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The Japanese eel (Anguilla japonica) is an important aquaculture species in East Asia, but
pronounced growth heterogeneity within cultured populations remains a major
constraint to production efficiency. To investigate the molecular basis of growth
retardation, this study compared the dorsal muscle transcriptomes of fast-growing eels
(FGEs) and slow-growing eels (SGEs) after an 8-week feeding trial. RNA-seq was
performed on individuals with extreme growth phenotypes. A total of 638 differentially
expressed genes (DEGs) were identified, including 186 upregulated and 452
downregulated genes in FGE relative to SGE. Functional enrichment analysis showed that
FGE preferentially upregulated genes involved in lipid transport, amino acid and
carbohydrate metabolism, and muscle structural assembly, indicating a favorable
anabolic state. In contrast, SGE exhibited significant enrichment of pathways related to
p53 signaling, circadian rhythm, PPAR signaling, and cardiomyopathy-associated
structural remodeling. Several stress- and growth-inhibitory genes, including igfbp3,
mstn, socs3, gadd45a, and sesn1, were highly expressed in SGE. In contrast, genes
associated with nutrient utilization and myofiber development, such as fabp7, apoe, and
actcl, were more highly expressed in FGE. qRT-PCR validation confirmed the reliability of
the transcriptomic results. These findings suggest that growth retardation in A. japonica
is associated with stress-induced anabolic inhibition, metabolic reprogramming,
circadian disturbance, and impaired muscle structural development, rather than simply
reduced nutrient supply. This study provides new insight into the molecular mechanisms
underlying growth heterogeneity in A. japonica aquaculture.

1. INTRODUCTION

The Japanese eel (Anguilla japonica) is an economically im-
portant aquaculture species in East Asia, and is highly val-
ued for its unique flavor and nutritional quality.l-2 With the
continued depletion of wild glass eel resources, eel produc-
tion has become increasingly dependent on intensive aqua-
culture systems.> However, one of the major bottlenecks
in current eel farming is the pronounced growth hetero-
geneity among individuals within the same cohort.4"7 This
substantial size divergence complicates farm management,
reduces production efficiency, and lowers economic prof-
itability.

In A. japonica culture, this heterogeneity is often mani-
fested by the presence of extremely slow-growing individ-
uals, commonly referred to as growth-retarded or stunted
eels, which may account for 10-20% of the cultured pop-
ulation. These fish typically exhibit reduced growth per-
formance, poor feed intake, and limited body mass gain,
leading to considerable economic losses. Previous physi-
ological studies have associated this stunting phenotype
with impaired digestive capacity. In particular, activities
of key digestive enzymes in the intestine are reduced in
slow-growing individuals, suggesting compromised nutri-
ent digestion and assimilation.8 In addition, these indi-
viduals show altered endocrine and metabolic character-
istics, including reduced gh expression, disturbed protein
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and lipid metabolism, elevated glucose levels, abnormal
transaminase activities, and dysregulated appetite-related
gene expression.*8 Although these findings provide impor-
tant evidence for systemic physiological disturbance, the
downstream molecular mechanisms by which these alter-
ations are translated into reduced somatic growth remain
insufficiently understood.

Skeletal muscle is the largest tissue compartment in fish
and the principal site for protein accretion, making it a ma-
jor determinant of growth performance.10 As the terminal
effector tissue of the growth hormone/insulin-like growth
factor (GH/IGF) axis, skeletal muscle integrates nutritional,
endocrine, and metabolic signals to regulate protein syn-
thesis, tissue accretion, and structural development.l! In
addition to reflecting anabolic status, muscle transcrip-
tomic responses may also reveal stress-induced metabolic
reprogramming or structural remodeling associated with
poor growth.12 Therefore, investigating gene expression
changes in skeletal muscle can provide direct insight into
the molecular basis of growth divergence in A. japonica.

RNA sequencing (RNA-seq) has become a powerful tool
for dissecting the molecular basis of complex traits. In
aquaculture species, comparative transcriptomic studies
have been widely used to characterize regulatory networks
associated with growth variation.!3-16 In many aquaculture
species, fast-growing phenotypes are commonly associated
with elevated expression of genes involved in cell prolif-
eration, muscle development, and nutrient metabolism,
whereas slow-growing phenotypes tend to exhibit tran-
scriptional signatures related to stress responses, catabolic
regulation, and reduced anabolic activity.l7-21 These ob-
servations suggest that growth retardation is not simply a
consequence of insufficient nutrient supply, but may also
involve the reallocation of cellular resources toward main-
tenance, stress adaptation, and other non-growth
processes.

Because commercial A. japonica aquaculture still relies
largely on wild-caught glass eels, reducing growth hetero-
geneity through selective breeding remains difficult at pre-
sent. Consequently, mitigation of growth retardation in A.
japonica will depend largely on improved husbandry prac-
tices and targeted nutritional interventions. However, de-
veloping such strategies requires a clearer understanding of
the molecular bottlenecks that constrain growth in slow-
growing individuals. To address this gap, the present study
used RNA-seq to compare the dorsal muscle transcriptomes
of fast- and slow-growing A. japonica. By profiling global
gene expression differences in muscle, this study aimed to
determine whether growth retardation is associated with
altered regulatory pathways and biological processes in A.
japonica. These findings provide a molecular framework for
understanding growth heterogeneity in A. japonica. They
may support the future development of precision feeding
and management strategies to reduce size disparity in
aquaculture production.
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2. MATERIALS AND METHODS

2.1. EXPERIMENTAL ANIMALS AND REARING
CONDITIONS

Juvenile A. japonica was sourced from the Weishan Hu Mod-
ern Fishery Industrial Park. A total of 100 healthy, uni-
formly sized individuals were selected and acclimatized for
one week in a recirculating aquaculture system (RAS) at the
Binhai Aquaculture Cooperative of Shanghai Ocean Univer-
sity. The RAS was equipped with circular tanks (3.0 m diam-
eter, 1.0 m water depth). Throughout the acclimation and
subsequent experimental periods, water quality was strictly
monitored and maintained under the following conditions:
temperature at 28.0 = 0.5 °C, dissolved oxygen levels con-
sistently above 7.0 mg/L, pH between 6.8 and 7.2, total am-
monia nitrogen below 0.3 mg/L, and nitrite nitrogen below
0.1 mg/L, subjected to a natural photoperiod.

Following the acclimatization phase, the 100 eels were
randomly distributed into four uniform cylindrical net
cages (80 c¢cm in diameter, 60 cm in height) suspended
within the RAS tanks, with 25 fish per cage. Prior to alloca-
tion, each fish was individually weighed, yielding an initial
average body weight of 22.88 + 1.11 g and a coefficient of
variation of 4.99% * 0.32%. The feeding trial was conducted
over an 8-week period, adhering to the dietary regimen pre-
viously established by Zeng et al.8 Fish were fed a commer-
cial formulated diet (Fuzhou Haima Feed Co., Ltd., Fujian,
China) twice a day (at 08:00 and 18:00) to apparent satia-
tion, with the daily ration exceeding 5% of their total body
mass.

2.2. SAMPLING STRATEGY

At the end of the 8-week trial, all experimental fish were
subjected to a 24 h fasting period to ensure complete emp-
tying of the gastrointestinal tract. Subsequently, the eels
were anesthetized using a 100 mg/L MS-222 solution
(Sigma, Ronkonkoma, NY, USA) and their final body
weights were individually recorded. To investigate the mol-
ecular mechanisms driving growth divergence while mini-
mizing potential tank effects, an extreme-phenotypic-sam-
pling approach was applied. Individuals with the highest
and lowest final body weight in each cage also exhibited
the most divergent growth rates, validating their classifi-
cation as phenotypically extreme individuals. From each of
the four replicated cages, one eel representing the maxi-
mum body weight (designated as the fast-growing group,
FGE) and one eel representing the minimum body weight
(designated as the slow-growing group, SGE) were selected
among the extremes. Dorsal white muscle tissues were
swiftly dissected from these selected FGE (n = 4) and SGE
(n =4) individuals, immediately snap-frozen in liquid nitro-
gen, and stored at —80 °C until further RNA extraction and
molecular analysis.
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2.3. TRANSCRIPTOMIC ANALYSIS

2.3.1. TOTAL RNA EXTRACTION AND QUALITY
ASSESSMENT

Total RNA was extracted from the dorsal muscle tissues
using TRIzol® reagent (Qiagen, Duesseldorf, Germany) ac-
cording to the manufacturer’s instructions. RNA concentra-
tion and purity were accurately assessed using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, USA).
RNA integrity number (RIN) was evaluated via an Agilent
2100 Bioanalyzer (Agilent Technologies, CA, USA), ensur-
ing that only high-quality RNA samples (RIN > 8.3) were
utilized for library construction.

2.3.2. CDNA LIBRARY CONSTRUCTION AND
SEQUENCING

Sequencing libraries for the FGE and SGE groups were gen-
erated using the standard Illumina TruSeq RNA Sample
Preparation Kit. High-throughput sequencing was executed
by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,
China) on an Illumina NovaSeq 6000 platform, generating
150 bp paired-end reads.

2.3.3. RAW DATA PROCESSING AND GENOME MAPPING

Raw reads in fastq format were initially processed using
fastp (https://github.com/OpenGene/fastp) to remove
adapters, poly-N sequences, and low-quality reads, thereby
yielding high-quality clean reads. The resulting clean reads
were then mapped to the A. japonica reference genome
(NCBI accession number GCA_025169545.1) using HISAT2.

2.3.4. EXPRESSION QUANTIFICATION AND
DIFFERENTIAL EXPRESSION ANALYSIS

Before identifying differentially expressed genes (DEGs),
Pearson correlation analysis and Principal Component
Analysis (PCA) were conducted to assess intra-group con-
sistency across biological replicates. One sample from each
group was identified as a significant outlier displaying high
spatial dispersion. To strictly ensure data reliability and
group homogeneity, these two outlier samples were ex-
cluded from the dataset. Consequently, downstream differ-
ential expression and functional enrichment analyses were
performed based on a robust sample size of n = 3 per group.
Gene and transcript expression levels were quantified
using RSEM (http://deweylab.github.io/RSEM). Differential
expression analysis between the FGE and SGE groups based
on raw read counts was performed using the DESeq2 R
package (http://bioconductor.org/packages/stats/bioc/DE-
Seq2). To capture a comprehensive biological network while
filtering out minor fluctuations, genes meeting the criteria
of a raw P-value < 0.05 and | log2(fold change) | > 1 were
used as the initial screening criteria for differentially ex-
pressed genes (DEGs). This threshold balances sensitivity
and stringency to retain candidate genes associated with
growth divergence while limiting excessive filtering.
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Subsequently, to minimize potential false discovery rate
(FDR) and identify biologically coordinated networks, a
strict adjusted P-value (Padj) < 0.05 (Benjamini and
Hochberg’s approach) was employed as the significance
threshold for the global Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analyses. DEGs with Padj < 0.05 were considered
highly significant and used for downstream functional en-
richment to ensure robust and reproducible biological in-
ference.

2.3.5. EXPRESSION PATTERN CLUSTERING AND TREND
ANALYSIS

To further elucidate the dynamic expression patterns of
DEGs between the FGEs and SGEs, combined clustering and
trend analyses were conducted. The transcript abundance
(FPKM values) of DEGs was transformed using Z-score nor-
malization. Subsequently, K-means clustering and hierar-
chical clustering were applied via the Majorbio Cloud Plat-
form to partition the DEGs into 10 distinct sub-clusters
based on their expression profiles. For each identified sub-
cluster, independent KEGG and GO functional enrichment
analyses were performed using a raw P-value < 0.05 to iden-
tify specific biological functions closely associated with dis-
tinct expression trends.

2.4. QUANTITATIVE REAL-TIME PCR (QRT-PCR)
VALIDATION

To technically validate the reliability and reproducibility of
the RNA-seq data, five DEGs highly associated with growth
and metabolic traits were selected for qRT-PCR analysis.
Specific primers were designed using Primer Premier 6.0
software based on the obtained transcriptome sequences
(Table 1) and synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). First-strand cDNA was synthesized from
1.0 pg of total RNA (the same RNA aliquots used for RNA-
seq) utilizing the SweScript All-in-One RT SuperMix for
gPCR kit (Servicebio, Wuhan, China). The qRT-PCR assays
were conducted in a 15.0 pL reaction volume containing
7.5 pL of 2 x Universal Blue SYBR Green qPCR Master Mix,
0.75 pL of each forward and reverse primer (2.5 pmol/L),
2.0 pL of cDNA template, and 4.0 pL of nuclease-free water.
The thermocycling protocol consisted of an initial denat-
uration at 95 °C for 30 s, followed by 40 cycles of ampli-
fication (95 °C for 15 s, 60 °C for 30 s). To confirm the
amplification specificity, a melting curve analysis was per-
formed from 65 °C to 95 °C with a heating rate of 0.5 °C/s.
The B-actin gene was selected as the endogenous internal
control. All samples were run in technical triplicates, and
relative mRNA expression levels were calculated using the
2-AACt method. Standard curves were constructed to deter-
mine amplification efficiency, and all genes exhibited sat-
isfactory efficiency ranging from 95% to 105%, with R2 >
0.99, confirming their suitability for the 2724Ct method.
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Table 1. Primer sequences used for quantitative real-time PCR (qRT-PCR) analysis in this study.

Name Forward primer (5*- 3') Reverse primer (5™ 3')

igfbp3 GCACAACTTCTCGCTGGAGTC CGTTCGTGATCTTGAGGCTGTT
mstn GGAGATGTCGCAGCACCTTC ATTTGGGACTTGATGGCGTGAA
fosb AGTCGGTGAGCCATACTACAGT CTCCTCGTGGTACGGAATCTTG
slc23a2 GGTGCTGAATGTGCTCCTGAC TCTGGAGTGCCTGGAATAGTGT
apoe TTGCTGCTTCCTTCCACTCTG CTCTCCTTCCACACCAACTTCC
B-actin CGGAATCCACGAGACCACCTT ACTCCTGCTTGCTGATCCACAT

2.5. STATISTICAL ANALYSIS

All statistical analyses for physiological parameters and
gRT-PCR validation were performed using SPSS Statistics
version 26.0 (IBM Corp., Armonk, NY, USA), and data visu-
alizations were generated using GraphPad 10.0 (GraphPad
Software, San Diego, CA, USA). Quantitative data are pre-
sented as means * standard error (SE). Prior to hypothesis
testing, all data were assessed for normal distribution us-
ing the Shapiro-Wilk test and for homogeneity of variances
using Levene’s test. Since the comparison involved two in-
dependent groups (FGE versus SGE), an independent-sam-
ples Student’s t-test was used to determine statistical sig-
nificance. A probability value of P < 0.05 was considered
statistically significant.

3. RESULTS

3.1. TRANSCRIPTOME SEQUENCING AND SAMPLE
CLUSTERING

Eight dorsal muscle tissue samples (four FGEs and four
SGEs) were initially subjected to RNA sequencing. Follow-
ing stringent quality filtering and preliminary PCA cluster-
ing, one outlier from each group was excluded to guarantee
biological consistency. Ultimately, high-quality clean data
from the remaining six samples (FGE, n = 3; SGE, n = 3)
were utilized for comprehensive transcriptomic profiling,
generating a total of 45.73 Gb of clean data.

As summarized in Table 2, the number of clean reads
obtained from the FGE samples ranged from 45,291,342 to
55,043,644, with an average GC content of 50.80%. Corre-
spondingly, the SGE samples produced between 51,911,940
and 52,795,506 clean reads, with an average GC content
of 50.33%. The percentage of Q30 bases exceeded 96.52%
across all samples, indicating excellent sequencing reliabil-
ity and data integrity.

To assess the reliability of biological replicates, Pearson
correlation analysis was conducted. As shown in Fig. 1A,
the correlation coefficients (R?) between intra-group sam-
ples were all remarkably high (> 0.96), indicating excellent
reproducibility. Furthermore, PCA analysis demonstrated
a clear and distinct spatial separation between the FGE
and SGE groups along the first principal component (PC1,
30.29%), confirming that the transcriptome profiles of the
two groups were fundamentally divergent (Fig. 1B).
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3.2. IDENTIFICATION OF DIFFERENTIALLY EXPRESSED
GENES (DEGS)

Differentially expressed genes between the FGE and SGE
groups were identified using the thresholds of a raw P-value
< 0.05 and |log» (Fold Change) | > 1. Under these criteria, a
total of 638 DEGs were robustly detected, comprising 186
upregulated and 452 downregulated genes in the FGE group
compared to the SGE group (Full DEGs list see Supplemen-
tal Table S1). The distribution of these DEGs is visualized
in the volcano plot (Fig. 2), which highlights several key
regulatory genes of specific interest, including the highly
significant differential expression of igfbp3, mstn, fosb, fabp
and actcl.

3.3. GENE EXPRESSION PATTERN CLUSTERING AND
SUB-CLUSTER ENRICHMENT

To decipher the coordinated regulatory networks underly-
ing growth divergence, a combined expression trend clus-
tering and pathway enrichment analysis (P < 0.05) was per-
formed on the 638 DEGs (Fig. 3). The clustering analysis
partitioned the DEGs into 10 distinct sub-clusters based
on their highly synchronized expression profiles across the
FGE and SGE groups.

As visualized in the combined heatmap and trend plots,
genes within specific clusters exhibited completely oppos-
ing expression trajectories between the two groups. No-
tably, sub-clusters characterized by high expression in the
SGE group and suppressed expression in the FGE group
were predominantly enriched in signaling and regulatory
cascades, particularly the Circadian rhythm, PPAR signal-
ing pathway, and p53 signaling pathway. Conversely, sub-
clusters exhibiting upregulated expression specifically in
the FGE group were predominantly enriched in muscle
structural assembly (Cardiac muscle contraction) and com-
prehensive nutrient metabolic networks. These robust
metabolic cascades included Valine, leucine and isoleucine
biosynthesis, Glycine, serine and threonine metabolism,
Cysteine and methionine metabolism, and Starch and su-
crose metabolism.

3.4. GENE ONTOLOGY (GO) FUNCTIONAL ANNOTATION
To decipher the global biological functions driving the

growth divergence, GO enrichment analysis was performed
on the DEG dataset utilizing Padj < 0.05 threshold. Based
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Table 2. Summary of RNA sequencing quality control and read mapping statistics for dorsal muscle samples of

fast-growing eels (FGE) and slow-growing eels (SGE).

Error GC
Sample Raw reads Raw bases Clean Clean bases rate Q020 QOSO content
reads o (%) (%) o
(%) (%)
FGE_1 55704894 8411438994 55043644 8267186406 0.0117 98.92 96.56 50.67
FGE_2 47848786 7225166686 47292258 7099293507 0.0117 98.92 96.55 50.8
FGE_3 45848504 6923124104 45291342 6812101697 0.0117 98.91 96.52 50.92
SGE_1 52747212 7964829012 52134066 7827405149 0.0117 98.95 96.65 50.53
SGE_2 53391042 8062047342 52795506 7930718057 0.0117 98.94 96.64 50.28
SGE_3 52486144 7925407744 51911940 7791370871 0.0117 98.94 96.63 50.17
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Figure 1. Assessment of transcriptomic consistency and overall sample distribution between fast-growing eels

(FGE) and slow-growing eels (SGE).

(A) Pearson correlation heatmap showing the reproducibility among biological replicates based on gene expression profiles. High intra-group correlation coefficients indicate strong
consistency among retained samples. (B) Principal component analysis (PCA) of dorsal muscle transcriptomes. The FGE and SGE samples were clearly separated along the first princi-
pal component (PC1), indicating distinct global transcriptional profiles between the two growth phenotypes.

on the top 20 most significantly enriched GO terms (Fig.
4), the DEGs were profoundly implicated in transcriptional
control, chronobiology, and muscle structural remodeling.
Within the Molecular Function (MF) category, the most
highly significant terms were overwhelmingly associated
with upstream transcriptional regulation, notably DNA-
binding transcription factor activity (Padj = 7.11 x 1079)
and Transcription regulator activity (Padj = 5.85 x 1075),
which also encompassed the largest number of DEGs (49
and 52 genes, respectively). In the Biological Process (BP)
category, the enriched terms prominently highlighted two
distinct regulatory branches: skeletal muscle chronobiol-
ogy and muscle contractile mechanics. Specifically, Circa-
dian regulation of gene expression and Circadian rhythm
emerged as pivotal skeletal muscle-enriched processes. Si-
multaneously, muscle-specific mechanical processes, such
as Actin-myosin filament sliding and Actin-mediated cell
contraction, exhibited striking specificity with exception-
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ally high enrichment factors (Rich factor = 1.0 and 0.75,
respectively). Consistent with these functional shifts, the
Cellular Component (CC) category revealed significant tar-
geted modifications to the sarcomere architecture, promi-
nently enriching terms such as the Z disc and Dynactin
complex.

3.5. KYOTO ENCYCLOPEDIA OF GENES AND GENOMES
(KEGG) PATHWAY ANALYSIS

Subsequent global KEGG pathway enrichment analysis
(Padj < 0.05) was conducted to map the overarching mus-
cle-enriched metabolic cascades distinguishing fast- from
slow-growing eels. A Sankey diagram was constructed to
visualize the precise mapping relationships between the
most significantly enriched KEGG pathways and their cor-
responding core DEGs, while the overall enrichment signif-
icance was summarized in a KEGG bubble plot (Fig. 5).
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Figure 2. Volcano plot of differentially expressed genes
(DEGS) in dorsal muscle between the FGE and SGE
groups.

DEGs were identified using the criteria of raw P < 0.05 and | log2(Fold Change) | > 1|.
Red dots represent significantly upregulated genes in FGEs relative to SGEs, blue dots
represent significantly downregulated genes in FGEs relative to SGEs, and gray dots in-
dicate genes without significant differential expression. Selected key genes related to
growth regulation, metabolism, and muscle development are highlighted.

As depicted in the enrichment bubble plot and Sankey
network, the core DEGs were predominantly clustered into
three major functional modules. The first module involves
cellular stress and growth arrest, prominently featured by
the p53 signaling pathway (Padj = 0.020). This pathway en-
compasses critical DEGs interconnecting with vital stress-
responsive and inhibitory genes that are highly upregulated
in SGE, such as igfbp3, gadd45a, gadd45f3, and sesnl. The
second module is deeply tied to muscle biomechanics and
structural integrity via enriched pathways including cardiac
muscle contraction and cardiomyopathy-related terms. No-
tably, these annotations reflect shared conserved genes in-
volved in sarcomeric organization and contractile function
in skeletal muscle. Strikingly, this module highlights a pro-
found divergence in sarcomere construction: while actcl is
predominantly upregulated in FGE to support healthy myo-
genesis, SGE exhibited a massive abnormal upregulation of
specific cardiac/myopathy-related structural genes, notably
tnnt2, mybpc3, and crem. The third module is strongly as-
sociated with energy substrate reprogramming (PPAR and
Adipocytokine signaling pathway). While FGE upregulated
specific lipid transport vectors (fabp7), SGE exhibited ro-
bust activation of cellular starvation and metabolic resis-
tance sensors, driven by the intense upregulation of pgc-1a,
angptl4, socs3, sic27al, and sic2al (Related data can be
found in Supplemental Table S1).

3.6. QUANTITATIVE REAL-TIME PCR (QRT-PCR)
VALIDATION

To biologically validate the precision and reliability of the
RNA-seq pipeline, five key DEGs were selected based on
their involvement in pivotal pathways of growth suppres-
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Figure 3. Clustering analysis of the 638 differentially
expressed genes identified between FGE and SGE.

Genes were grouped into 10 sub-clusters according to their Z-score-normalized expres-
sion patterns using combined clustering and trend analysis. The heatmap and trend
plots illustrate distinct expression trajectories between the two groups. Functional en-
richment of representative sub-clusters revealed that genes highly expressed in SGE
were mainly associated with circadian rhythm, PPAR signaling, and p53 signaling,
whereas genes highly expressed in FGE were enriched in muscle structural assembly and
nutrient metabolic pathways.

sion, lipid metabolism, nutrient transport, and cellular
stress regulation, including igfbp3, mstn, apoe, slc23a2, and
fosb, for qRT-PCR analysis. As depicted in Fig. 6, the rela-
tive mRNA expression trends of all five selected genes ob-
tained via qRT-PCR were highly consistent with the tran-
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Figure 4. Gene Ontology (GO) enrichment analysis of
DEGs between FGE and SGE under the threshold of

adjusted Padj < 0.05.

The top enriched GO terms are presented and classified into Biological Process (BP),
Cellular Component (CC), and Molecular Function (MF) categories. The results indicate
that the DEGs were mainly involved in transcriptional regulation, circadian rhythm-re-
lated processes, and muscle structural remodeling, including actin-myosin filament slid-
ing, actin-mediated cell contraction, Z disc, and DNA-binding transcription factor activ-
ity.

script abundance profiles determined by RNA-seq. This
robust correlation confirms the high accuracy and reliabil-
ity of the transcriptomic data utilized in this study.

4. DISCUSSION

In aquaculture, growth rate is an important economic trait.
Because skeletal muscle constitutes the majority of a fish’s
body mass, its accretion directly determines overall growth
performance. Our previous physiological studies indicated
that growth retarded A. japonica suffers from impaired di-
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gestion and altered systemic energy partitioning.*8 Build-
ing on these macroscopic findings, the present comparative
transcriptomic analysis reveals that somatic growth stagna-
tion in SGE is not merely a consequence of passive nutrient
deficiency. Rather, it is fundamentally governed by a pro-
found metabolic trade-off within the muscle tissue, char-
acterized by stress-induced growth arrest, circadian dys-
regulation, and lipid metabolic reprogramming, which
collectively stall sarcomere structural assembly. Neverthe-
less, it should be noted that the present study employed
an extreme-phenotype sampling design to compare phe-
notypic and transcriptomic differences between fast- and
slow-growing individuals. Future studies adopting a ran-
dom sampling strategy could be conducted to further vali-
date the current findings.

4.1. COMPREHENSIVE NUTRIENT ASSIMILATION AND
SARCOMERE ASSEMBLY IN FAST-GROWING EELS

FGEs represent the optimal physiological state of aqua-
culture cohorts. Our analysis revealed that the transcrip-
tomic signature of FGEs is dominated by a highly efficient,
broad-spectrum assimilation of nutritional substrates and
active structural assembly. Specifically, FGE exhibited sig-
nificant upregulation of core lipid transport vectors, includ-
ing fabp7 and apoe, ensuring a robust capacity to internal-
ize lipids for energy-intensive myogenesis. This aligns with
transcriptomic profiling in other fast-growing teleosts, such
as Chinese longsnout catfish (Leiocassis longirostris), where
superior growth phenotypes are consistently accompanied
by the robust upregulation of fabp genes.22 Similarly, the
expression level of apoe also reflects metabolic activity.
In a study on Ancherythroculter nigrocauda, dietary protein
levels of different concentrations significantly altered the
characteristics of the hepatic transcriptome, among which
apoe was identified as a positively regulated factor in re-

KEGG enrichment analysis

Padjust

| adrb2

| crem

| igfp3

| ggadd45a
| sesnt

| ggad4sp
| pgc-1a
| sic2at

| socs3

| irs2

| mybpe3
| fabp3

| ok

| angpti4
| sic27at

N

N

b\ ¥
L
L &

*
O
*

-

p53 signaling pathway q

Adipocytokine signaling pathway E

Hypertrophic cardiomyopathy & [ ]

Dilated cardiomyopathy B L ]

PPAR signaling pathway E

0.04
. 0.03
0.02
0.01
0
Number
« 9
® 13
@ 16
@

05 0055 0

06 0065 007 0075 0.08 0085 0.09

Rich Factor

Figure 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs between FGE

and SGE.

The bubble plot summarizes the significantly enriched pathways based on adjusted Padj < 0.05, while the Sankey diagram illustrates the relationships between representative en-
riched pathways and their corresponding core DEGs. The enriched pathways were mainly grouped into three functional modules: cellular stress and growth arrest, muscle structure

and contractile remodeling, and metabolic reprogramming.
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Validation of RNA-seq results by qRT-PCR
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Figure 6. Quantitative real-time PCR (qRT-PCR)
validation of selected differentially expressed genes
identified by RNA-seq in dorsal muscle of fast-growing
eels (FGEs) and slow-growing eels (SGEs).

Relative expression levels of representative genes associated with growth regulation,
metabolism, and muscle development were measured by qRT-PCR and compared with
transcriptome sequencing results. The overall expression trends obtained by qRT-PCR
were consistent with the RNA-seq data, confirming the reliability of the transcriptomic

analysis. Data are presented as mean * SEM. Asterisks indicate significant differences
between groups (P < 0.05 )

sponse to a high-protein, fast-growth dietary environ-
ment.23 In addition, apoe expression is also elevated in
fast-growing Lateolabrax maculatus fed a low-phosphorus
diet.24 This evidence collectively supported that FGEs have
superior lipid mobilization and apolipoprotein networks to
fuel tissue expansion.

Beyond lipid utilization, FGE orchestrated a massively
upregulated and comprehensive amino acid metabolic net-
work. The enrichment of Valine, leucine and isoleucine
biosynthesis provides branched-chain amino acids (BCAAs)
that act as potent stimulators of the mTOR signaling path-
way. Previous studies in teleost have widely reported the
up-regulatory role of BCAAs (e.g. leucine) in activating the
mTOR pathway thereby leading to growth promotion.25-27
Concurrently, the robust activation of other diverse amino
acid pathways (e.g., Glycine, serine and threonine metabo-
lism) and carbohydrate utilization (Starch and sucrose me-
tabolism) ensures a sustained supply of structural precur-
sors, methyl donors, and ATP for rapid protein translation.
This immense, energetic, and material surplus is directly
channeled into healthy muscle growth, evidenced by the
pronounced upregulation of actcl and the enrichment of
the Cardiac muscle contraction pathway, which, in this con-
text, may indicate normal, robust sarcomere assembly.

4.2. P53-MEDIATED CELLULAR STRESS AND ANABOLIC
RESISTANCE

In contrast, the muscle transcriptome of SGE suggests pro-
files consistent with cellular energy crisis and stress net-
works. Despite being reared under identical feeding con-
ditions, SGE exhibited massive upregulation of pgc-1q,
angptl4, and slc2al. More critically, SGE highly expressed
socs3, a classic marker of systemic inflammation and in-
sulin/IGF signaling resistance.28 In teleost, the overexpres-
sion of SOCS proteins is frequently induced by chronic
stress or nutritional restriction,2%30 which subsequently
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blocks the signal transduction of the GH/IGF-1 axis, leading
to severe somatic growth retardation.31:32 This indicates
that SGE muscle tissue may be trapped in a state of meta-
bolic dysregulation and intracellular starvation.

Consequently, this chronic metabolic stress markedly
upregulates the p53 signaling pathway. As a cellular sen-
tinel, p53 responds to metabolic stressors by inducing cell
cycle arrest and suppressing anabolism.33 This is supported
by the significant upregulation of its downstream targets
gadd45a, sesnl and fosb in SGE. Crucially, igfbp3 was highly
upregulated in the SGEs. Recent evidence in teleost, such
as Seriola lalandi, demonstrates that igfbp3 expression is
significantly elevated under adverse culture conditions like
malnutrition or high stocking density, serving as a robust
biomarker and a negative modulator of skeletal muscle de-
velopment.3* Traditionally, the igfbp3 gene regulates the
transport and local bioavailability of IGFs, acting as a cru-
cial node to restrict anabolic signals.3> However, it is now
established that IGFBP-3 also possesses potent IGF-inde-
pendent capabilities to directly inhibit cell proliferation
and induce apoptosis, frequently mediating the severe
growth-inhibitory actions of the p53 tumor suppressor.3°

This profound p53/IGFBP-3-mediated anabolic resis-
tance is further repurposed by the elevated expression of
mstn, a well-characterized negative regulator of myogene-
sis whose elevated expression consistently correlates with
restricted muscle growth.37 The concurrent upregulation of
p53-driven stress genes and mstn implies that the growth
disparity in SGEs is not merely a passive lack of nutrients.
Rather, it may be associated with a functional dynamic
equilibrium. While FGEs efficiently capitalize on GH/IGF-
mediated anabolic pathways, SGEs are completely over-
whelmed by these dominant IGFBP-3 and MSTN-mediated
inhibitory constraints.

4.3. MYOPATHY-LIKE STRUCTURAL REMODELING AND
CIRCADIAN DYSREGULATION

Most intriguingly, KEGG analysis revealed that SGE showed
significant enrichment of cardiomyopathy-related path-
ways, which in this context likely reflect changes in genes
involved in sarcomeric organization, contractile function,
and cytoskeletal remodeling rather than cardiac pathology
per se. In contrast to FGE, which preferentially expressed
actcl, SGE displayed markedly higher expression of the car-
diac-associated structural genes tnnt2 and mybpc3. Al-
though tnnt2 and mybpc3 are not established markers of
growth suppression, previous studies in non-fish systems
have shown that these genes can be induced in skeletal
muscle under pathological or developmentally immature
conditions. For example, tnnt2 expression has been de-
tected in denervated, aging, or diseased skeletal muscle,
suggesting that reactivation of a cardiac-associated con-
tractile program may occur during muscle dysfunction or
remodeling.3® Similarly, ectopic expression of mybpc3 has
been documented in human skeletal myopathy and has
been linked to abnormal sarcomeric organization.3? Taken
together, these observations suggest that the elevated ex-
pression of tnnt2 and mybpc3 in SGE muscle may reflect al-
tered muscle maturation or structural remodeling, rather
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than enhanced growth capacity. Accordingly, we propose
that slow-growing individuals may exhibit transcriptional
patterns reminiscent of myopathy-related remodeling, in
which resources are potentially allocated to sarcomeric
maintenance or repair rather than somatic growth.

Additionally, circadian regulation of gene expression
was also significantly enriched in SGE, suggesting that the
peripheral clock in muscle tissue may be disrupted. In
teleost fish, socially subordinate individuals commonly ex-
hibit a chronic stress phenotype characterized by elevated
basal cortisol levels.40:41 In fish, glucocorticoid signaling
is closely involved in circadian regulation and peripheral
clock entrainment, and disruption of this pathway can alter
clock gene expression and clock-controlled metabolic
processes.#243 Thus, the circadian signature observed in
SGE muscle may reflect stress-associated chronobiological
disruption, potentially impairing the temporal coordina-
tion of metabolism and protein turnover. This interpreta-
tion is also consistent with the dysregulation of sema3,
which may indicate altered neuromuscular patterning or
remodeling.

4.4. PRACTICAL IMPLICATIONS

The pronounced activation of stress-related pathways and
the p53/IGFBP-3 axis in slow-growing individuals indicates
that mitigating chronic stress should be a key priority to
improve production uniformity, for example by optimizing
stocking density, stabilizing water quality, and enhancing
environmental consistency. Moreover, the disrupted circa-
dian regulation in slow-growing eels suggests that circa-
dian-aligned practices, such as optimized feeding times and
light-dark regimes, may help synchronize metabolism and
reduce growth heterogeneity. In addition, the key DEGs
identified in this study, including igfbp3, mstn, socs3, and
tnnt2, may serve as early molecular indicators for identify-
ing growth-retarded individuals, supporting precise grad-
ing and targeted management in eel aquaculture.

5. CONCLUSION

In summary, growth retardation in A. japonica is associated
with marked transcriptomic reprogramming in skeletal
muscle. Based on an extreme-phenotype sampling design,
slow-growing eels showed activation of stress-related and
growth-inhibitory pathways, together with circadian dis-
turbance, metabolic remodeling, and structural dysregu-
lation, whereas fast-growing eels exhibited enhanced nu-
trient metabolism and muscle assembly. These findings
characterize molecular signatures associated with the two
extreme growth phenotypes, indicating that growth retar-

dation in A. japonica reflects a shift from anabolic growth
toward stress adaptation and maintenance. This study im-
plies that reducing chronic stress and optimizing circadian-
aligned feeding and light regimes may improve growth uni-
formity in A. japonica, and also provides a molecular basis
for understanding growth heterogeneity.
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