypes will respond to
environmental changes (Guo and Li, 2023). For
instance, transcriptomics analysis helps identify which
genes are upregulated or downregulated due to
genetic variations or environmental influences (Shang
et al., 2022).

omics

7. Applications of technologies in

aquaculture

Aquaculture, which involves the farming of aquatic
organismes, is essential for fulfilling the increasing global
demand for seafood. Despite its importance, the
industry encounters several challenges, such as disease
outbreaks, environmental degradation, and the need
for sustainable practices. Omics technologies, including
genomics, transcriptomics, proteomics, and
metabolomics, offer valuable solutions to these
challenges by providing a detailed understanding of the
molecular processes behind various biological
functions. These technologies are transforming
breeding programs, improving disease management
strategies, and optimizing nutrition in aquaculture.

7.1 Breeding and genetic improvement

Marker-Assisted Selection (MAS) uses genetic markers
linked to desirable traits to identify superior
broodstock, speeding up genetic improvement by
allowing breeders to select individuals with desired
genes without solely relying on phenotypic traits. For
example, in Atlantic salmon, MAS has been used to
select for resistance to the infectious pancreatic
necrosis virus (IPNV), a disease that can cause
substantial economic losses (Moen et al., 2009).
Genomic selection (GS) advances MAS by analyzing the
entire genome to predict an individual's breeding
value, offering higher accuracy in predicting complex
traits, which results in faster genetic progress and more

efficient selection. GS has been successfully applied in
various aquaculture species, such as Atlantic salmon
(Pdegard et al., 2014) and rainbow trout (Vallejo et al.,
2017), improving growth rates and disease resistance.
Omics technologies help unravel the genetic makeup of
complex traits like disease resistance and stress
tolerance. By identifying genes and pathways tied to
these traits, researchers can breed more resilient
aquaculture  species capable of withstanding
environmental stress and disease. For instance,
transcriptomic studies have highlighted genes related to
Nile tilapia's response to salinity stress, offering insights
into the species' osmoregulatory mechanisms
(Magdeldin et al., 2014).

7.2 Disease management

Rapid and accurate disease diagnostics are essential for
effective disease management in aquaculture. Omics
technologies provide powerful tools for pathogen
identification and characterization, allowing for early
detection and targeted treatment. For instance,
metagenomics has been utilized to uncover novel
viruses in shrimp, broadening our understanding of the
viral diversity linked to shrimp diseases (Zhang et al.,
2019).

The development of effective vaccines is crucial for
preventing disease outbreaks and reducing economic
losses in aquaculture. Transcriptomics and proteomics
can help identify potential vaccine targets by uncovering
the molecular mechanisms of host-pathogen
interactions. For example, proteomics has been applied
to identify immunogenic proteins in the bacterial
pathogen Vibrio anguillarum, which could serve as
potential vaccine candidates to protect fish from
vibriosis (Sun et al., 2012).

Breeding disease-resistant strains offers a sustainable
solution for disease management in aquaculture. Omics
technologies can pinpoint genetic markers associated
with disease resistance, aiding in the selection of
broodstock with enhanced immunity. For example,
genomics has been used to identify quantitative trait
loci (QTL) related to resistance against white spot
syndrome virus (WSSV) in shrimp, which can be
leveraged for breeding programs aimed at improving
WSSV resistance (Yu et al., 2015).

7.3 Nutrition and feed development

Optimizing nutrition is essential for promoting growth
and health in aquaculture species. Omics technologies
play a pivotal role in identifying the specific nutritional
needs of various species at different life stages, allowing
for customized diets that meet these needs. For
instance, transcriptomics has been used to explore the
nutritional requirements of Atlantic salmon during early
development, revealing insights into the genes and
pathways involved in nutrient metabolism and
utilization (Morais et al., 2012).

Creating cost-effective and sustainable feeds presents a
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significant challenge in aquaculture. Transcriptomics
and metabolomics can evaluate how different feed
ingredients impact fish metabolism and growth,
helping formulate feeds that enhance nutrient
efficiency and reduce environmental impacts. For
example, metabolomics has been applied to assess the
influence of various dietary protein sources on rainbow
trout, offering insights into how different proteins
affect metabolic profiles and growth (Jonsdéttir et al.,
2013).

Functional feeds, which include bioactive compounds
that support fish health and resistance to disease, are
gaining traction. Omics technologies can identify these
bioactive compounds and clarify their mechanisms of
action, leading to the development of functional feeds
that promote health while reducing antibiotic
dependence. For example, transcriptomics has been
used to identify genes involved in the immune
response of Atlantic salmon to dietary prebiotics,
showcasing the potential of prebiotics to boost
immune function and improve disease resistance
(Torrecillas et al., 2014).

7.4 Stress response and environmental adaptation

Aquaculture species are frequently exposed to various
stressors, including temperature fluctuations, salinity
changes, and low oxygen levels. Omics technologies
can pinpoint genes and pathways that play a role in
stress responses, offering valuable insights into the
molecular mechanisms behind stress tolerance. This
information can be used to breed more resilient strains
capable of withstanding environmental challenges. For
instance, transcriptomics has been employed to
investigate the response of Pacific oysters to heat
stress, uncovering the genes and pathways involved in
cellular protection and repair (Lang et al., 2015).

Aqguaculture species also thrive under different
environmental conditions. Omics technologies can help
unravel the molecular mechanisms of adaptation to
factors like salinity, temperature, and oxygen
availability. This knowledge can inform the selection of
species or strains that are best suited for specific
aquaculture environments, ensuring optimal growth
and survival. For example, genomics has been utilized
to explore the adaptation of Atlantic salmon to varying
salinity levels, shedding light on the genetic
underpinnings of osmoregulation and salinity tolerance
(Larsen et al., 2016).

7.5 Reproduction and development

Understanding the reproductive biology of aquaculture
species is essential for optimizing breeding programs
and ensuring successful reproduction. Omics
technologies offer valuable insights into the molecular
mechanisms behind sex determination, gametogenesis,
and spawning. For example, transcriptomics has been
applied to study sex differentiation in Nile tilapia,
identifying the genes and pathways involved in gonad
development and sex determination (Tao et al., 2013).

The early life stages of aquatic organisms are often the
most vulnerable. Omics technologies can track gene
expression patterns during early development,
providing a detailed understanding of the molecular
processes that influence larval development and
survival. This knowledge can help improve hatchery
practices and boost larval survival rates. For instance,
transcriptomics has been used to study the
development of European sea bass larvae, uncovering
the genes and pathways involved in organogenesis and
metamorphosis (Saavedra et al., 2014).

8. Conclusion and future prospects

Omics technologies are reshaping the aquaculture
landscape by providing powerful and precise tools for
genetic improvement, disease prevention, nutritional
optimization, and environmental adaptation. Their
application holds immense potential for enhancing
aquaculture productivity, ensuring animal welfare, and
promoting  long-term  sustainability. As these
technologies become more refined and cost-effective,
their widespread adoption will play a pivotal role in
advancing global food security and fostering economic
resilience in aquaculture-dependent regions.

The integration of genomics, transcriptomics,
proteomics, and metabolomics-collectively known as
multi-omics-offers a comprehensive understanding of
the complex biological systems that govern aquatic life.
This holistic approach enables more accurate phenotype
predictions, improved selective breeding programs,
targeted nutritional formulations, and enhanced
strategies for disease control. Such integrative insights
are critical for building a more efficient and sustainable
aquaculture sector.

Emerging advancements in sequencing technologies,
particularly long-read and single-cell sequencing, are
expected to further revolutionize omics applications in
aquaculture. Long-read sequencing enables the
characterization of full-length transcripts and complex
genomic regions, while single-cell sequencing unveils
cellular heterogeneity and dynamic gene expression at
the individual cell level. These tools will deepen our
understanding of gene regulatory networks and
organismal responses to stressors and pathogens.

As omics platforms generate increasingly large and
complex datasets, the need for sophisticated
computational tools continues to grow. Artificial
intelligence and machine learning algorithms are poised
to play a crucial role in extracting actionable insights,
enabling pattern recognition, phenotype prediction, and
the development of data-driven management strategies
in aquaculture systems.

Additionally, the integration of gene-editing
technologies such as CRISPR-Cas9 with omics data holds
great promise for the precise development of strains
with desirable traits, including enhanced growth, stress
tolerance, and disease resistance. Omics-guided
genome editing ensures not only the efficiency of trait
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improvement but also the biological safety and ethical
viability of such interventions. In the broader context of
sustainability, omics technologies contribute by
identifying genetic markers linked to feed efficiency,
waste reduction, and resilience to environmental
challenges. This enables the design of eco-friendly
practices that reduce the ecological footprint of
aquaculture operations while safeguarding animal
welfare through stress monitoring and early disease
diagnostics.

In conclusion, the future of aquaculture lies in the
continued advancement and integration of omics
technologies. With responsible application and
interdisciplinary collaboration, these tools will drive
innovation, sustainability, and resilience in global
aquaculture systems, paving the way for a more secure
and ethical blue economy.
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