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To investigate the evolutionary and functional characteristics of the SOCS1 gene in
reptiles, we isolated and characterized this gene from the Chinese soft-shelled turtle,
Pelodiscus sinensis. The full-length cDNA of P. sinensis SOCS1 (2,782 bp) was cloned and
encoded a 207-amino acid polypeptide containing typical SH2 (73-156aa) and SOCS box
(167-203aa) domains. The evolutionary analysis showed that SOCS1 exhibited high
homology (>95%) with other turtle species and SH2 and SOCS box domains were highly
conserved in vertebrates. Protein-protein interaction (PPI) network predictions suggested
that SOCS1 might interact strongly with members of the JAK kinase family, the ubiquitin
ligase complex, and the insulin receptor. Further expression analysis in different tissues
revealed that the expression level of SOCS1 was significantly higher in female gonads and
intestines than that in males (P < 0.05). Meanwhile, hormone treatment experiments
indicated that the SOCS1 in female gonads was specifically responsive to estradiol (E2)
treatment and peaked at 12 h after hormone treatment (P < 0.05). Collectively, our study
reveals the molecular features of P. sinensis SOCS1 and its potential role in sex-related
physiology, laying a foundation for further investigation into the regulatory mechanisms
of growth, immunity, and reproduction in turtles.

INTRODUCTION The growth and immune responses in vertebrates are in-
tricately regulated by complex signaling networks. Among
these, the JAK/STAT signaling pathway is a central medi-
ator of cytokine signaling, critically involved in immunity,
development, and cellular homeostasis.> The suppressor
of cytokine signaling (SOCS) family proteins, particularly
SOCS1, act as a negative regulator of JAK/STAT signaling
pathway, involve in the regulation of immune, develop-
mental, and metabolic homeostasis processes in verte-
brates.6-8 In recent years, the functional analysis of SOCS1

The aquaculture industry plays a vital role in global food
security and protein supply. However, the sustainable de-
velopment of this industry is constantly challenged by is-
sues such as infectious diseases and suboptimal growth
performance, resulting in significant economic losses.l:2
The Chinese soft-shelled turtle, Pelodiscus sinensis, repre-
sents an economically important cultured species in China,
highly valued for its nutritional and medicinal properties.3

According to the China Fishery Statistical Yearbook 2025, &ene in ‘map'lmals and fish revealed that,. ip afidition‘ to
China’s annual turtle production reached a level of over ~Medulating inflammatory response and antiviral immunity,

540,000 metric tons in 2024. However, the intensive culti- ~SOCSI also plays a role in the development of individuals
vation of P. sinensis is frequently hindered by a low growth  through regulating the growth hormone (GH)-insulin-like
rate and high disease incidence, underscoring the urgent ~8rowth factor (IGF) axis.>!0 Additionally, SOCSI gene
need for genetic improvement and the development of ef- knockout in zebrafish (Danio rerio) displayed decreased in-
fective molecular breeding strategies.# Addressing these sulin signaling sensitivity, hepatic steatosis, and sustained
complex phenotypic problems requires a fundamental un- Nyperactivation of the growth hormone signaling path-
derstanding of the underlying molecular mechanisms that way.!! The SOCS family genes are ancient and conserved
concurrently govern immune competence and somatic acTOSS vertebrates, yet their functional diversification and
growth in this species. regulatory mechanisms in different vertebrate lineages re-

main incompletely understood. Specifically, the role of
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SOCS1 in non-avian reptiles is virtually unexplored, creat-
ing a significant gap in our comprehension of the evolu-
tionary history of the JAK/STAT pathway and its regulation.

Therefore, this study aims to bridge this gap by conduct-
ing the first comprehensive investigation of the SOCSI gene
in P. sinensis. We reported the first cloning and bioinfor-
matics analysis of SOCSI gene in P. sinensis. The coding se-
quence and protein characteristics of SOCS1 were identi-
fied. The tissue-specific expression profile and response to
sex steroid hormone were investigated. Collectively, these
findings provide a fundamental molecular resource for un-
derstanding the biological functions of SOCS1 and advanc-
ing the genetic breeding of P. sinensis.

MATERIALS AND METHODS

EXPERIMENTAL MATERIALS

All turtles used in the experiment were purchased from the
breeding base of Hezhou Soft-shelled Turtle Industrial Park
in Changde City, Hunan Province. These turtles were in
normal development and good health. Tissue samples, in-
cluding the heart, liver, spleen, kidney, testis, ovary, intes-
tine, muscle, and brain of adult turtles, were collected. Af-
ter being rapidly frozen in liquid nitrogen, the samples were
stored in a - 80°C refrigerator for future use.

A total of 150 juvenile turtles (average body mass: 35.42
+ 14.25 g) were randomly assigned to three groups: a
methyltestosterone (MT) group, a 17B-estradiol (E,) group,
and a control group, with 50 individuals per group. The
hormone dosage (10 mg/kg for both E, and MT) was se-
lected based on previous studies on sex steroid hormone re-
sponses in P. sinensis, which demonstrated effective gene
induction within this range while minimizing adverse ef-
fects on survival.12-14 For administration, 15 mg of E, or
MT was first dissolved in 0.5 mL of absolute ethanol and
then diluted with 4.5 mL of olive oil. The control group re-
ceived the vehicle solution (0.5 mL absolute ethanol in 4.5
mL olive oil). After one week of fasting with free access to
water, each turtle was intramuscularly injected in the hind
limb thigh with approximately 0.1 mL of the corresponding
solution. Gonad samples were collected at 0-, 6-, 12-, 24-,
and 48-hours post-injection, with 10 individuals (5 males
and 5 females) sampled at each time point. All samples
were immediately frozen in liquid nitrogen and stored at
-80°C for subsequent analysis.

CLONING OF THE P. SINENSIS SOCS1 GENE

Based on the predicted sequence of the P. sinensis SOCS1
gene, specific amplification primers were designed using
Primer Premier 6.0 software (Table 1). A core fragment was
first amplified using a mixed-tissue cDNA pool as the tem-
plate. Gene-specific primers for 5’- and 3’-RACE were then
designed based on this fragment. The SMARTer® RACE 57/3’
Kit (TaKaRa) was used, and the rapid amplification of cDNA
ends was carried out strictly following the operation pro-
cedures in the instruction manual. All PCR products were
detected by 1.5% agarose gel electrophoresis. After gel-
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cutting and recovery, they were ligated with the Peasy-T5
Zero vector and transformed. Positive clones were identi-
fied through blue-white screening and colony PCR. Finally,
the positive bacterial solutions were selected and sent to a
sequencing company for sequence determination.

BIOINFORMATICS ANALYSIS OF THE P. SINENSIS SOCS1
GENE

The DNAMAN software was used to splice the sequences to
obtain the full-length cDNA of the target gene. The ORF
Finder on NCBI was utilized to search for the open read-
ing frame (ORF) of the target gene and predict its deduced
amino acid sequence. The amino acid sequence of P. sinen-
sis SOCS1 was subjected to a homology comparison with
the amino acid sequences of other species in NCBI through
local Blast. The STRING database was used to construct the
protein-protein interaction network of SOCS1. A phyloge-
netic tree was constructed using the Neighbor-joining (NJ)
method in MEGA 11.0 software. Through the NCBI data-
base, the upstream and downstream gene sequences of the
SOCS1 gene were obtained from the genomic data of P
sinensis and other species respectively, for the collinearity
analysis of SOCS1 and its surrounding genes.

TISSUE EXPRESSION ANALYSIS OF THE P. SINENSIS
SOCS1 GENE

In this study, real-time quantitative PCR (qPCR) was em-
ployed to investigate the expression profile of the SOCS1
gene in various tissues of P. sinensis. RNA samples from
nine tissues, including the liver, kidney, spleen, intestine,
pituitary, heart, muscle, lung, and gonads, were selected.
After quality inspection (A260/A280 ratio of 1.8-2.0) and
concentration determination, reverse transcription was
carried out using the PrimeScript™ RT reagent Kit
(TaKaRa) to synthesize cDNA.

gPCR amplification was performed on a LightCycler®
480 II system (Roche). The quantitative PCR reaction sys-
tem (10 pL) consisted of: 1 uL of cDNA template (diluted to
50 ng/uL), 0.25 L each of forward and reverse primers (10
pM), 5 pL of 2xRapid Taq Master Mix (Vazyme), and 3.5 pL
of nuclease-free water. The reaction procedure was as fol-
lows: pre-denaturation at 95°C for 5 min; then 40 cycles of
amplification (95°C for 15 s, 58°C for 15 s, 72°C for 15 s, and
the fluorescence signal was collected at the extension phase
of 72°C). To verify amplification specificity, a melting curve
analysis was performed by heating from 65°C to 97°C at a
rate of 0.1°C/s with continuous fluorescence monitoring

Gene expression analysis was conducted using the
2"(-AACt) method, with GAPDH serving as the internal
reference gene for standardization. Statistical analysis was
performed using SPSS 22.0 with one-way ANOVA, where a
P < 0.05 was considered statistically significant. Data are
presented as mean * standard deviation (Mean * SD), and
graphs were generated using GraphPad Prism 8.0.2.
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Table 1. Primer sequences employed in this study

Primer name

Primer sequence (5-3")

Annealing temperature (°C)

Purpose

SOCS1-F CTGACGCTATGGAAGACCGCATCCG 58
SOCS1-R TCTCCTTGCTGCCATCCAGGCTGAA

SOCS1-3F CGCAGGGCTCGCTGGCAGAGTATGGT 68
SOCS1-5R AGGGCACTTGCTCGGGTGATGCTACTGA 68
qSOCS1-F AGCACAGAGCGACACACATT 58
gqSOCS1-R TGCATCCAGTAGGGCACTTG

qGAPDH-F AGAACATCATTCCAGCATCCA 58
qGAPDH-R CTTCATCACCTTCTTAATGTCGTC

Gene cloning

qRT-PCR

91
181

271

361
36

451
66

541
96

631
126

721
156

811
186

901

991

1081
1171
1261
1351
1441
1531
1621
1711
1801
1891
1981
2071
2161
2251
2341
2431
2521
2611
2701

GGCTCCAGCGCAGCCACCAGCCTGGCTAGGCTACGAGCTCCGCGCAGGGCTCGCTGGCAGAGTATGG

CTAGGAGTGCACCACTGCGCGCGGGGGCCGGGAGCGCGCTGCGCGGGTTGATGGCGCAGCGCTGATC

ATAGCTGCTAGAGAGCTGCACCGCCCTGGCCACTGACGCTATGGAAGACCGCARTGIATHGI CRAETT
MV AHS

AGGTGGCAGCAGATAATGCAGTTGCAGCAGACCCAAGATGTCGACTTGACCCTCCAGCACGGGATCA'
KVAADNAVAADPRCRLDPPARDHSQPRGYH

GCCCGGCTCGGTCCAACACTGTGCAAGCACAGAGCGACACACATTTCCGAACCTTCCGCTCACAGGCC
GPARSNTVQAQSDTHFRTFRSQADFSSTITR

CAAGTGCCCTACTGGATGCATGTGGCTTCTACTGGGGCCCACTGTCAGTCAGCGCAGCCCATGAGAAC
AS ALLDA

CTTTCCTCCTCAGAGACAGCAGACAAAAAAATTGCTTCTTTGCCATCAGTGTTAAGACGGCTACTGGA!
TTCAAGCTGGGCGTTTCAGCCTGGATGGCAGCAAGGAGAGTTTTGACTGTCTCTTTAAGCTACTGGAA!

AGGTGCTGGTCACCCCATTACGCAAAGTCCGTTTACGGCCATTGCAGGAGCTCTGCCGGAAAAGCATT
IVLVTPLRKVRLRPLQELCRKSIVATFGRE

ATTTAAACCACATCCCTCTCAATCCAGTTTTAAAGGACTACCTGAAA TAMTGAGAGTRIIAAGITATGTC
NLNHI PLNPVLKDYLKSTF?PFOQI *

TGTGAAGATAGCTGTGTTTTTTAATCTGAATGACCAAATTTATTTTTGTAGCAGCTTACTGTATTTTGGC
TACTTATGTTTACACAAACTGTTTGCACAAACTCAGGGTTTTTAAACCCTGGCATTATTTTTCTGCTGG(
TATTTCTAATGAAGATAACCTAATAAACTTTATTATAAAAGTTTTTTTAAAAAACATAGCATATCTGGC
GATTGCTGTGTCTTTAACAGTTAGGTGGAGGTGATGGACCAGGTCTTTAGCTGGCGTAATCCACTGGA!
CCAGCTGAGGAGCTGGTCCAATAACTCAGCTGCTGCTAGCAGACAAAGACAGATATAGTACCTGGGA!
CGAATACACTAAGAATAGGTCTGTATTGGATCCTTCTTTAGCTCCCCTATAAATCAACAGGAGCAGGG
ATTTTAACAATGAGACTAGCAGCATAGGTGCTGAGACCTTCCTAATTTTGTGAAATAAGGCTTATGGA
CTGCTATTTCCATGTAGTATTTGGAGGRTTAGGTATGGTTGATTGCTCTCCGTTCCAAGTTTAGACATT
AGAAAAGAGCCAAGGTGCTGAATAAATACAACCTTTTTTGGAGGGGAGGAAACCTTTGTTGAAACTGH
CTGCATGATTCACAGAGGAGGGGGTAATCCTCTATCTTGGACTTGTCTAATTTGTTAAAAGTTGCATAT
AGAAGCTTCTGTTTTACAGAACCAAACCACATGAATATCATTTTAACTGGAATTTTCAAAGGTGCTTA,
CATAGTATTTCATTGGGGTTTGGGTACCTAGCATTTGTAGGTTCCTCTGAACATCCCAGCTTCTTTCCAC
TTTGTTTACATAGCATTCCAGACAAGTGTAGTGTAATCAATGTAGCTCCTTATAAGGATATTATGAGC/
GTGAATGGAAGGCCAGGAAAGTCCATGAGACAGTCTTTCCTTTAAGAAGTCATCCGGGTTAAACTTCC
ATGTTCATACACATCCTTGACAATGAGAATTATGAAACTGTTTAAAGAACAGAATGCACCAGACAATT
AGCTATGTGCTAGATCATTATGGCTCTGTATGCTGTTAATGAAGTCACTTTAGGGTTTGGAGGTTAAG/
TCACCTTCTTTTTAGAAGTTATTGCCACTCCAGGGACTCAGACTGTAATGTGGTTTTTTATTTAATATTT
CGCAAAAGCAATTAAGGATTTGAAAGTTAGTATAAGCTTAGAAAGATGTCAAATACACAAGTTT: /\/\(‘
CTGGCACAGCTGTTTTCCTAAAGCATCAAATT CTGGCAGAGTTCCCATAACTG ¥
TTAAAGTTGGAAGCAGTTACCAAAAGCAGCA’ TCCTACAGCATTGTGAGGAACATGTAAATTGCA
GCAGCAGAAAGCAATTAAAAGGCAAGTTAAAGAGCTTTGCCCCCCCCCCCCCCAAAAAAAAAAAAAL

Figure 1. Full-length cDNA and amino acid sequence of SOCS1 in P. sinensis.

The start codon and stop codon are underlined, the SH2 domain is marked with a green background, and the SOCS _ box domain is marked with a blue background.

RESULTS

EVOLUTIONARY CONSERVATION AND HOMOLOGY

ANALYSIS

MOLECULAR CHARACTERIZATION OF P. SINENSIS SOCS1

The full-length sequence of the P. sinensis SOCSI gene is
2782 bp, containing a complete coding sequence. Bioinfor-
matics analysis revealed that the ORF of this gene is 621
bp in length, encoding a polypeptide of 207 amino acid
residues. The predicted protein has a molecular weight of
23.5 kDa and a theoretical isoelectric point of 8.72. Con-
served domain analysis identified characteristic SOCS fam-
ily motifs, including an SH2 domain (amino acids 73-156)
and a C-terminal SOCS box (amino acids 167-203) (Figure
1.
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Sequence homology analysis via Blastp revealed a clear
phylogenetic pattern in SOCS1 conservation across verte-
brates (Table 2). The highest homology with P. sinensis was
observed in reptiles, ranging from 95.65% (Chelonia mydas
and Caretta caretta) to 97.10% (Chrysemys picta bellii). This
was followed by 88.89% in the bird Gallus gallus. As evo-
lutionary distance increased, homology declined to 68.25%
in the amphibian Xenopus laevis; 63.98% and 61.79% in the
mammals Homo sapiens and Mus musculus; and to the low-
est values of 50.00% and 46.86% in the fish Oryzias latipes
and Danio rerio, respectively. This correlation between se-
quence divergence and taxonomy suggests high functional
conservation of SOCS1 during vertebrate evolution. No-
tably, the SH2 and SOCS box domains exhibited highly sim-
ilarity across all species, indicating they have undergone
strong purifying selection (Figure 2).
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Table 2. The results of amino acid sequence homology comparison between P. sinensis SOCS1 and other species

Species name GenBank accession number Homology
Chrysemys picta bellii XP_005306785.1 97.10%
Trachemys scripta elegans XP_034640670.1 96.62%
Chelonia mydas XP_007058186.1 95.65%
Caretta caretta XP_048723437.1 95.65%
Gallus gallus NP_001131120.1 87.44%
Xenopus laevis ACN55077.1 68.25%
Homo sapiens NP_003736.1 63.98%
Mus musculus NP_034026.1 61.79%
Oryzias latipes NP_001116395.1 50.00%
Danio rerio NP_001003467.1 46.86%
Pelodiscus sinensis S ADNAV. . AADPRCRLDPPARDHSQ. . . PRGYH. GPARSNTVQAQS DINSIaR FSS|| TRAS A KSEPE| 114
Chirysemys picla bellii IS KAADNAV. . AADPRCRLDPPARDHSR. . . PRGYH. GPARSNTGQAQS DERRIRR FSS|| TRASA KSEPE| 114
Trachenzy unpndu. ans IS KJAADNAV. . AADPRCRLDPPARDHSR. . . PRGYH. GPARSNTGQAQS SRR FSSl TRASAL KSEPE] 114
Chelos S INAV. . AADPRCRLEPPARDHSR. . . PRGYH. Gl FSS|| TRASAI KSEPE] 114
Caret Ha S ADNAV. . AADPRCRLEPPARDHSR. . . PRGYH. FSSH TRAS A KSEPE| 114
Gallus gallus S . . AADPRCLLDPPARDRSQ. . . ARGYR. FSSI TRASS KSEPE| 114
Xenopus laevis S ADRRSPHLEAS VSDRS QI Ql ARALHPSPGR. SIBF TVl TKTSS KSEPI 118
Homo sapiens IN ADNAVSTAAEPRRRPEPSSSSSSS. PAAPARP. YRR]] TRAS Al RAEPV 118
Mus musculus N SE SSSSPAZ ISBYRRY TRTS Al RAEP 119
Oryzias latipes ISS TREGHDKI H. .. LPSSPPCTQ SI)GI,QR\‘SNJ\SPRS, VHLEREIRR' CBCDTY TDT AAI QDAPL[ES 106
Danio rerio S SlEGNQGI E .. DRQVSTEAS. . . SDVFQSQRSRPRQS TVAF (QESIKPINYAR[BFKI [| SNTTS KKES V| 108
Pelodiscus sinensis TATGPTE! NFQAGRIZS VTl LIHKVRI_RP| VATFGREN. LNHI [§LNP VLKDYJIKS S 207
Chirysemys picta bellii TATGPTEI NFQAGRES VT[FLIAKVRLRPI VATFGREN. ENHI [ LNP VLKI KS| 207
Trachemys scripta elegans TATGPTEI NEQAGRIZS 'VT[§LINKVRLRPII VATFGREN. ENHI [ LNP VLK KS 207
U«.Amum\dn TVTGPTEI I NEQAGRES| VT[YLINK VR RP]I VATFGREN. ENHI [ LNP VL KS| 207
TVTGPTEI NFQAGRIES| 'VTIgLINKVRLRP]I VATFGREN. ENHI [ LNP VL KS(3lY 207
TATGPTEI [ NFOQTGRES VTIgL| QP NKTFGREN. ENQI [gLNP VL KS |3y 207
TARETWRI KFHAGKYS| VS LIRKV] RP S EATFGRON. LDSI [ ENRVLKI KS Ly 211
Homo sapiens NASGPTEI HF QAGRIg! lu LINORI VATVGREN. LARI [yLNP VLRD' SS 211
Mus musculus NVASGPTEI 'HF QAG [§DCLISE Y] LIORI NVAAVGREN. LARI [§ENP VLRI 212
Oryzias Iatipes r\KUGP\!\E DYKQ! um E«ﬁu{, STV &LIII ssmu(sl VEYEﬁ EEHIRR VGI CEGKNREPEL] '\IINVQUFLI;EEY 199
Danio rerio AQNGP VB NEKNS KESEDSLI I SSPKECI R EPNQS] NERCRGKD. I DCI [§VOPI LKDE(S 201

Figure 2. Alignment results of SOCS1 homologous amino acid sequence of P. sinensis.

GenBank accession number: Chrysemys picta bellii (XP_005306785.1); Trachemys scripta elegans (XP_034640670.1); Chelonia mydas (XP_007058186.1); Caretta caretta
(XP_048723437.1); Gallus gallus (NP_001131120.1); Xenopus laevis; (ACN55077.1); Homo sapiens (NP_003736.1); Mus musculus (NP_034026.1); Oryzias latipes (NP_001116395.1); Danio

rerio (NP_001003467.1).

PHYLOGENETIC RELATIONSHIPS OF SOCS1

To elucidate the evolutionary relationships of SOCSI1, a
phylogenetic tree was constructed using the Neighbor-Join-
ing method in MEGA 11.0. The resulting tree showed that
vertebrates clustered monophyletically into distinct groups
corresponding to reptiles, birds, mammals, amphibians,
and fish (Figure 3). P. sinensis exhibited the closest rela-
tionship with C. picta bellii, and collectively, reptiles formed
a sister clade to birds, reflecting their shared evolutionary
ancestry. The phylogenetic distance to fish was the largest,
which aligns with the amino acid sequence homology
analysis and underscores the molecular divergence between
these lineages.

PROTEIN-PROTEIN INTERACTION NETWORK
PREDICTION

Protein-protein interaction network analysis based on the
STRING database (version 11.5) indicated that the P. sinen-
sis SOCS1 protein forms a complex regulatory network with
10 core interacting proteins. These include cytokine signal-
ing molecules (IFNG, IFNAR1), members of the Janus ki-
nase family (JAK1/2/3), components of the ubiquitin-ligase
(ELOC, CUL2/5), the insulin receptor (INSR), and the un-
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characterized protein LOC102460336 (Figure 4). The topo-
logical features of the network showed that SOCS1 had
the highest node degree, occupying a pivotal position in
the entire interaction network. Members of the JAK family
not only maintained strong interactions with SOCS1 but
also formed a tight functional module among themselves,
jointly constituting the regulatory core of the JAK-STAT
signaling pathway. This network exhibited distinct func-
tional modularity features: the signal transduction module
(JAKs, IFNG, IFNAR1) was responsible for cytokine signal
transmission; the protein degradation module (CULs,
ELOC) mediated the ubiquitination of target proteins; and
the metabolic regulation module (INSR) was involved in en-
ergy metabolism balance. Notably, the high-score interac-
tion between the uncharacterized protein LOC102460336
and SOCS1 implied the possible existence of new regulatory
mechanisms. These findings provided important clues for
in-depth analysis of the functional mode of P. sinensis
SOCS1, which integrates SH2 domain-mediated signal sup-
pression-SOCS box-dependent protein degradation-meta-
bolic receptor regulation. Meanwhile, it also highlighted
the central position of SOCS1 in the immunometabolism
regulation network.
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Figure 3. Phylogenetic tree based on SOCS1 amino acid sequence similarity.

GenBank accession number: Chrysemys picta bellii (XP_005306785.1); Trachemys scripta elegans (XP_034640670.1); Chelonia mydas (XP_007058186.1); Caretta caretta
(XP_048723437.1); Gallus gallus (NP_001131120.1); Parus major (XP_015498239.1); Taeniopygia guttata (XP_002197311.1); Rattus norvegicus (NP_665886.2); Bufo gargarizans
(XP_044159525.1); Xenopus tropicalis (XP_017952585.1); Xenopus laevis; (ACN55077.1); Homo sapiens (NP_003736.1); Mus musculus (NP_034026.1); Oryzias latipes (NP_001116395.1);
Danio rerio (NP_001003467.1).

Figure 4. The network of the P. sinensis SOCS1 protein-protein interactions.

The lines connecting represent the interaction between protein molecules. The more lines between protein molecules, the stronger the interaction relationship.
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Figure 5. Syntenic alignment of chromosomal regions around P. sinensis SOCS1

CONSERVED SYNTENY AND LINEAGE-SPECIFIC
INSERTIONS OF THE SOCS1 GENE IN P. SINENSIS

To conduct an in-depth study of the collinearity character-
istics of the SOCSI gene, based on the SOCS1 genomic se-
quence obtained from the NCBI database, a collinearity di-
agram of the SOCSI gene in P. sinensis and that in other
species, along with its seven adjacent genes upstream and
downstream, was drawn. As shown in Figure 5, other adja-
cent genes of the SOCS1 gene, such as CLEC16A, DEXI, and
CIITA, exhibited collinearity in multiple species. In closely
related species of P. sinensis, including C. picta bellii, T.
scripta elegans, and C. caretta, the order and relative posi-
tions of these genes were relatively similar. However, in P,
sinensis, other genes were inserted, which might be attrib-
uted to gene expansion or loss on the chromosomes of dif-
ferent species during biological evolution.

TISSUE-SPECIFIC AND SEXUALLY DIMORPHIC
EXPRESSION OF SOCS1

Tissue-specific and sexually dimorphic expression of the
SOCSI gene was identified in P. sinensis via qPCR analysis
(Figure 6). The expression level of SOCSI was relatively
higher in gonads, intestine, and spleen than that in other
tested tissues, indicating that SOCSI might be involved
in physiological regulation of these tissues. Furthermore,
comparative analysis between sexes revealed that SOCSI
expression was significantly upregulated in the intestine
and gonads of females compared to males (P < 0.05). This
sexually dimorphic expression pattern suggests that SOCS1
may be involved in sex-specific physiological regulation in
P, sinensis.

Israeli Journal of Aquaculture - Bamidgeh

Reptiles
CLEC16A
CLECI6A
Aves
Mammals
Amphibia
CLEC16A CHUTA -
Fish
CUTA =l
@B Male
0 Female
= 1201 c
S
3 10 xI
= 80
£ b -
5 604 i
Z 501
2 404
i 1
z 2: a a ]
M
2 4 a T a
z a a a
I ap a a 4 aa I ad a3
0 T T T ==
& & & & Ry & & & &
& i & & & ' & o &
A A R T
5

Figure 6. The expression of SOCS1 gene in different
tissues of P. sinensis.

Different letters above bars indicate significant differences.

HORMONAL REGULATION OF SOCS1 IN GONADS

gPCR analysis revealed a sexually dimorphic pattern in the
hormonal regulation of gonadal SOCSI. In males, SOCSI
expression remained unaltered by either E, or MT expo-
sure, exhibiting only non-significant fluctuations (P > 0.05).
In females, however, the two hormones elicited strikingly
opposite effects: E, induced a significant transient upreg-
ulation, characterized by a “bell-shaped” expression curve
that peaked at 12 h (P < 0.05). In contrast, MT significantly
downregulated SOCSI expression at the same time point
(12 h, P < 0.05) (Figure 7).

DISCUSSION

This study presents the first systematic analysis of the
SOCS1 gene in P. sinensis, elucidating its molecular char-
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Figure 7. Expression levels of SOCS1 in female and male gonads after hormone treatment.

Different letters above bars indicate significant differences.

acterization, evolutionary trajectory, and putative physi-
ological functions in reptiles. We successfully cloned the
SOCSI cDNA, which is 2,782 bp in full length and contains a
621 bp open reading frame encoding a 207-amino acid pro-
tein. The predicted protein possesses hallmark domains of
the vertebrate SOCS family, including a highly conserved
SH2 domain (aa 73-156) and a SOCS box (aa 167-203), sug-
gesting its potential role in the JAK-STAT signaling path-
way.15 Moreover, the molecular weight (23.5 kDa) and iso-
electric point (8.72) of the SOCS1 protein in the P. sinensis
were almost identical to those of other turtle species. This
high similarity in basic physicochemical properties, cou-
pled with the conserved domain architecture described
above, suggests a potential conservation of protein struc-
ture and, by extension, biological function among turtles.

Phylogenetic analysis revealed that the sequence simi-
larity of P. sinensis SOCS1 closely reflects established taxo-
nomic relationships. 1€ It shared the highest identity (>95%)
with C. picta bellii, followed by ~88% in birds and ~62% in
mammals. Notably, the SH2 domain and SOCS box were
highly conserved across all compared species, likely due to
strong purifying selection during vertebrate evolution. This
finding provides new evidence supporting the functional
conservation of SOCS family proteins in vertebrates.

Protein-protein interaction network analysis identified
P. sinensis SOCS1 as a central hub with strong predicted
interactions, including members of the JAK kinase family,
components of the ubiquitin-ligase complex, and the in-
sulin receptor.17 This supports a model wherein SOCS1 may
integrate SH2 domain-mediated signal inhibition with
SOCS box-dependent protein degradation and metabolic
receptor regulation. Furthermore, a high-confidence inter-
action with the uncharacterized protein LOC102460336 was
detected, suggesting a potential novel regulatory mecha-
nism specific to turtles, which offers a valuable direction for
future research.

The study systematically elucidated the expression char-
acteristics of the P. sinensis SOCS1 gene and its sexually di-
morphic expression pattern for the first time. Tissue-spe-
cific expression analysis showed that SOCSI was
significantly highly expressed in the gonads and intestine

Israeli Journal of Aquaculture - Bamidgeh

of female individuals (P < 0.05). Although previous studies
have suggested that SOCS1 is involved in physiological
processes such as immune regulation, growth and develop-
ment, and metabolic balance, its role in gonadal develop-
ment has not been previously reported.18 Based on the reg-
ulatory mechanism of the JAK-STAT signaling pathway, we
speculate that the high expression of SOCSI in the female
gonads of P. sinensis may participate in the dynamic bal-
ance of follicular development and vitellogenesis by finely
regulating the activity of the JAK-STAT signaling pathway.
Crucially, a key aspect of maintaining a healthy ovarian
microenvironment for successful folliculogenesis is the es-
tablishment of immune privilege, which protects develop-
ing oocytes from immune-mediated damage. Meanwhile, it
may mediate the signal transduction of reproductive cycle-
related hormones (such as estrogen) and provide a unique
immune-privileged microenvironment for oocytes to en-
sure the normal development.19-21 Notably, the sexually di-
morphic expression pattern observed in the intestine may
reflect the special nutritional and metabolic demands of fe-
male individuals during the reproductive period.22 This tis-
sue-specific expression regulation may be closely related
to the reproductive physiological process. Meanwhile, the
responsiveness of estrogen treatment in female individual
confirmed the above hypothesis of molecular mechanism
in regulating sex-specific expression of SOCSI: the typical
“bell-shaped” expression kinetics curve was obtained, and
the relative expression of SOCSI reached the peak at 12 h (P
< 0.05), suggesting that the expression of SOCSI may func-
tion as an important feedback regulator in the signaling
pathway of estrogen signal transduction; while the relative
responsiveness of male individual to hormone treatment
may indicate the existence of sex-different signal transduc-
tion pathway in P. sinensis.

ACKNOWLEDGMENTS

This work was supported by University Student Innovation
and Entrepreneurship Initiative (S202410549013).

301


https://ija.scholasticahq.com/article/151300-structural-characterization-and-sex-differential-expression-analysis-of-the-socs1-gene-in-_pelodiscus-sinensis_/attachment/317307.tiff

Structural characterization and sex-differential expression analysis of the SOCS1 gene in Pelodiscus sinensis

AUTHORS’ CONTRIBUTION

Writing - original draft: Yulei Zhu; Methodology: Tao Li,
Xifan Li and Xiaokai Zheng; Validation: Jingwen Wang;
Writing - review & editing: Dan Zeng.

COMPETING OF INTEREST — COPE
The authors declare that they have no competing interests.
ETHICAL CONDUCT APPROVAL — IACUC

Ethical approval for the animal experiments was granted by
the Animal Ethics Committee of Hunan University of Arts
and Science (HUAS-2024-0032).

INFORMED CONSENT STATEMENT

All authors have read and approved the final version of the
manuscript for submission.

DATA AVAILABILITY STATEMENT

All are available upon reasonable request.

Submitted: October 20, 2025 CST. Accepted: November 14,
2025 CST. Published: December 15, 2025 CST.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom-

mons.org/licenses/by/4.0/legalcode for more information.

Israeli Journal of Aquaculture - Bamidgeh

302



Structural characterization and sex-differential expression analysis of the SOCS1 gene in Pelodiscus sinensis

REFERENCES

1. Feng R, Zhang Z, Guan Y. Physiological and
transcriptional analysis of Chinese soft-shelled turtle
(Pelodiscus sinensis) in response to acute nitrite
stress. Aquatic Toxicology. 2021;237:105899.
doi:10.1016/j.aquatox.2021.105899

2. Ruben MO, Akinsanola AB, Okon ME, Shitu T,
Jagunna II. Emerging challenges in aquaculture:
Current perspectives and human health implications.
Veterinary World. 2025;18:15-28. doi:10.14202/
VETWORLD.2025.15-28

3. Wu B, Huang L, Wu C, Chen J, Chen X, He J.
Comparative analysis of the growth, physiological
responses, and gene expression of Chinese soft-
shelled turtles cultured in different modes. Animals.
2024;14:962. doi:10.3390/ani14060962

4. Tao Z, Xu J, Dubey S, Xu C, Munang Andu HM.
Infectious diseases of the Chinese soft-shelled turtle
(Pelodiscus sinensis): A focus on etiological agents
and predisposing factors. Aquaculture Reports.
2024;37:102227. doi:10.1016/j.aqrep.2024.102227

5. Hu Q, Bian Q, Rong D, et al. JAK/STAT pathway:
Extracellular signals, diseases, immunity, and
therapeutic regimens. Frontiers in Bioengineering and
Biotechnology. 2023;11:1110765. doi:10.3389/
fbioe.2023.1110765

6. Nie L, Xiong R, Zhang YS, Zhu LY, Shao JZ, Xiang
LX. Conserved inhibitory role of teleost SOCS-1s in
IFN signaling pathways. Developmental and
comparative immunology. 2014;43:23-29. doi:10.1016/

j.dci.2013.10.007

7. Durham GA, Williams JJL, Nasim MT, Palmer TM.
Targeting SOCS proteins to control JAK-STAT
signalling in disease. Trends in Pharmacological
Sciences. 2019;40:298-308. doi:10.1016/

].tips.2019.03.001

8. Morelli M, Madonna S, Albanesi C. SOCS1 and
SOCS3 as key checkpoint molecules in the immune
responses associated to skin inflammation and
malignant transformation. Frontiers in immunology.
2024;15:1393799. doi:10.3389/fimmu.2024.1393799

9. Studzinski AL, Almeida DV, Lanes CF, Figueiredo
MA, Marins LE. SOCS1 and SOCS3 are the main
negative modulators of the somatotrophic axis in
liver of homozygous GH-transgenic zebrafish (Danio
rerio). General and Comparative Endocrinology.
2009;161:67-72. doi:10.1016/j.ygcen.2008.10.008

10. Figueiredo MA, Mareco EA, Silva MDP, Marins LF.
Muscle-specific growth hormone receptor (GHR)
overexpression induces hyperplasia but not
hypertrophy in transgenic zebrafish. Transgenic
research. 2012;21:457-469. doi:10.1007/
$11248-011-9546-2

11. Dai Z, Wang H, Jin X, et al. Depletion of
suppressor of cytokine signaling-1a causes hepatic
steatosis and insulin resistance in zebrafish. American
Journal of Physiology-Endocrinology and Metabolism.
2015;308:E849-E859. doi:10.1152/
ajpendo.00540.2014

12. Gao L, Diao X, Li Y, Zhai X, Zhou C. Molecular
cloning and expression of FoxI2 gene induced by
exogenous hormone in the Pelodiscus sinensis. Acta
Hydrobiologica Sinica. 2019;43:45-51. doi:10.7541/
2019.006

13. Shen H. Effects of Feeding Steroid Hormones on the
Growth, Serum Sex Hormones and Gonad Development
of Pelodiscus Sinensis Juvenile. Master Degree Thesis.
Xinjiang University; 2019. https://kns.cnki.net
kems2/article/
abstract?v=D][p2nd4L.PS3Ywrto8nN4_jyhgw7ruhcpx7e
OX75PiNwbY1RceGfoN-
fVZLYFygODuzlbhLkzPeczrL.dUUS--
n_VS250BIoBZuwSERr9gas_swAtk1bkREDkfuEbMDs

V5-rknyTK82AGDXxOcWjYKKL2JHW3pIKO_-
Gv638BoyunNNZvILs4]5eTgQggXTHUm &uniplatfor

m=NZKPT &language=CHS%209%W%20CNKI

14. Lei L, Zhu J, Chen C, et al. Expression and
characterization of the Spats1 gene and its response
to E2/MT treatment in the Chinese Soft-Shelled
Turtle (Pelodiscus sinensis). Animals. 2022;12:1858.
doi:10.3390/ani12141858

15. Yasukawa H, Misawa H, Sakamoto H, et al. The
JAK-binding protein JAB inhibits Janus tyrosine
kinase activity through binding in the activation
loop. The EMBO Journal. 1999;18:1309-1320.
doi:10.1093/emboj/18.5.1309

16. Wang Z, Pascual-Anaya J, Zadissa A, et al. The
draft genomes of soft-shell turtle and green sea turtle
yield insights into the development and evolution of
the turtle-specific body plan. Nature Genetics.
2013;45:701-706. doi:10.1038/ng.2615

17. Alexander WS, Hilton DJ. The role of suppressors
of cytokine signaling (SOCS) proteins in regulation of
the immune response. Annual review of immunology.
2004;22:503-529. doi:10.1146/
annurev.immunol.22.091003.090312

Israeli Journal of Aquaculture - Bamidgeh 303


https://doi.org/10.1016/j.aquatox.2021.105899
https://doi.org/10.14202/VETWORLD.2025.15-28
https://doi.org/10.14202/VETWORLD.2025.15-28
https://doi.org/10.3390/ani14060962
https://doi.org/10.1016/j.aqrep.2024.102227
https://doi.org/10.3389/fbioe.2023.1110765
https://doi.org/10.3389/fbioe.2023.1110765
https://doi.org/10.1016/j.dci.2013.10.007
https://doi.org/10.1016/j.dci.2013.10.007
https://doi.org/10.1016/j.tips.2019.03.001
https://doi.org/10.1016/j.tips.2019.03.001
https://doi.org/10.3389/fimmu.2024.1393799
https://doi.org/10.1016/j.ygcen.2008.10.008
https://doi.org/10.1007/s11248-011-9546-2
https://doi.org/10.1007/s11248-011-9546-2
https://doi.org/10.1152/ajpendo.00540.2014
https://doi.org/10.1152/ajpendo.00540.2014
https://doi.org/10.7541/2019.006
https://doi.org/10.7541/2019.006
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://kns.cnki.net/kcms2/article/abstract?v=DJp2nd4LPS3Ywrto8nN4_jyhgw7ruhcpx7eQX75PiNwbY1RceGfoN-fVZLYFygODuzIbhLkzPeczrLdUUS--n_VS25QBIoBZuwSERr9qas_swAtk1bkREDkfuEbMDsV5-rKnyTK82AGDXxOcWjYkkL2JHW3pIK0_-Gv638BoyunNNZvlLs4J5eTgQgqXTHUm&uniplatform=NZKPT&language=CHS%20%W%20CNKI
https://doi.org/10.3390/ani12141858
https://doi.org/10.1093/emboj/18.5.1309
https://doi.org/10.1038/ng.2615
https://doi.org/10.1146/annurev.immunol.22.091003.090312
https://doi.org/10.1146/annurev.immunol.22.091003.090312

Structural characterization and sex-differential expression analysis of the SOCS1 gene in Pelodiscus sinensis

18. Souma Y, Nishida T, Serada S, et al.
Antiproliferative effect of SOCS-1 through the
suppression of STAT3 and p38 MAPK activation in
gastric cancer cells. International Journal of Cancer.
2012;131:1287-1296. doi:10.1002/ijc.27350

19. Sutherland JM, Frost ER, Ford EA, et al. Janus
kinase JAK1 maintains the ovarian reserve of
primordial follicles in the mouse ovary. Molecular
Human Reproduction. 2018;24:533-542. doi:10.1093/

molehr/gay041

20. Frost ER, Ford EA, Peters AE, et al. STAT1 and
STAT3 are expressed in the human ovary and have
JAK1-independent functions in the COV434 human
granulosa cell line. Reproduction, Fertility and
Development. 2020;32:1027-1039. doi:10.1071/
RD20098

21. Weber C, Zhou Y, Lee JG, et al. Temperature-
dependent sex determination is mediated by pSTAT3
repression of Kdmeéb. Science. 2020;368:303-306.
doi:10.1126/science.aaz4165

22. Hudry B, de Goeij E, Mineo A, et al. Sex
differences in intestinal carbohydrate metabolism
promote food intake and sperm maturation. Cell.
2019;178:901-918.e16. doi:10.1016/j.cell.2019.07.029

Israeli Journal of Aquaculture - Bamidgeh

304


https://doi.org/10.1002/ijc.27350
https://doi.org/10.1093/molehr/gay041
https://doi.org/10.1093/molehr/gay041
https://doi.org/10.1071/RD20098
https://doi.org/10.1071/RD20098
https://doi.org/10.1126/science.aaz4165
https://doi.org/10.1016/j.cell.2019.07.029

	Structural characterization and sex-differential expression analysis of the SOCS1 gene in Pelodiscus sinensis
	Introduction
	Materials and Methods
	Experimental Materials
	Cloning of the P. sinensis SOCS1 Gene
	Bioinformatics Analysis of the P. sinensis SOCS1 Gene
	Tissue Expression Analysis of the P. sinensis SOCS1 Gene

	Results
	Molecular Characterization of P. sinensis SOCS1
	Evolutionary Conservation and Homology Analysis
	Phylogenetic Relationships of SOCS1
	Protein-Protein Interaction Network Prediction
	Conserved Synteny and Lineage-Specific Insertions of the SOCS1 Gene in P. sinensis
	Tissue-Specific and Sexually Dimorphic Expression of SOCS1
	Hormonal Regulation of SOCS1 in Gonads

	Discussion
	Acknowledgments
	Authors’ Contribution
	Competing of Interest – COPE
	Ethical Conduct Approval – IACUC
	Informed Consent Statement
	Data Availability Statement

	References


