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B N

Simple Summary

Improving the nutritional value and texture of tilapia fillets is important for enhancing
their quality and consumer acceptance. This study investigated whether increasing die-
tary a-linolenic acid (ALA), a plant-derived omega-3 fatty acid, could improve fillet qual-
ity in Nile tilapia and explored the potential underlying mechanisms. Fish fed an ALA-
enriched diet for eight weeks exhibited a more favorable muscle fatty acid composition,
including higher levels of beneficial omega-3 fatty acids, alongside improvements in sev-
eral texture characteristics. These changes were accompanied by increased muscle fiber
density and a greater proportion of smaller muscle fibers. Further molecular and cell-
based analyses suggested that ALA may influence muscle development and protein deg-
radation through pathways involving p38 MAPK and FoxO1. Although further investi-
gation is needed to confirm these mechanisms, the results suggest that adjusting dietary
lipid composition may be a promising nutritional strategy for improving the nutritional
quality and texture of farmed Nile tilapia fillets.

Abstract

Farmed tilapia fillets are often perceived as having poor eating quality due to their soft
texture and low content of n-3 long-chain polyunsaturated fatty acids (LC-PUFA). Dietary
a-linolenic acid (ALA) has been proposed as a potential strategy to improve these charac-
teristics, although the underlying mechanism remains unclear. Juvenile Nile tilapia (Ore-
ochromis niloticus) were fed either a soybean-oil-based diet (D1, 0.58% ALA) or a soybean-
oil/linseed-oil diet (D2, 1.35% ALA) for 8 weeks, followed by analyses of muscle quality,
transcriptomic profiles, and cell responses. The results demonstrated that growth perfor-
mance and muscle proximate composition did not differ significantly between treatments,
whereas condition factor was significantly higher in the D2 group. Compared with D1,
D2 was associated with an increase in n-3 PUFA proportion from 8.05% to 23.71% and a
1.97-fold increase in LC-PUFA, along with reductions in n-6 PUFA (-24.3%) and saturated
fatty acids (-11.6%). Six texture attributes measured, namely hardness, chewiness, gum-
miness, springiness, resilience and cohesiveness were higher in D2 fish, whereas adhe-
siveness did not differ significantly between treatments. D2 fish also exhibited higher
muscle fiber density and a greater proportion of small-diameter fibers. Transcriptomic
analysis identified 207 differentially expressed genes (24 upregulated and 183 downreg-
ulated) enriched in pathways related to cardiac muscle contraction, adrenergic signaling,
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lipid metabolism and FoxO signaling. Network analysis grouped the sarcomeric/myo-
genic and atrophy-related genes (mstn, foxol, p38 mapk, mkk4) into two inversely correlated
modules, with foxol emerging as the most highly connected gene. Muscle qPCR confirmed
the up-regulation of myod and myf5 and the down-regulation of mstn, p38 mapk and foxo1l
in D2 fish. In myoblasts, ALA increased cell viability and myogenic factor expression
while suppressing p38 mapk and foxol, and these effects were attenuated by hesperetin.
Overall, the ALA-enriched dietary lipid formulation was associated with a more favorable
muscle fatty acid profile and texture characteristics in Nile tilapia. The cell-based findings
further suggest the potential involvement of p38 Mapk/FoxO1-related signaling, although
its causal role requires further validation.

Keywords: a-linolenic acid; myocyte viability; muscle texture; Nile tilapia

1. Introduction

Aquaculture has become the principal source of aquatic animal food for human con-
sumption. According to the latest global assessment, total fisheries and aquaculture pro-
duction reached a record 235 million tonnes in 2024, and aquaculture production of
aquatic animals exceeded 100 million tonnes for the first time, supplying 53% of total
aquatic animal production and more than 59% of the aquatic animal food production in-
tended for human consumption [1]. This rapid expansion, however, has been accompa-
nied by concerns regarding product quality in certain intensively farmed species. For in-
stance, under high-density rearing and diets heavily reliant on plant oils, farmed fillets
frequently exhibit a softer texture and lower n-3 long-chain polyunsaturated fatty acids
(LC-PUFA) levels [2]. Nile tilapia (Oreochromis niloticus) is one of the most economically
important freshwater aquaculture species, owing to its high productivity, environmental
resilience, broad dietary adaptability and low feed requirements [3,4]. However, intensive
farming practices, particularly high stocking densities and the use of soybean-oil-based
diets, may compromise its fillet quality, contributing to reduced muscle firmness and
chewiness, as well as low levels of n-3 LC-PUFA [5,6]. These limitations may negatively
affect the nutritional value and consumer acceptability of farmed tilapia. Although sub-
stantial progress has been made in improving aquaculture productivity, enhancing fillet
quality remains an important challenge. Therefore, developing effective strategies to sim-
ultaneously improve the nutritional value and the texture properties of tilapia fillet is of
considerable practical significance.

The accumulation of n-3 LC-PUFA in farmed tilapia tissues depends on two major
sources: direct dietary intake of preformed n-3 LC-PUFA from fish oil, fish meal or algal
oil, and endogenous biosynthesis from «a-linolenic acid (ALA, 18:3n-3) [7]. Tilapia possess
a complete enzymatic complement for LC-PUFA biosynthesis, with substantial biosyn-
thetic capacity in the liver and intestine. Consequently, ALA-rich diets may enhance n-3
LC-PUFA deposition in skeletal muscle [7]. Beyond their contribution to tissue fatty acid
composition, dietary lipids can also act on muscle quality. For instance, a blend of rape-
seed and palm oils improved muscle texture compared with soybean oil in golden pom-
pano fed low-fish-oil diets [8]. Similarly, early provision of linseed oil reprogrammed lipid
metabolism and increased muscle n-3 LC-PUFA in juvenile Nile tilapia [9]. Muscle texture
is a composite trait influenced by muscle fiber density and diameter, as well as the abun-
dance and cross-linking of intramuscular collagen [2]. Previous studies have demon-
strated that muscle texture can be modulated by dietary nutrients, including histidine,
glycine, proline, hydroxyproline and faba bean [10-12], and is also sensitive to changes in
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the animals’ energy status [13]. Collectively, these findings indicate that cultured fish mus-
cle exhibits considerable physiological plasticity, highlighting the potential of nutritional
strategies to simultaneously improve muscle texture and n-3 LC-PUFA accumulation.

The myogenic program underlying this plasticity is regulated by the myogenic reg-
ulatory factors, including Myod, Myf5, Myf4 and Myog, which are involved in myoblast
proliferation and differentiation, and by their antagonist myostatin (Mstn) [14], within a
complex signaling network that integrates nutritional and hormonal signals [15]. FoxO1
has been implicated as a negative regulator of myogenic gene expression, including the
repression of myod, myog and myf5, and the induction of mstn, although its functions may
vary with the cellular context [16,17]. p38 Mapk signaling can modulate FoxO1 function
in certain cellular contexts and contributes to different stages of myogenesis [18]. How-
ever, its effects are isoform-dependent: p38a generally promotes cell-cycle exit, myogenic
differentiation and myotube formation, whereas p38y can support the proliferation of my-
ogenic precursor cells by preventing premature differentiation [19]. Thus, the biological
effects of p38 Mapk signaling depend on the specific isoform, developmental stage and
cellular context, and pathway activity cannot be inferred from transcript abundance alone.
In fish, DHA has been reported to promote myofiber development in blunt snout bream
by activating AMPK/Sirt1 signaling [20] and enhance textural firmness in common carp
by restraining the FoxOl-related pathway [21]. However, whether dietary lipid formula-
tions enriched in ALA are associated with changes in myogenic gene expression, includ-
ing p38 Mapk/FoxOl-related transcriptional responses, in fish muscle remains unclear.

In our previous work, tilapia fed a high-ALA diet exhibited an improved muscle tex-
ture and an increased fillet n-3 LC-PUFA content [7,22]; however, the regulatory mecha-
nism underlying these changes remains unclear. The present study therefore combined
four levels of analysis: (i) growth performance, fillet proximate and fatty acid composi-
tions, edible quality and texture, and muscle histology of tilapia fed two diets differing in
lipid formulation (ALA, 8.42% vs. 35.78% of total fatty acids); (ii) RNA sequencing of the
muscle transcriptome to identify the differentially expressed genes (DEGs) and the en-
riched pathways; (iii) a gene-gene Pearson correlation network built on the DEGs together
with an exploratory correlation-network analysis to prioritize candidate regulators for
subsequent validation [23,24]; and (iv) validation in a myoblast cell model, in which ALA
was applied alone and in combination with a p38 Mapk agonist to test whether the path-
way is required for the ALA effect [25,26]. We hypothesized that dietary ALA is associated
with improvement in the nutritional value and the texture of tilapia fillets, potentially
accompanied by changes in myogenic gene expression and the p38 Mapk/FoxO1-related
pathway. This study also aimed to explore the potential involvement of this signaling
pathway in ALA-associated changes in myoblast viability. The results may provide a
mechanistic basis and a practical dietary strategy for improving the quality of farmed ti-
lapia.

2. Materials and Methods
2.1. Experimental Diets and Feeding Trial

Soybean oil and linseed oil were utilized as lipid sources, while rapeseed meal and
soybean meal were employed as protein sources. Two experimental diets were formu-
lated to contain similar crude lipid (10%) and crude protein (32%) contents, but differed
in their lipid sources and fatty acid profiles: Diet D1 included soybean oil as the lipid
source, whereas Diet D2 contained a mixture of soybean oil and linseed oil as lipid sources,
with linseed oil replacing 5% of the diet (w/w) otherwise supplied by soybean oil. Accord-
ing to the fatty acid profiles presented in Table S1, a-linolenic acid (ALA, C18:3n-3) ac-
counted for 8.42% and 35.78% of total fatty acids in D1 and D2, respectively, while linoleic
acid (LA, C18:2n-6) accounted for 51.33% and 30.98%, respectively. Thus, the two diets
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differed in their overall fatty acid compositions rather than exclusively in ALA content.
The ingredient compositions, proximate analyses, and fatty acid profiles of the experi-
mental diets are presented in Table S1. Diet preparation and storage followed the previ-
ously established procedures by our research group [7].

The juvenile tilapia (initial weight ~4.3 g) were procured from a nearby hatchery and
underwent a 14-day acclimation period at the aquaculture systems at South China Agri-
cultural University. The fish were reared in pond floating cages (1.0 m x 1.0 m x 1.5 m).
Before commencing the experiment, a total of 280 fish with comparable initial body weight
(~ 10.1 g) were stochastically distributed into 8 cages, with 35 fish per cage. Each dietary
treatment was allocated to four separate cages. Throughout the 8-week feeding trial, the
fish were fed twice daily (at 9:00 and 17:00) until apparent satiation. Feeding was stopped
when the fish no longer aggregated at the feeding area and active feeding ceased, which
was considered apparent satiation. Feed was weighed before each feeding, and the re-
maining feed was weighed after feeding. The difference was recorded as the feed intake
of each cage. Water quality was maintained at a pH of approximately 7.2, a water temper-
ature of 26 + 3 °C, and a dissolved oxygen concentration of 6.0-6.5 mg/L.

2.2. Sample Collection and Assessment of Growth Performance

After an 8-week feeding period, the fish were sampled following a 24-h fasting dura-
tion. Subsequently, all fish in each cage were anesthetized with MS-222 (100 mg/L, Sigma-
Aldrich, St. Louis, MO, USA), counted and weighed. These data were used to calculate
the weight gain rate (WGR), specific growth rate (SGR), and survival rate (SUR) [7].

To reduce the number of fish sacrificed, three fish were randomly selected from each
cage (12 fish per group). These fish were weighed, and body length was measured, and
the fish were dissected. The viscera and liver were separated and weighed for the calcu-
lation of condition factor (CF), hepatosomatic index (HSI), and viscerosomatic index (VSI)
[7]. For muscle sampling, a dorsal muscle sample from one side was cut into approxi-
mately 0.5 cm segments and fixed in 10% buffered formalin for histological examination.
The remaining muscle from the same side was used for analysis of muscle proximate com-
position, while muscle from the other side was used for texture analysis. Additionally,
muscle samples were collected from three other fish in each cage (12 fish per group), flash-
frozen in liquid nitrogen, and stored at —80 °C for fatty acid, gene expression, and tran-
scriptome analyses.

2.3. Analysis of Proximate and Fatty Acid Compositions

The diets and muscle samples were analyzed for their proximate composition using
established methodologies [27]. In brief, the crude lipid content was determined by em-
ploying the Soxhlet extraction technique. The evaluation of crude protein content in-
volved measuring the total nitrogen (N) levels using the Kjeldahl method following acid
digestion, and the crude protein percentage was calculated as % N x 6.25. Moisture con-
tent was determined by drying the samples in an oven at 80 °C until a constant weight
was achieved. Ash content was determined by incinerating the samples in a muffle fur-
nace at 550 °C for 6 h.

Dietary and muscle fatty acid compositions were analyzed following the procedure
outlined by Li et al. [28]. Briefly, a combination of chloroform and methanol (2:1, v/v) with
the addition of 0.01% butylated hydroxytoluene (BHT) was utilized to extract lipids from
the experimental diets and fish fillets. Fatty acid methyl esters (FAME) were obtained by
subjecting the total lipid to boron trifluoride diethyl etherate (approximately 48%, Acros
Organics, Waltham, MA, USA), followed by analysis using gas chromatography (GC-2010
plus; Shimadzu, Kyoto, Japan). Individual FAMEs were determined by comparing them
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with commercially available standards (Sigma, St. Louis, MO, USA) and measured using
the CLASS-GC2010-plus workstation (Shimadzu).

2.4. Analysis of Muscle Edible Qualities and Texture

Muscle quality was evaluated by measuring cooking loss (CL), water loss (WL), and
textural properties. For CL determination, pre-weighed muscle samples were immersed
in boiling water (100 °C) for 5 min, and the samples were wrapped in filter paper and
subjected to a 1-kg load for 5 min. Both CL and WL were calculated as the percentage
reduction in sample weight relative to the initial weight. The textural properties, including
springiness, hardness, chewiness, resilience, adhesiveness, cohesiveness, and gumminess,
were assessed utilizing a universal Texture Analyzer (Universal TA, Shanghai Turnkey
Pull, Shanghai, China). Dorsal muscle samples were prepared into uniform pieces (2 x 2 x
0.5 cm) and stored at 4 °C for 24 h before analysis at room temperature. Texture measure-
ments were performed using a cylindrical probe (5 mm in diameter) at a compression
speed of 0.8 mm/s and a deformation of 60% of the original sample thickness. Each sample
was tested twice, with a 30-s interval between measurements. The specific procedures
used for this analysis were adapted from Ma et al. [29].

2.5. Quantitative Histological Analysis

Muscle tissue samples were collected from the dorsal region of each fish and fixed in
10% buffered formalin for 24 h. The fixed tissues were subsequently dehydrated through
a graded ethanol series, cleared in xylene, embedded in paraffin, and transversely sec-
tioned at a thickness of 5 um, following the method described by Valente et al. [30]. The
sections were stained with hematoxylin and eosin (H&E), and examined using an optical
microscope (Eclipse 80i, Nikon, Tokyo, Japan). Images were acquired using a Nikon digi-
tal imaging system equipped with a DS-U2 camera (Tokyo, Japan). For histological anal-
ysis, three sections per fish were examined, with five randomly selected, non-overlapping
fields analyzed per section at x400 magnification. Muscle fiber morphometry was con-
ducted utilizing Image ] software (Version 1.54g, National Institutes of Health, Bethesda,
MD, USA). Muscle fibers with clearly defined boundaries were selected for measurement,
and fiber diameters were determined according to Almeida et al. [31]. Approximately 200
muscle fibers per fish were analyzed. The measurements were averaged at the appropriate
biological-replicate level before subsequent statistical analysis.

2.6. Transcriptome Sequencing and Analysis

The muscle transcriptome of the two dietary groups was profiled to identify the tran-
scriptional basis underlying the observed phenotypic differences. For each group, total
RNA was isolated from the white muscle of three fish per cage, and these three fish were
pooled into one sample. To reduce sequencing costs, three out of the four cages per diet
were randomly selected, yielding six independent sequencing libraries (1 = 3 per group).
Following mRNA enrichment using oligo(dT) magnetic beads and fragmentation, double-
stranded cDNA was synthesized using a SuperScript cDNA synthesis kit (Invitrogen,
Carlsbad, CA, USA). The cDNA fragments were end-repaired, phosphorylated, A-tailed,
and ligated to sequencing adapters. Fragments of 200 bp-300 bp were size-selected using
2% Low Range Ultra Agarose, and amplified for 15 cycles with Phusion high-fidelity DNA
polymerase (New England Biolabs, Boston, MA, USA). Library quantity was determined
on a TBS380 fluorometer, and paired-end reads (150 bp) were generated on an Illumina
NovaSeq 6000 platform (Illumina, San Diego, CA, USA) by Shanghai Majorbio Bio-pharm
Technology Co., Ltd. (Shanghai, China).

Raw sequencing reads were processed with SeqPrep (v1.2) and Sickle (v1.3.3) to re-
move adaptor-contaminated reads, reads containing more than 10% ambiguous bases,
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and reads with quality scores lower than 20 for more than 50% of their bases. Sequencing
quality was evaluated based on raw and clean read counts, Q20 and Q30 percentages, and
GC content. Across the six libraries, 42.66 to 77.34 million clean reads were obtained per
sample, with Q30 values ranging from 95.57% to 96.84%. The clean reads were aligned to
the Nile tilapia reference genome (GCF_001858045.2) with HISAT2 (v2.2.1), based on de-
fault parameters. The overall and uniquely mapped read percentages were 63.26% to 96.5%
and 58.94% to 83.75%, respectively. Detailed sequencing quality and mapping statistics
for each library are provided in Table S3.

Transcript and gene abundances were quantified with RSEM (v1.3.3) using the cor-
responding genome annotation, with gene-level read counts used for differential expres-
sion analysis and transcripts per million (TPM) values used to describe expression levels.
Differentially expressed genes (DEGs) between the D1 and D2 groups were identified us-
ing DESeq2 (v1.40.2) in R, with an absolute log> fold change of >1 and a Benjamini-
Hochberg-adjusted p value < 0.05 as the significance thresholds. Differential expression
statistics reported in Table S4 (log: fold change, Wald-test p value and Benjamini-
Hochberg-adjusted p value, padj) are taken from this DESeq2 fit, with log2 fold changes
expressed as log2(D1/D2) so that positive values indicate lower abundance in the D2 group,
and independent filtering was applied by DESeq2 as implemented by default. TPM values
are reported for descriptive purposes only and were not used for significance testing.

Functional enrichment analyses were performed using Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations. The background gene
sets for GO and KEGG enrichment analyses comprised all annotated genes in the Nile
tilapia reference genome. Enrichment significance was assessed using a hypergeometric
test followed by Benjamini-Hochberg correction, with adjusted p < 0.05 regarded as sig-
nificant. The 15 most significantly enriched GO terms and KEGG pathways were dis-
played as bubble plots, with bubble size and colour representing DEG counts and ad-
justed p value, respectively. The rich factor is defined as the ratio of DEGs among all back-
ground genes annotated to each term or pathway.

2.7. Correlation Analysis of Differentially Expressed Genes and Prioritisation of
Candidate Genes

Pairwise Pearson correlation coefficients among the GO/KEGG-filtered genes were
computed from log:(TPM + 1) values of six samples (three biological replicates each of D1
and D2). Genes were ordered by average-linkage hierarchical clustering of the 1 - r dis-
tance matrix with optimal leaf ordering, and visualized in a diverging blue-white-red
heatmap (blue, r = —1; white, » = 0; red, r = +1) in which coefficients with |r| > 0.70 are
annotated in the cells. Genes were ranked by a hub score defined as the mean |7| with all
other genes, and the top five were taken as prioritized candidates. With n =6, |r| >0.811
indicates p < 0.05 (two-tailed). Analyses were conducted in Python 3.13 (pandas, NumPy,
SciPy, Matplotlib). Because the genes were pre-selected on the basis of differential expres-
sion and only six samples were available, this analysis was treated as exploratory and
hypothesis-generating; the coefficients and the ranking are not stable estimates, and no
causal or hierarchical inference is made from them.

2.8. Myoblast Culture and Treatment with ALA and Hesperetin

The common carp myoblast line used here was kindly provided by Prof. Nie (Henan
Normal University), as no tilapia myoblast line was available to us at the time of the ex-
periment. Cells were maintained following Zhi et al. [32] at 28 °C under 5% CO: in
DMEM/F12 (Gibco, Life Technologies, Grand Island, NY, USA) supplemented with 10%
FBS (Gibco, Life Technologies, Grand Island, NY, USA), 100 IU/mL streptomycin and 100
U/mL penicillin (Beyotime, Shanghai, China).
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Two experimental treatments were performed using myoblasts cultured in
DMEM/F12 supplemented with 5% fetal bovine serum (FBS) until approximately 80%
confluent. To examine the concentration-dependent effects of ALA, cells seeded in 12-well
plates (10¢ cells/well) were switched to serum-free induction medium (DMEM/F12) con-
taining ALA-BSA complexes at final concentrations of 0, 50 and 100 uM (ALA, Sigma,
USA; complexed with fatty-acid-free bovine serum albumin (BSA, Cayman Chemical,
Ann Arbor, MI, USA) in 10% BSA solution and stored at —20 °C; the 0 uM group received
BSA vehicle alone). To explore the potential involvement of p38 Mapk/FoxO1-related sig-
naling in ALA-associated cellular responses, cells seeded in six-well plates (10¢ cells/well)
were transferred to induction medium (DMEM/F12) containing ALA-BSA complexes (50
uM) with or without 400 pM hesperetin (Hes, p38 Mapk agonist; MCE, China; dissolved
in dimethyl sulfoxide (DMSO) and stored at 4 °C), with DMSO-treated cells as controls.
After 12 h, cell morphology was imaged, cells were harvested by trypsinization, and total
RNA was isolated using TRIZOL reagent (Invitrogen, USA).

2.9. Analysis of Cell Viability

According to the previous study [32], cell viability-associated metabolic activity was
measured using a Cell Counting Kit (CCK-8, Beyotime, China). Briefly, following the in-
cubation of the fatty acid and agonist, CCK-8 solution (80 puL/well) was introduced, and
the cells were incubated at 28 °C for 4 h. The microplate reader was employed to deter-
mine the absorbance at 450 nm for each well. The relative cell viability was expressed as
follows: Relative cell viability (%) = [(OD incubation — OD blank)/(OD control - OD blank)]
x100%. The CCK-8 assay was used as an indirect indicator of viable cell metabolic activity
rather than a direct measure of cell proliferation.

2.10. Analysis of Real-Time Quantitative PCR

Total RNA was extracted from muscle samples and myoblasts using a Tissue Total
RNA Extraction Kit (Bioflux, Tokyo, Japan) according to our previously described proce-
dure [7]. RNA concentration and purity were determined using a Nanodrop, and 1 pg of
total RNA was reverse-transcribed into cDNA using a FastKing gDNA Dispelling RT Su-
permix (TTANGEN Biotech, Beijing, China) according to the manufacturer’s instructions.

Quantitative real-time PCR (qPCR) was performed using SYBR Green to measure the
relative mRNA expression levels of genes involved in muscle development (myod, myog,
myf4, myfs, mstn, p38-mapk, and foxol) in muscle and myoblasts. The primer sequences
were listed in Table S2. Cycling conditions were 95 °C for 30 s, followed by 40 cycles of 95
°C for 5 s and 60 °C for 30 s, with fluorescence acquired at the end of each cycle, and a
final melt curve from 60 to 95 °C. Amplification efficiencies, calculated from the slope of
standard curves generated from five 10-fold serial dilutions of pooled cDNA, ranged from
95% to 105% for all primer pairs (Table S2). A single melting peak was observed for each
primer pair, confirming amplification specificity.

The stability of candidate reference genes was assessed with geNorm (M value) and
NormFinder across all samples, and the most stable genes were used for normalisation:
p-actin for Nile tilapia muscle and 18S rRNA for common carp myoblasts. Relative gene
expression was calculated using the 2-24CT method after confirming that the amplification
efficiencies of the target and reference genes were comparable. For the Nile tilapia, four
independent cages per treatment were regarded as biological replicates (n = 4); for the
myoblast experiment, three independently conducted experiments were regarded as bio-
logical replicates (n = 3). Each biological sample was analyzed in three technical qPCR
replicates, and the mean Ct value of the technical replicates was used to represent that
biological sample for subsequent analysis. Technical replicates were not treated as inde-
pendent biological replicates.
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2.11. Statistical Analysis

All data are presented as mean + standard error of the mean (SEM). In the feeding
trial, the cage was considered the experimental unit (n = 4 per dietary treatment). The 12
fish per group (3 fish per cage x 4 cages) were treated as subsamples rather than inde-
pendent biological replicates, and their measurements were averaged within each cage
before statistical analysis. For transcriptomic analysis, one library was prepared per cage,
with three cages analyzed per dietary treatment (1 = 3).

Before parametric analyses, data were assessed for normality using the Shapiro-Wilk
test and for homogeneity of variances using Levene’s test. Comparisons between the two
dietary treatments in the feeding trial were performed using an independent-samples t-
test. To assess the quantitative agreement between RNA-seq and qPCR data, the log fold-
change (log2FC) values of the selected genes obtained from both methods were compared
using Pearson correlation analysis. RNA-seq log2FC was calculated as logz(mean TPM in
D2/mean TPM in D1) from three biological replicates per group, and qPCR log2FC was
calculated from the corresponding group means after normalization of the D1 group to
1.00. The coefficient of determination (R?) and Lin’s concordance correlation coefficient
(CCC) were also calculated to evaluate the strength and concordance of the linear rela-
tionship. Statistical significance was set at p < 0.05. These statistical analyses and data vis-
ualizations were performed using Python (version 3.9) with the SciPy and pandas librar-
ies.

For the ALA dose experiment, data were analyzed using one-way analysis of vari-
ance (ANOVA) followed by Tukey’s multiple-comparison test (n = 3 independent experi-
ments; replicate wells within each experiment were averaged as technical replicates). For
the ALA x hesperetin experiment, data were analyzed using two-way ANOVA, with ALA
and hesperetin as fixed factors and their interaction included in the model. When a signif-
icant interaction was detected, simple-effects analyses were performed, followed by
Tukey-adjusted pairwise comparisons when appropriate. When the interaction was not
significant, the main effects were interpreted, and pairwise comparisons of marginal
means were performed for significant main effects, with appropriate adjustment for mul-
tiple comparisons. Significant differences were indicated by different letters in the corre-
sponding figures, according to the comparisons performed. Statistical analyses were con-
ducted using IBM SPSS Statistics for Windows, version 20.0 (IBM Corp., Armonk, NY,
USA). Differences were considered statistically significant at p < 0.05.

3. Results
3.1. Growth Performance

The growth performance of tilapia is presented in Table 1. There were no significant
differences observed between the two dietary groups (p > 0.05) in terms of SGR, FCR,
WGR, SUR, HSI and VSI. While CF of fish fed diets D2 was significantly higher than that
of those fed diets D1 (p < 0.05).

Table 1. Growth performance of tilapia fed the two different diets.

Dietary Groups
D1 D2

IBW 10.13 £ 0.06 10.09 £ 0.07

FBW 115.85 +5.83 113.94 + 6.07
WGR (%) 1043.65 + 32.25 1029.35 + 21.40
SGR (%) 4.35+0.09 4.33+0.05

FCR 1.11+0.05 1.12+0.01
SUR (%) 100 100
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HSI (%) 0.68 +0.05 0.65 + 0.06
VSI (%) 9.97 +0.35 10.03+0.35
CF (g cm) 3.52+0.06® 3.85+0.11%

Note: IBW, initial body weight; FBW, final body weight; SGR, specific growth rate; FCR, feed con-
version ratio; WGR, weight gain rate; HSI, hepatosomatic index; VSI, viscerosomatic index; CF, con-
dition factor. Results are presented as the mean + SEM (n = 4). Values in each row without sharing

a common letter are significantly different (p <0.05).

3.2. Muscle Proximate and Fatty Acid Compositions, Edible Quality, and Texture

The proximate compositions and fatty acid profiles of muscle samples are presented
in Table 2. The analysis revealed no significant differences in muscle moisture, protein, or
lipid between the two dietary groups (p > 0.05). Noticeable differences in muscle fatty acid
compositions were observed between the two dietary groups. The D2 group exhibited
significantly higher levels of n-3 PUFA and LC-PUFA (p <0.05), with a 1.97-fold increase
in LC-PUFA content compared to the D1 group. Conversely, the proportions of n-6 PUFA
and SFA were 24.30% and 11.57% lower, respectively, in comparison to those observed in
the D1 group.

Table 2. Muscle proximate and fatty acid compositions of tilapia fed different diets.

Dietary Groups
D1 D2
Proximate composition (%)

Moisture 77.35+0.51 77.17 £0.15
Crude protein 88.41+0.73 88.91+0.75

Crude lipid 3.76 £ 0.23 4.04 £0.37

Main fatty acid compositions (% total fatty acid)

16:0 19.12£0.39 2 16.82£0.84®

18:0 6.88+0.212 598 +0.24

20:0 0.92+0.092 0.58 +0.09 ®

16:1 1.43 +0.08 1.37+0.14

18:1 23.98 +0.67 20.58 +0.35

20:1 0.80 +0.06 » 1.02+£0.052
18:2n-6 33.17+1.002 2411+0.75"
20:3n-6 0.47 +0.01" 255+0.152
20:4n-6 (ARA) 0.15+0.02? 0.59+0.03 2
18:3n-3 3.39+0.14 " 15.04 £ 0.54
20:5n-3 (EPA) 0.31+0.03» 0.68 +0.04 2
22:6n-3 (DHA) 435+0.22° 7.34+0.502

Others 5.03 +0.54 5.42+0.43
SFA 30.51+0.64 2 26.98 +1.09®
MUFA 26.87 +0.79 23.14+0.78
n-6 PUFA 34.57+0.752 26.17+0.83 "
n-3 PUFA 8.05+0.28 23.71+0.34a
LC-PUFA 5.72+0.82" 11.25+1.16 2

Note: Results are presented as the mean + SEM (1 = 4). Moisture content is expressed on a wet-
weight basis, whereas crude protein and crude lipid contents are expressed on a dry-matter basis.
Individual fatty acids are expressed as percentages of total identified fatty acids. SFA: 14:0, 16:0, 18:0,
20:0, 21:0, 22:0, 24:0. MUFA: 16:1, 18:1, 20:1, 22:1, 24:1. n-6 PUFA: 18:2n-6, 20:2n-6, 20:3n-6, 20:4n-6,
22:4n-6, 22:5n-6. n-3 PUFA: 18:3n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3. LC-PUFA: PUFAs with >20
carbons and = 3 double bonds (20:3n-6, 20:4n-6, 20:5n-3, 22:5n-3, 22:6n-3). Each minor fatty acid is
assigned to one of the four classes, so the four class subtotals sum to 100.00% of total fatty acids and
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already include the fatty acids that are not listed individually (14:0, 21:0, 22:0, 24:0, 22:1, 24:1, 20:3n-
3 and 22:5n-3). Others give the total of these non-listed fatty acids (100.00 minus the sum of the
individually listed fatty acids) and are therefore not additive to the four class subtotals. Values in

each row without sharing a common letter are significantly different (p <0.05).

As shown in Table 3, cooking loss, water loss, and adhesiveness did not demonstrate
any statistical differences between the two dietary groups (p > 0.05). The D2 group, how-
ever, exhibited significantly higher values for other muscle texture parameters, namely
chewiness, hardness, gumminess, springiness, resilience and cohesiveness, compared
with the D1 group (p < 0.05). These findings indicate that incorporating high ALA diets
can positively impact the muscle texture of farmed tilapia.

Table 3. Edible quality and textural parameters in the muscle of tilapia fed the two different diets.

Dietary Groups
D1 D2
Edible quality
Cooking loss (%) 22.55 +1.65 22.71+0.94
Water loss (%) 9.63 + 1.58 9.28 + 0.57
Textural parameters
Hardness (gf) 185.11 +7.45% 243.00+5.40
Springiness 0.67+0.01" 0.70+0.01
Chewiness (gf) 65.16 £3.17 b 82,97 £2.552
Gumminess (gf) 96.92 +4.13° 118.65 +3.36 2
Cohesiveness 0.59+0.01® 0.66£0.012
Resilience 0.36+0.01" 0.42+0.012
Adhesiveness (gf-mm) -0.13+0.13 -0.07 £0.12

Results are presented as the mean + SEM (n = 4). Values in each row without sharing a common
letter are significantly different (p < 0.05).

3.3. Muscular Morphology

The histological characteristics of the muscle of tilapia were shown in Figure 1. The
D2 group exhibited a significantly higher muscle fiber density compared to the D1 group
(p < 0.05). Specifically, the percentage of small-diameter fibers (<20 um) and medium-di-
ameter fibers (20-50 pum) in the group of D2 was significantly higher than in the D1 group
(p <0.05). In turn, a high percentage of large-diameter fibers (>50 pm) were observed in
the D1 group (p <0.05).

https://doi.org/10.3390/life16111916



Life 2026, 16, 1916

11 of 25

C D . O o1
2000 ¥ = O b2
< £ 751 s
Qe
§1500- = E ] }
‘é - = 60 "
= — Z 45
2 1000 = 4
= Sy 5 -
= ®sece, =y = 30
i —— 4
2 5004 e £
E -, = 15 x
E N
0 0
D1 D2 <20 20-50 =50

Fiber diameter (pm)

Figure 1. Histological characteristics of white muscle in tilapia fed the experimental diets (1 =4 cages
per diet). Three fish per cage were measured and averaged, so each plotted value represents one
cage. Photomicrographs of transversal sections of white muscle from tilapia fed the D1 (A) and D2
(B) diets (x400; scale bar = 50 um). Muscle fibers (thick arrowhead) exhibit irregular polygons and
are separated by the endomysium. (C) Muscle fiber density (N/mm?). (D) Muscle fiber diameter

distribution. Statistical significance is denoted with asterisks as follows: * p < 0.05.

3.4. Transcriptome Analysis

Differential expression analysis identified 207 DEGs between D1 and D2 using
DESeq2 on RSEM-derived gene-level expression values, of which 24 were up-regulated
and 183 down-regulated, indicating that the transcriptional difference between the two
groups is dominated by gene repression (Figure S1). GO enrichment of the DEGs (top 15
terms) was concentrated in lipid and acyl-thioester metabolism, nucleoside bisphosphate
and sulfur-compound metabolism, carbohydrate and energy metabolism, and Ca?-bind-
ing/contractile components (troponin complex; highest rich factor) (Figure 2A). KEGG en-
richment identified cardiac muscle contraction and adrenergic signaling in cardiomyo-
cytes as the most prominently enriched pathways, together with lipid metabolism (pri-
mary bile acid biosynthesis, biosynthesis of unsaturated fatty acids, peroxisome, fatty acid
elongation), energy metabolism (TCA cycle, fructose and mannose metabolism, nicotinate
and nicotinamide metabolism), the Foxo signaling pathway, and DNA repair/nucleocyto-
plasmic transport (Figure 2B).
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Figure 2. Functional enrichment analysis of DEGs. (A) Top 15 enriched Gene Ontology (GO) terms.
(B) Top 15 enriched KEGG pathways. In (A) and (B), bubble size represents the number of DEGs
annotated to the term or pathway and bubble colour represents the adjusted p value; the enrichment
factor is defined as the ratio of DEGs to all annotated genes in a given term/pathway. (C) DEGs
mapped onto the KEGG FOXO signaling pathway; red and blue boxes denote up- and down-regu-

lated genes, respectively.

Mapping the DEGs onto the KEGG FoxO pathway showed that the majority of high-
lighted nodes were down-regulated, including the FoxO downstream effector branches
(Figure 2C). Among the upstream inputs of FoxO, only the p38 Mapk-FoxO branch gave
consistent results: the p38 Mapk cascade converging on Foxo, together with the JNK mod-
ule, was down-regulated, and, because p38 Mapk acts upstream of Foxo and promotes its
activity [18], this is expected to attenuate Foxo-dependent transcription. By contrast, the
Pi3k-Akt-FoxO and Ampk-FoxO modules both contained DEGs but were regulated in the
opposite direction to prediction (Pi3k-Akt being a negative and Ampk a positive regulator
of FoxO), and both act post-translationally, so their mRNA levels cannot serve as proxies
of FoxO activity. Collectively, the results indicate that the two groups differ mainly in
contractile function, adrenergic responsiveness and energy metabolism, and suggest that
the p38 Mapk-FoxO pathway may be an important pathway in the transcriptional differ-
ence between the two groups.

3.5. Correlation Analysis of Selected Genes Identifies Candidate Regulators

To prioritize candidate regulators for further validation, a gene—gene Pearson corre-
lation matrix was constructed using 27 selected genes across six samples (three biological
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replicates per dietary group, Table 54). These genes were selected based on their potential
involvement in muscle development, myogenic regulation, and related signaling pro-
cesses, and not all met the predefined criteria for differential expression (Figure 3). Genes
were ordered by hierarchical clustering using average linkage based on a distance metric
of 1 - r, followed by optimal leaf ordering. Correlation coefficients with |7l > 0.70 were
annotated in the corresponding cells, and the five genes with the highest mean |r| were
highlighted in red (Figure S2). Hierarchical clustering identified two mutually exclusive
co-expression modules comprising 18 of the 27 selected genes, whereas the remaining
nine (myod, egf, egfr, myf4, pnpla8, myog, mek2, mek4 and erk1) did not form a coherent mod-
ule. Module I comprised eleven genes induced in D2—troponin C, troponin T, troponin I,
myhc, myl4, myo7, stimate, sercal, serca2, foxo3 and myfb—and was highly coherent (mean
intra-modular r = 0.87, range 0.60-1.00; 55 pairs); nine members showed higher transcript
abundance in D2 (log2FC from -1.23 to —4.48, with negative values denoting higher ex-
pression in D2), whereas foxo3 (log2FC =-0.45) and myf5 (log2FC =0.19) exhibited relatively
small changes. The six sarcomeric genes (troponin C, troponin T, troponin I, myhc, myl4 and
myo7) formed a strongly correlated sub-block (mean r=0.91, range 0.70-0.99). Particularly
strong associations were observed between troponin I and troponin T (r = 0.958), Myhc and
troponin I (0.956), stimate and troponin T (0.955), troponin C and troponin T (0.954), myo7 and
myl4 (0.952). The two serca paralogues were also highly correlated (r = 1.000). These find-
ings suggest that these genes are co-regulated as a single myogenic differentiation pro-
gram. Module II comprised seven genes of the D1 group, namely mstn, foxol, p38 mapk,
mkk4, map3k, erk2 and mek1. This module exhibited moderate overall internal correlations
(mean intra-modular r = 0.57, range from 0.39 to 0.93; 21 gene pairs). Five of these showed
markedly lower transcript abundance in D2 on the TPM scale, whereas erk2 and mekl
showed relatively small differences between treatments. However, DESeq2 analysis indi-
cated that only foxol was significantly differentially expressed among these seven genes
(log2FC =1.62, padj = 0.010), whereas the remaining six genes did not reach statistical sig-
nificance (padj > 0.36). The four genes mstn, foxol, p38 mapk and mkk4, which are related to
atrophy and stress, exhibited relatively strong positive correlations (mean r = 0.84, range
from 0.66 to 0.93), including mstn-foxo1 (r = 0.932), foxo1-p38 mapk (r=0.921), and p38 mapk-
mkk4 (r = 0.916). The two modules exhibited predominantly negative inter-module corre-
lations (mean r = —0.69, ranging from —0.98 to —0.29; 77 gene pairs). For example, mstn was
negatively correlated with troponin T (r = -0.845), whereas foxol showed strong negative
correlations with the six sarcomeric genes in Module I (mean r = —0.94, range from -0.98
to—0.81). These findings indicate that the two groups of genes exhibited opposing expres-
sion patterns across the six samples. However, since the analysis included only three bio-
logical replicates per dietary treatment, these correlations should be interpreted as explor-
atory associations rather than evidence of direct regulatory interactions.

Hub analysis based on the mean absolute correlation identified foxol (mean Irl =
0.75), troponin T (0.75), myf5 (0.74), stimate (0.74) and myl4 (0.74) as the most highly con-
nected genes (the five highlighted in red in Figure S2), followed by troponin C (0.73), tro-
ponin 1(0.72), p38 mapk (0.71), myo7 (0.70), mstn (0.68), myod (0.68) and mkk4 (0.68). Approx-
imately 28.5% of the 351 gene pairs exceeded || =0.811, corresponding to a nominal two-
tailed p < 0.05 (df = 4). In addition, approximately 10% and 5% of the gene pairs showed
correlations r > 0.90 and r < -0.90, respectively. The network therefore was dominated by
a limited set of genes: foxol and p38 mapk were the most strongly connected members of
the Dl-associated branch, whereas troponin T, myl4, myf5 and stimate were the most
strongly connected members of the D2-associated branch. Among the top five hubs, foxol
(padj=0.010), troponin T (padj= 3.2 x 102) and myl4 (padj=1.1 x 10-8) reached the DESeq2
significance threshold of padj < 0.05, whereas stimate (padj = 0.072) and myf5 (padj = 0.995)
did not. Similarly, p38 mapk (padj = 0.852) and mkk4 (padj = 0.992), which ranked eighth
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and twelfth by mean |7, were likewise not significant; for p38 mapk, although qPCR de-
tected a difference in p38 mapk expression between dietary treatments (Section 3.6), this
result does not change its nonsignificant status in the transcript analysis. The possible rea-
sons for this discrepancy are discussed in Section 4.

Overall, the correlation analysis identified exploratory co-expression patterns involv-
ing genes associated with sarcomeric organization, myogenic regulation, and stress-re-
lated signaling. Considering both its network connectivity and significant differential ex-
pression, foxol was prioritized as a candidate gene for further gPCR validation. Neverthe-

less, these findings do not establish a causal regulatory relationship between foxol, p38
mapk, and the observed muscle phenotypes.

Gene-gene correlation heatmap based on expression levels in D1 and D2

Pearson r
.0

100 1.00

096 0.97

map 2ked/mkk4
map2k2/mek2
mapk3/erk!
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Figure 3. Gene—gene correlation heatmap of the 27 selected genes across the D1 and D2 groups.
Pearson correlation coefficients were calculated for every gene pair; cells with || > 0.70 are anno-
tated, and the five genes with the highest mean ranked by mean |r| are labeled in red. Red and blue
indicate positive and negative correlations, respectively.
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3.6. Gene Expression in the Muscle

The relative mRNA expression of genes related to muscle myofiber development of
fish fed diets D1 and D2 was shown in Figure 4. The D2 group exhibited markedly ele-
vated mRNA expression levels of muscle myod and myf5, along with significantly de-
creased expression levels of mstn (p < 0.05) compared to the D1 group (Figure 4A). While
the expression levels of myf4 and myog mRNA were similar between the two groups (p >
0.05) (Figure 4A), a significant difference was observed in the expression levels of p38 mapk
and foxol between the two groups. Specifically, the D2 group exhibited decreased mRNA
expression levels of p38 mapk and foxol compared to the D1 group (p < 0.05) (Figure 4B).

To quantitatively evaluate the consistency between RNA-seq and qPCR data, the log:
fold-change (log:FC) values of seven genes (foxol, p38 mapk, mstn, myod, myf5, myf4, and
myog) obtained from both methods were subjected to Pearson correlation analysis, with
RNA-seq log2FC calculated as logz(mean TPM in D2/mean TPM in D1). The DESeq2
log2FC values in Table 54 are expressed as log2(D1/D2) and are therefore of opposite sign.
The results revealed a strong and significant positive correlation between the two datasets
(r=0.885, p=0.0081; Figure S3). Furthermore, the three genes with the largest fold changes
(foxol, p38 mapk and mstn) showed the same direction of change in both methods, whereas
the myogenic regulatory factors changed little at the transcript level (11og2FC| < 1). This
quantitative agreement supports the reliability of the transcriptomic measurements.

A 2325 oo B 2 15,
b * O n2 z
= 2 opy's = | s *
% 2.0 0 .% 1.2 1 L
e % = g i
£ 1.5 . £ 0.9
o T d o
< <
T %
% 1.01 T T % 0.6 T
e @ o=
205 ﬁ 2 0.3 ;
] [
= 0.0 & 0.0
T myod  myf5 myf4 myog mstn ) p38 mapk Joxol

Figure 4. mRNA expression levels of genes involved in muscle development in tilapia subjected to
different dietary treatments. (A) Relative mRNA expression levels of muscle development-related
genes (myod, myfb, myf4, myog, and mstn). (B) Relative mRNA expression levels of p38 mapk and foxol.
Data are expressed as mean + SEM (1 =4 cages per dietary treatment). Three fish were sampled from
each cage, and their measurements were averaged to obtain one biological replicate (cage). Statisti-

cal significance is denoted with an asterisk (p < 0.05).

3.7. Effects of ALA Incubation on Cell Viability and the Expression of Genes Related to
Muyofiber Development

Cell morphology and viability of the common carp myoblast line incubated with
ALA are shown in Figure 5A-C (morphology) and Figure 5D (viability). Compared with
the control treatment, high cell density and viability were observed in the two ALA incu-
bation treatments (p < 0.05). As illustrated in Figure 5D,E, the mRNA expression levels of
myod, myf5, myf4, and myog were significantly elevated following incubation with ALA
(treatment with 50 pM and 100 uM ALA) compared to the control (p < 0.05), and the ex-
pression of mstn, p38 mapk, and foxol was significantly down-regulated in the two ALA
treatments (p < 0.05).
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Figure 5. Morphology (A-C), cell viability (D), and gene (E,F) expression levels in the myoblast cell
line of common carp incubated with ALA (0 uM, 50 uM, 100 uM). Data are presented as mean *
SEM (n = 3 independent experiments). Bars among each gene without sharing a common letter are
significantly different among the ALA-incubated treatments (p < 0.05).

3.8. Effects of ALA + Hes Co-Incubation on Cell Viability and the Expression of Genes
Related to Myofiber

Cell morphology (Figure 6A-D) and viability (Figure 6E) of common carp myoblasts
incubated with DMSO, ALA and Hes are shown in Figure 6. Two-way ANOVA revealed
a significant main effect of ALA (p < 0.001) and Hes (p = 0.013) on cell viability, but no
significant interaction between them (p = 0.813). Specifically, compared with the control
treatment, Hes treatment significantly decreased cell viability (p < 0.05), whereas ALA
treatment significantly increased cell viability (p < 0.05). The ALA + Hes co-treatment
group showed significantly higher viability than the Hes-alone group (p < 0.05), while its
viability was not significantly different from that of the control group. However, the non-
significant interaction indicates that these differences do not provide evidence of an ALA-
specific effect of Hes on cell viability.

As depicted in Figure 7, two-way ANOVA revealed significant main effects of ALA
(p <0.001) and Hes (p < 0.05 or p <0.001) on the expression of all measured genes. Specifi-
cally, compared with the DMSO control, Hes treatment significantly increased the mRNA
levels of p38 mapk, foxol, and mstn, while decreasing those of myod, myf5, myf4, and myog
(p <0.05). Conversely, ALA treatment exerted the opposite effects, significantly downreg-
ulating p38 mapk, foxol, and mstn, and upregulating the myogenic factors (myod, myf5, myf4,
and myog) (p < 0.05). The mRNA levels of all these genes in the ALA + Hes co-incubation
group were comparable to those of the DMSO control group. Although this pattern sug-
gests a potential antagonistic interaction, Hes alone also affected cell fitness, and the in-
teraction term for cell viability was not statistically significant. Therefore, these findings
do not provide sufficient evidence for a pathway-specific reversal of the effects of ALA.

https://doi.org/10.3390/life16111916



Life 2026, 16, 1916

17 of 25

Relative mRNA expression levels

Relative mRNA expression levels

E ALA: P<0001 i
150) st P 0013 T
ALAX Hes: P= 0813 1 b
-
S b I
>
EIS:
E 90 i
= 60 }
& 1L
30
ALA - + +
Hes - + +

Figure 6. Morphology (A-D) and cell viability (E) of the myoblast cell line of common carp incu-
bated with DMSO, ALA (50 uM) and Hes (400 uM). Data are presented as mean + SEM (n = 3 inde-
pendent experiments) of three replicates. Different lowercase letters above the bars indicate signifi-

cant differences among groups.

p38 mapk foxol myod myf5
3.0 3.0 35 35
ALA: P <0.001 ALA: P<0.001 ALA: P<0.001 ALA: P<0.001
< Hes: P <0.001 — Hes: P <0.001 L) < Hes: P <0.001 — Hes: P <0.001 C
ALA X Hes: P=0.049 ALA X Hes: P=0.195 ? ALA X Hes: P <0.001 ALA X Hes: P <0.001
244 244 5 2384 2.8 E3
C a
1 1 S j ¢ i
e ¢ 2
1.84 1.84 2 214 2.14
b b b b |«
- - ] ] b
12 12 Z 14 b b 149y
i i g i
o
a >
0.6 a 0.6 £ 071 2 0.7 a
' ] ' AR LT 1L
0.0 0.0 0.0 0.0
ALA - -+ ALA - - + o+ ALA - - + 4 ALA - -+ o+
Hes - + - + Hes - + - + Hes - + - + Hes - + - +
myf4 myog mstn
25 25 25
ALA: P<0.001 ALA: P<0.001 ALA: P<0.001
< Hes: P <0.001 — Hes: P <0.001 L) < Hes: P <0.001
ALA X Hes: P=0.232 ALA X Hes: P=0.568 ? ALA X Hes: P=0.596
2.0 c 2.0 ¢ 2 204 ¢
=]
] Kl ] =S 2 =3
1.54 1.54 2 159 b
_ b _ b |5
b b P b
1.0 1.0 Z 107
_ _ g
o
=
0.5 a 0.5 a 5 0.5 a
11 11 . ]
0.0 0.0 0.0
ALA - -+ ALA - - + 4 ALA - - - tof
Hes - + - + Hes - + - + Hes - + - +

Figure 7. mRNA expression levels of genes related to muscle growth and development in the com-
mon carp myoblast cell line incubated with DMSO, ALA (50 uM) and Hes (400 uM). Data are the
mean + SEM of three replicates. Data are presented as mean + SEM (1 = 3 independent experiments).
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Different lowercase letters above the bars indicate significant differences among treatments (Tukey’s

multiple-comparison test, p < 0.05).

4. Discussion

Nile Tilapia possess enzymatic pathways capable of converting dietary ALA into LC-
PUFA, although the efficiency of this conversion depends on dietary composition and
physiological conditions [7,27,33]. In the present study, growth performance, feed effi-
ciency, and most somatic indices were statistically indistinguishable between fish fed the
D2 and D1 diets, apart from a modest but significant increase in condition factor in the D2
group, which is consistent with earlier reports that dietary ALA level does not constrain
growth in tilapia once essential fatty acid requirements are met [22,34]. In contrast, muscle
fatty acid composition responded markedly between treatments: n-3 PUFA and total LC-
PUFA increased, with a 1.97-fold increase in total LC-PUFA, whereas n-6 PUFA and SFA
decreased by 24.3% and 11.6%, respectively. These differences suggest that the D2 formu-
lation may produce a more favorable fillet fatty acid profile [35-37]. The diets differed not
only in ALA content but also in oil source and several other fatty acids. Thus, the in vivo
differences should be attributed to the dietary lipid formulations as a whole rather than
to ALA alone.

Firm flesh is generally considered an important quality attribute in fish, making fillet
texture a relevant trait for both processors and consumers [2]. In the present study, six of
the seven measured textural attributes, including chewiness, hardness, gumminess,
springiness, resilience and cohesiveness, were significantly higher in the D2 group,
whereas adhesiveness did not differ significantly. In contrast, cooking loss, water loss, and
muscle proximate composition did not differ significantly between the dietary groups.
These results suggest that the dietary treatments were associated with changes in muscle
mechanical properties without detectable differences in the measured water-loss param-
eters or muscle composition. Muscle texture is a complex trait influenced by multiple
structural and biochemical factors. Cooking loss and water loss provide only partial in-
formation about muscle water retention, while other factors, including muscle pH, drip
loss, collagen content and cross-linking, extracellular matrix organization, fiber-type com-
position, post-mortem rigor and handling effects, were not comprehensively assessed
[2,38-40]. Furthermore, changes in fatty acid composition, despite similar total muscle li-
pid content, may also contribute to differences in texture. Therefore, the observed textural
changes may reflect the combined effects of structural and biochemical factors rather than
a single underlying mechanism. As sensory evaluation was not conducted, whether dif-
ferences in the observed texture are perceptible or preferred by consumers remains to be
determined.

Changes in muscle fiber morphology may represent one plausible contributor to the
greater firmness observed in the D2 group, as the D2 group exhibited a smaller mean fiber
diameter and a higher proportion of small-diameter fibers (<20 um). While muscle fiber
size and density are associated with the mechanical properties of fish muscle [2,20,21,41],
texture is a complex trait also influenced by collagen content, cross-linking, and extracel-
lular matrix organization, which were not directly measured in this study. Moreover, be-
cause morphology was evaluated at a single endpoint without direct markers of prolifer-
ation, a higher density of small fibers cannot definitively distinguish between increased
hyperplasia and reduced hypertrophic growth. Therefore, the altered fiber-size distribu-
tion is presented as a plausible contributor to the texture differences rather than an estab-
lished cause, and further studies integrating these structural determinants are needed.

To explore molecular processes associated with these findings, transcriptomic analy-
sis identified foxol as a highly connected gene in a co-expression module more strongly
expressed in the D1 group, although only nine of the 27 genes surveyed (foxol, myosin-7,
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myosin heavy chain, myosin light chain 4, troponin I, troponin T, troponin C, sercal and serca2)
reached the DESeq2 significance threshold of padj < 0.05. Myogenic regulatory factors,
including myod, myf5, myog and mrf4, together with the growth inhibitor mstn, play im-
portant roles in regulating muscle development [14]. Previous studies have shown that
dietary hydroxyproline and methionine increased the expression of myod, myog and mrf4,
and the proportion of small-diameter fibers in Yellow River carp [42,43], whereas DHA
promotes fiber development in blunt snout bream and common carp, potentially involv-
ing Ampk/Sirtl- and FoxOl-related signaling, respectively [20,21]. Consistent with these
observations, D2-fed tilapia showed higher muscle myod and myf5 transcripts, and lower
mstn expression, whereas myf4 and myog remained unchanged. In contrast, incubation
with ALA up-regulated the expression of myf4, myf5, myog and myod in cultured common
carp myoblasts. These differences in gene expression may reflect variations in cellular
composition, differentiation state, exposure duration, or species-specific responses. There-
fore, the in vitro findings should be regarded as supporting cross-species evidence rather
than direct validation of the myogenic responses in Nile tilapia. Moreover, since the two
experimental diets differed in lipid source and overall fatty acid composition rather than
solely in ALA content, the observed in vivo changes cannot be attributed exclusively to
ALA. Although the cell-based experiments using purified ALA provide additional evi-
dence of its cellular effects, they do not resolve the potential confounding effects of the
different lipid formulations. Though these findings are consistent with altered myogenic
regulation, changes in gene expression and cell viability do not directly establish en-
hanced myoblast proliferation or new muscle fiber recruitment in Nile tilapia. The higher
proportion of small-diameter fibers may also reflect slower hypertrophy of existing fibers.
Recent work has highlighted the involvement of fatty acid uptake and downstream sig-
naling in myogenic regulation [44,45], providing additional biological context for the pre-
sent findings without establishing a specific causal signaling mechanism.

FoxO1 participates in the regulation of myogenic programs [16,46-50], and p38 Mapk
signaling has been implicated in myogenic and stress-related responses in muscle cells
[51-54], direct crosstalk between the two has been reported in non-muscle mammalian
cells, where p38 phosphorylates and regulates FoxO1 [18]. In the present study, foxo1 tran-
script abundance was lower in the muscle of D2-fed tilapia. In common carp myoblasts,
purified ALA was associated with reduced abundance of the assayed p38 mapk-related
transcript and of foxol, accompanied by increased cell density and viability. Hesperetin
co-treatment attenuated these ALA-associated responses, but hesperetin alone also re-
duced cell viability, indicating that the attenuation more likely reflects a general effect on
cell fitness than selective interference with p38 Mapk. This interpretation is consistent
with hesperetin not being a selective p38 Mapk modulator: it has been reported to activate
p38 in glioblastoma and venous smooth muscle cells, to suppress it in microglia, chondro-
cytes and PRRSV-infected cells, and to leave p38 phosphorylation unchanged in C2Ci2
myotubes [55-60]. Its effects therefore cannot be taken as evidence of a specific p38 Mapk-
FoxO1 signaling sequence. Because p38 Mapk acts at more than one stage of myogenesis
and its effects differ between isoforms p38a promoting cell-cycle exit and differentiation,
whereas p38y supports the expansion of myogenic precursors by preventing premature
differentiation [19], the co-occurrence of lower p38 mapk transcript abundance with higher
myoblast density is interpreted as a shift towards maintained proliferation and delayed
differentiation, rather than as p38 Mapk being dispensable for myogenesis. Two further
limitations should be acknowledged. First, p38 Mapk activity is primarily regulated by
phosphorylation, whereas FoxO1 function is influenced by phosphorylation and subcel-
lular localization. However, neither the phosphorylated-to-total ratios nor FoxO1 nuclear
localization were assessed in the present study. Second, no pathway-specific genetic per-
turbation experiments were conducted to establish a causal relationship. Moreover, the
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observed changes in myoblast viability and myogenic gene expression may reflect main-
tained cell proliferation, delayed myogenic differentiation, or broader effects of Hes on
cellular fitness. Accordingly, the present findings indicate an association between ALA-
related cellular responses and p38 Mapk/FoxO1l-related transcriptional changes, but do
not establish altered pathway activity, the order of signaling events, or a causal role for
this pathway in mediating the effects of ALA.

Several limitations should be considered. First, the two lipid formulations differed in
multiple fatty acids in addition to ALA, and only two ALA levels were compared; the
optimal dietary level and the response to levels above 35.78% of total fatty acids therefore
remain undetermined. Second, the purified-ALA experiments provide supportive mech-
anistic context but do not eliminate this dietary confounding, and the use of common carp
myoblasts may limit extrapolation to Nile tilapia because of species-specific differences.
Third, muscle histology was assessed at a single endpoint, without direct measurement of
myoblast proliferation, fiber recruitment or collagen properties. Fourth, as noted above,
the p38 Mapk/FoxOl1 inference rests on transcript abundance alone, without phosphory-
lation, localization or genetic-perturbation readouts. Addressing these gaps will require
tightly controlled lipid formulations spanning multiple ALA levels, tilapia-derived myo-
genic cells, direct assessment of fiber and collagen organization, and genetic manipulation
of the pathway combined with protein-level and localization analyses. Fifth, of the 27
genes examined by RNA-seq, only nine were significant at padj < 0.05 after Benjamini—
Hochberg correction, eight of which encode sarcomeric or calcium-handling proteins and
one of which (foxoI) encodes a transcription factor; the p38 mapk, map2k4 (mkk4) and foxo3
transcripts included in the panel did not reach this threshold (padj=0.852, 0.992 and 0.844,
respectively), so the transcriptional differences reported here should be read as hypothe-
sis-generating rather than as evidence of differential pathway activity. Two considerations
explain why the p38 mapk transcript did not reach this threshold although qPCR detected
a significant decrease in the D2 group, and the two results should not be read as contra-
dictory. First, the effect size is modest: log2FC = 0.76, corresponding to a 1.7-fold differ-
ence, which falls below the [1og2FC| 21 criterion conventionally applied to define DEGs.
That criterion is readily met by the strongly induced sarcomeric and calcium-handling
genes but is stringent for signaling transcripts, whose transcriptional regulation is typi-
cally moderate; because p38 Mapk activity is governed principally by phosphorylation
rather than by transcript abundance, a modest transcriptional change is also consistent
with the underlying biology. Second, with three replicates per group and Benjamini-
Hochberg correction applied across the whole transcriptome, the DESeq?2 test has limited
power for effects of this size, so padj = 0.852 indicates insufficient evidence rather than
demonstrated absence of a difference. The two datasets agree in direction and magnitude,
and the conclusion that p38 mapk transcript abundance is lower in the D2 group therefore
rests on the qPCR evidence, with the RNA-seq data providing directionally consistent
support.

5. Conclusions

In conclusion, the linseed-oil-based formulation, in which ALA increased from 8.42%
to 35.78% of total fatty acids, was associated with a more favorable muscle fatty acid pro-
file and improved texture characteristics in Nile tilapia fillets. Cell-based findings indicate
that p38 Mapk/FoxO1l-related signaling may be involved in ALA-associated changes in
myoblast activity and myogenic gene expression. However, given the differences in over-
all dietary fatty acid composition and the primarily transcript-level observations, this sig-
naling pathway should be considered a candidate mechanism rather than an established
causal mediator. Future studies using targeted genetic approaches are required to verify
this mechanism.
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and down-regulated DEGs (adjusted p < 0.05) were identified using DESeq2; bars show the counts
of up-regulated, down-regulated and total DEGs; Figure S2: Hub-gene ranking of the DEGs based
on their mean absolute correlation coefficient || with all other DEGs. Bars are coloured by branch
association (blue, D1-associated; red, D2-associated), and the names of the top five hub genes are
highlighted in red; Figure S3: Correlation of logz fold-change values between RNA-seq and qPCR.
The log: fold-change (log2FC) of seven selected genes (foxol, p38 mapk, mstn, myod, myf5, myf4, and
myog) was calculated from both RNA-seq and qPCR data.
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Abbreviations

The following abbreviations are used in this manuscript:

ALA a-linolenic acid

CF condition factor

CL cooking loss

DEGs differentially expressed genes
DHA docosahexaenoic acid
FAME Fatty acid methyl esters
FCR feed conversion ratio
FoxO1 forkhead box O1

GC gas chromatography
GO Gene Ontology

HSI hepatosomatic index

KEGG Kyoto Encyclopedia of Genes and Genomes
LC-PUFA long-chain polyunsaturated fatty acids

Mapk Mitogen-Activated Protein Kinase
mstn Myostatin

MUFA Monounsaturated fatty acids

myf Myogenic Factor
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myod Myogenic Differentiation
myog Myogenin

qPCR Quantitative real-time PCR
SE Standard Error

SFA Saturated Fatty Acid
SGR specific growth rate

SUR survival rate

TPM transcripts per million
VSI viscerosomatic index

WL water loss

WGR weight gain rate
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