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Abstract

Nile tilapia (Oreochromis niloticus) is a key species due to its rapid growth, high nutritional
value, and adaptability to diverse environments. However, changes in water salinity pose
significant challenges to tilapia farming. Elucidating the adaptive strategies of tilapia to
fluctuating salinity environments is crucial for improving aquaculture efficiency. This
study investigated the transcriptional signature of growth-hormone-releasing hormone,
somatostatin, growth hormone, and insulin-like growth factor (grhr-sst-gh-igf) axis in
Nile tilapia under different salinity conditions (0 g/L, 16 g/L, and 30 g/L). The results
showed that in brackish or seawater, Nile tilapia rapidly upregulate brain igfbp5 paralogues
and their regulators (sst5, sstr2) to sustain growth-active IGF-1 signaling, while in the
liver and gut, they downregulate sstr2b, igfbp1/7, and ghrh to reallocate energy toward
osmoregulation. Physiological regulation, such as the use of ligand analogs, or genetic
enhancement targeting these genes might hold promise for improving salt acclimation,
which would enable profitable farming in brackish or coastal ponds and offer a simple tool
for more resilient and efficient tilapia production.

Keywords: Nile tilapia; salinity adaptation; ghrh-sst-gh-igf axis; aquaculture

1. Introduction

Aquaculture is essential to the global food industry, providing a significant portion of
the world’s protein supply [1]. Among various aquatic species, Nile tilapia (Oreochromis
niloticus) stands out as one of the most widely farmed fish due to its rapid growth, high
nutritional value, and remarkable adaptability to diverse environmental conditions [2].
However, the tilapia farming industry faces numerous challenges, particularly from envi-
ronmental fluctuations such as changes in water salinity [3]. Salinity is a critical abiotic
factor affecting fish physiology, metabolism, and overall health [4,5]. Understanding
how fish adapt to varying salinity conditions is crucial for enhancing their survival and
growth in aquaculture.
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Nile tilapia are highly adaptable to changing salinity and can survive from fresh to
brackish and even salt-water after acclimation [6], which makes them ideal for aquaculture
in different geographical regions. In addition, investigation of the tolerance and acclimatiza-
tion of Nile tilapia to different salinity levels provides a unique opportunity to understand
the underlying physiological and molecular mechanisms of these adaptations [7]. There-
fore, understanding the mechanisms by which tilapia are adapt to various salinity levels
might greatly contribute to developing more efficient aquaculture practices.

The growth-hormone-releasing hormone, somatostatin, growth hormone, and insulin-
like growth factor (GHRH-SST-GH-IGF) axis acts as the key endocrine pathway that regu-
lates growth, metabolism, and stress responses in fish [4,6-9]. In brief, hypothalamic GHRH
stimulates pituitary GH secretion, whereas GH secretion is inhibited by SST [10]. Circulat-
ing GH then induces peripheral IGF-1 production, which in turn promotes somatic growth
and drives ion-transporting organ (gill, kidney, and intestine) remodeling during salinity
acclimation [11]. IGF-binding proteins (IGFBPs) fine-tune IGF bioavailability, whereas GH
receptors (GHR) and IGF receptors (IGFR) mediate tissue-specific responses [6,12]. Impor-
tantly, the GHRH-SST-GH-IGF axis is conserved across vertebrates, but its gene repertoire
has expanded in teleosts through whole-genome duplication, and recent functional studies
have revealed that is plays pleiotropic roles in both growth and osmoregulation [13]. In-
vestigation of the transcriptional regulation of the GHRH-SST-GH-IGF axis under varying
salinity conditions is essential to revealing the adaptive mechanisms of Nile tilapia, thereby
informing aquaculture practices.

Previous studies showed effects of salinity change on gene expression in fish, under-
scoring the importance of genes implicated in endocrinological regulations for osmoreg-
ulation [5,14-16]. For example, in Asian seabass (Lates calcarifer), the hepatic igfl gene is
upregulated in seawater when compared to that in freshwater and brackish water [16].
However, comprehensive, multi-tissue mapping of the complete GHRH-SST-GH-IGF axis
gene set under controlled salinity gradients is still lacking for Nile tilapia. Previous studies
reported the GHRH-SST-GH-IGF gene repertoire in rainbow trout, and have demonstrated
that paralogous genes within this pathway exhibit distinct transcriptional dynamics during
salinity and pathogen challenges, and mediate energy trade-offs between growth and
osmoregulation/immunomodulation [17,18]. Building on these advances, it was concluded
that paralogous genes in the GHRH-SST-GH-IGF axis exhibited pleiotropic effects in os-
moregulatory regulation. Although both Nile tilapia and salmonids are euryhaline fish,
they have different evolutionary histories in terms of whole-genome duplications (3R of
tilapia vs. 4R of salmonids, where R indicates a round of whole-genome duplication), mak-
ing the conservation and functional divergence of their paralogs worth studying. Therefore,
the present study quantified the transcriptional signature of the ghrh-sst-gh-igf axis in Nile
tilapia exposed to freshwater, brackish water, and seawater conditions in order to clarify the
molecular mechanisms underlying their salinity adaptation. Our results revealed that dif-
ferent salinity environments altered the transcriptions of the ghrh-sst-gh-igf axis, providing
valuable insights for optimizing aquaculture efficiency through endocrine regulation.

2. Results

2.1. The Transcriptional Signature of the ghrh-sst-gh-igf Axis in the Brain Under
Different Salinities

The heatmap revealed distinct expression patterns of the genes within the ghrh-sst-
gh-igf axis across different salinities (Figure 1A). Notably, significant differences in gene
expression were observed between salinity levels, particularly in the 16 ppt and 30 ppt
groups, when compared to the 0 ppt group. PCA indicated that the B16 group was distinctly
separate from the BO group (Figure 1B). PC1 and PC2 accounted for 48.5% and 27.2% of the
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total variance, respectively. Genes such as ghrhra, igfals1, and sst5 exhibited high loadings
on PC1 and PC2 (Figure 1C). PLS-DA further demonstrated clear separation among the
different salinity treatment groups, with Component 1 and Component 2 explaining 35.6%
and 23.7% of the total variance, respectively (Figure 1D). Genes including igfbp5, igfbp3b,
and igf2rb showed high loadings on Component 1 and Component 2 (Figure 1E). The brains
of tilapia in the B16 group showed upregulated expression of the igfbp5 (igfbp5a and igfbp5b),
sst1, sstb, sstr2a, sstr2b, sstrb, and sstr-like genes compared to the BO group. Meanwhile,
the igfbpba, sst1, sst2a, sstr-like, and ghrhr-like genes were significantly upregulated in the
B30 group relative to the BO group (Figure 1G).
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Figure 1. Transcriptional signature of ghrh-sst-gh-igf axis in brains of tilapia exposed to three salinity
levels (0, 16, and 30 ppt) for 7 days. (A) Heatmap of ghrh-sst-gh-igf axis in brains. (B,C) Principal
component analysis (B) and loading plot (C) of ghrh-sst-gh-igf axis. (D,E) Partial least squares-
discriminant analysis (D) and loading plot (E) of ghrh-sst-gh-igf axis. In loading plot, gene(s) further
away from center point (0, 0) show obvious effects on principal component analysis/partial least
squares-discriminant analysis. Pink dots exert a significant contribution to both the first and sec-
ond principal components, whereas blue dots manifest a comparatively attenuated contribution.
(F,G) Key genes of ghrh-sst-gh-igf axis of B16/B0 (F) and B30/B0 (G). The dash line functions as a
reference baseline, affording an intuitive means of determining whether gene expression is up- or
down-regulated relative to the BO group. Genes were selected based on principle p value < 0.05
according to Student’s t-test, “*” p < 0.05. B30: brains of tilapia exposed to salinity level of 30 ppt;
B16: brains of tilapia exposed to salinity level of 16 ppt; BO: brains of tilapia exposed to freshwater.

2.2. The Transcriptional Signature of the ghrh-sst-gh-igf Axis in the Intestine Under
Different Salinities

The heatmap shows the different expression patterns of the ghrh-sst-gh-igf axis genes
in the gut under different salinity conditions (Figure 2A). The PCA demonstrated that
PC1 and PC2 accounted for 31.4% and 16.1% of the total variance, with samples form-
ing distinct clusters based on their salinity exposure (Figure 2B). Genes such as ghrhra,
ghrhr-like, and sst5 exhibited high loadings on PC1 and PC2 (Figure 2C). PLS-DA revealed
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pronounced separation among the three salinity groups (Figure 2D). Genes including
igfbpla, ghrh, sstr2-like, and ghrhr-like were recognized as pivotal contributors to group
discrimination (Figure 2E). Compared to the GO group, genes such as igfbpla and igfbp2a
showed significant upregulation in the G16 group, while ghr showed significant down-
regulation (p < 0.05) (Figure 2F). Similarly, in the G30 group, genes including igfbpla and
igfbpbb were significantly upregulated, while igf2bp2a, sstr2-like, and ghr showed significant
downregulation (p < 0.05) (Figure 2G).
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Figure 2. Transcriptional signature of ghrh-sst-gh-igf axis in intestines of tilapia exposed to three salin-
ity levels (0, 16, and 30 ppt) for 7 days. (A) Heatmap of ghrh-sst-gh-igf axis in brains. (B,C) Principal
component analysis (B) and loading plot (C) of ghrh-sst-gh-igf axis. (D,E) Partial least squares-
discriminant analysis (D) and loading plot (E) of ghrh-sst-gh-igf axis. In loading plot, gene(s) further
away from center point (0, 0) showed obvious effects on principal component analysis/partial least
squares-discriminant analysis. Pink dots exert a significant contribution to both the first and sec-
ond principal components, whereas blue dots manifest a comparatively attenuated contribution.
(F,G) Key genes of ghrh-sst-gh-igf axis of B16/B0 (F) and B30/B0 (G). The dash line functions as a
reference baseline, affording an intuitive means of determining whether gene expression is up- or
down-regulated relative to the BO group. Genes were selected based on principle p value < 0.05
according to Student’s t-test, “*” p < 0.05. G30: guts of tilapia exposed to salinity level of 30 ppt;
G16: guts of tilapia exposed to salinity level of 16 ppt; GO: guts of tilapia exposed to freshwater.

2.3. The Transcriptional Signature of the ghrh-sst-gh-igf Axis in the Liver Under
Different Salinities

The heatmap displays the expression profiles of the ghrh-sst-gh-igf axis genes, revealing
distinct expression patterns (Figure 3A). PCA showed that PC1 and PC2 accounted for
39.8% and 15.1% of the total variance, respectively (Figure 3B). The loading plot identified
genes (ghrh, igfbpla, and sst1) with significant contributions to the principal components
(Figure 3C). PLS-DA was performed to discriminate between the groups, and demon-
strated clear separation among the different salinity treatments (Figure 3D). Genes such
as igfbpla, sst1, and ghrh were recognized as pivotal contributors to group discrimination
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(Figure 3E). Compared to the LO group, genes such as igfbp1 (p = 0.0941), igfbpla (p = 0.0709),
igfbp7 (p = 0.0824), and igf2rb (p = 0.0573) showed downregulated trend in the L16 group
(Figure 2F). Similarly, in the L30 group (Figure 3G), genes including igfbp1 (p = 0.0828),
igf2bp1 (p = 0.0698), and sstr2b (p = 0.0810) showed a trend of downregulation.
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Figure 3. Transcriptional signature of ghrh-sst-gh-igf axis in livers of tilapia exposed to three salinity
levels (0, 16, and 30 ppt) for 7 days. (A) Heatmap of ghrh-sst-gh-igf axis in brains. (B,C) Principal
component analysis (B) and loading plot (C) of ghrh-sst-gh-igf axis. (D,E) Partial least squares-
discriminant analysis (D) and loading plot (E) of ghrh-sst-gh-igf axis. In loading plot, gene(s) further
away from center point (0, 0) showed obvious effects on principal component analysis/partial
least squares-discriminant analysis. Pink dots exert a significant contribution to both the first and
second principal components, whereas blue dots manifest a comparatively attenuated contribution.
(F,G) Key genes of ghrh-sst-gh-igf axis of B16/B0 (F) and B30/B0 (G). The dash line functions as a
reference baseline, affording an intuitive means of determining whether gene expression is up- or
down-regulated relative to the BO group. Genes were selected based on principle p value < 0.05
according to Student’s f-test. L30: livers of tilapia exposed to salinity level of 30 ppt; L16: livers of
tilapia exposed to salinity level of 16 ppt; LO: livers of tilapia exposed to freshwater.

2.4. Correlation Analysis of ghrh-sst-gh-igf Axis Genes

A comprehensive analysis of transcriptional correlations among ghrh-sst-gh-igf axis
genes in the brain was conducted using a hierarchical clustering heatmap (Figure 4A). In the
brain, igfbp5b exhibited positive correlations with igfbpba, sstr-like, and sstr2b (Figure 4B-D).
Meanwhile, positive correlations were observed between sstr2a and sst5 (Figure 4E); sstr2b
and sst1 (Figure 4F); and igfbpl and sst1 (Figure 4G). A comprehensive analysis of the
transcriptional correlations among ghrh-sst-gh-igf axis genes in the intestine was conducted
using hierarchical clustering heatmaps (Figure 5A). In the intestine, ghrh exhibited nega-
tive correlations with ghrhra (Figure 5B). Conversely, positive correlations were observed
between igfbpbb and sstr2-like, and between igfbpla and igfbp2a (Figure 5C,D). A comprehen-
sive analysis of the transcriptional correlations among ghrh-sst-gh-igf axis genes in the liver
was conducted using hierarchical clustering heatmaps (Figure 6A). In the liver, positive
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correlations were observed between ghra and igfals; igf2b and igfals; igfbpl and ghr; and
igfbp4 and sstr2a (Figure 6B-E). Additionally, sstr2a exhibited positive correlations with

both igfbp5b and sstr2b (Figure 6EG).
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Figure 4. Correlation analysis of ghrh-sst-gh-igf axis genes in the brain. Heatmap of correlations

among ghrh-sst-gh-igf axis genes (A) and Pearson correlation coefficients of two genes (B—G) in the

brain. Red: positive correlations; Blue: negative correlations.
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intestine. Red: positive correlations; Blue: negative correlations.
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Figure 6. Correlation analysis of ghrh-sst-gh-igf axis genes in the liver. Heatmap of correlations among
ghrh-sst-gh-igf axis genes (A) and Pearson correlation coefficients of two genes (B—G) in the liver.
Red: positive correlations; Blue: negative correlations.

3. Discussion
3.1. Brian Transcriptional Response of ghrh-sst-gh-igf Axis Genes to Salinity Stress

Rapid adjustment of brain GH-IGF signaling is central to osmotic acclimation in tilapia.
Salinity stress is a common environmental pressure that fish encounter in natural conditions,
particularly in estuary, brackish, and marine environments [19]. Nile tilapia, a widely
distributed and economically valuable freshwater fish species, exhibits the ability to adapt
to salinity changes, enabling it to thrive in a variety of aquatic environments [2]. This study
highlighted the significance of the grhr-sst-gh-igf axis in regulating salinity adaptation.

The brain serves as the central hub in fish for sensing and regulating salinity stress [20].
The neuroendocrine system detects changes in external salinity and modulates osmotic
balance within the body through a complex network of signaling pathways [21]. Previous
studies showed that changes in salinity can affect the expression patterns of genes in the
ghrh-sst-gh-igf axis in rainbow trout (Oncorhynchus mykiss) [17]. In the present study, we
consistently observed that the transcriptional signature of brain genes in the ghrh-sst-gh-igf
axis was altered by environmental salinity.

IGF1 acts as an important regulator of growth and metabolism in vertebrates [22]. A
recent study in teleosts revealed that IGF1 triggers salt secretion machinery duing salinity
stress [23]. We observed that igfbpba, igfbp5b, sstb, sstr2, and ghrhr were upregulated under
high-salinity conditions. The expression changes in ghrhr and sst might directly affect GH
secretion [24], thus modulating the synthesis of IGF-1 in response to increased salinity. GH
promotes growth and metabolism of animals by stimulating the synthesis and release of
IGF. In this study, the tilapia showed upregulated igfbp5 subtypes in the brain. Previous
studies confirmed that igfbp5 might enhance the bioactivity of IGF-1, thus promoting cell
proliferation and growth [25,26], which are essential to maintaining the growth of Nile
tilapia under high salinity. Therefore, we might conclude that Nile tilapia enhance their
IGF1 synthesis and bioactivity to counteract the SST-induced suppression of the GH-IGF
axis in response to salinity change.
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3.2. Divergent Roles of igfbpba and igfbpbb in Salinity Adaptation

Igfbp-5 represents the most conserved member of the IGFBP family in mammals.
Previous evidence indicates that IGFBP5 subtypes are involved in conserved roles across
various aspects of teleost biology, including growth and ionic homeostasis [27]. Differential
regulation of talapia’s duplicated igfbp5 paralogues provides this species with a tunable
IGF-signaling toolkit for progressive salinity challenge. Following teleost-specific whole-
genome duplication, two igfbp5 subtypes, igfbp5a and igfbp5b, were identified in Nile tilapia.
Previous studies in zebrafish showed that IGFBP-5a and 5b exhibit divergent expressions
and cellular actions, thus regulating IGF signaling in slightly different ways [28]. In Nile
tilapia, correlation analysis showed that igfbp5a was positively correlated with igfbp5b in the
brain, and both were significantly upregulated when salinity increased to 16 ppt. However,
transcriptional differences between igfbp5a and igfbp5b were observed when the salinity
increased to 30 ppt, with only igfbp5a being significantly upregulated at this salinity level.
Consistent with our results, studies in zebrafish have shown that IGFBP-5a is crucial to the
conditional proliferation of ionocytes in order to maintain ion homeostasis [28].

3.3. Intestinal Transcriptional Re-Programming Under Salinity Stress

Intestinal re-programming of the GH-IGF axis enables tilapia to balance nutrient
uptake and ion regulation when external salinity rises. The intestines primarily maintain
osmotic balance and nutrient supply through ion absorption and nutrient transport under
salinity stress [29]. In the present study, salinity conditions of 16 ppt and 30 ppt led to
upregulated igfbpla, igfbp2a, and igfbp6b and downregulated igf2bp2a, sstr2-like, and ghr
in the intestines, which have previously been highlighted for their roles in ion absorption
and nutrient transport [30]. Meanwhile, correlation analysis showed that igfbpla was
positively correlated with igfbp2a. Previous studies showed that teleost igfbp1 and igfbp2
subtypes are closely associated with stress-related conditions such as food deprivation and
infection [31-33]. The upregulation of igfbpla and igfbp2a might enhance the bioactivity of
IGF-1, promoting the proliferation of gut cells and nutrient absorption [34], thereby helping
Nile tilapia maintain stable gut function in high-salinity environments.

An invivo study confirmed that IGF2BP2 depletion is associated with energy
metabolism [35]. The downregulation of igf2bp2a in our study suggested that tilapia might
reduce their growth-related energy expenditure, thus diverting more energy to maintaining
osmotic balance and ion regulation. Meanwhile, igfbp6b was significantly upregulated
when salinity increased to 30 ppt. Previous studies showed that overexpression of either
of igfbp6’s subtypes in zebrafish significantly reduces embryonic growth, indicating its
role in growth inhibition [36]. Moreover, several studies in teleosts revealed that igfbp6
subtypes were involved in food intake manipulation [27]. While igfbp6 is linked to growth
and energy allocation, studies of Atlantic salmon showed high igfbp6 expression in the
gills with dynamic expression changes during smoltification, suggesting osmoregulatory
involvement [27]. Our future research will focus on exploring the pleiotropic roles of
IGFBP6 in regulating growth, energy allocation, and osmoregulation.

Our results showed that under 30 ppt salinity, both intestinal ghth and sstr-like were
downregulated. The simultaneous downregulation of ghrh and sstr genes in the intestines
might be part of a feedback regulatory mechanism for GH secretion [37]. Modulating grgh
gene expression to curtail GH secretion diminishes growth-related energy expenditure.
Concurrently, the downregulation of sstr alleviates the suppression of GH secretion, thereby
preserving adequate GH levels to sustain critical physiological functions, including the
complex orchestration of nutrient sensing and utilization [11,12]. This adaptive mechanism
is of paramount importance for the survival and growth of Nile tilapia.
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3.4. Hepatic Energy Homeostasis and the ghrh-sst-gh-igf-Axis

Liver-specific downregulation of axis genes constitutes a metabolic switch that pre-
serves energy for osmoregulation while salvaging IGF signaling via GH rebound. Energy
homeostasis plays a vital role in enabling organisms to adapt to environmental changes.
The liver serves as an important target for metabolic regulation in Nile tilapia under salinity
stress [38]. The results of this study revealed a trend of down-regulation in genes within
the ghrh-sst-gh-igf axis, such as igfbp1, igfbp7, igf2rb, and sstr2b, under 16 ppt and 30 ppt
conditions. This result aligns with prior studies suggesting that these genes may play a
crucial role in regulating liver metabolism and energy supply [29,30,39,40]. For example,
the decreasing trend of igfbp1 and igfbp7 gene expression may reduce IGF-1 bioactivity, po-
tentially leading to decreased igfr expression [41], which results in metabolic disorders and
inadequate energy supply in the liver. In the hypothalamus, SST plays an important role in
inhibiting GH release by activating the receptors (SSTR) [22], and a previous study showed
that downregulation of sstr2b promotes GH secretion [42]. Therefore, downregulated sstr2b
might trigger a supplementary mechanism to restore IGF function by promotinng GH
secretion, which is of great significance for the survival and growth of Nile tilapia.

4. Materials and Methods
4.1. Ethical Statement

This study was conducted following the ethical standards set forth by the Animal
Research and Ethics Committee at Ocean University of China (OUC-AE-2023-358, approved
on 5 July 2023). Furthermore, all experimental procedures fully complied with the guide-
lines for the care and use of laboratory animals as detailed in the National Institutes of
Health (NIH) Publication No. 8023, revised in 1987. No endangered or protected animals
were involved in this study, and the effect of gender was not considered because the juvenile
tilapia were immature.

4.2. Experimental Design and Sample Collection

Nile tilapia (~9-11 g) were obtained from the key laboratory of comprehensive devel-
opment and utilization of aquatic germplasm resources of Guangxi province, China. Nile
tilapia (~100,000 individuals) were cultured in a freshwater (0 ppt) pond at the National
Guangxi Nanning Tilapia Breeding Farm of the Guangxi Fishery Science Research Institute.
The breeding pond covered an area of 1500 square meters with a water depth of 1.5 m.
Fish were fed twice a day. Before the experiment, fish (one and half months old) were
cultured in freshwater tanks (0 ppt) for 7 days at 24 + 2 °C, under a 12 h light and 12 h
dark photoperiod. Water quality was continuously monitored. Feeding was carried out
twice a day at 1% body weight with a commercial diet.

Nile tilapia were randomly divided into nine 90 L tanks with three salinity
groups X three replicates x 9 fish per replicate. After 7 days of acclimation in freshwa-
ter, the salinity was raised step-wise (4 ppt day~!) to target levels of 0 ppt (control), 16 ppt
(brackish), and 30 ppt (seawater) using artificial sea salt (HaiXing sea crystal salt). Regard-
less of the time required to reach the target, both the 16 ppt and 30 ppt groups were held
at their final salinity for a full 7 days before sampling; this post-transfer period paralleled
the 7-day freshwater acclimation that all fish had undergone before the experiment. In this
study, the three levels of salinity correspond to freshwater, brackish water, and marine aqua-
culture environments, respectively. We chose a salinity level of 16 ppt based on findings
from a published paper on Nile tilapia [7], which demonstrated that this level significantly
alters gene expression within the GHRH-SST-GH-IGF axis. Additionally, a salinity level of
30 ppt is representative of seawater condition [43]. Fish remained at final salinity for 7 days
to mimic routine salinity transfer protocols used in tilapia hatcheries. Tanks (water volume
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60 L, total volume 90 L) were stocked at 9 fish per tank with a stock density of less than
2 kg/m3. No mortality occurred during the transition or exposure period.

Sampling was performed at the end of the 7-day exposure period. Fish were eutha-
nized with 200 mg L~! MS-222. Two individuals were pooled into one sample to reduce
individual variation for RNA-Seq analysis. The sacrificed individuals were weighed, and
tissues (brain, intestine, and liver) were dissected within 2 min. Tissues were snap-frozen
in liquid nitrogen and stored at —80 °C until RNA extraction.

4.3. RNA-Seq and Analysis

Total RNA from the brain, intestine, and liver was extracted using the TRIzol
method and treated with RNase-free DNase I to eliminate genomic DNA. RNA integrity
was assessed using an RNA Nano 6000 Assay Kit with the Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, USA). A total of 27 libraries (3 tissues (brain, in-
testine, and liver) x 3 replicated samples (1 sample was conducted by pooling three
individuals) x 3 treatment groups (0, 16, and 30 ppt)) were prepared using the TruSeq™
RNA Sample Prep Kit (Illumina, San Diego, USA). RNA-seq libraries were sequenced on the
IMlumina Novaseq platform to generate 150 bp paired-end raw reads. Clean reads for subse-
quent analysis were obtained from the raw reads by removing raw reads with adapters,
reads containing ploy-N, and low-quality reads [44]. After that, the clean reads were aligned
to the reference genome (GCA_001858045.3) and gene model annotation files using HISAT
(HISAT?2 v2.0.5) as the mapping tool [45], a highly efficient spliced alignment program for
RNA-seq reads [45]. Differential expression analysis of genes between two groups (0 ppt
vs. 16 ppt; 0 ppt vs. 30 ppt; 16 ppt vs. 30 ppt) was performed using the DEGSeq (version
1.26.0) R package (DESeq2 R package 1.20.0) with parameters set at “p-value” < 0.05 and

llog2(fold change) | > 1. The top 30 differential expression genes were selected based on
“p-value” ranking between the groups to plot the heatmaps (Figure S1). For the heatmaps
that specifically illustrate the ghrh-sst-gh-igf axis, genes were pre-selected as follows: based
on genomic repertoire, all the genes involved in the ghrh-sst-gh-igf axis were extracted from
the transcriptome. Genes with an expression level of 0 were not considered.

4.4. Quantitative Real-Time PCR (qPCR) for Verification of RNA-Seq

Nine genes were selected for qPCR analysis to verify the reliability of the RNA-seq
data (Figure 52). High-quality total RNA was used as a template for the synthesis of first-
strand cDNA by using the All-In-One 5X RT MasterMix reverse transcription kit (Applied
Biological Materials Inc., Richmond, BC, Canada). The primers used for qPCR are shown
in Table S1. The BlasTaq™ 2X qPCR masterMix kit (Applied Biological Materials Inc.,
Canada) was used to analyze qPCR according to the manufacturer’s instructions. For each
gene and sample, three biological replicates and three technical replicates were performed
simultaneously. The 2~42¢t method was employed to quantify the relative gene expression
as described by [46]. 18sSRNA was used as a housekeeping gene.

4.5. Statistical Analysis

MetaboAnalyst is a widely used platform for analyzing metabolomic and transcrip-
tomic data [47-49]. Following the online protocols of MetaboAnalyst (https:/ /www.xialab.
ca/tools.xhtml, accessed on 6 May 2025) and referring to prior studies [19,47-52], the
normalized transcriptional data of the ghrh-sst-gh-igf axis were analyzed for multivariate
analyses, including principal component analysis (PCA), partial least squares-discriminant
analysis (PLS-DA), and heatmap visualization for pattern discovery. PCA and PLS-DA
analysis showed 95% confidence regions with the loading plot. The gene expression analy-
ses were presented as fold changes between treatment groups of 16 (30) ppt and treatment
groups of 0 ppt via GraphPad Prism 8.0, with p < 0.05 indicating significant differences. The


https://www.xialab.ca/tools.xhtml
https://www.xialab.ca/tools.xhtml

Int. J. Mol. Sci. 2025, 26, 8261 11 0f 13

correlation analysis of gene expressions was evaluated by Pearson’s correlation coefficient
using GraphPad Prism 8.0, with p < 0.05 indicating significant differences.

5. Conclusions

This study provides the first multi-tissue expression patten of the complete ghrh-sst-gh-
igf axis in Nile tilapia subjected to controlled variation of salinity conditions. Integrating
brain, intestine, and liver responses, we demonstrate that tilapia deploy paralogue-specific
transcriptional switches. A key example is the selective upregulation of igfbp5a over
igfbp5b at 30 ppt, which simultaneously sustains growth and re-programs osmoregulatory
tissue. The liver-specific downregulation of sstr2b emerges as a novel compensatory node
that boosts GH output when systemic IGF signaling is dampened, an adaptive tactic
not previously documented in tilapia. These findings indicate how duplicated IGFBP
genes are differentially co-opted for salinity tolerance, and offer precise endocrine markers
(e.g., hepatic sstr2b and intestinal igfbpla/igfbp2a ratios) for selective breeding or feed
formulations with functional ligand analogs aimed at salt-water grow-out systems, thereby
directly enhancing tilapia aquaculture efficiency under expanding brackish and marine
culture scenarios.
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