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Abstract

The large yellow croaker (Larimichthys crocea) is one of China’s most economically important
marine fish species, with its cage culture production leading the nation for many years.
However, the rapid expansion of aquaculture has brought challenges such as germplasm
degradation, reduced disease resistance, inconsistent product quality, and low adoption of
improved strains, which have hindered the sustainable development of the industry. The
primary objective of this review is to summarize the current practices and challenges in
seedling selection for L. crocea. The secondary objectives include discussing the influence of
genetic, physiological, and environmental factors on growth performance and proposing
future research directions for sustainable breeding programs. This review covers key topics
including morphological screening, growth performance evaluation, genetic diversity
conservation, disease resistance improvement, and adaptation to environmental stress. It
also explores the application of modern technologies such as marker-assisted selection,
intelligent monitoring, environmental control, precision feeding, and disease prevention.
Moreover, it highlights core issues in current breeding practices, such as over-reliance on
single-trait selection and insufficient integration of environmental adaptability and disease
resistance. Finally, future trends are discussed, emphasizing the integration of genomic
tools with artificial intelligence to promote intelligent, precise, and sustainable breeding
approaches. These insights aim to enhance aquaculture productivity while supporting
long-term ecological balance and industry sustainability.

Keywords: Larimichthys crocea; seedling selection; genomics; artificial intelligence; marker-
assisted selection; sustainable aquaculture

1. Introduction
The large yellow croaker (Larimichthys crocea), commonly known as the Chinese large

yellow croaker, belongs to the order Perciformes, family Sciaenidae, and genus Larim-
ichthys [1]. This species is named for its golden-yellow luster along the lateral body surface
and is one of the most important marine aquaculture species in China. Large yellow
croaker is highly favored by consumers for its tender texture, delicious flavor, and richness
in protein and trace elements [1]. It is widely used in high-end catering markets both
domestically and internationally, with stable and continuously growing market demand.
With the continuous advancement of aquaculture technology, the large yellow croaker has
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emerged as a species with significant economic potential in the field of aquaculture [2]. As
a warm-water marine fish, the large yellow croaker primarily inhabits sandy-bottomed
shallow coastal waters. Its optimal temperature range is 18–25 ◦C [3]. The species exhibits
schooling behavior and a relatively fast growth rate. Spawning typically occurs from April
to June and again from September to October each year [3]. Female croakers produce a
large number of eggs and demonstrate strong reproductive capabilities. Although the
species is highly adaptable to environmental conditions, it has relatively high requirements
for water quality. Proper water quality management and scientifically formulated feeding
strategies are essential for healthy growth.

With the decline of natural fishery resources, artificial aquaculture has become the main
method for supplying large yellow croaker [4]. Within the aquaculture process, the selective
breeding of seedlings (juvenile fish) is a critical step that directly affects survival rate, growth
performance, disease resistance, and overall farming efficiency [5]. High-quality seedlings
should originate from healthy broodstock with favorable genetic backgrounds, exhibiting
strong disease resistance and environmental adaptability. They should be capable of rapid
growth and high survival rates, thereby improving feed conversion efficiency, shortening
the culture cycle, reducing costs, and increasing economic returns. In contrast, low-quality
seedlings tend to be more susceptible to disease, show slower growth, and significantly
increase farming risks and economic burdens.

Seedling selection is not only vital for economic outcomes but also plays a critical
role in ensuring population health and ecological balance. Scientific breeding practices
should enhance productive traits while maintaining genetic diversity to prevent genetic
degradation and declining adaptability. Preserving genetic diversity helps strengthen the
population’s immunity and adaptability, while also reducing the risk of recessive harm-
ful mutations caused by inbreeding. Under ecological aquaculture models, high-quality
seedlings should demonstrate superior environmental adaptability and feed conversion
efficiency, which can effectively reduce pollution and eutrophication in aquatic systems.
This, in turn, promotes environmentally friendly and sustainable development in aquacul-
ture [6]. Therefore, selective breeding of seedlings is not only key to improving farming
profitability but also forms the foundation for ecological aquaculture and the sustainable
development of the industry [7].

To address these needs, the primary objective of this review is to summarize the current
practices, challenges, and research progress in the selective breeding of Larimichthys
crocea seedlings. The secondary objectives include: (1) analyzing the effects of genetic,
physiological, and environmental factors on seedling quality and growth performance;
(2) exploring the integration of intelligent technologies such as computer vision, artificial
intelligence, and genomic tools in seedling selection; and (3) proposing future directions
for sustainable and intelligent breeding strategies.

2. Selective Breeding Strategies for Large Yellow Croaker Seedlings
The selective breeding of large yellow croaker (Larimichthys crocea) seedlings can

be systematically optimized across multiple dimensions, including morphological trait
selection, genetic diversity assessment, growth performance evaluation, environmental
adaptability analysis, and disease resistance screening [8]. Through integrated breeding
approaches, favorable traits in the germplasm resources of large yellow croaker have been
significantly improved, enhancing production performance and stress resistance during
aquaculture, and thus providing a solid technical foundation for efficient and sustainable
marine aquaculture.
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2.1. Morphological Trait Selection

Large yellow croaker populations from different geographic regions exhibit signif-
icant morphological diversity, particularly in external traits such as body length, body
depth, and caudal peduncle height. These traits offer important phenotypic references for
seedling selection [9]. Currently, morphological selection in large yellow croaker mainly
combines individual selection and family-based breeding to identify healthy individuals
with strong growth potential, thereby optimizing the overall growth performance of the
population [9]. Building on traditional selection methods, recent studies have introduced
modern technologies such as image analysis and geometric morphometrics. Computer vi-
sion measurement systems have been applied to quantitatively analyze body shape traits in
large yellow croaker, significantly improving the objectivity and precision of morphological
assessments (Figure 1) [10,11]. With the continuous advancement of molecular breeding
technologies, researchers have begun exploring the association between molecular mark-
ers and morphological traits to identify key genetic loci governing body shape, enabling
marker-assisted precision breeding. In practical breeding applications, the “Minyou No. 1”
strain of large yellow croaker was developed jointly by Jimei University and the Ningde
Aquatic Technology Extension Station. This strain exhibits a body shape similar to wild
types, yellowish coloration, and favorable commercial traits [12]. Similarly, “Donghai
No. 1” was developed by the College of Marine Sciences, Ningbo University, using wild
populations from the Daikuyang waters. This strain has been bred through long-term
mass selection and displays superior body shape and golden coloration [13]. Furthermore,
YU et al. [14] developed an automated morphological parameter detection system that
integrates machine vision with weighing sensors, enabling simultaneous measurement of
body length, body weight, and body width with high accuracy, thus providing technical
support for efficient morphological evaluation. CHEN et al. [15] using a combination of
linkage analysis and association analysis, identified quantitative trait loci (QTL) associated
with body weight, body length, body height, and caudal peduncle length in the large yellow
croaker. Their findings revealed the genetic basis of morphological traits and provided a
theoretical foundation for molecular marker development and functional gene studies.

Figure 1. Computer Vision Measurement System for Morphological Parameters of Croaker [10,11].
Notes:1. body length, 2. body height, 3. muzzle end, 4. upper edge of gill cover, 5. anterior end
of dorsal fin base, 6. posterior end of dorsal fin base, 7. upper end of caudal fin base, 8. point of
intersection of caudal fin base and lateral line, 9. lower end of caudal fin base, 10. posterior end of
anal fin base, 11. anterior end of anal fin base, 12. left ventral fin base, 13. left pectoral fin base, 14.
lower edge of the gill cover.

To address these limitations, we propose integrating computer vision-based morpho-
metric analysis with genomic tools as a complementary pre-screening stage. This strategy
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can improve both efficiency and objectivity in seedling selection, particularly under inten-
sive aquaculture conditions. Relying solely on these traits for germplasm selection may not
accurately reflect the true genetic background of individuals, resulting in relatively low
efficiency in genetic improvement. Therefore, in modern breeding practices, morphological
selection should be integrated with molecular marker-assisted selection and other advanced
techniques to enhance the precision and efficiency of breeding.

2.2. Growth Performance Selection

The selective breeding of large yellow croaker (Larimichthys crocea) for growth perfor-
mance primarily employs a combined strategy of individual selection and family-based
selection. By establishing systematic family populations, key growth traits such as body
weight, body length, and daily weight gain are quantitatively evaluated to identify and
retain superior individuals with outstanding growth potential [16]. Particularly, using
wild-caught populations as the base for breeding helps maintain genetic diversity while
promoting the continuous accumulation and genetic improvement of favorable growth
traits [17]. Several studies have systematically estimated the heritability of growth-related
traits in the large yellow croaker, with findings indicating moderate to high heritability
for these traits. This provides a solid theoretical and practical foundation for subsequent
genetic improvement efforts [18]. In recent years, the rapid development of molecular
biotechnology has led to the increasingly widespread application of molecular breeding
techniques in the selection for growth performance, serving as a valuable supplement
to traditional phenotypic selection. Genome editing (GE) technologies have also shown
early promise in the large yellow croaker. Researchers have successfully induced targeted
gene mutations by microinjecting Cas9 messenger RNA (mRNA) and its corresponding
single-guide RNA (sgRNA) from the CRISPR/Cas9 system, demonstrating potential advan-
tages in accelerating individual growth and enhancing disease resistance [19]. In practical
breeding, “Donghai No. 1,” a representative strain derived from wild populations in the
Daikuyang sea area, was developed through more than a decade of systematic selection.
Experimental results confirm that under identical farming conditions, this strain exhibits
significantly better growth performance compared to standard commercial seedlings [20].
In the field of marker-assisted selection (MAS), ZHANG et al. [21] identified significant
correlations between mutations in the coding region of the FST gene and growth traits in
large yellow croaker using single-nucleotide polymorphism (SNP) screening, providing
molecular evidence for developing candidate markers. SUI [22] conducted genetic evalua-
tions of growth traits using microsatellite markers. Although the estimated heritability was
relatively low (0.09–0.19), high genetic correlations among traits were observed, and key
markers such as LYC0088 and LYC0143, which are closely associated with growth traits,
were identified—offering theoretical support for practical breeding efforts.

Growth performance selection is of great significance for improving aquaculture
profitability and promoting large-scale production. However, growth traits are highly
affected by temperature, salinity, and density. Therefore, precise environmental control
is essential during selection [23]. Moreover, due to the long breeding cycles and high
financial and technical investments required, improving selection efficiency and achieving
multi-technology integration remain key challenges to be addressed in future research
and practice.

2.3. Genetic Diversity Selection

Genetic diversity forms the foundation for the genetic improvement and sustainable
breeding of the large yellow croaker (Larimichthys crocea), playing a key role in maintaining
population vitality, enhancing environmental adaptability, and improving stress resistance.
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In recent years, with the rapid development of the large yellow croaker aquaculture
industry, the population has increasingly relied on artificial breeding systems, leading to a
significant decline in genetic diversity, an increase in inbreeding levels, and adverse effects
on economically important traits such as growth performance and disease resistance [24].
Multiple studies have shown that wild populations of large yellow croaker generally
exhibit high levels of genetic diversity, while farmed populations are prone to allele loss,
a decrease in effective population size, and reduced genetic differentiation, indicating
that their genetic foundation is becoming increasingly limited [25]. To mitigate these
issues, researchers have introduced wild populations into breeding programs through
hybridization or backcross strategies, which have effectively restored genetic diversity
in farmed populations, thereby enhancing the stability and adaptability of the genetic
foundation [26]. With the continuous advancement of molecular marker technologies,
molecular-assisted monitoring and evaluation techniques have become important tools
for managing genetic diversity. Among these, Amplified Fragment Length Polymorphism
(AFLP) and microsatellite markers are widely used in the analysis of genetic diversity in the
large yellow croaker. For example, HOU et al. [27] used AFLP technology to evaluate the
genetic diversity of the F4 generation of the “Donghai No. 1” population, finding that the
proportion of polymorphic loci was 39.67%, the Nei’s gene diversity index was 0.1399, and
the Shannon index was 0.2099. These results were similar to those of the original parent
population, indicating that scientific breeding strategies can effectively maintain genetic
diversity within the population. ZHENG et al. [28] used microsatellite markers to analyze
the genetic structure of small yellow croaker populations along China’s coastline, revealing
high genetic diversity and low genetic differentiation, providing theoretical support for the
conservation and utilization of large yellow croaker germplasm resources.

In ongoing breeding practices, it is essential to scientifically avoid the genetic bot-
tleneck effects caused by excessive inbreeding and strong selection pressure. Regular
monitoring of population genetic structure and diversity is needed to ensure the genetic
stability and potential for genetic improvement within the population. Scientifically and
rationally managing genetic diversity not only helps optimize productive traits and reduce
the risk of inbreeding depression but also strongly supports the long-term sustainable
development of the large yellow croaker industry.

2.4. Disease Resistance Selection

Disease resistance selection has become a key strategy for improving the aquaculture
efficiency of large yellow croaker (Larimichthys crocea) and ensuring the sustainable develop-
ment of the industry, receiving widespread attention in recent years. Due to the constraints
of high-density farming practices, disease issues have become increasingly severe, with
pathogens spreading rapidly and exhibiting high mortality rates, which severely restrict
the stable development of the industry. Therefore, improving the disease resistance of large
yellow croaker populations has become one of the primary focuses of current breeding
efforts [29]. At present, genetic improvement of disease resistance traits in large yellow
croaker is mainly based on traditional phenotypic selection, with the gradual incorporation
of modern breeding technologies such as marker-assisted selection (MAS) and genomic
selection (GS) to improve the efficiency and precision of disease resistance breeding [30].
With the development of functional genomics and high-throughput sequencing technolo-
gies, theoretical support for understanding the genetic basis of complex disease resistance
traits has been provided. Researchers have identified multiple key genetic loci associated
with disease resistance through quantitative trait loci (QTL) mapping and genome-wide as-
sociation studies (GWASs), and have combined single-nucleotide polymorphism (SNP) and
microsatellite markers to screen for disease-resistant individuals [31]. Additionally, genetic
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databases constructed from large-scale whole-genome resequencing data have provided
important data support for the development of breeding chips, significantly improving
trait identification and selection efficiency. Currently, disease resistance assessments for
major pathogens such as Vibrio alginolyticus and Iridovirus have been widely applied
in breeding practices, and related functional gene research has made significant progress.
WEI et al. [32] studied the autophagy-related gene ATG10 in large yellow croaker, discover-
ing that its expression was significantly upregulated under viral infection stress, and its
overexpression in vitro effectively inhibited viral replication, indicating its important role
in antiviral immune responses. Additionally, FU et al. [33] identified Bacillus amyloliquefa-
ciens NB Lm36, which exhibited broad-spectrum antibacterial activity. This strain showed
significant inhibitory effects against multiple aquatic pathogens and was non-toxic to the large
yellow croaker, indicating its potential as a biocontrol agent. In the application of disease
resistance breeding, the “Ningxin” series breeding chips developed by Xu Peng’s team at
Xiamen University integrate molecular markers for multiple traits, and based on this, the
“Ningkang No. 1” strain, with significantly enhanced disease resistance, was successfully
bred. This provides valuable germplasm resources and efficient technical means for disease
resistance breeding of large yellow croaker [34], with genomics-assisted breeding technologies
offering multiple approaches to cultivating disease-resistant fry (Figure 2).

Figure 2. Workflow of genomics-assisted breeding for disease-resistant fish [35,36]. Notes: Col-
lection of target fish germplasm resources for genomic and population sequencing to identify bacte-
rial/viral/parasitic disease resistance traits. Process and key elements of genomics-assisted breeding
technology, including marker-assisted selection, genomic selection, genome editing and transgenesis. Se-
lection of optimal parents based on the results of the analyses and selection of disease-resistant varieties.
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Although significant progress has been made in disease resistance breeding for the
large yellow croaker, several challenges remain. These include the diversity and vari-
ability of pathogen spectra, the complex genetic basis of disease resistance traits, and
gene-environment interactions (G × E) [29]. Future research should focus on further op-
timizing genomic selection models, exploring core functional genes related to pathogen
recognition, signal transduction, and immune regulation, and actively investigating the
potential application of gene editing technologies such as CRISPR/Cas9 in precision breed-
ing, thereby accelerating the development of a more efficient and precise disease resistance
selection system for large yellow croaker.

2.5. Environmental Adaptability Selection

Environmental adaptability is a key indicator for evaluating the overall performance
of aquaculture species, directly influencing their survival rate and production efficiency
under varying farming conditions. It is of great significance for achieving the stability
and sustainable development of large yellow croaker aquaculture. This species is highly
sensitive to changes in environmental factors such as water quality, temperature, salinity,
and water flow speed. Extreme weather events or high-density farming conditions can lead
to stress responses, triggering disease outbreaks, which become major bottlenecks to the
industrialization of the species [37]. Currently, research on improving the stress resistance
of large yellow croaker mainly focuses on the genetic improvement of key traits such as
low-oxygen tolerance, high-temperature tolerance, and disease resistance (Table 1). Some
studies have constructed systematic family groups and evaluated survival rates, feeding
behavior, and stress-related physiological parameters under different environmental con-
ditions to identify individuals with strong environmental adaptability. For example, the
bred variety ‘Donghai No. 1’ exhibits significant advantages in euryhalinity, eurythermy,
and cold tolerance, demonstrating markedly enhanced environmental adaptability [13].
ZHANG et al. [38] used a self-designed Annular experimental flume system to screen
large yellow croaker for resistance to water flow, finding that individuals with strong
flow resistance had more developed muscle fiber structures and better antioxidant capac-
ity, with upregulated expression levels of stress resistance-related genes. Additionally,
CHEN et al. [39] employed Specific Length Amplified Fragment Sequencing (SLAF-seq)
for genome-wide association studies (GWASs) and identified 38 single-nucleotide poly-
morphism (SNP) loci significantly related to high-temperature tolerance and 26 key genes
involved in transcriptional regulation, metabolic regulation, and immune function, provid-
ing a theoretical basis for marker-assisted selection for high-temperature tolerance in large
yellow croaker.

As previously discussed, the growth and physiological performance of large yellow
croakers are influenced by multiple environmental factors. Here, we focus on how these
parameters affect broodstock selection criteria under variable farming conditions [40–43].
Therefore, systematic environmental adaptability screening helps enhance their physiologi-
cal stability and production performance under various farming models and environmental
stress conditions [44]. Individuals with stronger adaptability are able to maintain basic
metabolic functions and reduce growth losses during short-term environmental changes.
These findings suggest that gene–environment interactions (G × E) significantly influence
the expression of key aquaculture traits. Selection under controlled laboratory condi-
tions may not always predict performance in complex real-world farming environments.
Therefore, integrating environmental adaptability data into breeding models is crucial for
developing resilient strains.
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Table 1. Molecular markers for tolerance traits in the yellow croaker.

Trait Species Marker Type Marker Number Marker/Gene

temperature
tolerance

low temperature
tolerance

Larimichthys
crocea [45–47]

SSR 1 LYC002112bp
SSR 1 LYC0015
SSR 1 KPC43

high temperature
tolerance

Larimichthys
crocea [40,48]

SSR 3 LYC0148, LYC0200,
LYC0435

SNP 38

Oxygen
tolerance hypoxia-tolerance Larimichthys

crocea [49] SNP 4

chr13:2535902,
chr15:11774198,
chr18:20360178,
chr24:9514192

3. Application of Emerging Technologies in Seedling Selection for Large
Yellow Croaker

The integrated evaluation system presented in this review connects phenotypic as-
sessment, such as morphology and growth, with genotypic confirmation through MAS
and GWAS. This ensures that each selected individual meets both physical and genetic
standards, enabling more targeted and sustainable breeding decisions.

Seedling selection is a critical step in enhancing the aquaculture efficiency and produc-
tion stability of Larimichthys crocea. With the rapid development of aquaculture technology,
traditional phenotypic selection methods are no longer sufficient to meet the demands
of precise and efficient screening of genetic resources in modern, intensive aquaculture
practices. In recent years, a series of modern technological methods, including genomic
selection (GS), intelligent monitoring, environmental control, smart feeding, and disease
prevention, have been gradually introduced into the breeding system for the large yel-
low croaker. These technologies have significantly improved the efficiency and accuracy
of seedling selection, providing strong support for achieving high-yield, high-efficiency
aquaculture models under variable environmental conditions.

3.1. Molecular Breeding Technology

Molecular breeding technology has become an important tool for the genetic improve-
ment of the large yellow croaker. Common methods include Restriction-site Associated
DNA Sequencing (RAD-seq), genetic linkage map construction, quantitative trait loci (QTL)
mapping, genome-wide association studies (GWASs), whole genome resequencing (WGR),
single nucleotide polymorphism (SNP) chips, genomic selection (GS), and genome edit-
ing (GE). The combined application of these technologies has significantly enhanced the
efficiency and accuracy of breeding large yellow croaker (Table 2).

Table 2. Characteristics of different genomics-assisted nursery technologies.

Technical Approach Core Principles Characteristics Limitations

Quantitative trait gene
mapping [50,51]

Linkage between
molecular markers and

QTLs

Requires segregating
families with trait

variation.

Low resolution; requires
construction of linkage

maps.
Genome-wide

association studies
[52,53]

Linkage disequilibrium
between markers and traits

Utilizes molecular and
phenotypic variation in

natural populations.

Requires dense markers and
deep sequencing of large

populations.
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Table 2. Cont.

Technical Approach Core Principles Characteristics Limitations

Marker-assisted
selection [54]

Selection based on
genotype–phenotype

association

Effective for traits that are
hard to measure or have

low heritability (e.g.,
disease resistance).

Limited to traits controlled
by major genes or a few

QTLs.

Genomic selection
[55,56]

Uses genome-wide dense
markers for phenotype

prediction

Does not require QTL
detection; it provides

higher prediction accuracy.

Requires close-related
reference populations;

model-dependent
performance.

Genome Editing [57]
Precise and stable

modification of genomic
sequences

Enables targeted
improvement of complex
traits; shortens breeding

cycles.

Few functional targets for
complex traits; subject to

regulatory approval.

With the continuous development of functional genomics and molecular breeding
technologies, genome-wide association studies (GWASs) have become one of the core meth-
ods for genetic analysis of complex economic traits in aquatic animals. This technology
identifies single nucleotide polymorphisms (SNPs) and candidate genes associated with
traits such as growth and disease resistance across the entire genome, providing theoretical
and molecular foundations for the selection of superior breeding parents and molecular-
assisted breeding [58]. XIAO et al. [59] constructed the first physical genome map of
the large yellow croaker (total length approximately 727 Mb) based on high-throughput
sequencing, laying an important foundation for the discovery of genes related to environ-
mental adaptability and subsequent molecular breeding research. At the same time, the
construction of genetic linkage maps and the identification of quantitative trait loci (QTL)
have also provided critical support for genetic analysis of important traits. Several studies
have constructed genetic linkage maps for the large yellow croaker, identifying multiple
QTLs related to growth, disease resistance, and other traits [60]. The map constructed by
AO et al. [61] has a total length of 5451.3 cM, with an average marker interval of 0.54 cM,
demonstrating high map density and resolution. Simplified genome sequencing technol-
ogy, RAD-seq (Restriction-site Associated DNA Sequencing), which is cost-effective and
suitable for large-scale SNP mining, has been widely applied in the large yellow croaker.
Studies show the existence of two major genetic lineages and the identification of multiple
SNPs related to growth traits. LIU et al. [62] analyzed 120 large yellow croakers from five
cultured and wild populations using RAD-seq, detecting 7161 high-quality SNP markers.
whole genome resequencing (WGR) enables comprehensive analysis of genomic varia-
tion between individuals, revealing differences in genetic structures of populations from
different waters and genetic characteristics caused by domestication. ZHANG et al. [63]
compared the effects of 0.5× and 8× sequencing depths in large yellow croaker and found
that low-coverage whole genome sequencing (LcWGS) can also be used for genomic se-
lection (GS), showing high practicality. The development and application of SNP chips
enable high-throughput genotyping, and the SNP chip for the large yellow croaker has a
high proportion of polymorphic sites. ZHOU et al. [64] performed genotyping on 96 large
yellow croakers from five populations using the “Ningxin No. 1” SNP chip, finding that
83.38% of the SNPs were polymorphic, with the cross-population effective range ranging
from 26.68% to 56.23%. This technology can predict the genomic breeding value (GEBV)
of individuals based on whole-genome markers, improving genetic evaluation accuracy
while shortening the breeding cycle. QIU et al. [65] estimated the genetic parameters of
nine quantitative traits using SNP data, showing that there was a high genetic correlation
between some morphological traits. Molecular-assisted breeding has progressed rapidly. A
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GWAS based on ddRAD sequencing in 220 individuals identified 13 SNPs across 8 linkage
groups associated with growth and body-shape traits. Additionally, genomic selection for
hypoxia tolerance and marker-assisted selection (MAS) leveraging SNP and SSR markers
have been successfully implemented [66]. Although Genome Editing (GE) technology has
not yet been applied in large yellow croaker, it has been used for precise trait improvement
in various fish species (Figure 3) [57,58,67,68].

Figure 3. Methods applied in gene editing in fish [58,67,68]. Notes:The top-left and top-right
insets show Manhattan plots from QTL and GWAS analyses. Alternating colors indicate different
chromosomes for visual clarity. Each point represents a SNP, with the y-axis showing –log10(p-value)
of association with the trait. The red horizontal line denotes the genome-wide significance threshold;
points above it are significantly associated loci.

Genomic data can be used for early screening of high-quality seedlings and, combined
with environmental factors, can optimize breeding strategies to improve selection accu-
racy [69]. However, genomic breeding technology still relies on professional support and
equipment investment. Due to technical barriers and cost limitations, the application of
this technology in aquaculture breeding remains at an early stage, and further technologi-
cal optimization and resource integration are urgently needed to achieve its widespread
application at the industrial level.

3.2. Intelligent Monitoring and Data Analysis Technology

Intelligent monitoring and data analysis technology provides real-time and compre-
hensive data support for the selection of high-quality Larimichthys crocea seedlings [70].
By relying on Internet of Things (IoT) sensors, video monitoring systems, and data pro-
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cessing platforms, aquaculture managers can fully monitor the growth dynamics, health
status, and environmental parameters of the seedlings, providing data-based evidence and
decision-making support for scientific selection (Figure 4).

Video monitoring, combined with image recognition algorithms, enables real-time
identification and recording of external features, swimming behaviors, and growth status
of the fish, aiding in the selection of individuals with superior growth performance [71].
At the same time, IoT technology, by deploying multi-parameter sensors for dissolved
oxygen, temperature, pH, ammonia nitrogen, and other factors, ensures continuous mon-
itoring of the aquaculture water environment, providing optimal growth conditions for
the seedlings [72]. By integrating big data and artificial intelligence technologies, growth
data and environmental adaptability can be modeled and analyzed, assisting in predicting
growth trends and health status, thus improving the selection efficiency [73,74]. ZHOU
et al. [75] monitored water quality factors, meteorological factors, and biological factors,
and established a disease forecasting model for cage-cultured Larimichthys crocea based on
multivariate statistical analysis, gray theory, and BP neural networks. The model identified
key environmental factors, such as water temperature, transparency, and suspended solids,
with a prediction accuracy of up to 81.53%, providing scientific evidence for early warning
and prevention of diseases in Larimichthys crocea. WANG et al. [71] proposed an abnormal
behavior monitoring method for Larimichthys crocea in recirculating aquaculture systems
based on computer vision. Using the improved YOLOX-S algorithm, abnormal behaviors
were detected in real time, and the Bytetrack algorithm was used for tracking, achieving a
detection accuracy of 98.4% and tracking accuracy over 95%, effectively improving aqua-
culture monitoring efficiency. ZHOU et al. [70] introduced an automated method based
on computer image recognition technology for diagnosing Ichthyophthirius multifiliis dis-
ease in industrial marine aquaculture of Larimichthys crocea. The model was trained using
transfer learning with the YOLOv3 algorithm, achieving an accuracy of 92% for disease
recognition. Notably, the “Conson No. 1” smart aquaculture vessel—equipped with auto-
mated waste removal, circulating seawater to simulate natural currents, noise-reduction
systems, and IoT-based environment monitoring—has been certified by the Aquaculture
Stewardship Council. It sustainably produces approximately 3700 tonnes of large yellow
croaker annually [76].

Figure 4. Overall framework of intelligent monitoring technology and data analysis system [77,78].
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Intelligent technology provides real-time, comprehensive monitoring and data analy-
sis, reducing human operational errors, improving the efficiency and accuracy of selection,
and enhancing the level of automation in aquaculture management [79]. However, the
high capital investment, technical support requirements, and long-term maintenance costs
remain significant challenges for its widespread application [80].

3.3. Environmental Control and Optimization Technologies

Environmental factors are crucial for the selection of high-quality seed for large yellow
croaker, influencing their growth, health, and breeding efficiency (Table 3). Large yellow
croaker seed farming is typically divided into two stages: the early fry stage, which primar-
ily uses factory-based farming methods, and the later juvenile fish stage, which transitions
to offshore cage farming. The environmental requirements differ significantly between
these stages. In the early fry stage, factory-based farming, environmental factors such as
water quality, stocking density, and light intensity significantly impact the survival rate
and growth rate of the seed. Key water quality indicators, such as temperature, dissolved
oxygen, pH, ammonia nitrogen concentration, and salinity, directly affect the fish’s im-
mune function and metabolic activities [81–83]. A stable water environment helps alleviate
stress responses and enhance disease resistance [23,84]. Controlling stocking density is
also crucial; appropriate density reduces competition and stress, while overcrowding can
lead to water quality deterioration and pathogen spread [85]. Additionally, light intensity
and photoperiod influence feeding behavior and endocrine regulation. Suitable lighting
can enhance the seed’s immunity and promote growth [86]. In recent years, intelligent
environmental control technologies have been gradually applied to the early stages of large
yellow croaker farming. KOU et al. [87] developed a smart aquaculture monitoring system
based on NB-IoT technology, enabling real-time collection of water quality parameters
and remote management, providing technical support for precise environmental control.
FAN et al. [88] utilized computer vision technology to achieve real-time monitoring of the
growth process of the large yellow croaker, which can guide critical operations such as
scientific feeding, density regulation, and growth assessment. SONG et al. [89] researched
the LED lighting design for aquaculture workshops based on the visual physiological
structure of aquatic animals and their light sensitivity, proposing lighting design principles
and cost-reduction recommendations. In the later juvenile fish stage, the farming model
mainly shifts to offshore cage farming, with farming sites typically located in nearshore
areas with relatively calm waters. Daily management requires regular cage operations
based on the fish’s growth status, as well as continuous monitoring of key environmental
factors such as water temperature, salinity, water flow, and transparency. The feeding,
schooling behavior, and disease occurrence of the fish are also observed in real time to
ensure timely intervention. In 2016, Zhejiang Ocean University established a 100,000 m3

coastal farming facility based on the “suspended large cage engineering technology” on the
southern side of Taohua Island in Zhoushan, significantly improving the management of
overwintering, automatic feeding, and efficient harvesting, and promoting the large-scale
and standardized development of farming models [90]. Regarding site selection research,
ZHANG et al. [91] constructed a site selection evaluation model for deep-water cage farm-
ing based on the Analytic Hierarchy Process (AHP). They found that water quality was the
most critical natural factor, infrastructure was the most important social factor, and marine
functional zoning was the main limiting factor, providing a theoretical basis for scientific
site selection.
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Table 3. Influence of environmental factors on the selection of large yellow croaker (Larimichthys
crocea) broodstock.

Environmental
Factors Specific Parameters Mechanisms of Influence Optimization Recommendations

Water conditions
[92,93]

Temperature,
dissolved oxygen,
ammonia nitrogen
concentration, pH,

and salinity

High temperatures may trigger stress
responses, while low temperatures
slow growth. Insufficient dissolved

oxygen suppresses metabolism;
excessive ammonia causes toxicity.
pH affects immune function, and
improper salinity disrupts feed

conversion efficiency.

Apply smart temperature control
systems to maintain optimal

ranges; ensure adequate oxygen
supply; stabilize water quality,

and adjust salinity appropriately.

Stocking density
[85,94]

Larval stage:
1000–6000 fish/m3;

Grow-out stage:
12–30 fish/m3

Excessive density leads to water
quality deterioration, poor growth,

and lower survival rates; overly low
density wastes resources and reduces

farming efficiency.

Adjust stocking density according
to growth stage; use aeration

systems to maintain water quality;
prevent overcrowding to improve

survival rates.

Light [95,96] Light intensity,
photoperiod

Insufficient light suppresses feeding
motivation; overly strong light
causes fry to cluster, leading to

localized hypoxia.

Adjust light intensity and
duration to simulate natural

lighting conditions.

In summary, the intelligent control of environmental factors provides strong support
for improving the efficiency and health of seed farming. Current environmental monitoring
and control systems cover various aspects, including water quality regulation, temperature
control management, and growth status monitoring. However, these technologies still
face challenges in their promotion, such as high equipment costs, insufficient system
stability, and high technical barriers for operators. It is urgently needed to integrate sensor
technologies, optimize control algorithms, and establish training mechanisms for operators
to further enhance the system’s practicality and environmental adaptability.

3.4. Intelligent Feeding Technology

Feed, as a critical input in aquaculture, directly affects the growth rate and disease
resistance of large yellow croaker fry, with its type, nutritional composition, and particu-
larly the content of animal protein being key factors [97,98]. To improve feed utilization
efficiency and reduce farming costs, intelligent feeding technologies are gradually becom-
ing an important development direction in modern aquaculture management. Intelligent
feeding systems can dynamically adjust the feed amount and frequency based on real-time
monitoring data, including fish feeding behavior and water quality parameters, thereby
optimizing feed supply, reducing waste, and enhancing feed conversion efficiency [99,100].
Furthermore, culturists can adjust feed formulations based on real-time monitoring data
from intelligent systems, tailoring nutritional profiles according to the growth stage, health
status, and environmental conditions of seedlings to ensure adequate and balanced nutri-
tional support [101]. In recent years, the application of artificial intelligence (AI) technology
in intelligent feeding has made significant progress. ZHANG et al. [102] achieved accu-
rate identification and tracking of large yellow croaker behavior based on an optimized
YOLOv5 object detection algorithm, providing an effective basis for scientific feeding. TIAN
et al. [103] tudied the spatial distribution characteristics of large yellow croaker in cage
farming areas using a small fish-finding unmanned boat and found that they were mainly
concentrated in the middle and lower water layers, where the water flow was slower, rocks
were abundant, and light was weaker, providing data support for spatially precise feeding.
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REN et al. [104] studied the vocalization characteristics of large yellow croaker in different
behavioral states and found that the fish emitted sounds with a frequency of approximately
800 Hz and a simple single pulse when foraging, while their spawning behavior was
characterized by double or triple pulses with longer intervals between pulses. This finding
provides a possible basis for acoustic recognition-based feeding timing judgment.

Despite the significant advantages of intelligent feeding systems in improving man-
agement efficiency and feed conversion rates, there are still several challenges, such as
high initial investment costs for equipment, high technical skill requirements for operators,
and potential biases in data collection and processing. If the system control is inadequate,
it could result in either insufficient or excessive feeding, thereby affecting the health and
growth of the fry [105]. Therefore, future efforts should focus on improving sensor accuracy
and algorithm response efficiency, promoting the integration of multi-source information
such as visual recognition, acoustic monitoring, and environmental sensing, enhancing
system stability and environmental adaptability, to achieve more precise and efficient
intelligent feeding management [106].

3.5. Disease Prevention and Immunization Technologies

In aquaculture, disease prevention is a critical aspect of ensuring farming profitabil-
ity, especially in high-density farming environments, where the disease resistance of fry
directly determines their survival rate and economic returns. Vaccination, as an effective
means of enhancing fish immunity, has become an essential component in the selection of
fry [107,108]. Currently, the development of vaccines for the large yellow croaker is advanc-
ing towards enhancing the duration of immunity and expanding the spectrum of pathogens
covered, significantly improving the fry’s resistance to major pathogens [109,110]. At the
same time, immunostimulants can activate both the innate and adaptive immune responses
in fish, further improving the health of the fry. By combining genetic testing and rapid
pathogen diagnostic technologies, early pathogen identification and precise intervention
can be achieved, significantly reducing farming risks [111,112]. In recent years, significant
progress has been made in large yellow croaker vaccine research. A study demonstrated
that dietary Astragalus polysaccharides (APS) significantly enhance the immune efficacy of
a formalin-inactivated Pseudomonas plecoglossicida vaccine in large yellow croaker (Larim-
ichthys crocea). After 14 days of APS feeding, vaccinated fish showed higher survival rates
post-challenge, elevated serum IgM titers, increased antioxidant enzyme activities (T-AOC,
SOD), and lower pro-inflammatory cytokines (IL-1β, IL-6), alongside upregulated anti-
inflammatory (IL-10) and T-cell cytokines (IFN-γ, IL-4/13A, IL-4/13B) [113]. ZHNANG
et al. [114] developed an oral nano-vaccine for Vibrio alginolyticus based on mesoporous
silica nanoparticles (MSN) as a carrier and evaluated its antigen absorption and immune re-
sponse effects in the intestines. The study showed that the vaccine induced time-dependent
expression of immune factors such as interferon-gamma (IFN-γ) and interleukin-1β (IL-1β)
in multiple tissues, verifying its feasibility as an oral vaccine. LI et al. [115] developed a
subunit vaccine based on recombinant dihydrolipoamide dehydrogenase (rDLD), and the
results indicated that rDLD effectively activated both specific and non-specific immune
responses in the large yellow croaker, significantly enhancing its resistance to infections
caused by Vibrio alginolyticus and Vibrio parahaemolyticus. HE et al. [116] developed an
attenuated mutant strain of Pseudomonas plecoglossicida (∆OmpR∆rpoS), which serves as
a candidate live attenuated vaccine (LAV). Experimental results showed that this vaccine
strain significantly induced immune responses and improved the resistance of large yel-
low croaker to pathogen infections without affecting growth performance, demonstrating
strong application prospects. These advancements underscore the growing diversity of
immunization strategies in aquaculture (Table 4).
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Table 4. Advantages and disadvantages of different vaccination methods are common to the fish
farming industry.

Inoculation Methods Advantages Disadvantages

Immunization by
immersion [117]

Invasive, low stress, suitable for fry
mass vaccination; cost-effective.

Short duration of protection and moderate efficacy
Limited effectiveness in larger fish

Oral immunization
[111,118]

Easy for mass dosing, low stress, no
labor costs.

Efficacy varies depending on feeding behavior
Requires precise feed formulation to maintain

vaccine activity
Injection

immunization [118]
immune response, long-lasting
protection, targeted delivery.

Time-consuming, suited for larger fish, high cost
Risk of injury or stress if improperly handled

Injectable particulate
vaccine [119]

Emerging tech:
nanoparticles/adjuvants enhance

antigen delivery and immune
response.

Requires specialized equipment; relatively high
technical cost

Genetic vaccines [120] Strong, long-term immunity;
broad-spectrum potential.

Technically complex with regulatory challenges
Not yet widely adopted in all countries

Although current vaccines and immunization technologies have significantly im-
proved the immunity and health status of fry, reduced disease incidence, and ensured
stable aquaculture profitability, they still face challenges in practical implementation, such
as high costs and limited vaccine adaptability. In the future, further integration of precision
farming management, environmental control, and multi-omics data should be pursued to
optimize vaccine usage strategies, enhancing both the effectiveness of disease prevention
and the economic feasibility.

4. Key Issues in the Selection of Large Yellow Croaker Fry
The selection of large yellow croaker fry plays a crucial role in improving aquaculture

profitability and ensuring farming success. However, in practice, some farmers have
misconceptions during the fry selection process, which leads to poor selection outcomes and
can even negatively impact the overall profitability of the aquaculture industry (Table 5).

Table 5. Misunderstandings in the preferential selection of large yellow croaker broodstock.

Myths Description Results Solution

Over-reliance on
single-trait preferences [6]

Overemphasis on traits like
growth, neglecting disease

resistance, and
adaptability.

Reduced fry quality;
compromised long-term

health and growth.

Incorporate multiple traits
to ensure balanced

performance.

Neglect of genetic
diversity and risk of

inbreeding [121]

Inbreeding reduces
diversity and increases
disease susceptibility.

Lower resilience, disease
outbreak risk, and slower

breeding progress.

Maintain diverse
germplasm; avoid

inbreeding.

Ignoring the influence of
environmental

factors [122]

Ignoring environmental
context in selection.

Even genetically superior
fish may perform poorly

under stress.

Apply environmental
monitoring and adopt
field-relevant selection

criteria.
Over-reliance on

traditional breeding
methods [123]

Overdependence on
phenotype-based methods

without genomic tools.

Low selection efficiency,
slow genetic gain, and

limited precision.

Integrate genomics and
molecular markers to

accelerate improvement.

Insufficient attention to
disease resistance

selection [124]

Lack of systematic
breeding for disease

resistance.

Susceptibility in mass
culture, frequent disease

outbreaks, and
economic loss.

Employ molecular markers
and immune-based

breeding for resilience.
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4.1. Over-Reliance on Single Trait Selection

In the current breeding practices for large yellow croaker fry, some farmers tend to
focus solely on phenotypic traits such as growth rate and body shape, while neglecting the
synergistic optimization of key traits such as disease resistance, environmental adaptability,
and feed utilization efficiency [121]. Although single-trait selection can enhance economic
benefits in the short term, it may lead to a degradation of the fry’s overall traits in the long
term, particularly in environments with significant fluctuations in temperature, salinity, or
dissolved oxygen. This could, in turn, reduce the overall stability of the aquaculture system.
To improve fry suitability, both growth traits and stress resistance should be considered
comprehensively, and a multi-trait evaluation system should be established to achieve dual
improvements in fry quality and aquaculture profitability.

4.2. Neglecting Genetic Diversity and Inbreeding Risks

The genetic resources of large yellow croaker are relatively singular, and long-term
inbreeding and directional selection can lead to a decline in genetic diversity, manifested
by reduced adaptability, weakened disease resistance, and degraded reproductive perfor-
mance [125]. In particular, in situations where there is insufficient parental stock, genetic
bottlenecks can occur within the population. To mitigate this issue, molecular tools such as
microsatellite markers and mitochondrial D-loop sequences can be used to genetically track
and manage parental relationships. Additionally, introducing external superior genetic
resources, implementing optimized mating strategies, and building a genetic diversity
conservation system can help enhance population vitality and genetic stability, ensuring
the long-term sustainability of fry selection efforts.

4.3. Ignoring the Impact of Environmental Factors

Although genetic traits play a decisive role in fry selection, environmental factors
(such as water temperature, salinity, dissolved oxygen, ammonia concentration, etc.) also
profoundly affect the phenotypic performance and health status of the fry. Some farmers
overemphasize genetic potential while neglecting environmental regulation, often resulting
in abnormal fry performance under high environmental stress, which can lead to high mor-
tality rates and disease outbreaks. For example, the large yellow croaker is highly sensitive
to low dissolved oxygen, and environmental fluctuations can induce stress responses, thus
affecting survival rates and growth performance. Therefore, during the breeding process,
environmental management should be improved simultaneously by using technologies
such as real-time water quality monitoring systems and intelligent temperature control
devices to stabilize farming conditions and fully realize the genetic potential of the fry.

4.4. Over-Reliance on Traditional Breeding Methods

Although modern molecular breeding technologies such as marker-assisted selection
(MAS) and genomic selection (GS) have matured, traditional breeding methods, such as
phenotypic selection and morphological evaluation, remain the mainstream approach in
large yellow croaker fry breeding practices [121]. While these methods can improve certain
observable traits, they cannot precisely improve recessive or low heritability traits (such
as disease resistance), and they involve long breeding cycles and slow progress. Modern
breeding technologies, through the integration of multi-omics data, can predict genetic
potential early in the individual’s life, thus improving selection efficiency and shortening
breeding cycles [126]. Therefore, accelerating the integration and application of molecular
tools in breeding systems is a key direction for improving breeding levels.
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4.5. Insufficient Attention to Disease Resistance Breeding

Disease resistance, as a core economic trait in aquaculture, has not received adequate
attention in large yellow croaker fry selection processes. Some fast-growing fry are prone
to pathogen infections in high-density farming environments, exposing issues such as poor
disease resistance and low survival rates [127]. Particularly in conditions where water qual-
ity is unstable or pathogen load is high, the lack of systematic identification and utilization
of disease-resistant genes can lead to significant economic losses. To improve fry disease
resistance, genomic-assisted breeding, molecular marker screening, and the application
of immunostimulants should be strengthened. Additionally, integrating comprehensive
disease prevention measures such as vaccination and the use of immune modulators can ef-
fectively enhance the immune capabilities of fry populations and reduce the risk of disease
outbreaks [128,129].

5. Problems and Development Trends
5.1. Problems and Challenges
5.1.1. High Technical Costs

Currently, the introduction of advanced technologies such as genomics, marker-
assisted selection (MAS), and intelligent monitoring in the selection of large yellow croaker
fry has significantly improved breeding efficiency and accuracy. However, these tech-
nologies also come with high technical thresholds and financial costs [47,130]. These
technologies depend on high-precision instruments and professional talent support, requir-
ing significant initial investment and high maintenance costs, which particularly pose a
considerable economic burden for small and medium-sized farms. Moreover, most farming
units are still in the early stages of mastering and applying these technologies, and the
adoption rate remains low. Therefore, a key challenge in promoting industrial applica-
tions is how to reduce technical costs while ensuring the effectiveness of breeding, and to
improve the accessibility and practicality of these technologies.

5.1.2. Uncontrollable Environmental Factors

Environmental factors significantly affect the growth and health of the large yellow
croaker. Water temperature, salinity, dissolved oxygen, and water quality directly influence
the growth performance and health status of the fry [93,131]. Although environmental
control technologies, such as automated water quality management systems and intelligent
temperature control devices, have made progress, practical production is still limited by
factors such as climate change, regional water differences, and sudden pollution events,
making it difficult to fully control the environment. Environmental fluctuations can not
only affect the phenotypic expression of selected fry but also interfere with the stable
release of their genetic potential [72,77]. Therefore, improving the fry’s adaptability to
complex environmental conditions and developing breeding strategies suitable for different
ecosystems are important directions for optimizing fry selection outcomes.

5.1.3. Risk of Loss of Genetic Diversity

Long-term inbreeding and single-trait selection may gradually narrow the genetic base
of large yellow croaker populations, increasing the risks of genetic drift and inbreeding
depression [125]. The loss of genetic diversity not only weakens the population’s resistance
to diseases and environmental changes but may also lead to degradation in fry performance
and reduced reproductive capacity. Particularly under high selection pressure, excessive
focus on a few superior individuals can create a genetic bottleneck [46]. Therefore, while
improving target traits, it is essential to strengthen the collection and evaluation of ge-
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netic resources and build a scientific genetic management system to ensure the long-term
maintenance of genetic diversity and population health.

5.1.4. Limited Effectiveness of Disease Resistance Breeding

Large yellow croaker farming faces various pathogen threats, including viruses, bac-
teria, and parasites, with the high-density farming model further exacerbating the risk of
disease transmission [64,132]. Although vaccination and immune enhancement measures
have achieved preliminary results, the current disease resistance breeding still primarily re-
lies on traditional genetic selection, and the analysis and utilization of key disease resistance
genes are still in the early stages [133]. Molecular breeding techniques, such as marker-
assisted selection (MAS) and genomic selection (GS), can improve screening efficiency,
but their adoption is limited by technological complexity and implementation costs [134].
A current technical bottleneck in fry selection is how to further improve the accuracy of
identifying disease resistance-related genes and develop cost-effective breeding processes.

5.1.5. Lack of Standardized Systems

At present, there is a lack of a systematic and standardized technical framework for
large yellow croaker fry selection. Significant differences exist among different farming
units and research institutions in terms of breeding processes, trait evaluation methods,
and data standards [135,136]. Most breeding technologies are still at the laboratory stage
and have not been scaled up for industry-wide application or unified operational standards.
The absence of a standardized system not only limits the industrialization efficiency of
these technologies but also affects the reproducibility and comparability of selection results.
Establishing a comprehensive technical specification system that includes target trait defi-
nitions, evaluation index systems, data collection standards, and operational procedures is
a key prerequisite for achieving the industrialization of large yellow croaker fry selection.

5.2. Future Prospects and Trends
5.2.1. Widespread Application of Genomics and Genome Editing Technologies

In the future, the selection of large yellow croaker fry will increasingly rely on the deep
integration of genomics and genome editing (GE) technologies. With the advancement of
genomic research, researchers can use whole-genome data to predict the growth potential,
disease resistance, and environmental adaptability of fry at an early stage, enabling precise
selection [137]. The combination of genomics and genome editing technologies can not
only significantly improve breeding efficiency and accuracy but also effectively reduce the
risk of genetic degeneration, providing molecular-level technical support for sustainable
aquaculture [138,139].

5.2.2. Popularization of Intelligent Technologies and Precision Aquaculture

The continuous development of artificial intelligence (AI), the Internet of Things (IoT),
and big data technologies is driving aquaculture into an era of intelligence and precision. In
large yellow croaker fry selection, the integration of smart sensors and algorithmic models
enables real-time monitoring and dynamic management of fry health, growth dynamics,
and aquaculture environment parameters. Additionally, the widespread application of
intelligent feeding systems, water quality control devices, and automatic early warning
mechanisms will further enhance the efficiency and decision-making accuracy of the
selection process. AI-driven multi-dimensional data analysis also provides key support for
scientific breeding, driving the shift from experience-driven to data-driven farming models.
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5.2.3. Application of Green and Sustainable Technologies

With the widespread adoption of environmental sustainability concepts, green aqua-
culture technologies are becoming an important direction in large yellow croaker breeding.
By reducing feed waste, lowering antibiotic usage, and improving resource utilization
efficiency, an environmentally friendly aquaculture system can be achieved [140]. The
development and application of eco-friendly feed not only help alleviate water pollution
but also contribute to improving the health levels and survival rates of fry. Combined
with precise feeding systems and water environment control technologies, this can further
optimize fry growth conditions and reduce energy consumption. Furthermore, natural
immune regulation strategies based on immune stimulants and environmental adaptability
screening are gradually replacing traditional chemical drugs, enhancing disease resistance
and supporting the aquaculture industry’s transition toward a green, low-carbon, and
sustainable direction.

5.2.4. Genetic Diversity Protection and Germplasm Resource Management

Genetic diversity is the foundation for the long-term stability and sustainable devel-
opment of aquatic species. In large yellow croaker breeding, there will be an increased
focus on the systematic management and genetic evaluation of germplasm resources in
the future [125]. By establishing gene banks, constructing genetic lineages, and conduct-
ing molecular-level genetic diversity analysis, breeders can scientifically select breeding
materials with desirable traits and adaptability, ensuring the richness and stability of the
genetic background. Protecting genetic diversity not only helps enhance the population’s
resistance to stress but also provides important genetic support for the long-term selection
of fry.

5.2.5. Cross-Disciplinary Technological Integration Driving Innovative Development

The future of large yellow croaker fry selection will feature a trend of interdisciplinary
and cross-technological field integration. The synergistic development of genomics and
artificial intelligence, as well as the deep intersection of intelligent aquaculture and envi-
ronmental science, will accelerate breeding efficiency improvements and breakthroughs
in key technologies [68]. Through precision breeding strategies supported by big data,
significant progress can be made in various dimensions, such as genetic improvement,
environmental adaptability enhancement, and health trait optimization. Moreover, the
collaborative application of ecology and bioengineering will provide feasible pathways for
the development of low-carbon and efficient aquaculture models. This integration trend
signals that future fry selection will not only optimize a single technology but will be a
systematic breakthrough driven by multi-disciplinary integrated innovations [141,142].

Future studies should consider developing integrated platforms combining image-
based phenotype screening, real-time AI decision-making, and molecular databases to
enhance the precision and scalability of selective breeding in aquaculture.

6. Conclusions
With ongoing advancements in Larimichthys crocea fry selection technologies, future

research must blend efficiency, precision, and sustainability. Cutting-edge tools—genomics,
marker-assisted selection (MAS), intelligent monitoring, and environmental regulation—
have established a robust foundation for genetic enhancement of the large yellow croaker.
Genomic selection (GS) and genome editing (GE) are poised to accelerate gains in growth
traits, disease resistance, and adaptability.

Green aquaculture innovations—including precision feeding, eco-friendly feed, and
intelligent disease surveillance—can minimize resource wastes and environmental impacts,
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steering aquaculture toward a circular, sustainable paradigm. Early MAS successes in
species like Japanese flounder and Pacific white shrimp demonstrate the feasibility of
molecular breeding in marine systems, yet barriers remain for L. crocea, such as genotyping
costs, infrastructure limitations, and lack of standardized protocols.

Protecting genetic diversity and managing germplasm strategically will be indispens-
able for long-term breeding resilience amidst climate and environmental stresses. The
convergence of genomics, artificial intelligence (AI), bioinformatics, smart aquaculture, and
environmental sciences is reshaping breeding practices.

In conclusion, optimizing L. crocea fry selection necessitates harmonizing technological
innovation, ecological stewardship, and standardized operations. This holistic integration—
bridging genetic gain with environmental responsibility—charts a course toward efficient,
precise, and sustainable aquaculture. Future directions should prioritize integrating AI-
based image analysis, molecular/genomic data, and decision-making platforms to enhance
the accuracy, scalability, and real-world applicability of seedling selection systems.
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