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Insulin-like growth Factor 1 (IGF1) plays a vital role in vertebrate growth, and its sexually biased expression may infuence the
development and evolution of sexual size dimorphism (SSD). To investigate the role of IGF1 in regulating the growth of the
Chinese soft-shelled turtle (Pelodiscus sinensis), this study quantifed IGF1mRNA abundance across various tissues, phenotypes,
and steroid hormone treatments using quantitative real-time polymerase chain reaction (qRT-PCR). Additionally, the poly-
morphism of the IGF1 gene was analyzed and genotyped using the tetra-primer amplifcation refractory mutation system PCR
(ARMS-PCR).Te fndings revealed that the full-length cDNA sequence of the IGF1 gene (PsIGF1) in P. sinensiswas 1790 bp, with
the liver identifed as the primary site of PsIGF1 expression.Te expression of PsIGF1 was positively correlated with rapid growth
and followed a pattern indicative of its involvement in sexually dimorphic growth. Treatment with 17α-methyltestosterone (MT)
signifcantly increased hepatic IGF1 gene expression, while 17β-estradiol (E2) showed the opposite efect, suggesting that IGF1
may be a critical factor underlying SSD in P. sinensis. Furthermore, a single-nucleotide polymorphism (SNP) identifed in the 5′
untranslated region (UTR) of PsIGF1 was signifcantly associated with growth traits in P. sinensis (p value < 0.05). Tese results
provide a foundation for further research into the regulatory mechanisms of IGF1 in the development and SSD of P. sinensis.

Keywords: insulin-like growth factor 1; Pelodiscus sinensis; sexual size dimorphism; single-nucleotide polymorphism; trait
association analysis

1. Introduction

Growth is a key trait in aquaculture breeding and ranks
among the most economically valuable traits for genetic
improvement [1, 2]. In addition to interindividual growth
diferences, signifcant sex-specifc disparities in growth rate
were observed in aquatic organisms exhibiting sexual size
dimorphism (SSD) [3]. Tis sexual growth diference pro-
vides a promising approach for optimizing aquaculture

production. On one hand, the development of sex control
technologies can signifcantly improve the yield of monosex
cultures. On the other hand, understanding the mechanisms
and molecular basis underlying allometric and sexual
growth diferences can facilitate the advancement of targeted
growth control strategies, ofering valuable insights for
scientifcally informed breeding practice [4].

Te growth hormone/insulin-like growth factor 1 (GH/
IGF1) axis, a primary regulatory component of the
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hypothalamic–pituitary–liver axis, serves as the principal
endocrine system governing individual growth. Insulin-like
growth factor 1 (IGF1), a secreted growth factor with
a structure resembling insulin, plays a key role in the
somatotropic axis by functioning downstream of growth
hormone (GH) [5]. Te involvement of IGF1 in vertebrate
growth is well established, with studies consistently
reporting a signifcant positive correlation between its ex-
pression levels and rapid growth in animals [6]. For example,
elevated IGF1 expression has been identifed as a key factor
driving the accelerated growth rates observed in triploid
crucian carp (Carassius auratus) [7]. Species-specifc dif-
ferences in sex-biased IGF1 expression, particularly in the
liver, are believed to contribute to the evolution of SSD
across species [8]. In Cynoglossus semilaevis, where females
grow faster than males, signifcantly higher levels of IGF1
mRNA were observed in females after 190 days of age, with
serum IGF1 levels in females nearly double than those in
males. Tis fnding highlights IGF1’s potential role in en-
docrine regulation of sexually dimorphic growth [9]. Te
temporal and sex-specifc expression of IGF1may be crucial
in the development of SSD in reptiles. In the male-larger
Madagascar ground gecko (Paroedura picta), high IGF1
levels positively infuence bone growth, with this efect being
sex-specifc and seemingly independent of sexual matura-
tion [10]. Similar patterns have been observed in lizards:
male-biased hepatic IGF1 expression was found in male-
larger brown anoles, whereas female-biased hepatic IGF1
expression occurred in female-larger eastern fence lizards
[11, 12]. Tese studies collectively demonstrate that the sex-
biased expression of IGF1 plays a signifcant role in regu-
lating the development of SSD.

Te Chinese soft-shelled turtle (Pelodiscus sinensis,
Trionychidae, Testudines), a reptile of considerable aqua-
cultural importance in China, is valued for its nutritional
and medicinal properties [13]. Similar to most vertebrates,
P. sinensis exhibits sexual dimorphism, characterized by
morphological and physiological diferences between sexes.
Tese traits make it a promising model for studying the
molecular mechanisms underlying gender-specifc growth
diferences [14]. It is well-established that IGF1 plays a key
role in regulating vertebrate growth and may signifcantly
impact the development and evolution of SSD [15]; however,
its specifc efects in turtles remain less understood.
Terefore, a detailed investigation of the role and molecular
regulatory mechanisms of the IGF1 gene in both overall
growth and sex-specifc growth diferences in P. sinensis
could provide essential insights and a theoretical basis for
understanding the mechanisms governing allometric growth
and sexual dimorphism in this species.

2. Materials and Methods

2.1.ExperimentalAnimals. An artifcially bred population of
Chinese soft-shelled turtles from the Hezhou Breeding Farm
(Hunan, China) was selected for the study. Te turtles were
fed formula feed twice daily at 9:00 a.m. and 4:00 p.m.
Feeding was discontinued from November to the following
April during hibernation. Laboratory experiments were

subsequently conducted on carefully selected cohorts of
healthy adult and juvenile turtles.

2.2. Sample Collection, RNA Isolation, and First-Strand cDNA
Synthesis. Tissues including liver, hypophysis, lung, muscle,
spleen, kidney, heart, gonad, and intestine were collected
from adult male and female P. sinensis. Individuals with
a signifcant diference in body weight (BW) were selected
from two populations (1-year-old and 3-year-old), which
had been hatched at the same time and cultured under the
same conditions, and liver tissue samples were collected.Te
average BW and number of samples are presented in
Table S1.

Tree experimental groups were established: 17β-
estradiol (E2), 17α-methyltestosterone (MT), and control
(C). Each group comprised 45 individuals with an average
weight of 35.42 g. Te dosage of hormone administration
(10mg/kg) was selected based on a previous study [16],
which reported that MT at this concentration signifcantly
afected survival rate and represented a threshold dosage for
juvenile turtles. Accordingly, both E2 and MT were ad-
ministered at 10mg/kg in this study. To prepare the hor-
mone solutions, 15mg of E2 or MT was frst dissolved in
0.5mL of absolute ethanol, followed by dilution with 4.5mL
of olive oil, yielding a fnal concentration of 3 μg/μL. Te
control group received a vehicle solution consisting of
0.5mL of absolute ethanol diluted with 4.5mL of olive oil.

Intramuscular injections of E2 and MT were adminis-
tered at a dosage of 10mg/kg BW, while the control group
received an equivalent volume of the vehicle solution. Liver
tissues were collected at 0-, 6-, 12-, 24-, and 48 h post-
injection and preserved in RNA keeper tissue stabilizer
(Vazyme, R501) at −20°C. All sampling procedures were
performed after anesthetizing the turtles with 150mg/L of
MS-222. Te carotid artery was cut for bloodletting fol-
lowing anesthesia induction, ensuring that brain death is
prioritized over tissue sampling. Total RNA was extracted
using the total RNA Kit II (Omega, R6934), and reverse
transcription was performed with the RevertAid First Strand
cDNA Synthesis Kit (Termo Fermentas, K1622, Waltham,
MA, USA) following the manufacturer’s protocols. Te
resulting cDNA products were stored at −20°C for sub-
sequent analyses.

2.3. cDNA Amplifcation and Sequence Analysis of PsIGF1.
Predicted mRNA sequences of the IGF1 gene, derived from
the genomic data of P. sinensis, were used as templates.
Primers for amplifcation were designed using Primer
Premier 6.0 software (Table 1). Te 5′ and 3′ RACE frag-
ments were amplifed using the SMARTer RACE 5′/3′ Kit
(TaKaRa, 634,858). PCR products were purifed, cloned into
a pEASY-T5 Zero Cloning Vector (TransGen Biotech,
CT501), and confrmed via sequencing.

PsIGF1, the open reading frame (ORF) fnder (https://
www.ncbi.nlm.nih.gov/orfnder/), identifed the ORF, while
SMART (https://smart.embl-heidelberg.de/) was employed
to analyze conserved domains. Multiple sequence align-
ments of the PsIGF1 amino acid sequences from diferent

2 Journal of Applied Ichthyology

https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
https://smart.embl-heidelberg.de/


species were performed using the ClustalW program
(Version 2.0.10). A phylogenetic tree was constructed using
MEGA 6 software and the neighbor-joining (NJ) method
with 1000 bootstrap replications.

2.4. PsIGF1 Expression Across Various Tissues, Phenotypes,
and SteroidHormone Treatments. Te CFX96 real-time PCR
detection system was utilized to perform quantitative poly-
merase chain reaction (qPCR) assays, employing the SYBR
Premix Ex Taq II (TaKaRa: RR820A). Te reaction volume
was set to 10 μL, consisting of 5 μL of SYBR qPCR mix, 0.5 μL
of cDNA from each sample, 0.25 μL of primer pairs (10 μM),
and 4 μL of double-distilled water.Termal cycling conditions
began with an initial incubation at 95°C for 5min, followed by
40 cycles of 95°C for 5 s, and an annealing step at 58°C for 40 s.
Te expression levels of PsIGF1 genes were normalized to the
reference gene GAPDH. Primers were designed using Primer
Premier 6.0 software (Table 1). Te 2−ΔΔCt method was used
to determine the relative expression levels of the target genes.
Statistical analyses were conducted using a t-test or one-way
ANOVA in IBM SPSS Statistics 22 software, with a p value
below 0.05 considered statistically signifcant.

2.5. Polymorphism Screening, Genotyping, and Growth As-
sociation Analysis. For SNP analyses, 210 juvenile and 269
adult individuals (105 males and 159 females) were ran-
domly chosen from two groups of samples, which were
hatched simultaneously and raised under identical rearing
and management conditions for either 1 year (juvenile
turtles) or 3 years (adult turtles). Te genetic sex of all in-
dividuals was confrmed using previously reported sex de-
tection techniques [17]. Growth traits, including BW,
carapace length (CL), carapace width (CW), body height
(BH), and apron width (AW), were measured. Genomic
DNA was extracted using the EasyPure Genomic DNA Kit
(Transgen Biotech, EE101, China), diluted to ∼50 ng/μL with
Elution Bufer, and stored at −20°C.

Comparing sequencing results from the P. sinensis
transcriptome (accession number: SRP119729) with the
reference genome (https://ftp.ensembl.org/pub/release-76/
fasta/pelodiscus_sinensis/dna/) revealed a C/T mutation in
the 5′ region of PsIGF1. Tis SNP was identifed through

PCR amplifcation and validated by Sanger sequencing. Te
tetra-primer amplifcation refractory mutation system PCR
(ARMS-PCR) was used for genotyping. A set of reverse
extension-specifc primers targeting the SNP loci (IGF1-NF
and IGF1-NR) and a set of reference primers fanking the
SNP loci (IGF1-WF and IGF1-WR) were designed (Table 1).
PCR amplifcation was conducted in a 25-μL reaction
mixture containing 1.0 μL of genomic DNA (∼50 ng/μL),
0.6 μL each of 10 μM primers IGF1-NF and IGF1-NR, 0.4 μL
each of 10 μM primers IGF1-WF and IGF1-WR, 12.5 μL of
instant PCR Kit 3.0 MIX, and 9.5 μL of ddH2O. Termal
cycling conditions included an initial denaturation at 94°C
for 5min, followed by 30 cycles of denaturation at 94°C for
30 s, annealing with a drop of 2°C per 5 cycles and 58°C for
the remaining 15 cycles for 30 s, extension at 72°C for 30 s,
and a fnal extension at 72°C for 7min, before storage at 4°C.
Te ARMS-PCR products were resolved on a 1.5% agarose
gel. Homozygous genotypes were indicated by two bands,
while heterozygous genotypes exhibited three bands.

A general linear model was applied to identify signifcant
associations between genotypes and growth traits using SPSS
22.0 software. Tukey’s honestly signifcant diference (HSD)
test was conducted for further pairwise comparisons. A p

value of < 0.05 was considered statistically signifcant.

3. Results

3.1. Characterization of PsIGF1. Te cDNA sequence of
IGF1, including the ORF, was obtained from liver tissue of
P. sinensis using rapid amplifcation of cDNA ends (RACE)
PCR. Te full-length cDNA of the PsIGF1 gene spans
1790 bp, with an ORF of 462 bp encoding a protein of 153
amino acids (accession number: UVN25845.1). Te 5′ un-
translated region (UTR) is 232 bp long, while the 3′ UTR
measures 1096 bp, including a 25 bp poly (A) tail (Figure S1).

Multiple sequence alignments of PsIGF1 amino acid se-
quences with those of other vertebrates revealed a high degree
of conservation across species, with minor variations mainly
located in the signal peptide region. Notably, fsh species
showed an insertion of 12 amino acid residues in the C-
terminal structure compared to other species. Similar to ver-
tebrates, themature IGF1 peptide consists of four regions (B, C,
A, and D), featuring six conserved cysteine residues within the

Table 1: Sequence information of primer.

Primer name Primer sequence (59-39) Annealing temperature (°C) Purpose
IGF1-3′F ATGTTTGCTTACCTTAACCAATTCTGCCACGG 68 Gene cloningIGF1-5′R TCAGTGTGGCGTTGAGCACGTACAGAGCGT
qGAPDH-F AGAACATCATTCCAGCATCCA 58

qPCRqGAPDH-R CTTCATCACCTTCTTAATGTCGTC
qIGF1-F GTCCTACATTCATCTCTTCTACCTT 58qIGF1-R GCCTCTGTCTCCACATACGA
IGF1-F AATCTCACTGTCACTGCTAA 50 SNP detectionIGF1-R AAGTGCAAAGTCTGGAAATG
IGF1-NF TTCTCATTATTTCTGCTAACC

64 SNP genotypingIGF1-NR GCAAAGTCTGGAAATGAATTA
IGF1-WF ATATGCTTCTGTGCTCTAGTT
IGF1-WR GTTGTTATCGGTATGTAATTGC
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core region and conserved recognition sequences for both the
IGF1 receptor and binding proteins.Tese conserved elements
underline the structurally and functionally preserved nature of
IGF1 among diverse species (Figure 1(a)).

A phylogenetic tree was constructed using the NJ
method to explore the evolutionary relationships of PsIGF1
across taxa (Figure 1(b)).Te IGF1 proteins grouped into six
distinct clades: Chelonia, Crocodylia, Aves, Mammals,
Amphibia, and Fish. Tese clusters, supported by high
bootstrap values, highlight the close evolutionary relation-
ship between the Chinese soft-shelled turtle and other
members of the Chelonia group, consistent with their tax-
onomic classifcation.

3.2. Expression Pattern of PsIGF1 Across Various Tissues,
Phenotypes, and Steroid Hormone Treatments. As shown in
Figure 2(a), the highest PsIGF1 mRNA expression was
observed in the liver, followed by the male gonad. In pe-
ripheral tissues, including the spleen, lung, pituitary, ovary,
intestine, muscle, kidney, and heart, PsIGF1 mRNA ex-
pression was relatively low.

Te expression of PsIGF1 was further analyzed in dif-
ferent phenotypes of P. sinensis at juvenile and adult growth
stages to investigate its role in growth regulation. During the
juvenile stage, fast-growing individuals exhibited signif-
cantly higher PsIGF1 expression levels compared to slow-
growing individuals (p value < 0.01) (Figure 2(b)). At the
adult stage, fast-growing individuals of both sexes showed
signifcantly increased PsIGF1 expression compared to their
slow-growing counterparts (p value < 0.05) (Figure 2(c)).
Tese fndings indicate that PsIGF1 may contribute to in-
terindividual growth disparities in P. sinensis.

In Chelonia, there were opposite patterns of SSD and
sexual diferences in growth rate between P. sinensis (male-
larger) and Apalone spinifera (female-larger). To further
explore the relationship between IGF1 and sexual growth
diferences of Chelonia, expression patterns in adult male
and female liver tissues were analyzed using transcriptome
data from P. sinensis (accession number: SRP119729) and
A. spinifera [18]. In P. sinensis, male liver tissues exhibited
signifcantly higher IGF1 expression than female tissues (p
value < 0.01). Conversely, in A. spinifera, female liver tissues
showed signifcantly higher IGF1 expression level than male
tissues (p value < 0.05) (Table 2).

In response to MT, PsIGF1 expression increased sig-
nifcantly at 12 h (p value < 0.05) before gradually de-
creasing. In contrast, E2 treatment led to a signifcant
downregulation of PsIGF1 expression at 6 and 12 h (p value
< 0.05) compared to the control group (Figure 3).

3.3. Polymorphism Identifcation, Detection, and Genotyping.
A C/T mutation, designated as g.5710379C>T, was iden-
tifed in the 5′ region of PsIGF1 through transcriptome and
genomic data analysis and subsequently confrmed by
Sanger sequencing (Figure 4(a)). Genotyping was performed
using ARMS-PCR. To address challenges associated with
nonspecifc amplifcation caused by incorporating four
primers into a single reaction system, the concentration ratio

of internal to external primers and the annealing temper-
ature were adjusted during experimentation. Optimal PCR
amplifcation for the three genotypes was achieved with an
internal-to-external primer concentration ratio of 3:2,
resulting in distinct bands and the highest accuracy for gene
identifcation. Te g.5710379C>T locus was genotyped in
479 individuals. Partial genotyping results are shown in
Figure 4(b). Nonspecifc PCR products and primer dimers
were minimized, with a 634-bp external primer product
serving as a positive control for amplifcation in all in-
dividuals. CC and TT genotypes produced an additional
band at 318 bp and 357 bp, respectively, while CT genotypes
exhibited bands at both 318 bp and 357 bp.

3.4. Identifcation of Molecular Markers Related to Growth
Traits. A GLMwas used to analyze associations between the
SNP and growth traits using SPSS 22.0 software. Among 214
juvenile turtles (1-year-old), individuals with the TT geno-
type had higher average values for fve growth traits com-
pared to those with CC and CT genotypes. Signifcant
diferences in BW and BH were observed between TT and
CC genotypes (p value < 0.05). In 3-year-old adult
P. sinensis, TT genotypes similarly exhibited higher average
values for all fve growth traits compared to CC and CT
genotypes. Male individuals showed signifcant diferences
in all fve growth traits between TT and CT genotypes (p
value < 0.05). However, no signifcant diferences in average
values of these traits were found among the three genotypes
in female turtles (p value > 0.05) (Table 3).

4. Discussion

IGFs are a group of regulatory proteins characterized by
conserved structural features. Primarily secreted by the liver,
IGFs play a central role in regulating growth and devel-
opment across organisms [19]. In this study, the full-length
cDNA sequence of the IGF1 gene was successfully isolated
from P. sinensis. Te precursor protein encoded a peptide
chain comprising 153 amino acid residues, with the mature
peptide consisting of four regions: B, C, A, and D. Within
these regions, six cysteine residues formed three disulfde
bonds, which are crucial for maintaining the secondary
spatial structure of IGF, ensuring proper protein folding and
normal physiological function. Tese six cysteine residues
were highly conserved across species, highlighting the
structural conservation of IGFs throughout evolution.
Tree-dimensional structural analyses using NMR and X-
ray crystallography, combined with site-directed mutagen-
esis, highlighted the importance of Tyr24 and Tyr60 in
IGF1R recognition, with Tyr31 also playing a signifcant role.
Moreover, specifc amino acids in the B domain (Positions 3,
4, 15, and 16) were essential for IGF binding to IGFBPs.
Residues 49, 50, and 51 in the A domain were critical for
recognition by all four IGFBPs [20, 21]. Tis study identifed
conserved receptor and binding protein recognition sites
within the B and A regions of PsIGF1, suggesting functional
similarities between PsIGF1 in P. sinensis and IGFs in other
vertebrates.
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Te evolutionary history of turtles spans a vast timescale,
refecting their unique specialization in reptilian morphol-
ogy [22]. Evidence suggests that turtles share a common
ancestor with birds and crocodiles but diverged from this
lineage approximately 248–267 million years ago [23].
Phylogenetic analysis of IGF1 amino acid sequences revealed
that P. sinensis clusters closely with other turtles, identifed
as its nearest evolutionary relatives. Tis cluster

subsequently grouped with alligators and birds, followed by
mammals (e.g., humans, rats, and pigs). Fish and amphib-
ians remained the most distant relatives. Tese fndings
support the hypothesis that turtles may represent the sister
group to the common ancestor of crocodiles and birds.

IGF1, a key regulator of growth and metabolism, is
widely expressed across tissues, with the liver being the
primary source of circulating IGF1, produced by hepatocytes
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Figure 1: Multiple sequence alignment and phylogenetic tree of PsIGF1 amino acid sequence and other species. (a) Multiple alignment of
amino acid sequences of IGF1. Te identical, highly conserved and less conserved amino acid residues were indicated by (∗), (:), and
(.), respectively. Te 6 conserved cysteine residues were shaded gray. Te numbers on the right present the total amino acid of each protein.
(b) Phylogenetic tree based on the putative amino acid of PsIGF1 and other species. Te phylogenetic tree was constructed using the
neighbor joining (NJ) method, and P. sinensis IGF1 were underlined. GenBank accession number: P. sinensis (UVN25845.1), Chrysemys
picta bellii (XP_005303753.1), Mauremys reevesii (XP_039345696.1), Chelonia mydas (XP_007072330.1), Alligator sinensis
(NP_001273775.1), Colius striatus (KFP29405.1), Gallus gallus (AGG38005.1), Sus scrofa (XP_020946799.1), Mus musculus
(NP_001300939.1), Homo sapiens (CAG46659.1), Xenopus laevis (NP_001156865.1), and Danio rerio (NP_571900.1).
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[24]. In the Chinese soft-shelled turtle P. sinensis, the liver
was identifed as the main site for IGF1 expression, con-
sistent with observations in other species [25]. Muscle tissue
is another organ capable of producing IGF1, and studies
have shown that IGF1 efectively stimulates and supports
muscle cell diferentiation, thereby contributing to skeletal
muscle development. Additionally, a positive correlation has
been reported between IGF1 levels and increased BW [26].
However, minimal PsIGF1 expression was detected in the
muscle tissue of P. sinensis, suggesting a limited role for IGF1
in muscle tissue development and myocyte proliferation in
adult turtles. Tis fnding may refect the species’ charac-
teristic slow growth rate.

Te IGF1 gene occupies a central position within the
GH-IGF1 axis, functioning as a mediator of GH to promote
animal growth. A strong positive correlation has been re-
ported between IGF1 expression levels and rapid growth in
animals. For example, in C. semilaevis, female fsh exhibited
signifcantly higher serum IGF1 concentrations than males,
and both female fsh and supergiant male fsh displayed
elevated hepatic IGF1 expression compared to typical males
[9]. Tis study similarly found that fast-growing turtles at
various growth stages showed signifcantly higher PsIGF1
expression levels than slow-growing individuals. Tese
fndings suggest that the expression of PsIGF1 is positively
correlated with BW gain, highlighting its role as a growth-
promoting factor in P. sinensis.

SSD is prevalent among reptiles and is often accom-
panied by sex-specifc diferences in growth patterns [27].
Interestingly, the direction of SSD can vary, even among
closely related species. Research indicates that in nonavian
reptiles, amphibians, and fsh, sex-specifc growth difer-
ences are primarily driven by diferential gene expression
during development, rather than directly by sex-linked genes
[28]. Previous studies on lizards have highlighted male-
biased liver IGF1 expression in the male-larger Anolis
sagrei [11], whereas female-biased liver IGF1 expression was
observed in the female-larger Sceloporus undulatus [12].
Tese fndings suggest that IGF1 expression may play
a signifcant role in the development and evolution of sexual
dimorphism in size among squamate reptiles. Furthermore,
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Figure 2: Expression pattern of PsIGF1. (a) Relative expression of IGF1 gene in adult turtle tissues of P. sinensis.Te relative expression level
was represented by ratio, and all data were represented by mean± SEM. Diferent letters indicated signifcant diferences (p value < 0.05).
(b) Relative expression of PsIGF1 in diferent phenotypes at the juvenile stage. Data are presented as mean± SEM. Signifcant diferences
between phenotypes are indicated by ∗∗ (p value < 0.01). (c) Relative expression of PsIGF1 in diferent phenotypes at the adult stage. Data are
presented as mean± SEM. Diferent uppercase letters indicate signifcant diferences among phenotypes (p value < 0.05).

Table 2: Expression of IGF1mRNA in male and female liver tissue
of P. sinensis and A. spinifera.

Species Log2 (foldchange) (male
vs. female) p value

Pelodiscus sinensis 6.80 0.0023∗∗

Apalone spinifera −1.46 0.0386∗
∗p value < 0.05.
∗∗p value < 0.01.
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studies have identifed a signifcant increase in IGF1 ex-
pression in males during the period when dimorphism
develops, with high IGF1 levels positively infuencing bone
growth, contributing to male-biased SSD in lizards [10]. In
this study, species with opposing SSD patterns, male-larger
P. sinensis and female-larger A. spinifera, exhibited corre-
lations between IGF1 expression levels and pronounced
growth. Tese fndings suggest that IGF1 expression is
positively correlated with rapid growth associated with SSD
in Chelonia. Tis supports the hypothesis that diferential
expression of IGF1 may be a critical factor driving gender-
specifc developmental processes, contributing to the oc-
currence of SSD in these species.

Sexual dimorphism becomes increasingly pronounced
during the gonadal development stage following sex dif-
ferentiation, likely infuenced by variations in the secretion

levels of sex steroid hormones. In lizards, the development of
SSD has been attributed to circulating levels of male gonadal
androgens, which promote growth in male-larger species
and suppress it in female-larger species [12]. Te regulation
of growth by sex hormones may occur through modulation
of IGF1 gene expression, as suggested by related studies [29].
In male-larger species, testosterone (T) enhances the activity
of the somatotrophic axis, increasing the expression of
hepatic IGF1 and peripheral IGF1 receptors, whereas E2
exerts the opposite efect. In the present study, a signifcant
upregulation of PsIGF1 expression was observed 12 h after
treatment with MT in juvenile P. sinensis, while signifcant
downregulation occurred at 6 and 24 h following treatment
with E2 (p value < 0.05). Given the positive correlation
between PsIGF1 expression levels and growth rates in the
SSD of P. sinensis, it was hypothesized that sex hormones

CT genotypeCC genotype TT genotype

A A ACC A T A A ATC A T A A ATC A T

(a)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 M

Outer amplicon

T allele
C allele

700 bp

400 bp
300 bp

(b)

Figure 4: Te genotypes and typing results of g.5710379C>T. (a) DNA sequencing map of SNP. (b) Te result of ARMS-PCR. 1–5: CC
genotype, 6–10: CT genotype, 11–15: TT genotype, and M: 100 bp marker. Te image has been cropped to remove the white space
surrounding the gel, while retaining the integrity of the original gel content.

Table 3: Association analysis results between genotype and growth-related traits.

SNP site Age Sex Genotype Number BW (g) CL (mm) CW (mm) BH (mm) AW (mm)

g.5710379C>T

1-year-old Mix
CC 76 32.85± 2.72b 54.21± 1.61 49.45± 1.26 19.64± 0.64b 7.82± 0.28
CT 105 36.11± 2.27ab 55.68± 1.29 50.84± 1.06 20.64± 0.58ab 7.98± 0.24
TT 29 43.69± 4.81a 58.99± 2.54 53.83± 2.07 22.13± 1.13a 8.77± 0.49

3-year-old

Male
CC 46 443.53± 27.4ab 145.52± 3.98ab 123.76± 3.08ab 45.01± 1.15ab 24.34± 0.79ab
CT 47 404.58± 32.06a 138.76± 4.51a 117.69± 3.29a 43.36± 1.39a 23.42± 0.81a
TT 12 533.88± 39.39b 160.2± 4.54b 133.28± 3.64b 48.95± 2.23b 27.89± 1.2b

Female
CC 65 354.06± 23.89 131.2± 3.39 113.87± 2.66 42.06± 1.19 22.15± 0.71
CT 77 324.98± 21.72 126.05± 3.11 109.59± 2.42 40.59± 0.99 21.15± 0.57
TT 17 282.42± 39.33 120.51± 6.37 105.87± 5.04 38.07± 1.95 20.57± 1.17

Note:Data in the table are the mean± SEM.Te phenotypic traits were body weight (BW), carapace length (CL), carapace width (CW), body height (BH), and
apron width (AW). Diferent lowercase letters within a column indicate signifcant diferences (p value < 0.05).
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may regulate growth by infuencing PsIGF1 expression.
Tese fndings suggest that the complex interaction between
PsIGF1 and sex steroid hormones could play a signifcant
role in driving sexual growth diferences. However, the
precise regulatory mechanisms underlying this interaction
require further investigation.

Te role of IGF1 in regulating growth and development
has been linked to polymorphisms associated with growth
performance across various species, including goose [26],
bufalo [30], pig [31], Atlantic salmon (Salmo salar L.) [32],
striped catfsh (Pangasianodon hypophthalmus) [33], and
European sea bass (Dicentrarchus labrax, L.) [34]. In the
current study, a SNP, g.5710379C>T, was identifed in the 5′
UTR region of the PsIGF1 gene. Polymorphisms in this
region can alter transcription factor binding sites, potentially
afecting gene expression and mRNA abundance [35, 36].
Correlation analysis revealed that the g.5710379C>T ge-
notype was signifcantly associated with two growth traits,
BW and BH, in juvenile P. sinensis (p value < 0.05). At the
adult stage, this SNP was signifcantly correlated with all fve
growth traits in male turtles (p value < 0.05), while no
signifcant correlations were observed in females. A similar
pattern was reported in broiler chickens, where an SNP
within the 5′ UTR of IGF1 was signifcantly associated with
average weight, with its efect being more pronounced in
males than in females [37]. Te regulation of sex diferences
in gene expression has been shown to be conserved across
vertebrates. For instance, a study on zebrafsh using
CRISPR/Cas9 gene editing revealed that loss-of-function
mutations in the IGF1 gene resulted in slowed growth
rates in both male and female zebrafsh. However, the
regulatory mechanisms exhibited sex-specifc diferences
[38]. Te g.5710379C>T SNP was signifcantly associated
with growth traits in male P. sinensis and could serve as
a valuable molecular marker for assisted genetic breeding
programs focused on males. Overall, IGF1 is a promising
candidate gene for improving the breeding of P. sinensis,
with evidence suggesting potential sex-specifc regulatory
mechanisms infuencing its expression and efects.

5. Conclusion

Tis study successfully isolated the full-length cDNA se-
quence of the IGF1 gene from P. sinensis, spanning 1790 bp
and encoding a peptide chain of 153 amino acid residues.
Comparative amino acid analysis revealed a highly con-
served structural framework and physiological functionality
of IGF1 across various species. Te expression level of
PsIGF1 showed a positive correlation with rapid growth,
highlighting its role as a growth-promoting factor in
P. sinensis. Te PsIGF1 expression pattern also aligned with
its involvement in sexually dimorphic growth. Hepatic IGF1
gene expression was upregulated by MTand downregulated
by E2, suggesting that diferential IGF1 expression may play
a key role in gender-specifc developmental processes in
P. sinensis. Additionally, an SNP located in the 5′ UTR
region of PsIGF1 was found to be signifcantly correlated
with growth traits (p value < 0.05). Tis SNP could serve as
a valuable genetic marker for improving growth

performance in MAS programs for P. sinensis. Tese fnd-
ings provide important insights into the regulatory mech-
anisms underlying SSD and ofer a basis for advancing
genetic improvement of growth traits in P. sinensis.
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[34] E. Özcan Gökçek and R. Işık, “Associations Between Genetic
Variants of the Insulin-like Growth Factor I (IGF-I) Gene and
Growth Traits in European Sea Bass (Dicentrarchus Labrax,
L.),” Fish Physiology and Biochemistry 46, no. 3 (2020):
1131–1138, https://doi.org/10.1007/s10695-020-00779-8.

[35] D. Robledo, C. Fernandez, M. Hermida, et al., “Integrative
Transcriptome, Genome and Quantitative Trait Loci Re-
sources Identify Single Nucleotide Polymorphisms in Can-
didate Genes for Growth Traits in Turbot,” International
Journal of Molecular Sciences 17, no. 2 (2016): 243, https://
doi.org/10.3390/ijms17020243.

[36] Z. Zeinaddini Meymand, S. Yeganeh, G. Rahimi-Mianji, and
A. Farhadi, “Insulin-Like Growth Factor I Gene Poly-
morphism Associated with Growth Traits in Beluga (Huso
Huso) Fish,” Iranian Journal of Fisheries Sciences 16 (2017):
1257–1266.

[37] A. Al-Hassani, D. Al-Hassani, and I. A. Abdul-Hass, “As-
sociation of Insulin-like Growth factor-1 Gene Polymorphism
at 279 Position of the 5′UTR Region with BodyWeight Traits
in Broiler Chicken,” Asian Journal of Poultry Science 9, no. 4
(2015): 213–222, https://doi.org/10.3923/ajpsaj.2015.213.222.

[38] N. Zeng, J. Bao, T. Shu, et al., “Sexual Dimorphic Efects of igf1
Defciency on Metabolism in Zebrafsh,” Frontiers in Endo-
crinology 13 (2022): 879962, https://doi.org/10.3389/
fendo.2022.879962.

10 Journal of Applied Ichthyology

http://doi.org/10.1890/13-0693.1
http://doi.org/10.1098/rspb.2020.2139
http://doi.org/10.1098/rspb.2020.2139
http://doi.org/10.1016/j.cbpa.2012.08.003
http://doi.org/10.1016/j.cbpa.2012.08.003
http://doi.org/10.1631/jzus.b1600573
http://doi.org/10.1007/s13258-013-0098-0
http://doi.org/10.1007/s13258-013-0098-0
http://doi.org/10.1111/age.12202
http://doi.org/10.1016/j.aquaculture.2021.736542
http://doi.org/10.1007/s10695-020-00779-8
http://doi.org/10.3390/ijms17020243
http://doi.org/10.3390/ijms17020243
http://doi.org/10.3923/ajpsaj.2015.213.222
http://doi.org/10.3389/fendo.2022.879962
http://doi.org/10.3389/fendo.2022.879962

	Insulin-Like Growth Factor 1 (IGF1) in the Chinese Soft-Shelled Turtle, Pelodiscus sinensis: Molecular Characterization, Expression Pattern, and Polymorphism Analysis
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Animals
	2.2. Sample Collection, RNA Isolation, and First-Strand cDNA Synthesis
	2.3. cDNA Amplification and Sequence Analysis of PsIGF1
	2.4. PsIGF1 Expression Across Various Tissues, Phenotypes, and Steroid Hormone Treatments
	2.5. Polymorphism Screening, Genotyping, and Growth Association Analysis

	3. Results
	3.1. Characterization of PsIGF1
	3.2. Expression Pattern of PsIGF1 Across Various Tissues, Phenotypes, and Steroid Hormone Treatments
	3.3. Polymorphism Identification, Detection, and Genotyping
	3.4. Identification of Molecular Markers Related to Growth Traits

	4. Discussion
	5. Conclusion
	Data Availability Statement
	Ethics Statement
	Disclosure
	Conflicts of Interest
	Author Contributions
	Funding
	Supporting Information
	References




