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Simple Summary

Seawater domestication is a promising way to expand the aquaculture production of
triploid rainbow trout (Oncorhynchus mykiss), yet how body weight, temperature and
salinity jointly shape hepatic adaptive responses remains poorly understood. Using an
L9 orthogonal trial combined with liver histopathology and transcriptome sequencing,
our study shows that salinity acts as the primary driver of survival and hepatic molecular
reprogramming, while temperature is associated with salinity-triggered liver injury and
body weight exerts relatively minor modulatory effects. Medium salinity induced far more
transcriptomic and alternative splicing changes than extreme high salinity. Our results
provide practical references for the size-dependent brackish water domestication of farmed
triploid rainbow trout. We also clarify several experimental limitations of the orthogonal
design, which should be considered in future multi-factor stress studies in teleost fish.

Abstract

Salinity, temperature and body weight dominate seawater acclimation in rainbow trout
(Oncorhynchus mykiss), yet few studies simultaneously explore their main effects and poten-
tial correlative interactive patterns in hepatic responses. A 60-day L9 (33) orthogonal trial
was performed on triploid rainbow trout with three gradients of body weight, temperature
and salinity. Hepatic transcriptomics revealed that salinity drove global transcriptional
remodeling and high salinity induced far fewer DEGs than medium salinity. WGCNA
screened a salinity-positive blue module (r = 0.408, p = 0.0346), while alternative splicing
confirmed extensive salinity-dependent post-transcriptional regulation. Semi-quantitative
histology showed that 20 ◦C was associated with more pronounced salinity-caused hepa-
tocellular vacuolation and karyopyknosis in the orthogonal test. Survival statistics in-
dicated that salinity was the only factor with significant main effects (p < 0.05), and
the 500 g-10 ◦C-10 ppt group obtained the highest survival. This multi-omics and his-
tological dataset reveals a suggestive regulatory hierarchy-like pattern: salinity acts as the
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primary driver, temperature serves as a synergistic amplifier, and body weight plays a mi-
nor modulatory role. These findings provide a theoretical basis for developing size-specific
salinity acclimation protocols in commercial triploid rainbow trout farming.

Keywords: rainbow trout; liver; orthogonal design; alternative splicing; WGCNA; salin-
ity acclimation

1. Introduction
Rainbow trout (Oncorhynchus mykiss (Walbaum, 1792)) is a typical coldwater fish

whose growth, survival and physiological homeostasis rely on low-temperature habitats.
Global warming has triggered persistent temperature rises across natural aquatic habitats,
and the co-occurrence of elevated temperatures and unstable salinity greatly limits its
aquaculture production capacity, which makes the optimization of seawater domestication
protocols an urgent demand for aquaculture production. As the most widely farmed cold
salmonid worldwide, rainbow trout possesses excellent edible quality and high economic
value, with a global aquaculture output of 960,000 tons in 2020 [1]. Introduced to China in
the late 1950s, this species has been commercialized in large-scale aquaculture industries in
highland coldwater regions including Gansu, Qinghai and Xinjiang after over six decades
of breeding and promotion [2]. Nevertheless, the sustained rising domestic demand for
high-quality rainbow trout is confronted with severe constraints on inland freshwater
aquaculture expansion: cold alpine freshwater resources are scarce, while increasingly
stringent ecological control policies further limit the scale of traditional land-based farming.
China’s freshwater rainbow trout output only reached 37,000 tons in 2022, against an annual
domestic market demand of 120,000 tons [1,2], creating a prominent supply–demand gap.
To address insufficient production capacity, domestic aquaculture practitioners have grad-
ually explored brackish water domestication and offshore cage culture modes. Offshore
cage trials conducted in Ganyu, Jiangsu, recorded a survival rate of 72% and an average
individual weight gain of 650 g after 5 months of seawater domestication, verifying the
operability of marine farming [3]. Unlike stable, controllable inland freshwater ponds,
offshore aquaculture waters exhibit drastic environmental fluctuations driven by seasonal
shifts, rainfall runoff and tidal cycles: surface water temperature can surge by 5–7 ◦C
within a single day during summer heatwaves, rainfall runoff may reduce local salinity
by 6–10 ppt in a short period, and seasonal alternation triggers months-long continuous
deviations in thermal and saline parameters. Synchronous variations in temperature and
salinity generate synergistic or antagonistic compound stress effects on fish physiology [4].
At present, prominent gaps exist in both industrial practice and academic research: the op-
timal temperature–salinity combinations matching rainbow trout of different body weights
remain undefined, and systematic analyses on adaptive metabolic regulation under multi-
environment coupling stress are lacking, which severely hinders the standardization of
domestication techniques. The regulatory patterns of fish metabolism under the combined
effects of temperature, salinity and body weight remain unclear. Gill, kidney and intestine
represent the primary osmoregulatory organs in teleost fish. The liver mainly suffers
secondary metabolic disturbances triggered by osmotic imbalance and serves as a critical
target tissue for analyzing downstream physiological consequences under osmotic stress
responses, yet systematic research on the hepatic responses of rainbow trout under the
interactive stress of the three factors is still sparse.

The liver, though not a primary osmoregulatory organ, undergoes profound secondary
metabolic perturbations triggered by osmotic imbalance and acts as a key target tissue

https://doi.org/10.3390/biology15181646

https://doi.org/10.3390/biology15181646


Biology 2026, 15, 1646 3 of 21

reflecting the downstream physiological consequences of osmotic stress, energy metabolism
and antioxidant defense in fish, representing the core tissue in the evaluation of physio-
logical responses to multiple environmental stressors. Osmoregulation constitutes the key
physiological pathway for euryhaline fish to adapt to salinity changes, which is jointly
regulated by species genetics, developmental stage, water temperature, salinity and body
weight, with distinct interspecific regulatory discrepancies. Existing studies have proven
the significant interactive effects of temperature and salinity on fish salinity tolerance [5,6]:
for Nile tilapia, the 96 h median lethal salinity drops from 26.2 to 16.6 ◦C within the temper-
ature range of 25–31 ◦C, which indicates strong thermal–salinity crosstalk [4]. Combined
high temperature and low salinity significantly alter hepatic SOD and CAT activities as
well as MDA levels in Japanese flounder, which confirms the significant interactive effects
of temperature and salinity on hepatic oxidative stress indicators [7]. The salinity tolerance
threshold of brown trout is directly modulated by water temperature [8], while the sea-
water acclimation efficiency of European sea bass is co-determined by temperature and
photoperiod [7]. Current research on rainbow trout mostly adopts single-factor experimen-
tal designs. Maryoung et al. characterized differential gene expression in the liver, gill and
olfactory rosettes of coho salmon after salinity acclimation [9]. Yang et al. characterized
hepatic transcriptional alterations triggered by isolated high-temperature treatment [10].
A small number of recent studies only designated dual temperature–salt groups without
incorporating fish body weight as a core variable [11,12]. To date, no published research has
integrated body weight, temperature and salinity into one experimental system via orthog-
onal design to simultaneously resolve their individual main effects. By contrast, orthogonal
array designs have been successfully applied in multi-factor aquaculture studies, including
in the evaluation of salinity–alkalinity combined toxicity in fish [13]. Comprehensive, sys-
tematic interpretations of how multi-factor coupling modulates hepatic osmotic adaptation
in rainbow trout are absent in the existing literature; there remains a critical research gap
with regard to integrated histological and multi-omics evidence. Transcriptomics combined
with histopathology provides a reliable analytical tool for evaluating multi-layer hepatic
responses under compound stress, overcoming the limitations of single-factor experiments.

RNA-seq is a high-throughput omics technology for profiling genome-wide transcrip-
tional reprogramming under environmental stress, which facilitates the high-throughput
screening of DEGs, genome-wide detection of alternative splicing (AS) events, and con-
struction of gene co-expression networks, and it has been widely applied in stress-related
research on aquaculture fish [14]. This technique has been adopted maturely in salin-
ity adaptation studies of euryhaline species: a liver transcriptome analysis of large yel-
low croaker under low salinity clarified core lipid metabolism and osmoregulatory path-
ways [15]. Transcriptomic detection of domestic rainbow trout strain “Shuike No. 1”
under dual thermal–salinity stress verified that endoplasmic reticulum protein processing
serves as the central stress pathway [11]. Nevertheless, transcriptomic data alone cannot
intuitively reflect real tissue damage status. Hematoxylin–eosin (HE) histopathological
observation acts as a complementary method that can directly visualize hepatocellular
vacuolation, pyknosis and inflammatory infiltration, and it has been widely applied in fish
hepatic injury assessment [16,17]. Integrating transcriptomic molecular data and hepatic
histological morphology enables the comprehensive restoration of fish adaptive status
under compound osmotic stress at the molecular and tissue levels, compensating for the
drawbacks of single-omics analysis.

In this study, triploid rainbow trout were selected as experimental subjects. Three
core factors—water temperature, salinity and fish body weight—were set, and an L9 (33)
orthogonal experimental design was applied to explore main-factor effects and potential
correlative interactive trends among temperature, salinity and body size classes [2]. Com-
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pared with conventional single- or two-factor experimental schemes, the orthogonal design
better simulates the synchronous fluctuation of multiple environmental variables in actual
offshore aquaculture and is rarely reported in salmonid liver-related research. Hepatic
RNA sequencing and HE histological observation were performed across all nine treatment
groups. By integrating histological and transcriptomic data, this study aims to clarify hep-
atic adaptive regulatory mechanisms under multi-factor coupling stress: our objectives are
to (1) characterize hepatic morphological injury features under distinct temperature–salinity
combinations via HE staining [18]; (2) screen core genes and enriched pathways regulating
energy supply, antioxidant capacity and endoplasmic reticulum stress [19]; (3) illustrate the
independent and interactive regulatory patterns of the three factors on hepatic transcrip-
tional profiles [20]; and (4) screen hub marker genes to evaluate the salinity tolerance of
large-bodied rainbow trout [21]. This research constructs an integrated “histopathology
+ transcriptomics” analytical framework, filling the research gap regarding the hepatic
adaptive mechanisms of triploid trout exposed to multi-factor compound stress [2]. The
present results provide histological and molecular theoretical support for establishing
size-specific seawater domestication protocols and promoting sustainable brackish and
offshore rainbow trout aquaculture in China [2,22].

2. Materials and Methods
2.1. Animal Ethics Statement

For all animal experiments in this study, we strictly followed the guidelines for the
care and use of laboratory animals formulated by the Animal Ethics Committee of the
East China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences. All
experimental protocols were reviewed and approved by the Animal Ethics Committee
(Approval No. 2024-22). During sampling, fish were anesthetized with 40 mg/L MS-222 to
minimize pain and suffering. All operations were carried out in accordance with national
standards for aquatic animal welfare in China.

2.2. Experimental Fish and Orthogonal Salinity Acclimation Experiment
2.2.1. Pre-Experiment Acclimation

Triploid rainbow trout (O. mykiss) were induced by hydrostatic pressure to block second
polar body extrusion during fertilization. Before formal salinity domestication, healthy fish of
three weight specifications were raised in indoor circulating tanks for a 15-day acclimation
period. The culture environment was set to a 12 h light/12 h dark photoperiod, with water
temperature stabilized at 15 ± 1 ◦C, dissolved oxygen maintained at 7.8–10.0 mg/L, and
pH 7.1–7.5. Fish were fed commercial compound feed twice daily at 2% body weight. Individ-
uals with intact body surface and uniform initial weight (100 ± 10 g, 250 ± 10 g, 500 ± 20 g)
were screened and fasted for 24 h prior to the start of formal trials.

2.2.2. Orthogonal Experimental Design

A three-factor, three-level L9 orthogonal experimental design was adopted to evaluate
main-factor effects and observe potential correlative trends in body weight (Factor A),
water temperature (Factor B) and salinity (Factor C). The setting of each factor level is
displayed in Table 1, and the complete grouping scheme of nine treatments is listed in
Table 2. Each treatment group was equipped with two replicate 600 L tanks, and 30 triploid
rainbow trout were raised in each tank.
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Table 1. Levels of three experimental factors.

Level A: Body Weight (g) B: Temperature (◦C) C: Salinity (ppt)

1 100 10 10
2 250 15 20
3 500 20 30

Table 2. Orthogonal experimental grouping scheme.

Treatment No. A (Body Weight) B (Temperature) C (Salinity) Culture Combination

1 1 1 1 100 g-10 ◦C-10 ppt
2 1 2 2 100 g-15 ◦C-20 ppt
3 1 3 3 100 g-20 ◦C-30 ppt
4 2 2 3 250 g-15 ◦C-30 ppt
5 2 3 1 250 g-20 ◦C-10 ppt
6 2 1 2 250 g-10 ◦C-20 ppt
7 3 3 2 500 g-20 ◦C-20 ppt
8 3 1 3 500 g-10 ◦C-30 ppt
9 3 2 1 500 g-15 ◦C-10 ppt

The three gradient levels for body weight (100 g, 250 g, 500 g), temperature (10 ◦C,
15 ◦C, 20 ◦C) and salinity (10 ppt, 20 ppt, 30 ppt) were selected based on published reports
describing seawater acclimation performance of triploid rainbow trout. After the 15-day
pre-acclimation at 15 ± 1 ◦C, temperature and salinity were ramped simultaneously and
gradually over 7 consecutive days until reaching target experimental levels before the
formal 60-day trial. During pre-acclimation, fish of three weight classes were cultured
in separate tanks to avoid inter-individual competition and density-related confounding
effects. A unified 24 h fasting was performed for all groups prior to the onset of formal
treatments. We acknowledge that longer fasting duration would benefit gut clearance for
large-bodied fish, yet gut content quantification was not conducted in this study.

Each orthogonal treatment contained two independent replicate 600 L tanks, with
30 triploid rainbow trout stocked per tank. Primary outcome variables measured in this
trial included survival rate, weight gain performance, hepatic histopathological injury,
and hepatic transcriptomic responses. Plasma osmolality, cortisol and feed conversion
ratio were not assayed in the present experiment. Tissue sampling was carried out at the
endpoint of the 60-day formal culture trial. For each replicate tank, 12 fish were anesthetized
and dissected: three individuals for transcriptome sampling, six individuals for histological
embedding, and remaining fish for survival and growth statistics.

It is acknowledged that the L9 orthogonal array is primarily designed for estimating
main effects and that effect aliasing precludes robust independent estimation of all pair-wise
interactions. Therefore, any observed interactive-like patterns reported in this study should
be interpreted as correlative trends rather than statistically confirmed causal interactions.
Formal testing of two-factor interactions will require full-factorial designs in future work.

2.2.3. Daily Culture Management

Commercial artificial sea salt was used to adjust salinity, which was stabilized within
±0.5 ppt of target values after the 7-day ramping phase and maintained throughout
the subsequent 60-day trial. Circulating heating/refrigeration equipment kept temper-
ature fluctuation ≤±0.2 ◦C. Fish were fed daily at 09:00 and 17:00 to apparent satiation
(ad libitum feeding) during formal trial, whereas a fixed feeding rate of 2% body weight per
day was adopted during pre-acclimation. Residual feed and feces were siphoned off daily.
Ammonia-N and nitrite-N were monitored twice per week and maintained below toxic
thresholds. Water temperature, salinity, dissolved oxygen and pH were recorded daily, and
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photoperiod remained consistent with pre-acclimation. Liver tissues were collected upon
termination of the 60-day experiment.

2.2.4. Tissue Sampling

After the 60-day culture period, 12 fish per tank were anesthetized and dissected for
liver sampling. Remaining fish were counted and weighed to calculate survival and weight
gain rate.

Transcriptome sampling: Three fish per group, liver tissue snap-frozen in liquid
nitrogen and stored at −80 ◦C for RNA extraction;

Histological sampling: Six fish per group, hepatic tissues fixed in 4% paraformalde-
hyde at 4 ◦C for 24 h, then transferred to 70% ethanol for long-term preservation
before embedding.

Notably, due to the orthogonal layout with multiple varying factors between single
groups, direct pair-wise comparison of individual treatments was not performed. All
phenotypic and molecular data were analyzed via main-effect grouping and two-factor
interaction models to eliminate confounding interference.

2.3. Hepatic Histopathological Observation
2.3.1. Paraffin Embedding and HE Staining

Fixed liver samples underwent gradient ethanol dehydration and xylene clearing fol-
lowed by paraffin embedding. A rotary microtome was used to prepare continuous 4–5 µm
slices. Sections were dewaxed, rehydrated and stained with standard hematoxylin–eosin
(HE) procedures: hematoxylin nuclear staining, hydrochloric acid alcohol differentiation,
ammonia water bluing, and eosin cytoplasmic counterstain, then dehydrated, made trans-
parent and sealed with neutral balsam.

2.3.2. Microscopic Observation

Slices were photographed under an Olympus BX53 optical microscope (Olympus,
Tokyo, Japan) at 100× and 400× magnification. Six non-overlapping random visual fields
were captured per sample for the observation of hepatocellular vacuolation and nuclear py-
knosis. A blind semi-quantitative scoring system conducted by two independent observers
was adopted to evaluate hepatic lesion severity: 0 = intact normal hepatic tissue with no
pathological lesions; 1 = mild injury, scattered lesions occupying < 25% of the visual field;
2 = moderate injury, lesions covering 25–50% of the visual field; 3 = severe injury, diffuse
lesions occupying > 50% of the visual field. Corresponding scoring values were recorded
for statistical analysis.

2.4. RNA Extraction, Quality Detection and Library Construction

Total RNA was extracted from frozen liver tissue using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and DNase I was added to remove genomic DNA contamination. RNA
purity was measured by NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham,
MA, USA), with OD260/OD280 controlled at 1.8–2.2. RNA concentration was quantified via
Qubit 2.0, and integrity was detected using Agilent 5300 Bioanalyzer (Agilent, Santa Clara,
CA, USA). Only samples with RIN ≥ 7.0 were retained for library construction, with three
biological replicates per orthogonal group [23].

Three micrograms of qualified total RNA were used for strand-specific PE150 libraries.
Oligo(dT) magnetic beads enriched polyA mRNA, followed by random fragmentation, first-
/second-strand cDNA synthesis, end repair, A-tailing and adapter ligation. Purified fragments
(200–300 bp) were amplified by PCR, and qualified libraries were sequenced on Illumina
NovaSeq X Plus platform (Illumina, San Diego, CA, USA) with paired-end 150 bp mode.
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2.5. Raw Data Filtering, Genome Alignment and Transcript Annotation

All bioinformatic software and R packages used for RNA-seq analysis were as follows:
fastp v0.23.4, HISAT2 v2.2.1, StringTie v2.2.0, rMATS v4.0.1, DESeq2, clusterProfiler v4.12.0,
ggplot2 and pheatmap under R v4.2.1. Subsequent raw data processing, genome alignment
and functional annotation were performed with the above uniform versions.

Raw sequencing reads were processed with fastp to strip adapters and filter low-
quality reads (sliding window = 4:15, min length ≥ 50 bp). Clean reads were mapped to
rainbow trout reference genome (GCF_013265735.2) via HISAT2. StringTie was adopted for
transcript assembly and read count statistics; gene expression was normalized to FPKM and
TPM simultaneously. All transcripts were annotated against Nr, Swiss-Prot, GO, KEGG,
and Pfam databases with E value < 1 × 10−5.

2.6. Differential Alternative Splicing (DAS) Identification

rMATS was used to identify five categories of alternative splicing events: exon skip-
ping (ES), intron retention (IR), mutually exclusive exon (MXE), alternative 5′ splice site
(A5SS), and alternative 3′ splice site. Events with FDR < 0.05 were identified as DAS
events, and isoform inclusion levels were calculated to compare splicing patterns among
main-effect subgroups.

2.7. DEG Screening and Multi-Dimensional Enrichment Analysis

Differentially expressed genes (DEGs) were screened using the DESeq2 R package,
thresholds |log2FC| ≥ 1, adjusted p (FDR) < 0.05. GO and KEGG enrichment of DEGs
and DAS-related genes were conducted with clusterProfiler. Gene Set Enrichment Analysis
(GSEA) was further performed to excavate subtle pathway changes, with p < 0.05 as the
significance cutoff.

2.8. Sample Clustering and PCA Analysis

Principal component analysis (PCA) and hierarchical clustering heatmaps based on
all gene FPKM values were drawn via pheatmap and prcomp functions in R v4.2.1 to
evaluate the repeatability of biological replicates and overall transcriptome differentiation
among groups.

2.9. Weighted Gene Co-Expression Network Analysis (WGCNA) Analytical Procedures

Weighted gene co-expression network analysis (WGCNA) was performed using all
expressed genes from 27 hepatic transcriptome samples (n = 3 biological replicates per
orthogonal group). Soft-threshold power β = 7 was chosen to satisfy scale-free topology
standard (R2 ≥ 0.85) for subsequent co-expression network construction. Module–trait
correlation analysis was conducted against five variables: salinity gradient, temperature
gradient, body weight class, survival rate and weight gain rate. Modules significantly
correlated with phenotypic traits were screened, and hub genes inside key modules were
extracted as potential salinity tolerance biomarkers.

2.10. Statistical Analysis

Statistical testing was exclusively conducted on growth performance phenotypes (sur-
vival rate, weight gain); transcriptomic and histological results were analyzed by qualitative
description and omics bioinformatic methods without variance analysis. Survival rate and
weight gain data were expressed as mean ± standard deviation (mean ± SD).

Orthogonal range analysis was adopted for preliminary trend observation of growth
performance; significance evaluation relied on three-way ANOVA (Response~Temperature
+ Salinity + Temperature × Salinity). Body weight was not included as a factor in this
ANOVA model because the L9 orthogonal array does not provide sufficient degrees of
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freedom to simultaneously estimate the main effects of all three factors and their two-
way interactions within a single full-factorial ANOVA framework. Instead, body weight
effects were examined separately using one-way ANOVA after grouping samples by
weight class (small, medium, and large), as described in the main-effect grouping rule
above. It is acknowledged that this approach does not allow formal testing of interactions
involving body weight, and the related findings were interpreted with appropriate caution.
Interaction term p < 0.05 was defined as statistically significant.

Main-effect grouping rule:
Salinity: Low (10 ppt, Groups 1/5/9), medium (20 ppt, Groups 2/6/7), and high

(30 ppt, Groups 3/4/8);
Temperature: Low (10 ◦C, Groups 1/6/8), medium (15 ◦C, Groups 2/9), and high

(20 ◦C);
Body weight: Small (100 g, Groups 1/2/3), medium (250 g, Groups 4/5/6), and large

(500 g, Groups 7/8/9).
One-way ANOVA combined with Tukey’s multiple comparison test was applied for

growth-related main group comparisons; p < 0.05 represented significant difference.
All transcriptome-related visualizations were generated using the ggplot2 package

in R v4.2.1. Statistical analyses of growth phenotypes and omics data were performed via
SPSSAU 26.0 and R 4.2.1.

All RNA quantification, sequencing processing, differential gene screening, functional
enrichment and visualization were performed using unified bioinformatic tools and R
packages [18,24–33]. Standard biostatistical analysis was adopted for phenotypic data [31].

3. Results
3.1. Hepatic Histopathological Lesions Under Nine Orthogonal Culture Treatments

Representative 400× HE-stained hepatic sections from nine experimental groups are
assembled into a 3 × 3 grid (Figure 1). Distinct hepatic tissue morphological differences
were observed across temperature–salinity combined treatments. Group 1, Group 7 and
Group 9 exhibited lesion scores of 0–0.5, showing neatly arranged hepatic cords and
homogeneous cytoplasm, with only sporadic cellular changes; the overall liver tissue
architecture remained nearly intact. Moderate pathological alterations (lesion scores 1.0–1.8)
were observed in Group 4, Group 5 and Group 8, where scattered hepatocellular vacuolation
(Figure 1D) and sporadic karyopyknosis (Figure 1H) could be detected, while hepatic
cord structure was largely preserved. Group 2, Group 3 and Group 6 obtained higher
lesion scores ranging from 2.5–3.0, showing diffuse cytoplasmic vacuolation and massive
karyopyknosis, which caused severe disruption of regular hepatic cord arrangement and
reflected substantial hepatic structural damage. Consistent with transcriptome enrichment
results of apoptosis and oxidative stress pathways [31], our observations imply that high
temperatures may aggravate hepatic tissue injury under high-salinity conditions. Semi-
quantitative scoring of hepatic lesions adopted the mature evaluation system established
for salinity-stressed fish liver tissue [18,34].

Group-wise survival and weight gain performance across all orthogonal treatments
are summarized in Supplementary Table S2.

Histological scores were subjected to stratified one-way ANOVA within each tem-
perature level, followed by Tukey’s HSD post hoc tests for within-temperature salinity
comparisons. A global two-way ANOVA including temperature, salinity and their inter-
action was also performed but yielded no significant effects across the full dataset. All
statistical analyses of histological scores were performed using the same ANOVA frame-
work described in Section 2.10. It is noted that lesion scores represent ordinal rank data;
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parametric ANOVA was used here for exploratory descriptive comparison only, and these
outputs should not be over-interpreted as definitive inferential evidence.

 

Figure 1. Representative HE-stained hepatic tissue micrographs of triploid rainbow trout under nine
orthogonal culture treatments (400× magnification, scale bar = 0.1 mm). Subgraphs (A–I) correspond to
nine orthogonal groups, respectively: (A) 100 g-10 ◦C-10 ppt, (B) 100 g-15 ◦C-20 ppt, (C) 100 g-20 ◦C-
30 ppt, (D) 250 g-15 ◦C-30 ppt, (E) 250 g-20 ◦C-10 ppt, (F) 250 g-10 ◦C-20 ppt, (G) 500 g-20 ◦C-20 ppt,
(H) 500 g-10 ◦C-30 ppt, and (I) 500 g-15 ◦C-10 ppt. Black arrows: hepatocellular vacuolation; red arrows:
karyopyknosis.

3.2. Overview of Hepatic Transcriptome Sequencing Quality

A total of 27 liver transcript libraries corresponding to nine orthogonal culture treat-
ments were sequenced on the Illumina NovaSeq platform. After strict filtering of raw
sequencing reads, all samples met the data quality standards for subsequent bioinformatic
analysis (Supplementary Table S1), where detailed statistics including the Q20, Q30, GC
content and genome mapping rate of each library were listed. The sequencing error rate of
all samples was controlled below 0.013%, Q20 values ranged from 98.86% to 99.29%, and
Q30 values were maintained at 94.46–96.62%. The GC content of each library remained
stable between 45.36% and 49.00%, and the mapping rate of clean reads against the rainbow
trout reference genome exceeded 95% for all samples.

The violin plot based on log10(TPM) values reflects the global gene expression distribu-
tion of all biological replicates (Figure 2). No obvious expression bias was observed across
different culture groups, which indicates consistent RNA extraction, library construction
and sequencing efficiency for all liver samples. The Pearson correlation heatmap of all
samples further verified the high repeatability within each salinity main-effect subgroup;
the correlation coefficients of biological replicates in the same salinity gradient were all
higher than 0.9 (Figure 3).
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Figure 2. Global gene expression violin plot of all hepatic transcriptome samples, expression values
converted to log10(TPM). Data are presented as mean ± SD (n = 3 biological replicates per group).

Figure 3. Pearson correlation heatmap of 27 liver biological replicates; color gradient represents
correlation coefficient (blue = 0.6, red = 1.0). Data are presented as mean ± SD (n = 3 biological
replicates per group).

Principal component analysis (PCA) was conducted to reveal transcriptional diver-
gence among salinity main-effect groups (low salinity 10 ppt, medium salinity 20 ppt,
and high salinity 30 ppt). PC1 explained 22.87% of the total transcriptional variation, and
PC2 explained 9.04% (Figure 4). Samples of the three salinity gradients formed indepen-
dent clustering ellipses, with a partial overlap between the low- and medium-salinity
subgroups. The high-salinity group showed the most obvious transcriptional separation
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from the low-salinity control group, which indicates that sustained high salinity induced
extensive genome-wide transcriptional remodeling in triploid rainbow trout liver tissue.
Salinity was the primary source of transcriptional variation, while subtle sample shifts
along the PC2 axis reflected temperature-induced transcriptional differences. Samples clas-
sified by body weight showed nearly overlapping distributions, which indicates that body
weight imposes only mild regulatory effects on hepatic transcription under the present
culture conditions.

Figure 4. PCA plot grouped by salinity gradient. Light green ellipse = low salinity; light purple
ellipse = medium salinity; light red ellipse = high salinity. Circles, squares and triangles represent
samples from different body-weight groups. PC1 = 22.87%; PC2 = 9.04%. (n = 3 biological replicates
per group).

3.3. Screening of Salinity-Responsive Differentially Expressed Genes (DEGs)

Differentially expressed genes (DEGs) were screened using the DESeq2 R package
with thresholds of |log2FC| ≥ 1 and FDR < 0.05. Instead of pair-wise comparisons between
individual orthogonal tanks, we grouped samples by salinity main effects to eliminate
confounding interference from body weight and temperature. All DEG visualization and
statistical results are integrated in Figure 5.
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Figure 5. Summary of differentially expressed genes (DEGs) under two salinity comparisons.
(A) Volcano plot, mid-salinity vs. low salinity; red = upregulated DEGs, green = downregulated DEGs,
grey = non-significant genes. (B) Volcano plot, high salinity vs. low salinity; threshold |log2FC| ≥ 1,
FDR < 0.05. (C) Bar chart showing counts of upregulated/downregulated DEGs in two comparison
groups. (D) Venn diagram illustrating shared and unique DEGs between mid-salinity vs. low salinity
and high salinity vs. low salinity. Data are presented as mean ± SD (n = 3 biological replicates
per group).

Two salinity contrast groups were analyzed:
1. Medium salinity versus low salinity (Mid-S vs. Low-S): A total of 1634 significantly

upregulated and 1699 downregulated DEGs were detected.
2. High salinity versus low salinity (High-S vs. Low-S): Only 64 upregulated and

56 downregulated DEGs were identified, which indicates far weaker transcriptional pertur-
bation under extreme high salinity.

Volcano plots (Figure 5A,B) clearly show widespread gene expression shifts in the
medium-salinity group, whereas most genes remained transcriptionally stable under high
salinity. The bar chart (Figure 5C) quantifies the total number of differentially expressed
transcripts in both comparisons, and the Venn diagram (Figure 5D) reveals only 60 over-
lapping DEGs between the two contrast groups. Specifically, 3273 DEGs were uniquely
induced by medium salinity, while merely 60 transcripts exclusively responded to high
salinity. These results demonstrated that medium and high salinity triggered fundamen-
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tally distinct transcriptional regulatory programs in triploid rainbow trout liver. These
distinct transcriptional responses to medium and high salinity prompted further GO and
KEGG functional enrichment analysis, consistent with previous hepatic salinity stress
transcriptome findings in salmonids [9,35].

3.4. GO and KEGG Functional Enrichment Analysis of DEGs
3.4.1. Functional Enrichment of Medium-Salinity-Induced DEGs

GO enrichment analysis (Figure 6A) demonstrated that the differentially expressed
genes (DEGs) identified in the mid-salinity vs. low salinity comparison were predominantly
enriched in biological processes related to immune defense and environmental stimulus
response, including immune system processes, response to biotic stimulus, and complement
activation. Significant enrichment was also detected in cellular component terms such as
extracellular space and the plasma membrane outer region.

Figure 6. GO enrichment bubble plots for salinity-responsive DEGs (selected biological process
terms). Bubble weight = enriched gene number, X-axis = Rich factor, color gradient = −log10(Padj).
(A) Mid-salinity vs. low salinity; (B) high salinity vs. low salinity. Data are presented as mean ± SD
(n = 3 biological replicates per group per comparison).

The corresponding KEGG enrichment results (Figure 7A) were dominated by im-
mune signal transduction and cell adhesion pathways, with ECM–receptor interaction,
cytokine–cytokine receptor interaction, focal adhesion and TGF-beta signaling ranking as
the top enriched pathways. In addition, lipid metabolism (sphingolipid metabolism)
and apoptotic signaling pathways were markedly activated in hepatic tissue under
medium-salinity acclimation.

Figure 7. KEGG pathway enrichment bubble plots for salinity-responsive DEGs. Bubble weight = enriched
gene number, X-axis = Rich factor, color gradient = −log10(Padj). (A) Mid-salinity vs. low-salinity;
(B) high salinity vs. low salinity. Data are presented as mean ± SD (n = 3 biological replicates per group
per comparison).
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3.4.2. Functional Enrichment of High Salinity-Induced DEGs

For the high salinity vs. low salinity comparison group, GO enrichment profiles
(Figure 6B) remained centered on immune and defense-related biological processes. In
contrast to the medium-salinity treatment, DEGs from high-salinity groups displayed
stronger enrichment in functional terms associated with autophagy, apoptosis and
oxidative stress.

KEGG pathway enrichment (Figure 7B) indicated that hyperosmotic stress signifi-
cantly activated intestinal immune network, phagosome, apoptosis and calcium signaling
pathways. Multiple energy metabolic cascades, including arginine and proline metabolism
and purine and nucleotide metabolism, were drastically perturbed, triggering transcrip-
tional perturbation of multiple energy metabolic cascades, which suggests a potential
disturbance of hepatic energy homeostasis under high-salinity challenges.

Collectively, both medium- and high-salinity gradients triggered the core hepatic
immune defense response. Medium salinity mainly altered pathways governing cell
proliferation and cell adhesion; by contrast, extreme high salinity aggravated hepatocyte
apoptosis and suggests the potential perturbation of systemic energy-related pathways at
the transcript level [24]. Given that the above transcriptional changes reflected only the
steady-state mRNA level, we therefore investigated whether salinity also modulated gene
expression at the post-transcriptional level via alternative splicing.

3.5. Genome-Wide Alternative Splicing (AS and DAS) Profiles Along Salinity Gradients

rMATS software was applied to quantify five canonical alternative splicing (AS) sub-
types (SE, IR, A5SS, A3SS, and MXE) in the mid-salinity and high salinity comparison
group (Figure 8A,B). Intron retention (IR) was the most frequent AS event across both
groups, followed by exon skipping (SE), alternative 3′ splice site (A3SS), alternative 5′ splice
site (A5SS), and mutually exclusive exon (MXE). The total count of AS events identified
under the mid-salinity treatment was markedly higher than that under high salinity, which
matched the variation tendency of differentially expressed genes (DEGs). Mid-salinity ex-
posure induced massive differential alternative splicing (DAS) events, which demonstrates
that salinity fluctuation alone can extensively remodel hepatic post-transcriptional splicing
landscapes under fixed temperature and body weight conditions. Temperature exerted
moderate modulatory effects on DAS associated with apoptosis and endoplasmic reticulum
stress at identical salinity gradients, whereas body weight barely triggered genome-wide
splicing shifts. Functional enrichment of DAS-related genes revealed that splicing variants
primarily participated in RNA processing, immune response and cellular stress signal trans-
duction. This widespread post-transcriptional reprogramming aligns with previous teleost
liver AS reports under osmotic stress [18,20]. The above statistics indicate that medium
salinity induced far more genome-wide splicing alterations than the low- or high-salinity
groups. To identify the core gene sets coordinating salinity and temperature responses,
WGCNA was performed on all hepatic transcriptome data.
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Figure 8. Classification statistics of all AS events. Red bars = excluded isoforms, blue bars = included
isoforms. X-axis: MXE, A5SS, IR, A3SS, and SE. (A) AS event distribution, mid-salinity vs. low
salinity group. (B) AS event distribution, high salinity vs. low salinity group. Data are presented as
mean ± SD (n = 3 biological replicates per group).

3.6. Weighted Gene Co-Expression Network Analysis

WGCNA was performed on the transcriptome data of 27 liver samples to identify
gene modules associated with three experimental factors: body weight, temperature
and salinity.

First, hierarchical clustering of all samples was performed to evaluate transcriptional
similarity and exclude outliers (Figure 9A). No severely deviated individuals were detected,
which proved the stable repeatability of the biological replicates within each orthogonal
group. Subsequently, all expressed genes were grouped into distinct co-expression modules
by dynamic tree cutting. The gene dendrogram matched with the module color bands
and expression tracks of the three phenotypic traits is displayed in Figure 9B, and a total
of 11 unique gene modules were obtained after filtering. The number of genes distributed
in each module is quantified in the bar chart (Figure 9C); the turquoise module contained
the maximum number of genes (4246), followed by the blue module (3257), while the
purple and magenta modules had the fewest gene members.

Figure 9. Hepatic transcriptome WGCNA under three-factor stress. (A–E) Sample tree, gene dendro-
gram, module gene counts, eigengene correlation and module–trait heatmaps with Pearson r and
p values; significant correlations (p < 0.05) marked. Data are presented as mean ± SD (n = 3 biological
replicates per group).
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The eigengene correlation heatmap was plotted to reveal the expression relevance
between different modules (Figure 9D). Most modules maintained a moderate correlation,
which indicates that each module undertakes relatively independent biological functions.
The core module–trait correlation heatmap further screened gene sets significantly respond-
ing to temperature and salinity stress (Figure 9E).

The blue module was significantly positively correlated with salinity (r = 0.408,
p = 0.0346) and identified as the key module responding to hyperosmotic stress, consis-
tent with published WGCNA results regarding salmonid hepatic salinity response [18,33].
The pink module displayed a strong positive correlation with temperature (r = 0.577,
p = 0.00163), while the turquoise module was negatively associated with temperature
(r = −0.413, p = 0.0323). No module showed a statistically significant correlation with body
weight (all p > 0.05), consistent with mild inter-group histological differences [20].

4. Discussion
4.1. Main Effect of Salinity on Rainbow Trout Survival and Hepatic Damage

Consistent with osmoregulatory research on teleost species [9,36], salinity was identi-
fied as the core limiting factor affecting triploid trout survival. Hyperosmotic environments
disrupt systemic ion balance and force the liver to consume extra energy for osmotic ad-
justment, eventually triggering widespread oxidative hepatocyte injury. Consistent with
salmonid stress research [9,37], only salinity exerted statistically significant independent
impacts on survival, while temperature and body weight had no standalone significant
effects on growth metrics, even though heat exposure could exacerbate hepatic lesions.
Though body weight induced visible physiological differences, its independent regulatory
capacity remained weak within the test gradient, consistent with previous observations that
body size modulates osmoregulatory capacity through altered gill surface-area-to-volume
ratios and metabolic scaling [38]. The superior stress resistance of large-bodied triploid
individuals under low-temperature and low-salinity regimes reflects distinct endocrine
and hepatic developmental programs compared with diploid conspecifics [35,37,39]. The
500 g + low temperature + low salinity combination delivers optimal stress tolerance, which
provides direct grading guidance for offshore trout domestication [2,22].

4.2. Synergistic Interaction Between Temperature and Salinity on Liver Adaptive Response

Numerous teleost studies have documented that elevated temperatures can exacerbate
salinity-induced physiological disturbances, including oxidative stress and tissue dam-
age [4,5]. Concurrent thermal and hyperosmotic stress triggers severe hepatic structural
destruction via overactivated oxidative and apoptotic cascades [21], which explains the
sharp decline in survival under the combined high-temperature–high-salinity culture. El-
evated basal metabolism under warm conditions accelerates ROS accumulation; when
superimposed with salinity stimulation, ER stress and apoptotic pathways are overacti-
vated, as demonstrated in the ER stress–oxidative stress interplay model [40], producing
irreversible tissue lesions. Isolated mild salinity or low-temperature stimulation only trig-
gers transient transcriptional adaptation and fails to produce irreversible liver lesions,
consistent with previous flounder and salmonid reports [10,15]. This synergistic interaction
highlights the necessity of precise temperature control during brackish domestication to
avoid mass mortality [3].

4.3. Transcriptomic and Histological Synergistic Evidence of Hepatic Multi-Stress Adaptation

Histopathological observation supplies intuitive tissue-level proof of salinity-dominated
liver injury, while RNA-seq uncovers the underlying molecular regulatory network [14,18].
Salinity acts as the primary driver reshaping hepatic metabolic and antioxidant transcriptional
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programs to maintain osmotic homeostasis [15,19]. Abundant differential alternative splicing
(DAS) events are enriched in stress response transcripts, which verifies splicing as a critical
post-transcriptional compensatory mechanism for salinity acclimation [17,32,33]. Medium
salinity induces the most robust post-transcriptional remodeling via alternative splicing,
whereas temperature only produces weak auxiliary regulation and body weight imposes
negligible splicing shifts [18]. Such splicing patterns align with the salinity-correlated blue
gene module screened via WGCNA [18,33]. WGCNA analysis identified the blue module as
the core regulatory gene set responding to hyperosmotic stimuli, with temperature-related
transcripts clustered within the pink module; no modules correlated significantly with body
weight, which further validates the three-factor regulatory hierarchy [20,41,42]. Thermal stress
universally amplifies salinity-triggered hepatic injury independent of fish developmental
stage, a phenomenon also documented in Atlantic salmon [43]. Joint histological and multi-
omics evidence collectively clarifies the independent and interactive regulatory logic of salinity,
temperature and body weight in triploid trout liver.

4.4. Research Innovation, Production Guidance and Research Limitations

Most existing rainbow trout salinity trials only adopt single- or dual-factor experi-
mental frameworks and ignore body weight as a research variable [11,35]. Unlike previous
single-/two-factor trials, the L9 orthogonal framework in this work simultaneously evalu-
ates three-factor main effects and explores potential correlative patterns among factors [2].
Combining HE histology and transcriptome and alternative splicing profiling, this pa-
per constructs an integrated tissue molecular analytical system to fill research gaps on
triploid trout multi-stress hepatic adaptation [12,31]. For offshore cage breeding, large-
bodied triploids are recommended for domestication under low temperature and low
salinity to maximize survival, while juveniles can be cultured at moderate salinity for
faster growth; these findings suggest differentiated breeding schemes for China’s brackish
aquaculture [2,43].

This research still has several limitations. The 60-day domestication cycle, while
sufficient for detecting acute transcriptional and histological responses, cannot capture
long-term adaptive changes across multiple growth cycles; future studies extending the
acclimation period would complement our short-term findings [42]. Besides liver tissues,
gill and intestinal tissues need supplementary sampling to build a complete whole-body
osmoregulatory network [7,9]. The hub genes identified by WGCNA still require qPCR and
hepatocyte in vitro functional verification; subsequent functional assays will be essential to
confirm their roles in salinity tolerance [21]. Follow-up orthogonal trials can add dissolved
oxygen gradients and time-series sampling to reveal dynamic short-/long-term hepatic
adaptation trajectories [3]. Additionally, the skeletal abnormalities occasionally observed
in triploid stocks under nutritional stress [44] warrant further investigation to assess their
potential impact on overall fitness and seawater acclimation success.

Several inherent limitations should be acknowledged when interpreting our find-
ings. First, the L9 (33) orthogonal array design is optimized for evaluating main-factor
effects; effect aliasing prevents robust, independent estimation for all pair-wise two-way
interactions. Observed interactive-like patterns represent correlative trends inferred from
histology and multi-omics datasets rather than statistically proven causal interactions.
Full-factorial experimental designs are required in future work to formally test two-factor
interactive effects. Second, our interpretation of energy homeostasis disturbance relies
solely on transcript-level enrichment results, without direct metabolite, ATP or enzyme-
activity measurements. Third, plasma osmolality, cortisol and feed conversion ratio were
not quantified in this trial, which limits deeper physiological interpretation. A uniform
24 h fasting was applied for fish of all body weight classes; longer fasting would be prefer-
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able for gut clearance in large-sized individuals. In addition, this 60-day chronic trial
captures mid-term stress responses, while long-term adaptive changes across multiple
growth cycles remain unexplored. Further multi-tissue sampling, targeted metabolic as-
says and time-series experiments will enrich our understanding of triploid rainbow trout
seawater acclimation.

5. Conclusions
Salinity was the only factor significantly affecting the survival of triploid rainbow trout,

while temperature and body weight had no independent significant impacts on weight
gain. High temperature was correlated with a greater severity of salinity-induced hepatic
lesions under the tested orthogonal conditions, and the combination of 500 g, 10 ◦C and
10 ppt achieved optimal survival. Multi-omics and histology revealed that salinity re-
modeled hepatic transcription and alternative splicing to regulate osmoregulation, with
temperature acting as a damage amplifier and body weight exerting trivial effects. Collec-
tively, our integrated dataset reveals a suggestive three-factor regulatory hierarchy-like
pattern under the tested experimental conditions and offers theoretical support for the
size-specific seawater domestication of triploid rainbow trout [2,3].
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Author Contributions: Conceptualization, H.Z. and L.L.; Methodology, H.H., Y.S. and Y.J.; Formal
analysis, Y.R., B.Q. and N.Y.; Investigation, Y.S., Y.J., S.L. and T.L.; Data curation, Y.R.; Writing—
original draft preparation, Y.S. and H.H.; Writing—review and editing, H.Z. and L.L.; Visualization,
Y.J. and S.L.; Supervision, H.Z. and L.L.; Project administration, T.L.; Funding acquisition, H.Z. and
L.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Central Public-interest Scientific Institution Basal Re-
search Fund, ECSFR, CAFS (NO. 2024TD08); Central Public-interest Scientific Institution Basal
Research Fund, ECSFR, CAFS (NO. 2025QT04); Central Public-interest Scientific Institution Basal
Research Fund, CAFS (NO.2025ZX03); Central Public-interest Scientific Institution Basal Research
Fund (2026ZL02); Screening, Breeding, Integrated Aquaculture Technology, Demonstration and
Promotion of Marine-adapted High-quality Germplasm of Rainbow Trout in Jiangsu JCTG(2025)26;
and Lianyungang Key Research and Development Program (Social Development) under Grant No.
SF2407; Postgraduate Research & Practice Innovation Program of Yancheng Institute of Technology
(Grant Nos. CXJH26054 and CXJH26064).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Experimental Ethics Committee of the East China Sea Fisheries Research Institute, Chinese Academy
of Fishery Sciences (protocol code 2024-22, approved date: 1 September 2024). All procedures
involving animals were performed in accordance with the guidelines and regulations of the Chinese
Academy of Fishery Sciences, and all efforts were made to minimize animal suffering.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw RNA sequencing data generated in this study have been de-
posited in the NCBI Sequence Read Archive (SRA) under BioProject accession number PRJNA1478201,
which will be publicly accessible upon publication of this manuscript. All processed analysis data,
Supplementary Tables and Figures are available within this article and its Supplementary Materials.

Acknowledgments: The authors wish to express their sincere gratitude to the anonymous reviewers
whose valuable suggestions greatly improved this paper.

https://doi.org/10.3390/biology15181646

https://www.mdpi.com/article/10.3390/biology15181646/s1
https://www.mdpi.com/article/10.3390/biology15181646/s1
https://doi.org/10.3390/biology15181646


Biology 2026, 15, 1646 19 of 21

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. FAO. The State of World Fisheries and Aquaculture 2022; Food and Agriculture Organization of the United Nations: Rome, Italy, 2022.

[CrossRef]
2. Ji, K.; Huang, T.Q.; Gu, W.; Liu, E.H.; Wang, G.C.; Wang, B.Q.; Guo, F.Y.; Cao, X.B.; Zeng, L.H.; Dong, F.L.; et al. Effects of

temperature and salinity on growth, digestive enzyme activities and related gene expression of rainbow trout (Oncorhynchus
mykiss) “Shuike No. 1”. Oceanol. Limnol. Sin. 2023, 54, 1476–1487.

3. Gamperl, A.K.; Zrini, Z.A.; Sandrelli, R.M. Atlantic Salmon (Salmo salar) Cage-Site Distribution, Behavior, and Physiology During
a Newfoundland Heat Wave. Front. Physiol. 2021, 12, 719594. [CrossRef] [PubMed]

4. Lin, Y.C.; Ye, F.L.; Tan, B.; Liang, M. Effects of temperature on acute salinity tolerance of Nile tilapia (Oreochromis niloticus). J.
Guangdong Ocean Univ. 2007, 27, 35–38.

5. Guo, Q.D.; Wang, Y.J.; Lü, W.Q. Effects of temperature and salinity on osmotic physiology and antioxidant capacity of juvenile
Japanese flounder (Paralichthys olivaceus). Acta Hydrobiol. Sin. 2014, 38, 58–67.

6. Takei, Y.; Hiroi, J.; Takahashi, H.; Sakamoto, T. Diverse mechanisms for body fluid regulation in teleost fishes. Am. J. Physiol.-Regul.
Integr. Comp. Physiol. 2014, 307, R778–R792. [CrossRef] [PubMed]

7. Palmer, R.M.; Sandbach, A.; Buckley, B.A. Tissue-specific effects of temperature and salinity on the cell cycle and apoptosis in the
Nile Tilapia (Oreochromis niloticus). Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2024, 297, 111706. [CrossRef] [PubMed]

8. Tipsmark, C.K.; Breves, J.P.; Seale, A.P.; Lerner, D.T.; Hirano, T.; Grau, E.G. Switching of Na+, K+-ATPase isoforms by salinity and
prolactin in the gill of a cichlid fish. J. Endocrinol. 2011, 209, 237–244. [CrossRef] [PubMed]

9. Maryoung, L.A.; Lavado, R.; Bammler, T.K.; Gallagher, E.P.; Stapleton, P.L.; Beyer, R.P.; Farin, F.M.; Hardiman, G.; Schlenk, D.
Differential gene expression in liver, gill, and olfactory rosettes of coho salmon (Oncorhynchus kisutch) after acclimation to salinity.
Mar. Biotechnol. 2015, 17, 703–717. [CrossRef] [PubMed]

10. Yang, Y.; Liu, Y.J.; Liu, W.Z.; Han, L.; Yuan, F.Y.; Wang, J.; Wu, S.; Sun, Y.C.; Han, S.C. Multi-omics-based study on metabolic-
physiological response to heat stress in rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. Part A Mol. Integr. Physiol.
2025, 308, 111903. [CrossRef] [PubMed]

11. Liu, X.J.; Wang, G.C.; Huang, T.Q.; Liu, E.H.; Gu, W.; Fan, P.; Ge, K.B.; Li, D.T.; Sun, Y.C.; Xu, G.F. Transcriptomic Insights into Dual
Temperature–Salinity Stress Response in “Shuike No. 1”, a Pioneering Rainbow Trout Strain Bred in China. Biology 2025, 14, 49.
[CrossRef] [PubMed]

12. Chandhini, S.; Rejish Kumar, V.J. Transcriptomics in aquaculture: Current status and applications. Rev. Aquac. 2019, 11, 1379–1397.
[CrossRef]

13. You, Q.; You, Y.; Hu, G.D. Application of orthogonal design to test the joint toxicity of salinity and alkalinity on Protosalanx
hyalocranius. J. Southwest Natl. Coll. (Nat. Sci. Ed.) 2000, 26, 192–194.

14. Lu, Z.; Huang, W.Q.; Wang, S.; Shan, X.J.; Ji, C.L.; Wu, H.F. Liver transcriptome analysis reveals the molecular responses to
low-salinity in large yellow croaker Larimichthys crocea. Aquaculture 2020, 517, 734827. [CrossRef]

15. Adzijovski, M.; Schultz, A.G.; Oxley, A.P.A.; Bergfeld, J.; Afonso, L.O.B. Chronic thermal stress during early zebrafish (Danio
rerio) development induces morphological, molecular, and liver histopathological changes. Fish Physiol. Biochem. 2026, 52, 43.
[CrossRef] [PubMed]

16. Ali, A.; Thorgaard, G.H.; Salem, M. PacBio Iso-Seq improves the rainbow trout genome annotation and identifies alternative
splicing associated with economically important phenotypes. Front. Genet. 2021, 12, 683408. [CrossRef] [PubMed]

17. Han, K.H.; Zhou, L.; Zeng, X.Y.; Zhang, Z.P.; Zou, P.F.; Huang, W.Q.; Wang, Y.L. Effects of Low-Salinity Acclimation on the
Na+/K+ ATPase Activity and Expression of Osmoregulatory-Related Genes in Large Yellow Croaker (Larimichthys crocea). Aquac.
Rep. 2022, 26, 101326. [CrossRef]

18. Tian, Y.; Gao, Q.F.; Yu, H.; Liu, D.Z.; Dong, S.L.; Zhou, Y.E.; Yang, W.Z.; Xue, N.; Bao, H.C.; Yu, Y.N. Dynamic transcriptome and
LC-MS/MS analysis revealed the important roles of taurine and glutamine metabolism in response to environmental salinity
changes in gills of rainbow trout (Oncorhynchus mykiss). Int. J. Biol. Macromol. 2022, 221, 1545–1557. [CrossRef] [PubMed]

19. Griffiths, J.S.; Finger, A.J.; Baerwald, M.R.; Rahman, M.M.; Hung, T.; Fangue, N.A.; Whitehead, A. Highly and lowly domesticated
endangered fish from a conservation hatchery diverge in their thermal physiology, transcriptome, and methylome. Evol. Appl.
2026, 19, e70220. [CrossRef] [PubMed]

20. Wu, S.J.; Huang, J.Q.; Li, Y.J.; Zhao, L. Comparative transcriptomics combined with physiological and functional analysis reveals
the regulatory mechanism of rainbow trout (Oncorhynchus mykiss) under acute hypoxia stress. Ecotoxicol. Environ. Saf. 2024,
278, 116347. [CrossRef] [PubMed]

21. D’Agaro, E.; Gibertoni, P.; Esposito, S. Recent Trends and Economic Aspects in the Rainbow Trout (Oncorhynchus mykiss) Sector.
Appl. Sci. 2022, 12, 8773. [CrossRef]

https://doi.org/10.3390/biology15181646

https://doi.org/10.4060/cc0461en
https://doi.org/10.3389/fphys.2021.719594
https://www.ncbi.nlm.nih.gov/pubmed/34504440
https://doi.org/10.1152/ajpregu.00104.2014
https://www.ncbi.nlm.nih.gov/pubmed/24965789
https://doi.org/10.1016/j.cbpa.2024.111706
https://www.ncbi.nlm.nih.gov/pubmed/39033849
https://doi.org/10.1530/JOE-10-0495
https://www.ncbi.nlm.nih.gov/pubmed/21330335
https://doi.org/10.1007/s10126-015-9649-5
https://www.ncbi.nlm.nih.gov/pubmed/26260986
https://doi.org/10.1016/j.cbpa.2025.111903
https://www.ncbi.nlm.nih.gov/pubmed/40639437
https://doi.org/10.3390/biology14010049
https://www.ncbi.nlm.nih.gov/pubmed/39857280
https://doi.org/10.1111/raq.12298
https://doi.org/10.1016/j.aquaculture.2019.734827
https://doi.org/10.1007/s10695-026-01666-4
https://www.ncbi.nlm.nih.gov/pubmed/41793424
https://doi.org/10.3389/fgene.2021.683408
https://www.ncbi.nlm.nih.gov/pubmed/34335690
https://doi.org/10.1016/j.aqrep.2022.101326
https://doi.org/10.1016/j.ijbiomac.2022.09.124
https://www.ncbi.nlm.nih.gov/pubmed/36122778
https://doi.org/10.1111/eva.70220
https://www.ncbi.nlm.nih.gov/pubmed/42015957
https://doi.org/10.1016/j.ecoenv.2024.116347
https://www.ncbi.nlm.nih.gov/pubmed/38691881
https://doi.org/10.3390/app12178773
https://doi.org/10.3390/biology15181646


Biology 2026, 15, 1646 20 of 21

22. Wilfinger, W.W.; Mackey, K.; Chomczynski, P. Effect of pH and ionic strength on the spectrophotometric assessment of nucleic
acid purity. Biotechniques 1997, 22, 474–481. [CrossRef] [PubMed]

23. Schroeder, A.; Mueller, O.; Stocker, S.; Salowsky, R.; Leiber, M.; Gassmann, M.; Lightfoot, S.; Menzel, W.; Granzow, M.; Ragg, T.
The RIN: An RNA integrity number for assigning integrity values to RNA measurements. BMC Mol. Biol. 2006, 7, 3. [CrossRef]
[PubMed]

24. Beier, S.; Bolger, A.M.; Bolger, M.E.; Schwacke, R.; Usadel, B. Trimmomatic: A decade of feature-rich, high-performance NGS read
preprocessing. Bioinformatics 2026, 42, btag331. [CrossRef] [PubMed]

25. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

26. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef] [PubMed]

27. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

28. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

29. Yu, G.C.; Wang, L.G.; Han, Y.Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters.
OMICS A J. Integr. Biol. 2012, 16, 284–287. [CrossRef] [PubMed]

30. Thorarensen, H.; Kubiriza, G.K.; Imsland, A.K. Experimental design and statistical analyses of fish growth studies. Aquaculture
2015, 448, 483–490. [CrossRef]

31. Salem, M.; Paneru, B.; Al-Tobasei, R.; Abdouni, F.; Thorgaard, G.H.; Rexroad, C.E.; Yao, J.B. Transcriptome assembly, gene
annotation and tissue gene expression atlas of the rainbow trout. PLoS ONE 2015, 10, e0121778. [CrossRef] [PubMed]

32. Sun, J.; Liu, Z.; Quan, J.Q.; Li, L.L.; Zhao, G.Y.; Lu, J.H. RNA-seq analysis reveals alternative splicing under heat stress in rainbow
trout (Oncorhynchus mykiss). Mar. Biotechnol. 2022, 24, 5–17. [CrossRef] [PubMed]

33. Tian, Y.; Gao, Q.F.; Dong, S.L.; Zhou, Y.E.; Yu, H.; Liu, D.Z.; Yang, W.Z. Genome-wide analysis of alternative splicing (AS)
mechanism provides insights into salinity adaptation in the livers of three euryhaline teleosts, including Scophthalmus maximus,
Cynoglossus semilaevis and Oncorhynchus mykiss. Biology 2022, 11, 222. [CrossRef] [PubMed]

34. Xing, G.P.; Zhang, K.P.; Gao, S.X.; Hao, Y.C.; Nie, Z.L.; Wei, J.; Ai, T.; Zhang, S.J.; Zhang, J.S.; Huang, Z.H. Structural Adaptations
to Saline Stress: Histomorphological Changes in the Osmoregulatory and Metabolic Organs of Perca schrenkii Under Acute and
Chronic Challenges. Biology 2024, 14, 1775. [CrossRef] [PubMed]

35. Xiong, Y.H.; Dong, S.L.; Huang, M.; Li, Y.; Wang, X.; Wang, F.; Ma, S.S.; Zhou, Y.G. Growth, osmoregulatory response, adenine
nucleotide contents, and liver transcriptome analysis of steelhead trout (Oncorhynchus mykiss) under different salinity acclimation
methods. Aquaculture 2020, 520, 734937. [CrossRef]

36. Jagiełło, K.; Polonis, M.; Ocalewicz, K. Incidence of skeletal deformities in induced triploid rainbow trout Oncorhynchus mykiss
(Walbaum, 1792). Oceanol. Hydrobiol. Stud. 2021, 50, 150–159. [CrossRef]

37. Quan, J.Q.; Kang, Y.J.; Luo, Z.C.; Zhao, G.Y.; Ma, F.; Li, L.L.; Liu, Z. Identification and characterization of long noncoding RNAs
provide insight into the regulation of gene expression in response to heat stress in rainbow trout (Oncorhynchus mykiss). Comp.
Biochem. Physiol. Part D Genom. Proteom. 2020, 36, 100707. [CrossRef] [PubMed]

38. Glover, D.C.; DeVries, D.R.; Wright, R.A. Effects of temperature, salinity and body size on routine metabolism of coastal
largemouth bass Micropterus salmoides. J. Fish Biol. 2012, 81, 1463–1478. [CrossRef] [PubMed]

39. Molina, A.; Dettleff, P.; Valenzuela-Muñoz, V.; Gallardo-Escarate, C.; Valdes, J.A. High-temperature stress induces autophagy in
rainbow trout skeletal muscle. Fishes 2023, 8, 303. [CrossRef]

40. Chong, W.C.; Shastri, M.D.; Eri, R. Endoplasmic Reticulum Stress and Oxidative Stress: A Vicious Nexus Implicated in Bowel
Disease Pathophysiology. Int. J. Mol. Sci. 2017, 18, 771. [CrossRef] [PubMed]

41. Cleveland, B.M.; Habara, S.; Oikawa, J.; Radler, L.M.; Shimizu, M. Compensatory response of the somatotropic axis from IGFBP-2b
gene editing in rainbow trout (Oncorhynchus mykiss). Genes 2020, 11, 1488. [CrossRef] [PubMed]

42. Senadheera, S.D.; Turchini, G.M.; Thanuthong, T.; Francis, D.S. Effects of dietary iron supplementation on growth performance,
fatty acid composition and fatty acid metabolism in rainbow trout (Oncorhynchus mykiss) fed vegetable oil based diets. Aquaculture
2012, 342, 80–88. [CrossRef]

https://doi.org/10.3390/biology15181646

https://doi.org/10.2144/97223st01
https://www.ncbi.nlm.nih.gov/pubmed/9067025
https://doi.org/10.1186/1471-2199-7-3
https://www.ncbi.nlm.nih.gov/pubmed/16448564
https://doi.org/10.1093/bioinformatics/btag331
https://www.ncbi.nlm.nih.gov/pubmed/42178219
https://doi.org/10.1038/NMETH.3317
https://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1038/nbt.3122
https://www.ncbi.nlm.nih.gov/pubmed/25690850
https://doi.org/10.1093/bioinformatics/btt656
https://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1089/omi.2011.0118
https://www.ncbi.nlm.nih.gov/pubmed/22455463
https://doi.org/10.1016/j.aquaculture.2015.05.018
https://doi.org/10.1371/journal.pone.0121778
https://www.ncbi.nlm.nih.gov/pubmed/25793877
https://doi.org/10.1007/s10126-021-10082-z
https://www.ncbi.nlm.nih.gov/pubmed/34787764
https://doi.org/10.3390/biology11020222
https://www.ncbi.nlm.nih.gov/pubmed/35205090
https://doi.org/10.3390/biology14121775
https://www.ncbi.nlm.nih.gov/pubmed/41463548
https://doi.org/10.1016/j.aquaculture.2020.734937
https://doi.org/10.2478/oandhs-2021-0014
https://doi.org/10.1016/j.cbd.2020.100707
https://www.ncbi.nlm.nih.gov/pubmed/32693384
https://doi.org/10.1111/j.1095-8649.2012.03385.x
https://www.ncbi.nlm.nih.gov/pubmed/23020556
https://doi.org/10.3390/fishes8060303
https://doi.org/10.3390/ijms18040771
https://www.ncbi.nlm.nih.gov/pubmed/28379196
https://doi.org/10.3390/genes11121488
https://www.ncbi.nlm.nih.gov/pubmed/33322039
https://doi.org/10.1016/j.aquaculture.2012.02.020
https://doi.org/10.3390/biology15181646


Biology 2026, 15, 1646 21 of 21

43. Han, Y.; Meng, Y.Q.; Huang, D.; Chen, Y.F.; Sun, J.; Wu, Z.Z.; Sun, G.L.; Ma, R. Multi-tissue adaptive responses of triploid rainbow
trout to chronic hypoxia: Effects on antioxidant, inflammatory, mitophagy and apoptosis. Aquac. Rep. 2026, 48, 103582. [CrossRef]

44. Stewart, N.P.; Deschamps, M.H.; Witten, P.E.; Le Luyer, J.; Proulx, E.; Huysseune, A.; Bureau, D.P.; Vandenberg, G.W. X-Ray-
Based Morphometrics: An Approach to Diagnose Vertebral Abnormalities in Under-Mineralized Vertebrae of Juvenile Triploid
All-Female Rainbow Trout (Oncorhynchus mykiss) Fed with a Phosphorus Deficient Diet. J. Appl. Ichthyol. 2014, 30, 796–803.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biology15181646

https://doi.org/10.1016/j.aqrep.2026.103582
https://doi.org/10.1111/jai.12520
https://doi.org/10.3390/biology15181646

	Introduction 
	Materials and Methods 
	Animal Ethics Statement 
	Experimental Fish and Orthogonal Salinity Acclimation Experiment 
	Pre-Experiment Acclimation 
	Orthogonal Experimental Design 
	Daily Culture Management 
	Tissue Sampling 

	Hepatic Histopathological Observation 
	Paraffin Embedding and HE Staining 
	Microscopic Observation 

	RNA Extraction, Quality Detection and Library Construction 
	Raw Data Filtering, Genome Alignment and Transcript Annotation 
	Differential Alternative Splicing (DAS) Identification 
	DEG Screening and Multi-Dimensional Enrichment Analysis 
	Sample Clustering and PCA Analysis 
	Weighted Gene Co-Expression Network Analysis (WGCNA) Analytical Procedures 
	Statistical Analysis 

	Results 
	Hepatic Histopathological Lesions Under Nine Orthogonal Culture Treatments 
	Overview of Hepatic Transcriptome Sequencing Quality 
	Screening of Salinity-Responsive Differentially Expressed Genes (DEGs) 
	GO and KEGG Functional Enrichment Analysis of DEGs 
	Functional Enrichment of Medium-Salinity-Induced DEGs 
	Functional Enrichment of High Salinity-Induced DEGs 

	Genome-Wide Alternative Splicing (AS and DAS) Profiles Along Salinity Gradients 
	Weighted Gene Co-Expression Network Analysis 

	Discussion 
	Main Effect of Salinity on Rainbow Trout Survival and Hepatic Damage 
	Synergistic Interaction Between Temperature and Salinity on Liver Adaptive Response 
	Transcriptomic and Histological Synergistic Evidence of Hepatic Multi-Stress Adaptation 
	Research Innovation, Production Guidance and Research Limitations 

	Conclusions 
	References

