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A B S T R A C T

Insulin-like growth factor (IGF) signaling pathway constitutes an ancient regulatory network essential for 
neuroendocrine functions, significantly influencing developmental processes, reproductive activities, and 
adaptation to environmental challenges. In this study, we detected 3 IGF genes, 3 IGFR genes and 11 IGFBP genes 
in spotted sea bass genome. The annotation accuracy and evolutionary conservation of identified genes were 
confirmed through phylogenetic, syntenic and copy number analyses. Molecular basis of gene functions, and 
protein interaction relationships were investigated by gene structure and protein-protein interaction (PPI) 
network analyses. Moreover, selective pressure analysis revealed that most genes primarily underwent purifying 
selection during evolution. Furthermore, RNA-Seq datasets were utilized to analyze tissue expression profiling 
for IGF/IGFR/IGFBP genes, along with documentation of their environmental stress-responsive transcriptional 
dynamics in targeted tissues. Our results demonstrated that IGF/IGFR/IGFBP genes were widely expressed in 
different tissues, with several genes exhibiting high expression levels in specific tissues. Additionally, the stress 
response mechanisms of IGF signaling system mainly involve IGFs functions regulated by IGFBPs and IGF- 
independent functions of IGFBPs. Notably, igf1, igf2, igfbp1a, igfbp3b and igfbp4 were pinpointed as key func
tional genes of environmental challenge adaptation in this species. This investigation provides foundational 
insights into the IGF/IGFR/IGFBP gene families in spotted sea bass, delivering the first comprehensive genomic 
resource for these gene families while clarifying their functional contributions to environmental stress 
adaptation.

1. Introduction

The insulin-like growth factor (IGF) signaling system, an ancient 
regulatory axis crucial for vertebrate neuroendocrine control, governs 
growth and developmental processes (De Santis and Jerry, 2007; 
Chandhini et al., 2021). This system primarily comprises insulin-like 
growth factors (IGFs), insulin-like growth factors receptors (IGFRs) 
and insulin-like growth factor binding proteins (IGFBPs) (Neirijnck 
et al., 2019; Chandhini et al., 2021). Pituitary-derived growth hormone 
(GH) activates tissue-specific receptors to stimulate IGF synthesis, 
establishing a neuroendocrine regulatory cascade (Bianchi et al., 2017). 
Mature IGFs are single-stranded polypeptides characterized by 

evolutionarily conserved gene structures, which could activate multiple 
intracellular signal transduction pathways by binding to IGFRs in target 
tissues, thereby initiating specific actions and regulating physiological 
processes across different tissues (Wood et al., 2005; Gauguin et al., 
2008). IGF1R is the primary tyrosine kinase receptor responsible for 
signal transduction in the IGF pathway, which comprises a ligand- 
binding domain in the extracellular α subunit and a transmembrane β 
subunit housing tyrosine kinase activity. The phosphorylation of tyro
sine kinase domain, triggered by the binding of ligand-binding domain 
and IGFs, initiates multiple downstream signal pathways, thereby 
mediating signal transduction in the IGF signaling pathway (White, 
2003; Wood et al., 2005). While IGF2R is a multifunctional glycoprotein 
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present on the cell surface with multi transmembrane structures, the 
absence of tyrosine kinase region results in the inability of IGF2R to 
activate the conventional IGFs signal transduction. Instead, it regulates 
the levels of free ligand by binding and degrading extracellular IGFs 
(Wood et al., 2005; Nolan et al., 2006). In addition, IGFBPs serve as 
critical components that could modulate the binding of IGFs to their 
receptors, thereby either enhancing or inhibiting the activity and func
tion of IGFs (Clemmons, 2016; Allard and Duan, 2018). Their conserved 
N- and C-terminal domains form high-affinity IGF-binding interfaces, 
while the central linker region’s structural diversity enables IGF- 
independent functions through interactions with own special receptors 
(Zhu et al., 2008; Clemmons, 2016; Allard and Duan, 2018).

For aquaculture fishes, IGF signaling system contains three ligand 
types (igf1, igf2, and igf3), two receptor types (igf1r and igf2r) and seven 
types of IGF-binding protein (igfbp1–7) (Chandhini et al., 2021; Li et al., 
2021). Hepatic tissue serves as the primary synthesis site for igf1 in fish, 
though broader tissue distribution occurs via local signaling through 
paracrine/autocrine mechanisms (Reindl et al., 2011; Fuentes et al., 
2013). Igf2 is also widely expressed in different tissues and displays 
distinct tissue-specific expression profiles across species: liver and 
muscle dominance in zebrafish (Danio rerio) versus liver and kidney 
dominance in common carp (Cyprinus carpio) (Tse et al., 2002; Rotwein, 
2018). The functions of igf1 and igf2 have been elucidated in extensive 
studies, confirming their roles in regulating cell growth through cell 
metabolism, proliferation and differentiation, thus underscoring their 
crucial roles in fish growth and development (Caldarone et al., 2016; 
Chandhini et al., 2021; Khatab et al., 2014; Li et al., 2015a). As a teleost- 
specific subtype, igf3 demonstrates gonad-biased expression patterns 
and plays pivotal roles in oogenesis and spermatogenesis, underscoring 
its essentiality in fish reproduction (Li et al., 2021). The bioavailability 
of igf3 is likely modulated by IGFBPs, given the broad transcriptional 
activity of multiple IGFBP genes in ovarian tissue. This regulatory 
paradigm gains further support from the evolutionarily conserved 
downregulation of igfbp3 during final oocyte maturation in zebrafish (Li 
et al., 2019b) and rainbow trout (Oncorhynchus mykiss) (Kamangar et al., 
2006).

Apart from functions in regulating growth and reproduction, this 
signaling network has been investigated for its response to abiotic stress 
factors including starvation, osmotic pressure, and oxygen limitation, 
especially for IGFBPs which could operate IGF-independent functions 
(McLellan et al., 1992; Ayson et al., 2007; Link et al., 2010). Starvation 
studies in Atlantic salmon (Salmo salar) revealed coordinated hepatic 
igfbp1a induction and muscular igf1 suppression, in addition, the dif
ferential expression of igf2 and igfbp1a/b in liver were also observed for 
golden pompano (Trachinotus ovatus) under starvation challenges, sug
gesting their synergistical regulation for growth and metabolism under 
starvation conditions (Breves et al., 2016; Chen et al., 2024). In fresh
water and seawater transition experiments for tilapia, igf1 and igf2 genes 
were upregulated significantly in gills. Complementary evidence from 
humpback grouper (Cromileptes altivelis) demonstrated salinity- 
responsive expression of igf1, igf2r, igfbp1a, and igfbp5a in brain tissue. 
These collective findings highlight tissue-specific modulation of the IGF 
signaling system during teleost osmoregulation (Link et al., 2010; Chen 
et al., 2024). Moreover, previous studies in zebrafish further demon
strate hypoxia-induced upregulation of igfbp1 in both adults and em
bryos. Additionally, thermal challenges trigger differential expressions 
of igf1/2, igfbp1a/b, igfbp2b, and igfbp5b for liver tissue of golden pom
pano. These findings underscore the essential regulatory role of IGFBPs 
within the IGF signaling system particularly in mediating stress response 
mechanisms (Maures and Duan, 2002; Kajimura et al., 2006; Allard and 
Duan, 2018; Chen et al., 2024). Despite these advances, stress- 
responsive functional mechanisms of IGF signaling remain ambiguities 
in fish studies, especially regarding the functions of IGFBPs in IGF 
signaling system responding to stresses (Chandhini et al., 2021). 
Therefore, understanding the response mechanism of IGF signaling 
system under environmental stresses holds critical importance for 

further elucidating the genetic mechanism of fish resistance traits.
As a euryhaline and eurythermic teleost species, Spotted sea bass 

(Lateolabrax maculatus) demonstrates broad ecological plasticity along 
coastal ecosystems of China (Sun et al., 2021). Renowned for premium 
flesh quality and nutritional composition (Liu et al., 2020; Wang et al., 
2020), spotted sea bass has gained substantial commercial significance 
and emerged as a promising aquaculture fish species in China. Never
theless, the industry sustainability of spotted sea bass is threatened by 
various environmental stresses including fluctuations in salinity and 
alkalinity, heat stress, hypoxia conditions, resulting in the reduction of 
quality and yield of fish and severely affecting economic benefits. 
Therefore, many functional genes associated with stress tolerance 
including slc4 (Wang et al., 2020), nhe (Liu et al., 2019), mapk (Tian 
et al., 2019), hsp90, and hsp70 (Sun et al., 2021) have been identified 
and functionally characterized following exposure to environmental 
stresses. Despite these advancements, the identification of IGF/IGFR/ 
IGFBP genes and their regulatory contributions to stress adaptation 
remain undefined in spotted sea bass. Hence, this investigation employs 
comprehensive multi-omics mining to systematically identify and 
characterize IGF/IGFR/IGFBP genes in spotted sea bass. Phylogenetic, 
syntenic, copy number and selective pressure analyses were conducted 
to confirm their annotation and investigate their evolutionary re
lationships. Furthermore, the molecular basis of gene functions was 
explored through gene structure and protein-protein interaction (PPI) 
network analyses. Additionally, expression profiling of IGF/IGFR/IGFBP 
genes were examined across different tissues under physiological con
ditions and in specific tissues following exposure to environmental 
stresses including salinity, alkalinity, heat, and hypoxia. These findings 
advance the molecular characteristics of IGF/IGFR/IGFBP gene families 
and provide insight into potential functions of IGF signaling system in 
spotted sea bass for environmental stress response.

2. Materials and methods

2.1. Genome-wide identification of IGF/IGFR/IGFBP genes in spotted sea 
bass

A comprehensive identification of IGF/IGFR/IGFBP gene sequences 
was performed through cross-species homology alignment against the 
spotted sea bass reference genome (PRJNA407434) and RNA-Seq 
datasets (PRJNA347604). Manual curation was implemented through 
BLASTP verification against NCBI’s non-redundant (nr) database to 
eliminate false positive/negative. Conserved protein sequences from 
human (Homo sapiens), zebrafish (Danio rerio), and large yellow croaker 
(Larimichthys crocea) were used as queries in TBLASTN searches with 
strict similarity thresholds (E-value ≤1e− 5). Open reading frames 
(ORFs) of candidate genes were predicted using the NCBI ORF Finder 
tool and validated via BLASTP alignment against the NCBI non- 
redundant protein database. Protein physicochemical properties, 
including molecular weight (MW), theoretical isoelectric point (pI), and 
subcellular localization, were predicted using ProtParam and Euk- 
mPLoc 2.0. Genome-wide collinearity analysis was conducted with the 
MCScanX toolkit to identify conserved syntenic blocks (Wang et al., 
2012), while chromosomal localization of IGF/IGFR/IGFBP genes was 
mapped to the reference genome. Gene duplication events and chro
mosomal distributions were visualized using the amazing super circos 
program of TBtools v1.082 (Chen et al., 2020a).

2.2. Phylogenetic, syntenic and copy number analyses

Phylogenetic relationships were constructed using deduced amino 
acid sequences from L. maculatus IGF/IGFR/IGFBP genes, along with 
orthologous sequences from several representative mammals and teleost 
including human, mouse (Mus musculus), chicken (Gallus gallus), cow 
(Bos taurus), zebrafish, Nile tilapia (Oreochromis niloticus), large yellow 
croaker, torafugu (Takifugu rubripes), Japanese medaka (Oryzias latipes), 
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channel catfish (Ictalurus punctatus), European perch (Perca fluviatilis) 
and Atlantic cod (Gadus morhua). Phylogenetic trees were generated 
using MEGA v7.0 with the neighbor-joining (NJ) algorithm under the 
Jones-Taylor-Thornton (JTT) substitution model, supported by 1000 
bootstrap replicates (Kumar et al., 2016). Resultant trees were refined 
for visualization using the iTOL platform (https://itol.embl.de/). Syn
tenic conservation was assessed by comparing genomic regions flanking 
IGF/IGFR/IGFBP genes across spotted sea bass, zebrafish, and human 
genomic data sourced from NCBI database. Additionally, gene copy 
numbers within these gene families were quantified across L. maculatus 
and other representative vertebrates to delineate duplication patterns.

2.3. Gene structure and domain analysis

Functional domains of spotted sea bass IGF/IGFR/IGFBP proteins 
were annotated using the SMART 7.0 database (http://smart.embl.de/), 
and the exon-intron structures were derived from the general feature 
format (GFF) files of reference genome. Subsequently, the gene struc
tures were visualized using online GSDS 2.0 software (http://gsds.cbi. 
pku.edu.cn).

2.4. Protein-protein interaction (PPI) network prediction

A protein interaction network for deduced IGF/IGFR/IGFBP amino 
acid sequences was inferred using STRING 11.0 (https://string-db.org/), 
employing a zebrafish ortholog based computational framework to 
model putative interaction landscapes among spotted sea bass IGF sys
tem proteins.

2.5. Selective pressure analysis

Coding sequences of IGF/IGFR/IGFBP genes from spotted sea bass 
and several representative vertebrates including human, mouse, 
chicken, cattle, zebrafish, channel catfish, Atlantic cod, Japanese 
medaka, Nile tilapia, torafugu, larger yellow croaker and European 
perch were aligned via ClustalW algorithm (Wang et al., 2020). Phylo
genetic trees were generated using Maximum Parsimony (MP) methods 
in MEGA 7.0 based on the aligned results (Kumar et al., 2016). Evolu
tionary selection pressures were assessed using branch-site models in the 
codeml program of PAML software, with MP-derived gene trees as input 
topology. Spotted sea bass was designated as the foreground lineage, 
while adequate and representative vertebrate species constituted back
ground branches for comparative analysis(Yang, 2007). The branch-site 
framework (model = 2, Nsites = 2) tested two scenarios: a neutral model 
restricting one site category to ω = 1 (fix_omega = 1, omega = 1) and a 
selection model allowing ω > 1 for codons on foreground branches 
(fix_omega = 0, omega = 1.5). Initial ω = 1.5 was set to facilitate model 
convergence following recent teleost genome analyses (Yang, 2007; 
Yang et al., 2019; Wang et al., 2020). Likelihood ratio tests (LRT) 
compared model fits, with statistical significance determined by χ2 
distribution analysis of twice the log-likelihood differences (Yang et al., 
2019). For significant results (P-value <0.05), the posterior probability 
of positive selection sites could be calculated by Bayes Empirical Bayes 
(BEB) method, and the presence of positive selection sites with proba
bility value >0.95 indicates that the gene is under positive selection 
pressure in evolution (Yang et al., 2005). Spatial localization of these 
sites on protein secondary structures was visualized using Protter (http: 
//wlab.ethz.ch/protter/start/).

2.6. Expression profiles of IGF/IGFR/IGFBP genes in different tissues by 
analysis of RNA-Seq datasets

RNA-Seq datasets including gill (SRR7528883), stomach 
(SRR7528884), liver (SRR7528886), brain (SRR7528887), spleen 
(SRR752888), testis (SRR7528885) and ovary (SRR2937376) were ac
quired from NCBI. Raw sequencing data underwent quality filtering 

with Trimmomatic v0.39 to eliminate adapter sequences and low con
fidence reads. Subsequently, high-quality clean reads were aligned 
against the reference genome of spotted sea bass (PRJNA407434) using 
Hisat2 v2.2.1 software and the mapped reads from alignments were 
sorted using samtools v1.6 software. Transcript abundance was quan
tified and normalized to fragments per kilobase of transcript per million 
fragments mapped (FPKM) by StringTie v2.1.7 software (Bolger et al., 
2014; Pertea et al., 2016). Finally, TBtools v1.082 software was used to 
display heatmap of gene expression levels using log2(FPKM+1).

2.7. Challenge experiments under various environmental stresses

To investigate the functional roles of IGF signaling system under 
various environmental stresses, RNA-Seq datasets from prior challenge 
experiments involving salinity, alkalinity, heat, and hypoxia stresses 
were analyzed to evaluate expression profiling of IGF/IGFR/IGFBP 
genes. The process of challenge experiments was described briefly as 
follows:

For salinity challenge experiment, 108 spotted sea bass individuals 
(body weight: 127.35 ± 15.31 g) were evenly divided into 9 water tanks 
for salinity acclimation (salinity: 30 ‰) for a week. After that, the 
salinity of 3 tanks gradually adjusted to 0 ‰ within 12 h, which was set 
as freshwater group (FW). And the salinity of another 3 tanks gradually 
adjusted to 12 ‰ within 12 h, which was set as brackish water group 
(BW). The salinity of the remaining 3 tanks was maintained at 30 ‰, 
which was set as seawater group (SW). The experiment period lasted for 
30 days, during which the other environmental factors remained un
changed. Gill tissues from six individuals per tank were harvested, flash- 
frozen in liquid nitrogen, and stored at − 80 ◦C for RNA isolation after 
experiment.

For alkalinity challenge experiment, 45 individuals (body weight: 
140.32 ± 2.56 g) were pre-acclimated to freshwater (pH: 7.8 ± 0.4) for 
30 days before exposure to alkalinity stress (carbonate alkalinity: 18 ±
0.2 mmol/L, pH 9.0 ± 0.2) in triplicate tanks. Alkaline water was pre
pared by dissolving NaHCO₃ (12.8 mmol/L) and Na₂CO₃ (2.6 mmol/L) in 
freshwater, followed by 24-h aeration. Gill tissue samples from three fish 
per tank were collected at 0, 12, 24 and 72 h post-exposure, preserved in 
liquid nitrogen, and stored at − 80 ◦C.

For high temperature stress test, 60 individuals (body weight: 38.96 
± 2.01 g) were acclimated in a tank for 2 weeks, then distributed into 
triplicate tanks at 25 ◦C for 48 h. Then water temperature was ramped at 
1 ◦C/h to 32 ◦C and maintained. Liver tissues from three fish per tank 
were sampled at 0, 3, 6, 12, and 24 h post-heat exposure, flash-frozen in 
liquid nitrogen, and stored at − 80 ◦C.

For hypoxia stress test, 60 individuals (body weight:178.25 ± 18.56 
g) were acclimated for two weeks before transfer to triplicate tanks with 
hypoxic water (dissolved oxygen: 1.1 ± 0.14 mg/L). Dissolved oxygen 
levels were regulated through a combination of oxygen consumed by 
fish and air injected. Gill tissues from three fish per tank were collected 
at 0, 3, 6, and 12 h post-exposure, snap-frozen, and stored at − 80 ◦C for 
subsequent RNA analysis.

2.8. Expression profiles of IGF/IGFR/IGFBP genes in response to various 
environmental stresses by analysis of RNA-Seq datasets

Total RNA from stress-challenged tissues was isolated with TRIzol® 
reagent (Invitrogen, USA), with quality verification via Biodropsis BD- 
1000 spectrophotometry (OSTC, China) and gel electrophoresis. Three 
random RNA samples from the same tank were selected to ensure robust 
biological replication within experimental groups, and these RNA sam
ples were further pooled with equal amounts to create mixed samples. 
For salinity challenge experiment, 9 sequencing libraries (3 experi
mental group × 3 replicated samples) were constructed and 150 bp 
paired-end reads (PRJNA611641) were generated using Illumina 
Novaseq™ 6000 (PRJNA515986). For the alkalinity challenge experi
ment, 12 sequencing libraries (4 time points ×3 replicated samples) 
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were constructed and 150 bp paired-end reads (PRJNA611641) were 
generated using Illumina HiSeq X Ten sequencing platform. For high 
temperature challenge experiment, 15 sequencing libraries (5 time 
points ×3 replicated samples) were constructed and 150 bp paired-end 
reads (SRR30002608-SRR30002622) were generated using illumina 
Novaseq™ 6000 sequencing platform. For hypoxia challenge experi
ment, 12 sequencing libraries (4 time points ×3 replicated samples) 
were constructed and 150 bp paired-end reads (PRJNA408177) were 
generated using Illumina HiSeq 4000 sequencing platform.

The FPKM values of IGF/IGFR/IGFBP genes in specific tissues after 
challenge experiment were obtained following the RNA-Seq datasets 
analysis procedure described in section 2.7. The fold change of differ
ential expressions of each IGF/IGFR/IGFBP genes was determined by 
calculating the FPKM ratios at different time points to that at 0 h. Dif
ferential expression significance (P < 0.05) was determined via SPSS 
25.0, with log2-transformed fold-change values visualized as clustered 
heatmaps using TBtools v1.082.

3. Results

3.1. Characterizations of IGF/IGFR/IGFBP genes in spotted sea bass

A total of 3 IGF genes (igf1, igf2 and igf3), 3 IGFR genes (igf1ra, igf1rb 
and igf2r) and 11 IGFBP genes (igfbp1a, igfbp1b, igfbp2a, igfbp2b, igfbp3a, 
igfbp3b, igfbp4, igfbp5a, igfbp5b, igfbp6 and igfbp7) were identified in 
spotted sea bass, and the coding sequences (CDS) of all genes had been 
submitted to NCBI database. Their detailed information and access 
numbers were provided in Table 1. The predicted protein lengths ranged 
from 177 to 215, 1126 to 2104, and 201 to 291 amino acids for IGF/ 
IGFR/IGFBP genes, respectively, with considerable variations in mo
lecular weights (MWs) and isoelectric points (pI) across IGF/IGFR/ 
IGFBP proteins. The results of subcellular localization indicated that 
IGF1Ra and IGF1Rb primarily localize to cell membrane, while the other 
proteins predominantly reside extracellularly.

Furthermore, IGF/IGFR/IGFBP genes of spotted sea bass were 
dispersed among 11 chromosomes, including chr1, chr3, chr6, chr9, 
chr10, chr12, chr13, chr16, chr17, chr18 and chr24 (Fig. 1). Notably, 
certain IGFBP genes exhibited adjacent positions on the chromosomes, 
indicative of potential genomic duplications. For instance, igfbp1a and 
igfbp3a genes were neighboring on chromosome 23, along with their 
paralogous genes igfbp1b and igfbp3b on chromosome 2. Similar patterns 
were also observed for igfbp2 and igfbp5 genes, with igfbp2a and igfbp5a 
genes located adjacently on the chromosome 18, and igfbp2b and igfbp5b 
adjacent on the chromosome 13 (Fig. 1). Given the widespread presence 
of collinear block in whole genome, it is plausible that duplicated IGFBP 
genes of spotted sea bass primarily resulted from the teleost-specific 

whole genome duplication (WGD) event (Liu et al., 2019; Wang et al., 
2020).

3.2. Phylogenetic, copy number and syntenic analyses of IGF/IGFR/ 
IGFBP genes

Phylogenetic analysis revealed igf1, igf2 and igf3 genes of spotted sea 
bass were distributed into 3 separate clades and were well clustered with 
respective counterparts in selected species (Fig. 2A). Of which, igf1 and 
igf3 genes were single copy in selected vertebrates and igf3 was a teleost 
specific gene, while igf2 gene harbored two copies only in a few fresh
water fish like channel catfish, zebrafish, and common carp (Fig. 2A, 
Table 2). The phylogenetic tree of IGFR genes has two main clades (igf1r 
and igf2r) in selected species, of which, the clustering pattern of igf1r 
gene appeared more conserved than igf2r gene, suggesting greater 
sequence divergence among species for igf2r gene (Fig. 2B). Igf1r 
harbored two copies in all selected teleost but were single copy in 
mammals, while igf2r was consistently single copy in all selected ver
tebrates (Fig. 2B, Table 2). Furthermore, phylogenetic relationships of 
IGFBP genes indicated the presence of 7 distinct clades, with IGFBP 
genes of spotted sea bass showing close clustering with counterparts 
from other species (Fig. 2C). The IGFBP gene copy numbers in spotted 
sea bass are largely consistent with most teleost, except for the igfbp6 
gene. This gene exists as a single copy in spotted sea bass but typically 
appears duplicated in zebrafish and channel catfish. A similar pattern 
occurs with igfbp4, which is absent in zebrafish and channel catfish while 
present as a single copy in most teleost (Fig. 2C, Table 2).

To further confirm the annotation accuracy and explore gene 
evolutionary relationship, the neighboring genes of IGF/IGFR/IGFBP 
genes in spotted sea bass, zebrafish and human were compared by 
syntenic analysis. Despite some differences in gene arrangement, 
neighboring genes of IGF/IGFR/IGFBP genes were basically consistent 
among the three species (Fig. S1). In addition, tandem arrangement 
events were also observed for igfbp1/3 and igfbp2/5 genes in tested three 
species (Fig. S1C), indicating that conserved genomic neighborhood of 
IGF/IGFR/IGFBP genes. These findings confirm the annotation accuracy 
of IGF/IGFR/IGFBP genes in spotted sea bass and underscore their 
relatively conserved evolutionary nature.

3.3. Gene structure and domain analysis of IGF/IGFR/IGFBP genes

To delve deeper into the molecular basis of gene functions, gene 
structure and domain analysis was employed to elucidate the conser
vatism and diversity of gene structures (Fig. 3). The paralogous IGF 
genes exhibited similar exon-intron structures, with igf1 and igf3 genes 
comprising 4 exons each, while igf2 gene possessed 5 exons. The core 

Table 1 
Summary of characteristics of IGF/IGFR/IGFBP genes in spotted sea bass.

Gene Name ORF length 
(bp)

Amino acid (aa) Molecular Weight (kDa) Isoelectric Point (pI) Subcellular localization Accession 
Number

igf1 558 185 20.45 9.63 Extracellular PQ630847
igf2 648 215 24.60 10.04 Extracellular PQ630848
igf3 534 177 19.74 9.46 Extracellular PQ630849
igf1ra 4251 1416 159.69 5.89 Cell membrane PQ630850
igf1rb 3381 1126 125.00 5.91 Cell membrane PQ630851
igf2r 6315 2104 230.14 5.58 Extracellular PQ630852
igfbp1a 792 263 27.98 6.85 Extracellular PQ630853
igfbp1b 744 247 26.46 5.85 Extracellular PQ630854
igfbp2a 876 291 32.38 7.39 Extracellular PQ630855
igfbp2b 807 268 29.81 6.59 Extracellular PQ630856
igfbp3a 861 286 30.84 9.03 Extracellular PQ630857
igfbp3b 870 289 31.78 9.07 Extracellular PQ630858
igfbp4 786 261 28.75 7.43 Extracellular PQ630859
igfbp5a 813 270 29.83 9.12 Extracellular PQ630860
igfbp5b 795 264 29.09 8.69 Extracellular PQ630861
igfbp6 606 201 21.74 8.96 Extracellular PQ630862
igfbp7 816 271 28.37 6.14 Extracellular PQ630863
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functional domain for all IGF genes was identified as IIGF, a family of 
proteins including insulin, relaxin and IGFs, which corresponds to the B- 
C-A domain of IGFs (Chandhini et al., 2021; Li et al., 2021), under
scoring the relatively conserved nature of gene structure and functional 
domain for IGF genes (Fig. 3A). In contrast, IGFR genes displayed 
notable differences in exon numbers and exon-intron structures. Spe
cifically, the exon numbers of igf1ra, igf1rb and igf2r were 21, 20 and 44 
respectively with significant variations of exon-intron structure 
observed between IGF1R and IGF2R genes (Fig. 3B). Functional domain 
analysis revealed distinct features for IGF1R and IGF2R genes. IGF1R 
genes mainly harbored ligand binding site (Recep_L_domain), furin-like 
repeats domian (FU), fibronectin Type 3 domain (FN3), Tyrosine kinase, 
catalytic domain (TyrKc), and transmembrane domain with only 23 

amino acids located between FN3 and TyrKc domain (Fig. 3B). Never
theless, IGF2R gene possessed a relatively simple gene structure and 
functional domain, including signal peptide, fibronectin Type 2 domain 
(FN2), transmembrane domain and cation-independent mannose-6- 
phosphate receptor repeat (CIMR) located in the extracellular region 
(Fig. 3B). Regarding IGFBP genes, exon-intron structures were basically 
consistent, except for igfbp7, which comprised 5 exons while igfbp1–6 all 
harbored 4 exons. The core functional domain for IGFBP genes was in
sulin growth factor-binding protein homologues (IB), which serve as a 
high affinity binding partner of IGFs located in the conserved N- ter
minal region of IGFBPs. In addition, the conserved C- terminal region of 
igfbp1–6 genes contained thyroglobulin type I repeats domain (TY), 
while igfbp7 gene featured kazal type serine protease inhibitors (KAZAL) 

Fig. 1. Chromosome distribution and duplication mode of IGF/IGFR/IGFBP genes in spotted sea bass. The gray line represents the whole genome collinear block, and 
the red line represents the tandem repeat between genes, and the blue outer ring indicates the gene density.
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and immunoglobulin C-2 Type (IGc2) domain instead of TY domain 
(Fig. 3C).

3.4. Protein-protein interaction network analysis

The PPI network based on zebrafish orthologs displayed interaction 
relationships of IGF/IGFR/IGFBP genes in spotted sea bass (Fig. 4). 
Notably, IGF1 and IGF2 were found to interact with all IGFRs and 
IGFBPs, while IGF3 exhibited interactions only with IGF1R and IGFBP3. 
Furthermore, IGFBPs demonstrated interactions not only with IGFs but 

also with IGFR and other IGFBPs.

3.5. Selective pressure analysis

Branch-site models including neutral model (model-null) and selec
tion model (model-A) were employed to investigate whether the IGF/ 
IGFR/IGFBP genes of spotted sea bass underwent adaptive evolution and 
LRT tests were used for significance analysis of positive selected sites. 
The detailed parameter estimates, including models, likelihood value, 
LRT tests, p-values, and positively selected sites with corresponding 

Fig. 2. Phylogenetic relationships of (A) IGF, (B) IGFR and (C) IGFBP gene families among spotted sea bass and selected vertebrate species. The tree was generated 
with MUSCLE using the neighbor-joining (NJ) method in MEGA 7. Bootstrapping values were indicated by numbers on every node, and the black triangles represent 
corresponding genes of spotted sea bass.
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probability were summarized in Table 3. Of which, significant positive 
selection was detected at 1 site (838S) in igf1ra and 5 sites (3C, 23 M, 26 
A, 27 T, and 28 T) in igf1rb, while no significant positive selection sites 
were observed in other genes. Noteworthily, although the LRT test 
supports the credibility of test models, the probability of 1 site (175 N) in 
igf2 gene was 0.902, which has not yet reached significant levels in BEB 
method (Table 3). These results imply that most genes mainly under
went purifying selection during evolution except for igf1ra and igf1rb 
genes, suggesting the possibility of functional diversification and 
adaptation in igf1ra and igf1rb genes for spotted sea bass. Further ex
amination of predicted secondary structures revealed that 1 positive 
selection site (838S) of igf1ra was located on FN3 domain and 5 positive 
selection sites of igf1rb (3C, 23 M, 26 A, 27 T and 28 T) were located on 
N-terminal extracellular region (3C and 23 M) and FU domain (26 A, 27 
T and 28 T) (Fig. S2).

3.6. Expression profiles of IGF/IGFR/IGFBP genes in different tissues

Using RNA-Seq datasets derived from different tissues of one-year- 
old spotted sea bass, we preliminarily analyzed the tissue expression 
profiles of IGF/IGFR/IGFBP genes. The results revealed distinct expres
sion patterns across different tissues (Fig. 5, Table S1). For IGF genes, 
igf1 demonstrated liver-specific dominance with limited expression in 
other tissues. Igf2 exhibited predominant expressions in the gill, spleen, 
stomach, and brain, with moderate expression levels. Conversely, igf2 
showed minimal to no expression in the liver, testis, and ovary. Igf3 
displayed lower expression levels in the spleen and testis, with negligible 
expression detected in other tissues (Fig. 5, Table S1). In terms of IGFR 
genes, igf1ra was basically not expressed in the stomach and ovary, and 
igf1rb exhibited low expression levels in the liver. Except for this, IGF1R 
and IGF2R genes maintained moderate-to-high ubiquitous expression 
across tissues (Fig. 5, Table S1). In addition, the expression patterns of 
IGFBP genes varied considerably among tissues. Igfbp1a was highly 
expressed in all tissues except ovary, igfbp1b and igfbp2b were highly 

Table 2 
Analysis of gene copy numbers of IGF/IGFR/IGFBP genes in 8 representative vertebrates.

Gene Name Human Mouse Chicken Zebrafish Channel catfish Large yellow croaker Nile tilapia Spotted 
sea bass

igf1 1 1 1 1 1 1 1 1
igf2 1 1 1 2 2 1 1 1
igf3 0 0 0 1 1 1 1 1
igf1r 1 1 1 2 2 2 2 2
igf2r 1 1 1 1 1 1 1 1
igfbp1 1 1 1 2 2 2 2 2
igfbp2 1 1 1 2 2 2 2 2
igfbp3 1 1 1 2 2 2 2 2
igfbp4 1 1 1 0 0 1 1 1
igfbp5 1 1 1 2 2 2 2 2
igfbp6 1 1 0 2 2 1 1 1
igfbp7 1 1 1 1 1 1 1 1

Yellow areas indicate those teleost-specific genes and blue areas represent genes with multiple copies in all selected teleost.

Fig. 3. Schematic representation of gene structures of (A) IGF, (B) IGFR and (C) IGFBP genes for spotted sea bass. The boxes represented exons and lines were intron. 
The functional domains were marked with different colors.
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expressed in liver, with minimal or negligible expression in other tissues, 
and igfbp2a was mainly expressed in the brain, liver, and gonads with 
high or moderate expression levels. Igfbp3a and igfbp3b displayed main 
expression sites in the stomach, brain, and testis, albeit with lower 
expression levels. Igfbp4 showed significant expression in the gill, 
stomach, brain, liver, and testis, with the highest expression observed in 
the gill. Igfbp5a predominantly expressed in the gill, spleen and testis, 
and the expression level in gill was higher than other tissues, while 
igfbp5b exhibited main expression in the spleen, stomach, brain, and 

testis with lower expression levels. Igfbp6 showed moderate expression 
levels in the gill, stomach, brain, and testis with moderate expression 
levels. Noteworthily, igfbp7 demonstrated higher expression levels in all 
tissues, with the highest expression detected in the gill and spleen 
(Fig. 5, Table S1).

Fig. 4. Putative protein interaction network of IGF/IGFR/IGFBP genes in spotted sea bass.
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3.7. Expression profiles of IGF/IGFR/IGFBP genes in response to salinity, 
alkalinity, heat, and hypoxia stress

In the gill tissue following salinity stress (Fig. 6A), the expression 
levels of igf1 and igf2r at SW group were significantly increased to 1.55- 
and 2.62- fold in comparison to the FW group. Moreover, igfbp4 and 
igfbp5a exhibited significant modulated activity with fold change values 
ranging from 0.69 to 1.33 compared to the FW group (Table S2). In the 
gill tissue after alkalinity stress (Fig. 6B), there were 7 genes exhibited 
upregulated expression profile with dynamic time-dependent expression 
pattern, and the number of upregulated expression genes increased as 
the alkalinity challenge time was prolonged. Of which, the expression of 
igfbp5a was significantly increased at three points, while the expression 
of igfbp7 was significantly increased at 24 h and 72 h. On the other hand, 
the expressions of igf2, igf1rb, igf2r and igfbp4 were significantly elevated 
only at 72 h. Notwithstanding, the fold change values of expression 
levels of igf2, igf1rb and igfbp4 at 72 h were more than double in com
parison with 0 h (Table S3). Conversely, only igfbp1a expression was 
significantly decreased at 12 h and 24 h after alkalinity challenge. 
Following heat stress, gene expression in the liver also exhibited a dy
namic time-dependent expression pattern (Fig. 6C). There were 3 genes 
(igfbp1a, igfbp1b and igfbp3b) that showed significantly upregulated 
expression profile, thereinto, the fold change values of expression levels 
of igfbp1b and igfbp3b at 24 h had reached >2- and 3-fold compared to 0 
h. Notably, highly heat stress-induced expressions in the liver were 
discovered for igfbp1a gene, with expression levels at 6 h, 12 h and 24 h 
surpassing 4, 13 and 8-fold, respectively, compared to 0 h (Table S4). 
Additionally, the expression levels of igfbp2a, igfbp2b, igfbp3a and igfbp6 

showed decreased tendency with increasing exposure time to heat stress. 
In the gill tissue after hypoxia stress (Fig. 6D), the expression levels of 7 
genes (igf2, igf1ra, igf1rb, igf2r, igfbp1a, igfbp4 and igfbp7) were signifi
cantly increased with different levels of fold change values (1.39 to 
9.63). Of which, igfbp1a and igfbp4 exhibited particularly large fold 
change values, exceeding 9- and 4-fold, respectively, compared to 0 h 
(Table S5).

4. Discussion

The IGF signaling pathway, comprising IGFs, IGFRs and IGFBPs, 
serves as a critical regulatory axis in teleost neuroendocrine systems, 
orchestrating growth, development, reproductive processes, and stress 
adaptation (Kajimura et al., 2006; Link et al., 2010; Baroiller et al., 
2014; Chandhini et al., 2021). Despite its established roles across fish 
species, the molecular architecture and functional contributions of IGF/ 
IGFR/IGFBP genes remain poorly characterized in spotted sea bass. 
Addressing this knowledge gap, our study provides the first systematic 
identification and annotation of these gene families in this species, 
complemented by transcriptomic profiling under environmental 
stresses.

Our study identified 3 IGF genes (igf1, igf2 and igf3), 3 IGFR genes 
(igf1ra, igf1rb and igf2r) and 11 IGFBP genes (igfbp1a, igfbp1b, igfbp2a, 
igfbp2b, igfbp3a, igfbp3b, igfbp4, igfbp5a, igfbp5b, igfbp6 and igfbp7) for 
spotted sea bass from genomic and transcriptomic databases. Phyloge
netic analysis revealed 3, 2 and 7 clades for IGF/IGFR/IGFBP gene 
families, with overall better clustering observed for IGF and IGFBP genes 
compared to IGFR genes, especially for IGF2R genes in the absence of 

Table 3 
The parameters and statistical significances of likelihood ratio tests for the branch-site models.

Gene Model np LnL Models Compared 2ΔLnL df p Positively Selected Sites

igf1 model-null 
model-A

25 
26

− 1829.70552 
− 1829.70552

MA vs. NMA 0.000 1 1.000e+00

igf2 model-null 
model-A

28 
29

− 3520.00663  
-3517.63859

MA vs. NMA 4.73608 1 2.954e-02 175 N 0.902

igf3 model-null 
model-A

20 
21

− 2024.13954 
− 2024.13954

MA vs. NMA 0.000 1 1.000e+00

igf1ra model-null 
model-A

44 
45

− 29,524.45821  
-29,522.04105

MA vs. NMA 4.834 1 2.790e-02 838 S 0.973*

igf1rb model-null 
model-A

45 
46

− 29,493.85286 
− 29,473.62418

MA vs. NMA 40.457 1 2.010e-10 3C 0.998** 
23 M 1.000** 
26 A 0.998** 
27 T 0.998** 
28 T 0.998**

igf2r model-null 
model-A

27 
28

− 43,432.956796 
− 43,432.956794

MA vs. NMA 0.000 1 1.000e+00

igfbp1a model-null 
model-A

40 
41

− 7344.369297 
− 7344.370878

MA vs. NMA 0.003 1 9.549e-01

igfbp1b model-null 
model-A

40 
41

− 7344.370878 
− 7344.370878

MA vs. NMA 0.000 1 1.000e+00

igfbp2a model-null 
model-A

41 
42

− 6680.207086 
− 6680.207086

MA vs. NMA 0.000 1 1.000e+00

igfbp2b model-null 
model-A

41 
42

− 6680.168719 
− 6680.207086

MA vs. NMA 0.077 1 7.818e-01

igfbp3a model-null 
model-A

40 
41

− 11,353.695599 
− 11,353.651563

MA vs. NMA 0.088 1 7.667e-01

igfbp3b model-null 
model-A

40 
41

− 10,707.117981 
− 11,353.666304

MA vs. NMA 0.000 1 1.000e+00

igfbp4 model-null 
model-A

25 
26

− 4160.35926 
− 4160.35926

MA vs. NMA 0.000 1 1.000e+00

igfbp5a model-null 
model-A

45 
46

− 5110.514493 
− 5110.514500

MA vs. NMA 0.000 1 1.000e+00

igfbp5b model-null 
model-A

45 
46

− 5109.507461 
− 5109.507461

MA vs. NMA 0.000 1 1.000e+00

igfbp6 model-null 
model-A

29 
30

− 3106.13067 
− 3106.13067

MA vs. NMA 0.000 1 1.000e+00

igfbp7 model-null 
model-A

27 
28

− 6300.34636 
− 6300.34636

MA vs. NMA 0.000 1 1.000e+00

LnL: The natural logarithm of the likelihood value; np: number of parameters; 2LnL: twice the difference in LnL between the two test models compared; sites inferred to 
be under positive selection at the 95 % level are labeled with single asterisk (*) and those at the 99 % level are labeled with two asterisks (**).
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strong bootstrap values (Fig. 2), suggesting greater sequence divergence 
among species for IGFR genes. Notwithstanding, combined with results 
of syntenic analysis, the overall similar conditions of neighbor genes 
between spotted sea bass, human and zebrafish (Fig. S1), corroborating 
annotation accuracy and evolutionary conservation of identified genes. 
In addition, the expansion and contraction of IGF/IGFR/IGFBP genes 
were also investigated by gene copy number analysis (Sun et al., 2021). 
In comparison with igf1, igf2r and igfbp7 genes that have identical copy 
number (single copy) in all vertebrates, there were distinct differences in 
copy number of other genes between higher vertebrates and teleost 
(Table 2). Of which, igf3 was teleost specific gene with single copy, igf2 
gene harbored two copies (igf2a and igf2b) in a few freshwater fish like 
channel catfish, zebrafish, and common carp, while only single copy 
(igf2b) was found in most teleost and high vertebrates. Notably, the 
absence of igfbp4 gene and copy number doubling of igfbp6 gene were 
detected in these freshwater fish (Fig. 2, Table 2), suggesting that the 
copy number difference of these genes may be resulted from unique gene 

expansion and contraction during the evolution of these freshwater fish 
(Li et al., 2015b; Fan et al., 2019). In addition, the copy number of igf1r, 
igfbp1, igfbp2, igfbp3 and igfbp5 genes were doubled in teleost in com
parison with high vertebrates. Interestingly, the duplicated subtypes of 
these genes were distributed among different chromosomes, with igfbp1 
versus igfbp3 genes and igfbp2 versus igfbp5 genes being tandemly ar
ranged in the same chromosome (Table 2, Fig. S1). These findings 
consistently indicated the retention of duplicated genes following 
teleost-specific whole-genome duplication (WGD) events (Meyer and 
Van de Peer, 2005; Glasauer and Neuhauss, 2014; Sun et al., 2021).

All IGF genes exhibited a relatively simple structure, characterized 
by a conserved functional domain IIGF (Fig. 3A), which corresponds to 
the B-C-A functional regions. The B domain, critical for mediating in
teractions between IGF ligands and IGF1R/IGFBPs (Gauguin et al., 2008; 
Chandhini et al., 2021), facilitates ligand engagement with the α-sub
unit’s Recep_L domain of IGF1R. This binding triggers tyrosine kinase 
activation in the β-subunit (Fig. 3B), thereby activating multiple 

Fig. 5. Expression profiles of IGF/IGFR/IGFBP genes in gill, stomach, liver, brain, spleen, and testis tissues for one male spotted sea bass and ovary tissue for one 
female spotted sea bass based on RNA-Seq datasets. The heatmap is based on log2(FPKM+1) values.
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intracellular signal transduction processes including MAPK-P13 tyrosine 
kinase pathway and Raf-Mek-Erk1/2 cascade (Pozios et al., 2001; White, 
2003; Wood et al., 2005), which ultimately could regulate cell prolif
eration, survival, and apoptosis (Pollak et al., 2004; Solomon-Zemler 
et al., 2017). In contrast, the absence of Recep_L_domain in IGF2R pre
vents the activation of conventional IGFs signal transduction (Fig. 3B). 
Instead, IGF2R could regulate the levels of free ligands by binding and 
degrading extracellular IGFs (Wood et al., 2005). However, the molec
ular identity and function of IGF2R still remain unclear in fishes, 
necessitating further research concentrated on its detailed function 
mechanism. In addition, as main component regulating IGFs activity in 
the IGF signaling pathway, IGFBPs could bind IGFs via high-affinity IGF 
binding site composited of IB domain located in the N- terminal and TY 
domain located in the C- terminal (Fig. 3C), thereby altering the equi
librium between the IGFs and IGF1R (Clemmons, 2016; Chandhini et al., 
2021). In comparison to the highly conserved N- terminal and C- ter
minal in IGFBP1–6, the C- terminal of IGFBP7 is no longer conserved, 
which is also observed in gene structure that IGFBP7 harbored two 
specific domains (KAZAL and IGc2 domain) instead of TY domain in 
IGFBP1–6 (Li et al., 2012; Clemmons, 2016) (Fig. 3C). Therefore, the 
binding ability of IGFBP7 to IGFs was reduced to varying degrees, sug
gesting the special biological functions of IGFBP7 compared to other 
IGFBPs (Yamanaka et al., 1997; Li et al., 2012). Moreover, no function 

domains were detected in the mid-region of N- and C-terminal domain, 
indicating sequence divergence in linker region among IGFBPs family 
members, these results also explain why IGFBPs have distinct properties 
and IGF-independent functions (Clemmons, 2016; Allard and Duan, 
2018). Furthermore, stress-responsive expression profiling revealed 
distinct functional specialization among IGFBP paralogs. For example, 
only igfbp5a exhibited significant downregulated expression profile in 
response to salinity stress with igfbp5b remaining unaltered. For alka
linity stress, only igfbp1a and igfbp5a showed significantly differential 
expression pattern while no igfbp1b and igfbp5b. For heat stress, igfbp1a 
and igfbp1b both showed significantly upregulated expression profile, 
while only igfbp1a expression exhibited modulated activity under hyp
oxia stress. This paralogs-specific partitioning of stress responses likely 
stems from evolutionary divergence within the central linker regions- 
structural domains governing functional diversification through post- 
translational modifications and interaction interfaces. The PPI 
network further supports this viewpoint, showing interactions where 
IGFs interact with IGFRs and IGFBPs, while IGFBPs also interact with 
IGFRs and other IGFBPs except for their interaction with IGFs (Fig. 4), 
indicating that IGFBPs could perform corresponding biological function 
independently of IGFs.

Furthermore, to delve deeper into the evolutionary patterns of IGF/ 
IGFR/IGFBP genes in spotted sea bass, we employed positive selection 

Fig. 6. Expression profiles of IGF/IGFR/IGFBP genes of spotted sea bass under different environmental stress based on RNA-Seq datasets. The heatmap is based on 
log2(FPKM) values for specific tissues with three replicated samples after challenge experiment. Asterisk (*) indicated the significant differences (P-value <0.05). (A) 
Expression profiles of gill under salinity stress. (B) Expression profiles of gill under alkalinity stress. (C) Expression profiles of liver under heat stress. (D) Expression 
profiles of gill under hypoxia stress.
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analysis through branch-site models. The result revealed that only 1 and 
5 sites within the igf1ra and igf1rb genes, respectively, exhibited sig
nificant evidence of positive selection (Table 3). These data reinforce the 
evolutionary conservation of the IGF signaling system, as most studied 
genes appeared constrained by purifying selection, a common evolu
tionary mechanism preserving protein functionality through selective 
elimination of deleterious mutations (Sironi et al., 2015). Notably, 
positive selection sites were exclusively identified in igf1r paralogs and 
spatially confined to extracellular regions harboring FN3 or FU func
tional domains. Critically, these domains flank the known ligand- 
binding domain (Recep_L-domain) of IGF1R. This spatial distribution 
suggests potential adaptive modifications in extracellular molecular 
interactions, particularly relevant given the established role of the N- 
terminal extracellular region in ligand binding (Matsunami and Buck, 
1997). Mechanistically, the FN3 domain forms the β-sheet scaffold of the 
IGF-binding core, where it’s conserved the F-G loop (FG-loop) directly 
engages IGF1. The identified substitutions may enhance hydrogen 
bonding networks and modulate conformational dynamics during 
ligand binding. Similarly, the FU domain contains a conserved dimer
ization motif whose hydrophobic core stability governs receptor acti
vation kinetics (Li et al., 2019a). We therefore postulate that positive 
selection sites may modulate IGF binding affinity and receptor dimer
ization efficiency. Nevertheless, empirical validation of these molecular 
mechanisms remains beyond the current scope and warrants future 
investigation.

Tissue expression profiles of IGF/IGFR/IGFBP genes indicate pre
dominantly ubiquitous expressions in various tissues, with varying de
grees of expression levels ranging from low to moderate, while certain 
genes exhibit notably high expression levels in specific tissues. For 
example, igf1, igfbp1b and igfbp2b genes exhibited marked transcrip
tional abundance in the liver, indicating that liver is the prime organ for 
the expression of these three genes (Reindl et al., 2011). Multiple genes 
including igf2, igf2r, igfbp1a, igfbp4, igfbp5a and igfbp7 demonstrate 
relatively elevated expression levels in gills, suggesting the potential 
importance of IGF signaling pathway in biological functions of gills for 
spotted sea bass. Notably, igf2r, igfbp1a and igfbp7 were highly expressed 
in most tissues, reflecting the essential roles these genes play in medi
ating basic biological functions for most tissues (Li et al., 2012; 
Chandhini et al., 2021). A striking exception was observed for igf3, 
which displayed minimal expression in the testis and ovary (Fig. 5). This 
discrepancy might stem from the use of RNA-Seq data derived from 
juvenile (one-year-old) fish prior to sexual maturation, as igf3 expression 
is known to correlate with gonad maturity in teleost (Wang et al., 2008; 
Li et al., 2021). As spotted sea bass typically reaches sexual maturity at 
3-year-old, the expectedly low gonadal igf3 expression in 1-year-old 
juveniles aligns with delayed reproductive development in this species.

Transcriptional analysis of spotted sea bass gills exposed to salinity 
and alkalinity challenges revealed dynamic expression changes in mul
tiple stress-responsive genes (Fig. 6A, Fig. 6B). Notably, transcriptional 
upregulation of igf1 under salinity stress and igf2 under alkaline condi
tions suggests their specialized roles in gill osmoregulation. The pivotal 
role of IGFs (specifically referring to IGF1 and IGF2, same below) in fish 
osmoregulation has been extensively documented in numerous studies 
including tilapia, Atlantic salmon and humpback grouper, with mech
anisms including GH modulation, chloride cell proliferation, suppres
sion of β-cell ion uptake, and enhanced Na+/K+ ATPase activity in 
chloride cells of gills (McCormick et al., 1991; Sakamoto et al., 1997; Xu 
et al., 1997). Moreover, igfbp4 was significantly upregulated in the gill 
under both salinity and alkalinity stresses, whereas igfbp5a exhibited a 
opposite expression profile under salinity and alkalinity stresses. Addi
tionally, igfbp1a and igfbp7 also exhibited opposite expression profile 
under alkalinity stress (Fig. 6A, Fig. 6B), indicating that the IGFBPs 
family could be widely involved in responding to osmotic stress, albeit 
with distinct responding mechanisms. Consistent with our results, in 
salinity change for juvenile chum salmon (Oncorhynchus keta) and 
smoltification for the Atlantic salmon, the expression levels of igfbp1, 

igfbp4 and igfbp5 were also significantly changed in the liver or gill 
(Taniyama et al., 2016; Breves et al., 2016b). Apart from interaction 
with IGFs to mediate osmoregulation, there were researches indicating 
that IGFBPs could independently participate in osmoregulation by 
restoring disruptive cellular homeostasis to its normal condition under 
osmotic stress (Berishvili et al., 2006; Taniyama et al., 2016; Chandhini 
et al., 2021), these results may explain the different expression profiles 
of IGFBPs in response to osmotic stress. We hypothesize that IGFBPs with 
upregulated expression could independently participate in osmoregu
lation or enhance IGFs effects by concentrating on IGFs locally, thereby 
increasing IGFs availability for binding to IGF1Rs. Conversely, down
regulated expression of IGFBPs preventing IGFs from binding to re
ceptors may release more circulating IGFs to mediate osmoregulation 
(McCormick et al., 1991; Duan and Xu, 2005; Allard and Duan, 2018). 
Collectively, these findings highlight the vital role of IGF pathway in gill 
osmoregulation, mediated through functional coordination between 
IGFs (igf1, igf2) and IGFBPs (igfbp4), with their expression dynamics 
reflecting adaptive responses to environmental salinity and alkalinity.

Similar situations were also observed in heat and hypoxia stresses, 
transcriptional responses of multiple IGFBPs gene showed distinct reg
ulatory patterns, while only igf2 gene exhibited a significant upregula
tion at 3 h after hypoxia stress (Fig. 6C, Fig. 6D), indicating that IGFBPs 
dominate in the organism’s response to heat and hypoxia stresses 
compared to IGFs. Notably, igfbp1a exhibited significantly highly 
expression pattern in both the liver and gill (Fig. 6C, Fig. 6D), aligning 
with its established role as a metabolic modulator that the expression 
level of igfbp1 is highly induced by starvation, hypoxia, and other 
stresses. Moreover, the differential expression of igfbp1a/b were also 
observed for golden pompano under starvation challenges or heat 
challenges, and the upregulation of igfbp1 in both adults and embryos for 
zebrafish were detected under hypoxia stress. Higher amounts of IGFBP1 
could bind to IGFs and inhibit their activity, thereby reducing devel
opment and growth rate and maintaining cellular metabolism at a lower 
level (Maures and Duan, 2002; Kajimura et al., 2006; Allard and Duan, 
2018). These results further support this perspective and consider 
igfbp1a a vital gene in the response to heat and hypoxia stresses for 
spotted sea bass. Meanwhile, we also detected the expression level of 
igfbp3b was significantly increased under heat stress (Fig. 6C). Although 
the detailed functional mechanism of IGFBP3 responding to environ
mental stress has not been well demonstrated, its function of inhibiting 
cell growth and proliferation has been verified in several studies (Martin 
et al., 1995; Yamada and Lee, 2009; Chen et al., 2020a, 2020b). In 
addition, IGFBP3 is the most abundant IGFBP in circulation and the 
affinity with IGFs is higher than that of IGFs to their receptor (Chen 
et al., 2020a, 2020b). Therefore, we speculate that the main function 
mechanism of IGFBP3b involved in stress response is to inhibit IGFs 
activity, like IGFBP1a. Moreover, the expression level of igfbp4 in the gill 
was significantly upregulated under hypoxia stress, as observed previ
ously under salinity and alkalinity stresses (Fig. 6). Given its relatively 
higher expression level in the gill compared to other tissues (Fig. 5), we 
consider that igfbp4 may be a crucial functional gene in response to 
environmental stress in the gill of spotted sea bass. The rough 
responding mechanism of IGFBP4 may involve regulated effects on IGFs 
and IGF-independent actions, which has been well proved in research 
about mammals (Conover et al., 2004; Ning et al., 2008; Zhu et al., 
2008). However, the detailed function mechanism of IGFBP4, as well as 
the entire IGF signaling system, in response to environmental stresses for 
aquatic fishes, remain unresolved. We acknowledge that our hypothesis 
that IGFBPs modulate IGF activity or act independently under stress was 
inferred from references and multi-omics results rather than experi
mental validation. We recognize that this knowledge gap underscores 
the need for mechanistic studies of IGF signaling system in environ
mental stress response through experimental validation.
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5. Conclusion

This study provides the first comprehensive genomic investigation of 
IGF/IGFR/IGFBP gene families in spotted sea bass, identifying 3 IGF, 3 
IGFR, and 11 IGFBP genes. Phylogenetic, syntenic, and copy number 
analyses validated their evolutionary conservation and annotation ac
curacy, while gene structure and protein interaction network analyses 
elucidated their molecular architecture and functional interplay. Se
lective pressure analysis detected localized positive selection at 1 site in 
igf1ra and 5 sites in igf1rb, though purifying selection dominated across 
most loci, underscoring the evolutionary stability of this signaling sys
tem. Furthermore, tissue-specific expression profiling revealed ubiqui
tous transcriptional activity of these genes, emphasizing their roles in 
fundamental physiological processes. Stress-response transcriptomics 
further demonstrated the IGF system’s critical involvement in environ
mental adaptation, with igf1, igf2, igfbp1a, igfbp3b, and igfbp4 emerging 
as key functional genes in coping with abiotic stress. Overall, these 
findings establish a foundational framework for understanding of IGF/ 
IGFR/IGFBP gene families and offer preliminary evidence on the bio
logical roles of the IGF signaling system in environmental stress 
response.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cbd.2025.101575.
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