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ARTICLE INFO ABSTRACT
Keywords: The caudal neurosecretory system (CNSS), present in all jawed vertebrates, except sarcopterygians, is considered
GIFT Nile tilapia a major site of urotensin II (UII) secretion. UII, a 12-amino acid peptide with a conserved hexapeptide ring

Urotensin II
Urotensin receptors
Tissue distribution

structure, is also secreted by other tissues and found in sarcopterygians. UII has been associated with endocrine
regulation, osmoregulation, and several pathophysiological conditions. In this study, CDS of GIFT Nile tilapia
Urantide (Oreochromis niloticus) UII (tUII) and its receptors UT1 (tUT1) and UT2 (tUT2) were cloned from the CNSS and
Brain-pituitary-gonad axis cerebellum, respectively. Phylogenetic analysis indicated that tUII, tUT1, and tUT2 shared a high homology with
In vitro studies the ones of cichlid species, Haplochromis burtoni and Neolamprologus brichardi. Despite variations in precursor
peptide sequences, the core sequence of the mature UII peptide remains highly conserved. tUIl was predomi-
nantly expressed in the CNSS, while tUT1 and tUT2 were widely distributed in the central nervous system (CNS)
and peripheral tissues of male and female tilapia. Functional studies revealed that synthetic tUII significantly
activated luciferase activity in HEK293T cells transiently transfected with pNFAT-TA-Luc vectors and tUT1 or
tUT2. In vitro studies in male GIFT Nile tilapia showed that tUII stimulated mRNA expression of gnrh1, gnrh2, and
gnrh3 in a dose-dependent manner by brain fragments, as well as fshg, Ihp, and gtha by primary culture of pi-
tuitary cells. Furthermore, tUII promoted the expression of gnrhrl, gnrhr2, and gnrhr3 in pituitary cells and
stimulated mRNA levels of fshr, lhr, ara, cyp11b2, and dmrtl in testicular tissue. All these stimulatory effects of
tUII on gene expression mentioned above were blocked by the non-selective UT antagonist urantide, suggesting
for the first time that the actions of tUII were mediated via tUT1 or tUT2. In addition, tUII could significantly
stimulate the secretion of testosterone by testis fragments. Taken together, these results suggest that tUIl may
play a role in reproductive regulation in male GIFT Nile tilapia.

1. Introduction osmoregulation, nutrition, reproduction, and stress-related responses

(Yuan et al., 2019, Yuan et al., 2020). Dahlgren cells synthesize neuro-

The caudal neurosecretory system (CNSS) is a specialized neuroen- peptides, including corticotropin-releasing hormone (CRH), urotensin I

docrine structure in the spinal cord of fish, in which its major role is still (UI), and urotensin II (UII), and is the main sources of these peptides in

under investigation (Rousseau et al., 2024). It is composed of magno- blood circulation (Lu et al., 2004, Lu et al., 2006, McCrohan et al.,
cellular neuroendocrine neurons (Dahlgren cells) and neurohemal or- 2007).

gans (urophysis) (Winter et al., 2000) and may be involved in UII, a dodecapeptide with a conserved C-terminal cyclic hexapeptide
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Table 1
Primers used for molecular cloning and tissue distribution study of tUII, tUT1
and tUT2.

Primers Sequence 5'-3"

The CDS cloning of tUII, tUT1 and tUT2

tUII-CDS-F ATGAAGTGTAACCATCTTCTCT
tUII-CDS-R TTAGACACAGTACTTCCAG
tUT1-CDS-F ATGACAACAGTGTCCATGGAGC
tUT1-CDS-R TCACAAACTGCTGTTATGAGCT
tUT2-CDS-F ATGAGTAACAAATCTTTAAACC
tUT2-CDS-R TCACTTCAGTGACCCCATGACC

Recombinant plasmid construction

tUT1-Xba I-F GCTCTAGAATGACAACAGTGTCCATG
tUT1-Kpn I-R GGGGTACCTCACAAACTGCTGTTATG
tUT2-Xba I-F GCTCTAGAATGAGTAACAAATCTTTA

tUT2-EcoR I-R CGGAATTCTCACTTCAGTGACCCCAT

Semiquantitative PCR and quantitative PCR for tissue distribution

tUIl-gPCR-F CTGGGCCTTTGTGCTTGTG
tUII-qPCR-R CCTCGGTCCTCCGCTGATA
tUT1-qPCR-F GGCAGTGGGCACCAAGTCT
tUT1-gPCR-R CTCCGTCTGTGAAATCCAATAAGT
tUT2-qPCR-F CGAACTCGTCATCACTTCC
tUT2-qPCR-R GGATGGTGGAGAGGTAGAG

18S-F CCTGAGAAACGGCTACCACATCC
18S-R AGCAACTTTAGTATACGCTATTGGAG

motif (Cys-Phe-Trp-Lys-Tyr-Cys), was first extracted from the urophysis
of Gillichthys mirabilis in 1969 (Pearson et al., 1980). Its critical role in
biological activity, and its structure has remained highly conserved
across species (Karami et al., 2023). However, the variability in the N-
terminal sequence suggests species-specific functional adaptations (Lu
et al., 2006, Lu et al., 2008).

Early research identified UII in teleosts, including common carp
(Cyprinus carpio), European flounder (Platichthys flesus), Japanese eel
(Anguilla japonica), mummichog (Fundulus heteroclitus), and orange-
spotted grouper (Epinephelus coioides), through ¢cDNA cloning and tis-
sue distribution, showing primary expression in the CNSS and additional
expression in other tissues (Nobata et al., 2011, Sun et al., 2014a, Lu
et al., 2006, Ohsako et al., 1986, Evans et al., 2011). UII has since been
found in the brain and spinal cord of tetrapods (amphibians, birds, and
mammals), in which the CNSS is absent (Conlon et al., 1992, Konno
et al., 2013, Cui et al., 2021, Coulouarn et al., 1998, Coulouarn et al.,
1999).

In 1999, four independent research groups discovered that UII is the
endogenous ligand for the orphan G protein-coupled receptor GPR14,
now referred to as the UII receptor (UT) (Ames et al., 1999, Liu et al.,
1999, Mori et al., 1999, Nothacker et al., 1999). UTs belong to class A of
the rhodopsin-like GPCR family and is part of a multigenic family with
up to five receptor subtypes in some vertebrates (Tostivint et al., 2014).
Up to now, these subtypes (uts2rl-5) have been expressed in two am-
phibians (green anole, Anolis carolinensis, and western clawed frog,
Xenopus tropicalis) and two teleosts (medaka, Oryzias latipes, and
zebrafish, Danio rerio) (Konno et al., 2020). The widespread distribution
of UTs in the central nervous system (CNS) and peripheral tissues (e.g.,
heart, kidneys, skeletal muscle, and gonads) indicates pleiotropic roles
for UII in vertebrates (Sun et al., 2014a, Lu et al., 2006, Evans et al.,
2011, Cui et al., 2021, Konno et al., 2020).

The high degree of sequence conservation of mature UII peptides in
fish species indicates that the peptide plays crucial biological roles. In
teleost, UIl has been implicated in various physiological processes,
including vasomotor regulation, immune responses, thermoregulation,
and osmoregulation (Culbert et al., 2022, Hazon et al., 1993, Le Mevel
et al., 2008). Its effects are diverse and often paradoxical, making it
challenging to fully elucidate its roles (Rousseau et al., 2024, Vaudry
et al., 2010). Interestingly, along with these physiological functions,
there is growing evidence to suggest that UIl may play a significant role
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in fish reproduction. Expression of UT within key components of the
brain-pituitary-gonad (BPG) axis suggests a regulatory role for the UIl/
UT system in reproductive functions (Lu et al., 2006; Sun et al., 2014;
Konno et al., 2020). Given the central role of the BPG axis in the regu-
lation of reproductive activity, it is plausible that the UIl/UT system
interacts with this axis to influence reproductive processes. The BPG axis
is composed of the hypothalamus secreting gonadotropin-releasing
hormone (GnRH) to stimulate the release of follicle-stimulating hor-
mone (FSH) and luteinizing hormone (LH) by the pituitary, which then
act on the gonads to regulate steroidogenesis and gametogenesis
(Nishimura and Tanaka, 2014).

Previous studies provide valuable indirect evidence supporting the
involvement of UII in fish reproductive processes. For example, in olive
flounder (Paralichthys olivaceus), uts2rl (UT1 gene) expression in
ovarian follicles was found to be altered by hormonal stimulation,
particularly after human chorionic gonadotropin (hCG) treatment,
suggesting a role of UII in modulating reproductive physiology (Li et al.,
2023). Furthermore, during the breeding season, the mRNA levels of
uts2 (UII gene) in the CNSS were found to be positively correlated with
both the gonadosomatic index (GSI) and gnrhr mRNA levels, further
reinforcing a potential link between UII and reproductive activity (Jiang
et al., 2021). The contraction of smooth muscles in reproductive tissues
also highlights its potential role: extracts from urophysis induce
contraction in the ovary and oviduct of females (Lederis, 1970) and in
the sperm duct of males (Berlind, 1972). This contraction response was
also directly attributed to UII, as shown in mummichog (Fundulus het-
eroclitus), in which UII has been shown to cause contraction of the
ovarian smooth muscle in vitro (Leonard et al., 1993).

GIFT Nile tilapia is a genetically improved strain developed from
Nile tilapia (Oreochromis niloticus) for aquaculture, noted for its rapid
growth, disease resistance, and adaptability (Acosta and Gupta, 2010,
Sneed, 1973). This species exhibits a pronounced sexual dimorphism
characterized by differences in growth rates and reproductive charac-
teristics between males and females. Males typically grow faster and
reach sexual maturity earlier than females, which can significantly
impact stock management and breeding programs in aquaculture
(Rahman et al., 2021). Understanding the hormonal regulation under-
lying this dimorphism, particularly the role of the UII/UT system, is
crucial for optimizing reproductive strategies and improving production
efficiency in tilapia farming.

In this study, we hypothesized that the UIIl/UT system functions as an
endocrine modulator of reproduction in teleost. To test this, we first
cloned the open reading frames (ORFs) of tUIl and UTs in GIFT Nile
tilapia. We then analyzed their tissue distribution profiles and confirmed
the binding of the synthetized mature tUII peptide to both tUTs.
Furthermore, we investigated the regulatory effects of tUIl on key
reproductive genes expression in tissue fragments and primary cell
cultures, focusing on the BPG axis and testosterone secretion. This work
provides a foundation for future studies on the role of UIIl in fish
reproduction.

2. Materials and methods
2.1. Animals

GIFT Nile tilapia were purchased from the Guangzhou Panyu tilapia
breeding farm. The fish used in this study were cultured in a circulating
freshwater system with 12 fish per tank under a 12/12 h light/dark
photoperiod, and maintained at a temperature of 28 . In this study,
about 120 GIFT Nile tilapia with body masses of 100-120 g were
selected, acclimatized to aquarium conditions for at least two weeks
before the experiment, and fed with extruded feed (Hengxing, China)
twice daily to visual satiation at 9:00 am and 5:00 pm. At the experi-
mental endpoints, all fish were sacrificed by anesthesia in 0.05% Tri-
caine methanesulfonate (MS222, Sigma-Aldrich, Saint Louis, USA) for
about 5 min followed by decapitation. The target tissues were removed
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Table 2
Primers used for qRT-PCR.

Primers name Sequence 5'-3’

Primers used in detecting the mRNA expressions of genes in the whole brain

gnrh1-gPCR-F CTCGCAGGGACGGTGTTT
gnrh1-gPCR-R TCTTCCCTCCTGGGCTCAGT
gnrh2-qPCR-F TGGTCCCATGGTTGGTATCC
gnrh2-qPCR-R CCCTGCTTCACACAGCTTAATCT
gnrh3-qPCR-F TGCTGGCGTTGGTGGTT
gnrh3-qgPCR-R CCTCAAGCTCTCCCACACTTCT
era-qPCR-F AGCGACAAATCAGTGCACCA
era-qQPCR-R ATTGCACGCTTCCTTCCATC
erp-qPCR-F AGCATCCAAGGACACAACGA
erp-qPCR-R ATGCCCTTTGGTTCAGCTGT
ara-qPCR-F GATCGCAGTTTAAGGCGCGA
ara-qQPCR-R CATTCCCGACATGAAGCATC

Primers used for detecting the mRNA expressions of genes in the pituitary

fshp-qPCR-F GTAGTGCATCCGGCAGAGGA
fshp-qPCR-R GCCAGCACTGCTGCCATG
lhp-qPCR-F ACTGCATCACCAAGGACCCTGT
hp-gPCR-R CGATCGGGTCTACACCAGGTG
gtha-qPCR-F TGCTGCTGTCTTTCCTTCTT
gtha-qPCR-R TTCATTGTCTTCGTGGCTCT
gnrhr1-qPCR-F GGAAACGAAAATCCCCAC
gnrhr1-qPCR-R AGAAACATCAGCAGCCTG
gnrhr2-qPCR-F CCCTTCACAACACCTCCC
gnrhr2-qPCR-R CGCCACACACTGACCAAT
gnrhr3-qPCR-F GTTGTCTCTTCCTGCTGC
gnrhr3-qPCR-R GCTTTTGGGATGTTGTTC

Primers used for detecting the mRNA expressions of genes in the gonad

fshr-qPCR-F AAACCTCGTGCCTGTCTTAC
fshr-qPCR-R CTCTGATCTGCGTCTGCTTA
lhr-qPCR-F CCAGGGTATCACAGAGGAG
lhr-qPCR-R AGCCGTGGAGGAAACATC
cyp19ala-qPCR-F ATCAACGGAGAAGAAACG
cyp19ala-qPCR-R TATGGAGGAGACGCAAAC

cyp11b2-qPCR-F
cyp11b2-qPCR-R

CAAAGAAGTCCTCAGGTTGTACCA
CTCAGATATGACAGAAGTGGGC

era-qQPCR-F AGCGACAAATCAGTGCACCA
era-qPCR-R ATTGCACGCTTCCTTCCATC
erfi-qPCR-F AGCATCCAAGGACACAACGA
erp-qPCR-R ATGCCCTTTGGTTCAGCTGT
dmrt1-qPCR-F CCACTGAAGGGACACAAG
dmrt1-qPCR-R CGGACAGAGACACAGGACTA

Primers used for internal control gene
p-actin-qPCR-F ACCTTCTACAACGAGCTGAGAG
p-actin-qPCR-R GCCTGGATGGCAACGTACA

immediately and snap frozen in liquid nitrogen, followed by storage at

80 C until RNA extraction. All animal experiments were performed
according to the guidelines and approval of the Sun Yat-sen University
Animal Care and Use Committee.

2.2. Cloning and quantitative PCR (qPCR) primer design based on the UII
and UT genes of GIFT Nile tilapia

The full-length cDNA sequences of tilapia tUII, UII receptor I (tUT1),
and UII receptor II (tUT2) were found in the NCBI genome database
(https://www.ncbi.nlm.nih.gov/nucleotide/). Gene-specific primers for
coding sequence (CDS) cloning of tUII, tUT1, and tUT2 were designed
based on their cDNA sequences downloaded from NCBI. For quantitative
real-time PCR (qRT-PCR), primer pairs were designed using Primer 5
software to amplify PCR products of 100-200 bp based on the CDS of
target genes. The primers used in our experiment are shown in Tables 1
and 2.
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2.3. Total RNA extraction and first-strand cDNA preparation

Total RNA from the CNSS and cerebellum of male GIFT Nile tilapia
was isolated by extraction of TRIzol/chloroform with TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s instructions. The
final RNA concentration was determined by optical density (OD) mea-
surements at 260 nm using a NanoDrop 2000 (Thermo Fisher Scientific,
USA). The integrity of the RNA samples was verified by measuring the
ratio of ODs at 260 nm and 280 nm. Only RNA samples with a ratio >1.8
were used for subsequent cDNA synthesis. After removal of residual
contaminating DNA with DNase I (NEB, USA), 2 pg of total RNA from
each tissue was reverse-transcribed (RT) into first-strand ¢cDNA with
oligo-dT (cloning) or random primers (qQRT-PCR) using the Superscript
III kit (Invitrogen, USA). The PCR products were purified with an E.Z.N.
A. gel extraction kit (Omega, USA) and subcloned into the PUC19-T
vector (Invitrogen, USA).

2.4. Molecular cloning of the CDS of tUII and UTs in GIFT Nile tilapia

Molecular cloning of the CDS of tUIL, tUT1, and tUT2 was carried out
by PCR. The primers used for the isolation of CDS of the three genes are
shown in Table 1. Total RNA from the CNSS and cerebellum were
extracted and reverse-transcribed (RT) into first-strand ¢cDNA. PCR for
tUII was performed using an RT sample from the CNSS, while the CDS of
tUT1 and tUT2 were cloned from an RT sample of the cerebellum. PCR
amplification of CDS of tUII, tUT1, and tUT2 was performed using the
BlendTaq™ DNA polymerase kit (TOYOBO, Japan). The reaction mix
consisted of 1 pl of template cDNA (from the CNSS and cerebellum for
tUIl and tUT1/tUT2, respectively), 2.5 pl of 10 BlendTaq buffer, 2 ul of
dNTP mix (2.5 mM each), 0.5 pl of each primer (10 uM), and 0.5 pl of
BlendTaq DNA polymerase. The total volume was adjusted to 25 pl with
nuclease-free water. The PCR cycling conditions were 94 C for 2 min
(initial denaturation), followed by 30 cycles of 94 C for 30 s, 55-60 C
for 30s,and 72 C for 1 min/kb, with a final extension at 72 C for 5 min.
The amplified products were confirmed by agarose gel electrophoresis
and purified for cloning. After PCR amplification, the products were
cloned into suitable vectors and transformed into Escherichia coli. Posi-
tive clones were screened by colony PCR and subsequently confirmed by
Sanger sequencing. This process ensured accurate determination of the
CDS of tUII, tUT1, and tUT2 in GIFT Nile tilapia. These sequences were
analyzed for homology and functionality. The amino acid sequence
alignments of target genes were performed using ClustalW2 software
(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Larkin et al., 2007).
Homologous analysis was performed using the online website of the
National Center for Biotechnology Information (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) (Johnson et al., 2008). Prediction of seven trans-
membrane helices of tUT1 and tUT2 was performed using the online
website of https://services.healthtech.dtu.dk/services/TMHMM-2.0/.
Prediction of N-glycosylation sites of tUT1 and tUT2 was performed
using the online website of https://wlab.ethz.ch/protter/start/. Phylo-
genetic tree analysis of tUIL, tUT1, and tUT2 was constructed using
MEGA 11.0 software based on the neighbor joining method. Bootstrap
analysis was used to assess the reliability of the tree topology, with a
total of 1000 iterations.

2.5. Tissue distribution profiles of tUII and tUTs in GIFT Nile tilapia

Total RNA was extracted from the CNSS, spinal cord, pituitary, hy-
pothalamus, brain without hypothalamus, head kidney, kidney, heart,
liver, spleen, stomach, foregut, midgut, hindgut, fat, red muscle, white
muscle, gill, and gonad in three males and three females for tissue dis-
tribution analysis. These samples were quickly snap frozen in liquid
nitrogen and then stored at 80 C. The total RNA from these tissues was
extracted using TRIzol and then reverse transcribed to synthesize first-
strand ¢cDNA using an M-MLV reverse transcription kit with random
primers (Thermo Fisher, USA). Semiquantitative PCR for tUII, tUT1, and
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Mus musculus MKV FSTSLWCGLLTLL-SVMNLFKSVRGRPHLSSGHELFPAKEHA 44
Homo sapiens METNVFHLMLCVTSARTHKSTSLCFGHFNSYPSLPLIHDLLL——————— EISFQLSAPH 52
Salmo salar MCN LLLSWTFLLVASGSLLAHPITDSAEMSYLGPVSL 37
Poecilia formosa MKCS HLFSWAFVLVASGTLLAHPITESAEMPYPGPASV 38
Epinephelus coioides MKCN HLLSWAFLLVASGPLLAHPITESAEMPYPGPASV 38
Neolamprologus brichardi MKCN HLLSWAFVLVASSPLLAHPITESAEMPYPGSVSA 38
Oreochromis niloticus MKCN HLLSWAFVLVASSPLLAHPITESAEMPYPGPVSA 38
Haplochromis burtoni MKCN HLLSWAFVLVASSPLLAHPITESAEMPYPGPVSA 38
Mus musculus AQq—— EKLTR———— NPGLQRPFHAGGDLPSKLEE———-L-—-RQ-VKKLRDW 81
Homo sapiens EDARLTP-EELERASLLQILPEML—————— GAERGDILRKADSSTNIFNPRGNLRKFQDF 105
Salmo salar EDGGAGSPDELS-FSEQTYLPQSGPGLRYSSLLSGDLSRDGLSAA-GLLPRQMKTDVL-L 94
Poecilia formosa EDGVIGTLDDES-LPEQTFIPQDGAALRYSTFISGEVNRDGVRTT-NLVPRGVKREVL-L 95
Epinephelus coioides EDRGVGALDDLS-LSEQSFPPQDGAGLRYSSLISGEFNRDGVRTT-GLLPRGMKREVL-L 95
Neolamprologus brichardi EIRGISSLDDLP-LSE——— QDGTGLRYSTLISGEINRDGVRTT-GLLPRGLKRQVL-L 90
Oreochromis niloticus EDRGISSLDDLP-LSE-— QDGAGLRYSTLISGEINRDGVRTT-GLLPRGLKREVL-L 90
Haplochromis burtoni EDRGISSLDDLP-LSE-———-- QDGTGPRYSTLISGEINRDGVRTT-GLLPRGLKREVL-L 90

Mus musculus

Homo sapiens

Salmo salar

Poecilia formosa
Epinephelus coioides
Neolamprologus brichardi
Oreochromis niloticus

Haplochromis burtoni

*.

IMEAKNTGLSNALDNL—=SSSHTKKRACFWKYCV
SGQDPNILLSHLLARTWKPYKKARETPDCFWKYCV
EKQSHLSPVSRF-FGIRKPFRKRGGNSECFWKYCV
EKQGLLKPYSRL-LGIRKQLRKYNGNSECFWKYCV
EKQSLLNPFSRV-LGIRKQLRKRAGNSECFWKYCV
EKQSLLNPFSHA-LGIRKQFRKNGGNSECFWKYCV
EKQSLLNPFSHA-LGIRKQFRKRGGNSECFWKYCV
EKQSLLNPFSHV-LGIRKQFRKNGGNSECEFWKYCV

k. k

113
139
128
129
129
124
124
124

sk

Fig. 1-1. Amino acid sequence alignment of tilapia precursor UII with those of other species. Identical amino acid residues among the compared vertebrates
are indicated by asterisks, while conserved residues are marked by dots. The highly conserved, cyclic disulfide-linked structure across species is highlighted with a
solid line. The sequences used for precursor UII alignment were from GenBank accession number:Mus musculus (AAQ83885.1), Homo sapiens (AAD13070.1), Salmo
salar (XP_013991960.1), Poecilia formosa (XP_007560810.2), Epinephelus coioides (ACN65410), Neolamprologus brichardi (XP_006794250.1), Oreochromis niloticus

(XP_003438987.1), Haplochromis burtoni (XP_005930789.1).

tUT2 was performed using the BlendTaq™ DNA polymerase kit
(TOYOBO, Japan). The reaction mix consisted of 1 pl of template cDNA
(from different tissues), 2.0 pl of 10 BlendTaq buffer, 2 pl of ANTP mix
(2.0 mM each), 0.5 pl of each primer (10 pM), and 0.2 pl of BlendTaq
DNA polymerase. The total volume was adjusted to 20 ul with nuclease-
free water. The PCR cycling conditions were 94 C for 3 min, followed by
35 cyclesof 94 Cfor 30s,56 Cfor30s,and 72 C for 30 s, with a final
extension at 72 C for 5 min. qRT-PCR amplification for tUT1 and tUT2
was carried out with the SYBR® Green Premix Pro Taq HS qPCR Kit (AG,

4

Guangzhou, China) on the LightCycler® 480 System (Roche,
Switzerland) in a total reaction volume of 10 ul. Each reaction consisted
of 5pl of 2 SYBR® Green Pro Taq HS Premix II, 0.3 pl of each primer
(10 pM), 0.4 pl of the cDNA template, and 4 pl of nuclease-free water.
The amplification protocol included an initial denaturation step at 94 C
for 3 min, followed by 40 cycles of 94 C for 15 s, 56 C for 15 s, and
72 C for 30 s. To visualize PCR products for the semi-quantitative
analysis of tUII, tUT1, and tUT2, agarose gel electrophoresis was per-
formed. Semiquantitative PCR and qRT-PCR of 18S rRNA was conducted
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Oreochromis niloticus %

90

66

Neolamprologus brichardi

Haplochromis burtoni

Salmo salar

Epinephelus coioides

Poecilia formosa

Mus musculus

100

Homo sapiens

Fig. 1-2. Phylogenetic tree of precursor UIIL Species names and GenBank accession numbers were as follows: Oreochromis niloticus (XP_003438987.1), Neo-
lamprologus brichardi (XP_006794250.1), Haplochromis burtoni (XP_005930789.1), Salmo salar (XP_013991960.1), Epinephelus coioides (ACN65410), Poecilia formosa
(XP_007560810.2), Mus musculus (AAQ83885.1), Homo sapiens (AAD13070.1). The evolutionary history was inferred using the Neighbor-Joining method. Evolu-

tionary analyses were conducted in MEGA11.

to serve as an internal control. For qRT-PCR, relative gene expression
levels were calculated using the AACt method (Livak and Schmittgen,
2001). All reactions were conducted in duplicate, with three biological
replicates.

2.6. Synthesis of the mature peptide of tUII and urantide

According to the amino acid sequence of GGNSECFWKYCYV, the pu-
tative mature peptide of tUIl was synthesized chemically (Qiangyao
Company, China). Urantide, a specific antagonist of UT, with the
sequence of H-Glu-c[Pen-Phe-DTrp-Orn-Tyr-Cys]-Val-OH, was also
synthesized by the same company. The purity of the synthesized pep-
tides was assessed using high-performance liquid chromatography, with
results indicating a purity greater than 95 %. Each peptide was lyophi-
lized and stored at 80 C until use. Before experiments, each peptide
was dissolvedin1 PBS at a concentration of 2 lg/pl as a stock solution.

2.7. Functional confirmation of tUIL, tUT1, and tUT2

The CDS of tUT1 or tUT2 was subcloned into pcDNA3.1/Zeo ( )
(Invitrogen, USA) to generate the tUT1 expression vector pcDNA3.1/Zeo
( )-tUT1 or tUT2 expression vector pcDNA3.1/Zeo ( )-tUT2 for func-
tional expression in human embryonic kidney 293 T cells (HEK293T;
ATCC, USA). The nuclear factor of activated T-cells (NFAT), a critical
transcription factor in the PKC and Ca? /calcineurin signal transduction
pathway, was used as a downstream reporter to evaluate the functional
activity of UII receptor binding. The pNFAT-TA-Luc reporter vector was
employed to detect receptor activation by measuring luciferase activity,
thus indicating the interaction between UII and its receptors. HEK293T
cells were cultured for 24 h in 24 well plates at a density of 1 10°/well
in 0.5 ml/well Dulbecco’s modified Eagle medium with high glucose
(DMEM,; Gibco), 10 % fetal bovine serum (FBS; Thermo Fisher) and 1 %
penicillin-streptomycin (P/S, Thermo Fisher) at 37 under 5 % CO,
and saturated humidity. The next day, transient transfection was carried
out overnight in 0.5 ml/well OPTI-MEM with 100 ng pcDNA3.1/Zeo
( )-tUT1 or 100 ng pcDNA3.1/Zeo ( )-tUT2, 200 ng pNFAT-TA-Luc
and 10 ng pRL-TK vectors (Promega, USA) using 2.5 pl Lipofectamine
3000. After transfection, cells were treated with 0, 0.1, 1, 10, 100, or
1000 ng/ml of tUII for 24 h. Cells were lysed and then detected using a
dual-luciferase reporter assay system (DLR assay; Promega) according to

the manufacturer’s instructions. The firefly luciferase luminescence
units were normalized to the renilla luciferase luminescence units.

2.8. In vitro experiments

To verify the regulatory effects of tUII on the BPG axis of GIFT Nile
tilapia, we used whole brain, primary pituitary cells, and testicular tis-
sue fragments of tilapia for static incubation experiments. Total RNA
was extracted from the samples incubated with tUII for 24 h, and the
first strand of cDNA was synthesized. The mRNA levels of key hormone
genes in the reproductive axis were detected by qRT-PCR. At the same
time, co-treatment of urantide and tUIl were performed to observe
whether a series of regulatory effects caused by tUIl would disappear or
decrease due to the antagonism of UII receptors. For the tissue in vitro
experiments, twenty male GIFT Nile tilapia weighing 70-100 g were
anesthetized and sacrificed by decapitation. The whole brain and
testicular tissues were isolated. The testis was weighed to calculate the
GSI. Tissues were washed three times with 10-15 ml ice-cold Leibovitz’s
L15 medium (L15, Gibco, USA) using a 3 ml Pasteur pipette to ensure
thorough removal of blood and tissue fluids. The tissue fragments were
then cut into 1 mm® pieces using a tissue chopper (McIlwain, United
Kingdom) and washed three times in pre-cooled L15 medium. Frag-
ments were resuspended in L15 medium supplemented with 10 % FBS,
Gibco, USA), and 1 ml of this mixture was evenly distributed in 24-well
plates. Incubation was conducted at 28 C for 24 h.

For primary pituitary cell isolation, 20 pituitary glands were
collected and washed two to three times with a pre-cooled L15 medium.
The glands were chopped into 0.5 mm pieces using a tissue chopper. The
tissue fragments were digested in 25 mg/10 ml trypsin (Sigma-Aldrich,
USA) at 28 C for 40 min with shaking. After removing trypsin, 25 mg/
10 ml trypsin inhibitor (Sigma-Aldrich, USA) was added to neutralize
the reaction. The cells were then treated with DNase I (0.1 mg/ml,
Sigma-Aldrich, USA) and washed with EDTA (2 mM, followed by 1 mM)
to further dissociate the cells. After filtration through a 70 pm mem-
brane, cells were centrifuged at 450 g for 10 min at 4 C. The pellet was
resuspended in L15 medium and cells were counted using a hemocy-
tometer. Pituitary cells were seeded in 24-well plates coated with poly-L-
lysine- (1 10° cells/well). After 2-4 h of incubation at 28 C,10 % FBS
was added to each well, and cells were incubated in an incubator at
28 C overnight.
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Fundulus heteroclitus ~ ————————————————] MTTASMEPVGVLVERSTN-ATDPPLSSHENTAATETIGTILST 42
Stegastes partitus = ————————————————] MTTVSMEPVAVLVERGPN-ATDPPLSSHEDTAATETIGTILST 42
Oreochromis niloticus ~ ~ — ———————————————] MTTVSMEPVGVLVEKGGN-ATDSPLNSLEDTAATFTIGTILST 42
Haplochromis burtoni ~ ————————————————— MTTVSMEPVGVLVERGGN-ATDPPLNSLEDTAATFTIGTILST 42
Maylandia zebra - ~MTTVSMEPVGVLVERGGN-ATDPPLNSLEDTAATFTIGTILST 42
Neolamprologus brichardi ~  ————————————————-] MTTVSMEPVRVLVERDGN-ATDPPLNSLEDTAATETIGTILST 42
Mus musculus MALSL-ESTSFPMLAVSRSTASELPGGFNVSHNSSWTGPTDPSSLQDLVATGVIGAVLST 59
Homo sapiens MALTPESPSSFPGLAATGSSVPEPPGGPNATLNSSWASPTEPSSLEDLVATGTIGTLLSA 60
N * T ko Lk ek ke
Fundulus heteroclitus MCLVGVSGNIYTLVVMCHSMRTAASMY IYTINLALADLLYLLTIPFVVCTHFLKGWYFGD 102
Stegastes partitus MCLIGVSGNTYTLVVMCQSMRTAASMYIYTINLALADLLYLLTIPFVVCTHFLKGWYFGD 102
Oreochromis niloticus MCLIGVSGNIYTLVVMCHSMRSAASMYIYTINLALADLLYLLTIPFVVCTHFLKGWYFGN 702
Haplochromis burtoni MCLIGVSGNIYTLVVMCHSMRSAASMY IYTINLALADLLYLLTIPFVVCTHFLKGWYFGD 102
Maylandia zebra MCLIGVSGNIYTLVVMCHSMRSAASMY IYTINLALADLLYLLTIPFVVCTHFLKGWYFGD 102
Neolamprologus brichardi MCLIGVSGNIYTLVVMCQSMRSAASMY IYTINLALADLLYLLTIPFVVCTHFLKGWYFGD 102
Mus musculus MGVVGVVGNVYTLVVMCRFLRASASMYVYVVNLALADLLYLLSTPFIVATYVTKDWHFGD 119
Homo sapiens MGVVGVVGNAYTLVVTCRSLRAVASMYVYVVNLALADLLYLLSTPFIVATYVTKEWHFGD 120
kooposkek skek kekskekek skr sk skekeksk ok kekskelkekeksfolokskek skskek 3k sk, sk kskek
Fundulus heteroclitus AGCRILISMDFLTMHASIFTLTIMSTERYFAVLKPLDTVKRSKSYRKATALLVWVASLIL 162
Stegastes partitus AGCRILISMDFLTMHASIFTLTIMSTERYFAVLKPLDTVKRSKSYRKATALLVWAASLIL 162
Oreochromis niloticus AGCWTLISMDFLTMHASIFTLTIMSTERYFAVLKPLDTVKRSKSYRKATALLVWVASLIL 162
Haplochromis burtoni AGCRILISMDFLTMHASIFTLTIMSTERYFAVLKPLDTVKRSKSYRKATALLVWVASLIL 162
Maylandia zebra AGCRILITSMDFLTMHASTETLTIMSTERYFAVLKPLDTVKRSKSYRKATALLVWVASLIL 162
Neolamprologus brichardi AGCRILISMDFLTMHASTETLTIMSTERYFAVLKPLDTVKRSKSYRKATALLVWVASLIL 162
Mus musculus VGCRVLFSLDFLTMHASTETLTIMSSERYAAVLRPLDTVQRSKGYRKLLALGTWLLALLL 179
Homo sapiens VGCRVLFGLDFLTMHASIFTLTVMSSERYAAVLRPLDTVQRPKGYRKLLALGTWLLALLL 180
Lksk sk skelekekskoleksklolekskok Lkek kskek skekok kekolkokek sk sk skeksk ks k0 rkok
Fundulus heteroclitus TLPMIVSTQLKSLGTKPMCLPTLSPLSYKIYISFLFCTSIVAPGLITIGYLYIQLARTYWI 222
Stegastes partitus TLPMIVSIQLMTVGTKAMCQPTLSPLSYKVYISFLFCTSIVAPGLIIGYLYIQLARTYWI 222
Oreochromis niloticus TLPMIVRIQLVAVGTKSMCQTTLSPLSYKIYLSFLECTSIVAPGLIIGYLYIQLARTYWI 222
Haplochromis burtoni TLPMIVRIQLMAVGTKPMCQSTLSPLSYKIYISFLECTSIVAPGLIIGYLYIQLARTYWI 222
Maylandia zebra TLPMIVRIQLMAVGTKPMCQSTLSPLSYKIYISFLECTSIVAPGLITIGYLYIQLARTYWI 222
Neolamprologus brichardi TLPMIVRIQLMAVGTKPMCQSTLSPLSYKIYISFLECTSIVAPGLITIGYLYTIQLARTYWI 222
Mus musculus TLPMMLATRLVRRGSKSLCLPAWGPRAHRTYLTLLFGTSTIVGPGLVIGLLYTRLARAYWL 239
Homo sapiens TLPVMLAMRLVRRGPKSLCLPAWGPRAHRAYLTLLFATSTAGPGLLIGLLYARLARAYRR 240
skekskr nor ik kockook o ckocrn ckrookek skekesk, | skekeksksk skk skekeksk
Fundulus heteroclitus SQTENFKQTKKLPNQKVLYLTFTIVLLFWACFLPFWIWQLLGSFCPSLPLSSKVKRNINY 282
Stegastes partitus SQTETFKQTKKLPNQKVLYLIFTIVLLEWACFLPEWIWQLLNQFHPSLPLSTKAKRNINY 282
Oreochromis niloticus SQTETFKQTKKLPNQKVLYLIFTIVLLEWACFLPEWIWQLLGEFHPSLPLSTKVKRNINY 282
Haplochromis burtoni SQTETFKQTKKLPNQKVLYLIFTIVLLFWACFLPFWIWQLLGQFHPSLPLSTKAKRNINY 282
Maylandia zebra SQTETFKQTKKLPNQKVLYLIFTIVLLFWACFLPFWIWQLLGQFHPSLPLSTKAKRNINY 282
Neolamprologus brichardi SQTETFKQTKKLPNQKVLYLIFTIVLLFWACFLPFWIWQLLGQFHPSLPLSTKAKRNINY 282
Mus musculus SQQASFKQTRRLPNPRVLYLILGIVLLFWACFLPFWLWQLLAQYHQAMPLTPETARTINY 299
Homo sapiens SQRASFKRARR-PGARALRLVLGIVLLFWACFLPFWLWQLLAQYHQA-PLAPRTARIVNY 298
sk skekr s ok nck ok skekekekelkekekekelekekskek sskekekek | cockk: . ko okk
Fundulus heteroclitus LTTCLTYSNSCINPFLYTLLTKNYKEYLRKHKRSWT———=———— AGSYFNRRSRFQRSPR 334
Stegastes partitus LTTCLTYSNSCINPFLYTLLTKNYKEYLRKHKRSWT— ——AANYFNRRSRFQRSPR 334
Oreochromis niloticus LTTCLTYSNSCINPFLYTLLTKNYKEYLRKNKRLWT———=———- TGNYFNRRSRFQRSPR 334
Haplochromis burtoni LTTCLTYSNSCINPFLYTLLTKNYKEYLRKNKRLWT———=———- TGNYFNRRSRFQRSPR 334
Maylandia zebra LTTCLTYSNSCINPFLYTLLTKNYKEYLRKNKRLWT————=——- TGNYFNRRSRFQRSPR 334
Neolamprologus brichardi LTTCLTYSNSCINPFLYTLLTKNYKEYLRKNKRLWT———————— TGNYFNRSRRFQRSPR 334
Mus musculus LTACLTYGNSCINPFLYTLLTKNYREYLRGRQRSLGSSCRGPGSAGSFLSSRVHLQQDSG 359
Homo sapiens 356

LTTCLTYGNSCANPFLYTLLTRNYRDHLRGRVRGPGSGG——GRGPVPSLQPRARFQRCSG
ok kkkok olok sklololololokk Dok kR ok . Dok

Fundulus heteroclitus RSPSASSQQCTESFMLTHTASLRAHNSSL———— 363
Stegastes partitus RSPSASSQQCTESFMLTHTASLRAHNSSL———— 363
Oreochromis niloticus RSPSASSQQCTESFMLTHTASLRAHNSSL———— 363
Haplochromis burtoni RSPSASSQQCTESFMLTHTASLRAHNSSL———— 363
Maylandia zebra RSPSASSQQCTESFMLTHTASLRAHNSSL———— 363
Neolamprologus brichardi RSPSASSQQCTESFMLTHTASLRAHNSSL——— 363
Mus musculus RSLSSNSQQATETLVLSPVPPNGAFV——————— 385
Homo sapiens RSLSSCSPQPTDSLVLAPAAPARPAPEGPRAPA 389

sk koo ok ok okroorok:r

Fig. 1-3. Amino acid sequence alignment of GIFT Nile tilapia UII receptor (tUT1/tUT2) with those of other species. The conserved residues are indicated by
dot while identified residues are marked with asterisk (*). The predicted transmembrane helices are underlined, and the putative N-glycosylation sites are shown in
bold. The sequences used for UT1 alignment (A) were from Fundulus heteroclitus (NP_001296932.1), Stegastes partitus (XP_008296924.1), Oreochromis niloticus
(XP_003438733.1), Haplochromis burtoni (XP_005934435.1), Maylandia zebra (XP_004557596.1), Neolamprologus brichardi (XP_006797073.1), Mus musculus
(NP_663415.1), Homo sapiens (NP_001368826.1). The sequences used for UT2 alignment (B) were from Epinephelus lanceolatus (XP_033468137.1), Stegastes partitus
(XP_008300286.1), Oreochromis niloticus (XP_025765379.1), Haplochromis burtoni (XP_042081647.1), Maylandia zebra (/XP_004557597.1), Neolamprologus brichardi
(XP_006797074.1), Fundulus heteroclitus (XP_012719517.3), Xiphophorus maculatus (XP_005809680.2).
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-MNNKSGDL————- N-=TPRVSGSG-TDHELVITSTEGTLLSVVYTIGVSGNVYTLVVMC
—~MNNKTLNL———- NTSPPRVGGSGTVDHELVITSTEGTLLSVVYTTIGVSGNVYTLVVMC
~MSNKSLNL———- NTSPPRAGG——TVDHELVITSTEGTLLSVVYTIGVSGNVYTLVVMC
~MSNKSLNL————- NTSPPRAGG——TVDHELVITSTFGTLLSVVYTTIGVSGNVYTLVVMC
—~MSNKSLNL———- NTSPPRAGG——TVDHELVITSTFGTLLSVVYTIGVSGNVYTLVVMC
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ko

HSIRFATSMYISTINLAVADLLYLSTIPFVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS
HSIRFATSMYISTINLALADLLYLSTIPEVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS
HSIRFATSMYISTINLALADLLYLSTIPFVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS
HSIRFATSMYISTINLALADLLYLSTIPFVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS
HSIRFATSMYISTINLALADLLYLSTIPFVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS
HSIRFATSMYISTINLALADLLYLSTIPFVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS
HSTRFATSMYISTINLALADLLYLSTIPFVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS
HSIRFATSMYISTINLALADLLYLSTIPFVVSTYFLKDWYFGDVGCRILLSLDLLTMHAS

IFTLTVMCTERYLAVTKPLDTVRRSKSYRKALAWGVWLLSLFLTVPMMIMVAQTTKNTPD
IFTLTVMCTERYLAVTKPLDTVRRSKSYRKALAWGVWLLSLVLTVPMMIMVAQTTKNTPD
IFTLTVMCTERYLAVTKPLDTVRRSKSYRKALAWGVWLLSLVLTVPMMVMVAQTTKSTPD
IFTLTVMCTERYLAVTKPLDTVRRSKSYRKALAWGVWLLSLVLTVPMMVMVAQTTKSTPD
[FTLTVMCTERYLAVTKPLDTVRRSKSYRKALAWGVWLLSLVLTVPMMVMVAQTTKSTPD
IFTLTVMCTERYLAVTKPLDTVRRSKSYRKALAWGVWLLSLVLTVPMMVMVAQTTKSTPD
IFTLTVMCTERYLAVTQPLDTVRRSKSYRKALAWGVWLLSLVLTLPMMIMVAQTTKKTPD
IFTLTVMCTERYLAVTQPLDTVRRSKSYRKALAWGVWLLSLVLTVPMMVMVAQTTKKASD

: LKk Rk Dok

GGVKRMCAPTWAPVAYKVYVTVLEGTSIMAPGLIIGYLYVKLARTYLESQRNSVISR——G
GGVKRMCAPTWAPLAYKVYVTVLEGTSIMAPGLIIGYLYVKLARTYLESQRNSVISK——G
GGVKRMCAPTWAPLAYKVYVTVLEGTS IMAPGLIIGYLYVKLARTYLESQRNSVISK--G
GGVKRMCAPTWAPLAYKVYVTVLEGTSIMAPGLIIGYLYVKLARTYLESQRNSVISK——G
GGVKRMCAPTWAPLAYKVYVTVLEGTS IMAPGLIIGYLYVKLARTYLESQRNSVISK—-G
GGVKRMCAPTWAPLAYKVYVTVLEGTS IMAPGLIIGYLYVKLARTYLESQRNSVISK--G
GGVKRMCAPTWAPLAYKVYVTVLEGTSIMAPGLIIGYLYVRLARTYLESQRNAVISK——G
GGVKRMCAPTWAPLAYKVYVTVLEGTS IMAPGLVIGYLYVRLARTYLESQRNAAISSGGG

: : : Loksk k

AKRSPKQKVLIMIFTIVLVEWACFLPEWIWQLLPLYHTKPLSLASHTHTCINYLVASLTY
GKRSPKQKVLIMIFTIVLVEWACFLPFWIWQLLPLYHTKPLSLASQTHTCINYLVASLTY
GKRSPKQKVLIMIFTIVLVEWACFLPFWIWQLLPLYHTKPLSLASQTHTCINYLVASLTY
GKRSPKQKVLIMIFTIVLVEWACFLPFWIWQLLPLYHTKPLSLASQTHTCINYLVASLTY
GKRSPKQKVLIMIFTIVLVEWACFLPFWIWQLLPLYHTKPLSLASQTHTCINYLVASLTY
GKRSPKQKVLIMIFTIVLVFWACFLPFWIWQLLPLYHTKPLSLASQTHTCINYLVASLTY
GKRSPKQKVLIMIFTIVLVEWACFLPFWIWQLLPLYHTKPLSLASQTHTCINYLVASLTY
GRRSPKQKVLIMIFTIVLVEWACFLPFWIWQLLPLYHAEPLSLASQTHTCINYLVASLTY

SNSCINPFLYTLLTKNYREYLKNRHRSFYRYTSSFKQRPPSLYSWGKSASSSNQFEFNSE
SNSCINPFLYTLLTKNYREYLKNRHRSFYRYTSSFKQRPPSLYSWGKSASSSNQFEFNSE
SNSCINPFLYTLLTKNYREYLKNRHRSFYKYTSSFKKRPPSLYSWGKSASSSNQFEFNSE
SNSCINPFLYTLLTKNYREYLKNRHRSFYKYTSSFKKRPPSLYSWGKSASSSNQFEFNSE
SNSCINPFLYTLLTKNYREYLKNRHRSFYKYTSSFKKRPPSLYSWGKSASSSNQFEFNSE
SNSCINPFLYTLLTKNYREYLKNRHRSFYKYTSSFKKRPPSLYSWGKSASSSNQFEFNSE
SNSCINPFLYTLLTKNYREYLKNRHKSFYKYTSSFKHRPPSLHSWGKSGSSSNQYEFNSE
SNSCINPFLYTLLTKNYREYLKNRHRSFYKYTSSFKQRPPSLHSWGKSASSSNQYEFNSE

skoksk s 2skekskolok 3 skokesksfok | skekokeskek  skekokekok

TLVMGTLK 357
TLVMGTLK 360
TLVMGSLK 358
TLVMGSLK 358
TLVMGSLK 358
TLVMGSLK 358
TLVMGTLR 365
TLVMGTLR 356
skekoksksk 1k

Fig. 1-3. (continued).
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To prepare the stock solutions, the lyophilized powders of tUII and
hCG (Sigma-Aldrich, USA) were first dissolved in PBS to create a 2 ug/pl
and 5 IU/pl stock solution respectively, which was then further diluted
in L15 medium to the desired working concentrations for the
experiments.

For treatment, whole brain and testicular fragments were exposed to

an L15 medium containing 0, 10, 100, and 1000 ng/ml of tUII, and
primary pituitary cells were treated with 0, 0.1, 1, 10, 100, and 1000 ng/
ml of tUIL. To confirm the role of tUII receptors, tissue fragments or
pituitary cells were pre-treated with 1000 ng/ml of the non-selective
antagonist urantide for 1 h before treatment with the corresponding
tUII concentrations. Four biological replicates of each treatment were
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Fig. 1-4. Phylogenetic tree of tUT1 and tUT2. Species names and GenBank accession numbers of UT1 were as follows: Haplochromis burtoni (XP_005934435.1),
Maylandia zebra (XP_004557596.1), Neolamprologus brichardi (XP_006797073.1), Oreochromis niloticus (XP_003438733.1), Stegastes partitus (XP_008296924.1),
Fundulus heteroclitus (NP_001296932.1), Mus musculus (NP_663415.1), Homo sapiens (NP_001368826.1). Species names and GenBank accession numbers of UT2 were
as follows: Haplochromis burtoni (XP_042081647.1), Maylandia zebra (XP_004557597.1), Neolamprologus brichardi (XP_006797074.1), Oreochromis niloticus
(XP_025765379.1), Epinephelus coioides (XP_033468137.1), Stegastes partitus (XP_008300286.1), Fundulus heteroclitus (XP_012719517.3), Xiphophorus maculatus
(XP_005809680.2). The evolutionary history was inferred using the Neighbor-Joining method. Evolutionary analyses were conducted in MEGA11.

prepared. After treatment, samples were incubated at 28  for 24 h. The
culture medium was removed, and cells or fragments were collected and
lysed with TRIzol for RNA extraction.

In a separate experiment, testicular fragments were treated with L15
medium containing 0, 1, 10, 100, and 1000 ng/ml of tUIIl or 100 IU/ml
of hCG as a positive control for 24 h. Each treatment group included four
biological replicates. The culture supernatants were collected for sub-
sequent testosterone measurements.

2.9. gqRT-PCR analysis of reproductive-related genes on the brain-
pituitary—gonadal axis

All samples were collected after incubation at 28  for 24 h. After
RNA extraction and reverse transcription, qRT-PCR was performed to
determine mRNA expression of gnrhl, gnrh2, gnrh3, fshp, lhp, gtha,
gnrhrl, gnrhr2, gnrhr3, cyp11b2, cyp19ala, ara, era, erp, fshr, lhr, foxI2,
and dmrtl. qRT-PCR amplification was performed using the SYBR®
Green Premix Pro Taq HS qPCR Kit (AG, Guangzhou, China) on the
LightCycler® 480 System (Roche, Switzerland) the SYBR® in 10 pl re-
actions. Each reaction contained 5 pL. of 2 SYBR® Green Pro Taq HS
Premix II, 0.3 pl of each primer (10 uM), 0.4 pl cDNA template, and 4 pl

nuclease-free water. Amplification was performed with an initial dena-
turation at 94 C for 3 min, followed by 40 cycles of 94 Cfor 155,56 C
for 15s,and 72 C for 30 s. For genes with low expression levels, such as
GnRH receptors, the number of cycles was increased from 40 to 45 to
improve the detection sensitivity. Relative gene expression levels were
calculated using the AACt method. All reactions were performed twice,
with four biological replicates. As an internal control, QRT-PCR for
p-actin was also conducted in each experiment. Quantitative results were
normalized as a ratio of the target gene/f-actin expression level.

2.10. Effect of tUII on testosterone release from testicular fragments

After treatment of GIFT Nile tilapia testis fragments with L15 me-
dium containing 0, 1, 10, 100, 1000 ng/ml of tUII, and 100 IU/ml of hCG
(positive control) for 24 h, the culture supernatant and tissue fragments
were collected in a new 1.5 ml microcentrifuge tube. After the culture
supernatant was lyophilized with a vacuum freeze-dryer, the testos-
terone content released from tissue fragments was determined according
to the product manual of the fish testosterone ELISA kit (Cusabio,
China). Testosterone release from different treatment groups was
detected at a wavelength of 450 nm. The total protein content of tissue
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Fig. 2-1. Tissue distribution profiles of tUII in female and male GIFT Nile tilapia. Semi-quantitative PCRs were performed to assay mRNA expression of tUII in

(A) female and in (B) male tilapia. 18S rRNA serves as an internal control. All data were represented as the mean

fragments was determined according to the product manual of the
enhanced BCA protein concentration determination kit (Beyotime,
China) after RIPA lysis (Beyotime, China) was used. Through the
quantitative proportion of testosterone to total protein, the testosterone
content per milligram of testicular tissue was obtained.

3. Results

3.1. Molecular cloning and characterization of UII and its receptors in
GIFT Nile tilapia

The CDS of the tUII was 375 bp, encoding a 124 amino acids (a.a.)
protein (Fig. 1-1). The precursor protein was composed of a consensus N-
terminal signal-peptide sequence, an N-terminal flanking peptide, a
conserved proteolytic processing site, and the mature tUIl peptide
located at the C-terminal extremity. Compared to other species, the C-
terminal cyclic dodecapeptide (GGNSECFWKYCN) of GIFT Nile tilapia
was fully conserved across species. In contrast, the N-terminal region of
the peptide was highly variable. According to the results of sequence
comparison, the amino acid sequence of tUIl was 97.58% and 96.77%
homologous with those of Burton’s mouthbrooder (Haplochromis bur-
toni, XP_005930789.1) and Neolamprologus brichardi (XP_006794250.1),
respectively. Both species belong to the Cichlidae as does Oreochromis
niloticus. Homology with Atlantic salmon (Salmo salar) UIL
(XP_13991960.1) was only 67.48%. The mature peptide sequence of tUII
was highly conserved among teleost species, although the precursor
peptide sequences were quite different.

The phylogenetic tree constructed using the maximum likelihood
method revealed that the UII from GIFT Nile tilapia clustered with those
from other Cichlidae species, including Neolamprologus brichardi and
Haplochromis burtoni, forming a highly supported clade (bootstrap value
of 90%), which suggested a common evolutionary origin within the
family (Fig. 1-2).

Two UII receptors (UT1 and UT2) were characterized in GIFT Nile
tilapia. The CDS of tUT1 was 1,096 bp, encoding 363 a.a., while the CDS
of tUT2 was 1,077 bp, encoding 358 a.a. Both tUT1 and tUT2 were G-
protein coupled receptors. The seven transmembrane helices of tUT1 or
tUT2 were composed of conserved hydrophobic amino acids and

SEM (n  3).

exhibited high conservation across all analyzed species. Additionally,
two potential N-glycosylation sites were identified in tUT1 and tUT2,
which were conserved among fish species. For tUT1, the second site was
absent in Homo sapiens and Mus musculus, while for tUT2, the second site
was absent in Homo sapiens, Mus musculus, and Epinephelus lanceolatus.
(Fig. 1-3). According to the results of the sequence comparison, the
amino acid sequence of tUT1 was 96.97%, 96.97%, and 95.59% ho-
mologous with those of zebra mbuna (Maylandia zebra,
XP_004557596.1), Burton’s mouthbrooder (Haplochromis burtoni,
XP_005934435.1), and Neolamprologus brichardi (XP_006797073.1),
respectively, and the homology of UT1 with Stegastes (XP_008296924.1)
and Fundulus (NP_001296932.1) was more than 90% (Fig. 1-3A).
Compared to UT1, UT2 was more conservative and had little difference
between species. The amino acid sequence of tUT2 had 100% homology
with those of zebra mbuna (Maylandia zebra, XP_004557597.1), Bur-
ton’s mouthbrooder (Haplochromis burtoni, XP_042081647.1), and
Neolamprologus brichardi (XP_006797074.1). The homology of UT2 with
giant grouper (Epinephelus lanceolatus, XP_033468137.1), mummichog
(Fundulus heteroclitus, XP_012719517.3), and southern platyfish
(Xiphophorus maculatus, XP_005809680.2) was more than 90%, while
that with bicolor damselfish (Stegastes partitus, XP_008300286.1) was
only 30.16% (Fig. 1-3B).

Phylogenetic analysis (Fig. 1-4) showed that tilapia UT1 and UT2
grouped closely with other teleost species, showing high homology with
species within the Cichlidae family, particularly Maylandia zebra and
Haplochromis burtoni. The tUT1 sequences clustered with the UT1 se-
quences of other cichlids forming a well-supported clade that indicated a
shared evolutionary origin (Fig. 1-4A). Similarly, UT2 was placed within
a distinct clade with strong bootstrap support, suggesting that it was
highly conserved across cichlid species, particularly compared to Neo-
lamprologus brichardi (Fig. 1-4B).

3.2. Tissue distribution profiles of tUII and tUT1/tUT2

Semi-quantitative PCR showed that tUII was expressed exclusively
and strongly in the CNSS of female GIFT Nile tilapia (Fig. 2-1A). In male
GIFT Nile tilapia, tUII was also highly expressed in the CNSS, while a
small expression was observed in the hindgut (Fig. 2-1B). The results
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Fig. 2-2. Tissue distribution profiles of tUTs in female and male GIFT Nile tilapia. Both semi-quantitative and real-time PCRs were performed to assay mRNA
expression of (A) tUT1 and of (B) tUT2. For semi-quantitative PCR, 18S rRNA serves as an internal control. For qRT-PCR, the relative expression levels were

normalized with those of 18S rRNA, the reference gene. All data were represented as the mean

obtained from semi-quantitative PCR and qRT-PCR showed that tUT1
and tUT2 were ubiquitously expressed in different tissues of female and
male GIFT Nile tilapia (Fig. 2-2). tUT1 was highly expressed in fat,
muscle, and heart (Fig. 2-2A), while tUT2 was expressed mainly in the
whole brain, hypothalamus, and pituitary (Fig. 2-2B). Moreover, tUT1
had a notable expression difference in the whole brain, kidney, heart,
fat, and red muscle between male and female GIFT Nile tilapia (Fig. 2-
2A). For tUT2, its expression level was significantly different between
the pituitary, kidney, hindgut, white muscle, and gonad of male and
female GIFT Nile tilapia (Fig. 2-2B).

10

SEM (n 3).

3.3. tUII activated tUTs-mediated biological activity in transfected
HEK293T cells

The results of dual-luciferase assay showed that both tUT1 and tUT2
demonstrated a dose-dependent increase in luciferase activity after
stimulation with synthetic tUIIL. The luciferase signals increased signif-
icantly at tUII concentrations of 10, 100, and 1000 ng/ml for both re-
ceptors, although the response was markedly stronger for tUT1 than for
tUT2. In cells expressing tUT1, relative luciferase activity increased 64-
fold, 324-fold, and 341-fold at 10, 100, and 1000 ng/ml of tUII,
respectively, compared to the control (Fig. 3A). In contrast, tUT2-
expressing cells showed a more modest increase, with relative lucif-
erase activity increasing 29-fold, 50-fold, and 56-fold at the same
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Fig. 2-2. (continued).

concentrations (Fig. 3B).

3.4. Invitro effects of tUII on mRNA expression of key hormones related
to reproduction in male GIFT Nile tilapia

At the cerebral level, tUII significantly stimulated the mRNA
expression of gnrhl, gnrh2, and gnrh3 in a dose-dependent manner by
whole brain fragments. These stimulatory effects were blocked by
urantide, a specific but not selective antagonist of UT (Fig. 4-1A-C).
There was no significant change in the mRNA levels of era, erf, and ara
after treatment with tUII alone or co-treatment with urantide (Fig. 4-
1D-F).

At the pituitary level, the relative expression of fshj, [hf, and gtha by

11

the primary culture of pituitary cells gradually increased with the con-
centration of tUII and reached an extremely significant level with 1000
ng/ml. There was no significant change after co-treatment with urantide
(Fig. 4-2A-C). The expression levels of the three GnRH receptors also
changed significantly under the action of tUII. Low doses of tUII (1 and
10 ng/ml) significantly induced the expression of the gnrhr2 and gnrhr3
genes, and 100 ng/ml of tUII of the expression of gnrhrl. In contrast,
1000 ng/ml of tUII significantly inhibited the expression of the three
genes. Moreover, urantide could block the stimulatory or inhibitory
effect of tUIIl on gnrhrl, gnrhr2, and gnrhr3 gene expression (Fig. 4-
2D-F).

At the gonadal level, the mRNA levels of fshr, lhr, cyp19ala, cyp11b2,
and dmrt1 increased in a dose-dependent manner with the concentration
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not statistically different.

of tUII, reaching significant levels with doses of 100 and 1000 ng/ml
(Fig. 4-3A, B, F, G, and H). There was no significant change in the
expression levels of era and erf after tUII treatment (Fig. 4-3C and D),
while the mRNA levels of ara significantly increased (Fig. 4-3E). The
stimulatory effects of tUII on testicular gene expression were offset by
co-treatment with the receptor antagonist urantide (Fig. 4-3).

3.5. Effects of tUII on testosterone release from testicular fragments of
male GIFT Nile tilapia

As expected, hCG (100 IU/ml) strongly stimulated testosterone
release by testicular fragments. tUIl could also induce testosterone
release. This stimulatory effect of tUIl was dose dependent as low doses
(1 and 10 ng/ml) were ineffective, but 100 ng/ml (p < 0.05) and 1000
ng/ml (p < 0.01) had significant effects and the stimulating effect of
1000 ng/ml of tUII was similar to that of hCG at the dose tested. (Fig. 5).

4. Discussion

Research on UII and its receptors (UT) has gained traction in recent
years, particularly with regard to its roles in physiological processes in
vertebrates. This study aimed to characterize UII and its receptors in
GIFT Nile tilapia and investigate their regulatory role on the BPG axis.
Understanding this system could provide insights into fish endocri-
nology and improve aquaculture practices, especially in terms of
breeding and population management.

In this study, we successfully cloned the full-length cDNA of UII from
GIFT Nile tilapia. The CDS of UII was identified as 375 bp, encoding a
124-amino acid protein. The mature UII peptide contains the conserved
C-terminal cyclic dodecapeptide sequence GGNSECFWKYCN, which
plays a critical role in receptor binding. This sequence shows 97.58%
homology with UII of Haplochromis burtoni and 96.77% with UII of
Neolamprologus brichardi, both members of the Cichlidae family. Such
high sequence conservation suggests that the UIl sequence has been
largely preserved across teleost species, as observed in other vertebrates
(Vaudry et al., 2010, Vaudry et al., 2015). Evolutionary conservation of
this C-terminal region is crucial to maintain the structural integrity
required for effective receptor binding, which, in turn, facilitates the
physiological actions of UII in vertebrates.

The phylogenetic analysis based on UII gene sequences from various
vertebrate species, such as Haplochromis burtoni, Neolamprologus bri-
chardi, Salmo salar, Epinephelus coioides, Mus musculus and Homo sapiens,
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4 wells/treatment). Bars with different letters indicate significant differences between groups. Groups sharing the same letter are

reveals that the UII gene in tilapia clusters closely with other Cichlidae
species, forming a well-supported clade with a bootstrap value of 90%.
This suggests a shared evolutionary origin within the family.

To further elucidate the physiological roles of UII in GIFT Nile tilapia
and the pathways it can influence, we successfully characterized uro-
tensin receptors (tUT1 and tUT2) through sequence analysis and
phylogenetic studies. The CDS of tUT1 was identified as 1092 bp,
encoding 363 amino acids, while tUT2 had a CDS of 1077 bp, encoding
358 amino acids. Sequence homology analysis revealed that tUT1 and
tUT2 show high similarity to other species in the Cichlidae family,
particularly Maylandia zebra and Haplochromis burtoni. Phylogenetic
analysis further confirmed the evolutionary relationships between UIL
and its receptors in GIFT Nile tilapia and other species of fish.

Recent studies have investigated the role of UII and its receptors in
reproductive regulation in teleosts, with limited evidence linking UIL
expression to ovarian development. However, to our knowledge, our
study presents the first robust evidence of UII's direct involvement in
regulating the BPG axis at multiple levels in teleosts. In grouper, UII has
been shown to significantly induce estradiol release in sexually mature
individuals, indicating a direct role in ovarian regulation (Sun et al.,
2014a). This is consistent with findings in olive flounder, where UIIl and
its receptor are implicated in ovarian development, with central nervous
system (CNS) UIl mRNA levels positively correlating with the GSI during
the breeding season(Jiang et al., 2021, Li et al., 2023). In our study, the
pronounced expression of UII receptors within the BPG axis of GIFT Nile
tilapia supports the hypothesis that UII plays a pivotal role in the
regulation of reproductive processes. Otherwise, we observed wide-
spread expression of both tUT1 and tUT2 in different tissues, suggesting
various possible physiological functions of tUIIL In particular, tUT1 was
expressed in fat, muscle, and heart, suggesting the involvement of tUIl in
metabolic and cardiovascular regulation. Meanwhile, tUT2 was pre-
dominantly expressed in the CNS, particularly in the brain, hypothala-
mus, and pituitary, indicating a significant role of tUIl in
neuroendocrine regulation via this receptor type. The central actions of
UIl in the regulation of cardiovascular, ventilatory, and locomotor
functions, as shown in previous studies in rainbow trout (Oncorhynchus
mykiss) (Vanegas et al., 2016, Vanegas et al., 2015), may be crucial in
supporting the energy demands of migratory fish during reproduction.
Furthermore, research in European flounder revealed that plasma UII
concentrations increased along with GSI, supporting its role in coordi-
nating energy reserves for reproduction (Lu et al., 2007). The involve-
ment of UII in the regulation of body-energy reserves has also been
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Fig. 4-1. In vitro effects of tUII on the mRNA expression of cerebral genes by fragments of whole brain in male GIFT Nile tilapia in the absence or presence
of urantide. Different doses of tUII (10, 100 and 1000 ng/ml) were tested for 24 h in the absence (white bars) or in the presence of 1000 ng/ml urantide (black bars).
The mRNA expression of (A) gnrhl, (B) gnrh2, (C) gnrh3, (D) era, (E) erp and (F) ara were assayed by qRT-PCR. These relative expression levels were normalized with
those of f-actin, the reference gene, and results expressed as the ratio target gene/f-actin. All the data were represented as the mean SEM (n 4). One-way ANOVA
was performed followed by SNK multiple range test. *, p < 0.05 and **, p < 0.01 as compared to controls (0 ng/ml tUII).
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Fig. 4-2. In vitro effects of tUII on the mRNA expression of pituitary genes by primary cultures of pituitary cells in male GIFT Nile tilapia in the absence or
presence of urantide. Different doses of tUII (0.1, 1, 10, 100 and 1000 ng/ml) were tested for 24 h in the absence (white bars) or in the presence of 1000 ng/ml
urantide (black bars). The mRNA expression of (A) fshp, (B) lhp, (C) gtha, (D) gnrhrl, (E) gnrhr2 and (F) gnrhr3 were assayed by qRT-PCR. These relative expression
levels were normalized with those of f-actin, the reference gene, and results expressed as the ratio target gene/f-actin. All the data were represented as the mean

SEM (n

observed in mice (Chen et al., 2019, Kiss et al., 2011), further high-
lighting its importance in reproductive physiology.

In vitro experiments in this study showed that synthetic tUII signif-
icantly influenced the expression of key reproductive hormone genes at
various levels of the BPG axis in GIFT Nile tilapia. In our study, synthetic
tUIl was shown to significantly upregulate the expression of gnrhl,
gnrh2, and gnrh3 in brain tissue explants. Concurrently, there was a
marked increase in the expression of fshp, lhf, and gtha in primary pi-
tuitary cell cultures. Urantide, a competitive antagonist of the UII

4). One-way ANOVA was performed followed by SNK multiple range test. *, p < 0.05 and **, p < 0.01 as compared to controls (0 ng/ml tUII).

receptor, effectively blocked the gene expression changes observed
above. These results strongly suggest that UII plays an integral role in
modulating the BPG axis, likely by stimulating GnRH and gonadotropin
gene expression. Such modulation could be crucial in coordinating the
complex regulatory networks that underlie reproductive functions in
teleost. The observed effects of UIIl on multiple levels of the BPG axis
highlight its potential as a key factor in fine-tuning of reproductive
hormone pathways, supporting its broader involvement in teleost
reproductive physiology.
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Fig. 4-3. In vitro effects of tUIl on the mRNA expression of testicular genes by testis fragments in male GIFT Nile tilapia in the absence or presence of
urantide. Different doses of tUII (10, 100 and 1000 ng/ml) were tested for 24 h in the absence (white bars) or in the presence of 1000 ng/ml urantide (black bars).
The mRNA expression of (A) fshr, (B) lhr, (C) era, (D) erf, (E) ara, (F) cyp19ala, (G) cyp11b2 and (H) dmrtl were assayed by qRT-PCR. These relative expression levels

were normalized with those of $-actin, the reference gene, and results expressed as the ratio target gene/f-actin. All the data were represented as the mean

SEM (n

4). One-way ANOVA was performed followed by SNK multiple range test. *, p < 0.05 as compared to controls (0 ng/ml tUII).
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and **, p < 0.01 as compared to controls (0 ng/ml tUII; white bar).

At the gonadal level, our experiments revealed that tUII upregulated
genes critical for steroidogenesis and testicular development, including
fshr, lhr, cyp19ala, cyp11b2, and dmrtl. The dose-dependent increase in
these gene expressions, along with the significant increase in testos-
terone secretion from testicular explants, suggest that tUII directly
stimulates steroidogenesis, likely by activating key gonadotropin re-
ceptor genes such as fshr and lhr. This observation indicates that UII can
improve the response of testicular cells to gonadotropins, thus promot-
ing both gonadal development and the production of steroid hormones.
In particular, the marked upregulation of dmrtl and cyp11b2 is note-
worthy. Dmrtl plays a crucial role in sex determination and differenti-
ation, especially in gonochoristic species such as Nile tilapia, which use
an XX/XY sex determination system (Sun et al., 2014b). The observed
increase in dmrt1 expression suggests that UII could have a direct role in
reinforcing testicular development and maintaining male sexual char-
acteristics, while the upregulation of cyp11b2, a gene involved in steroid
biosynthesis, highlights its involvement in androgen production (Zhang
et al., 2017, Li et al., 2021).

Furthermore, the significant upregulation of the androgen receptor
gene ara, coupled with elevated testosterone secretion, highlights the
potential of UIl to enhance androgen signaling pathways. This is
consistent with previous findings from our laboratory, where UII was
shown to stimulate estradiol secretion in grouper ovarian tissue (Sun
et al., 2014a), further supporting the idea that UIl modulates sex steroid
synthesis in a context-dependent manner. In teleost fish, sex steroids,
including testosterone and estradiol, are key mediators of sex determi-
nation, differentiation, and fertility (Tchrakian et al., 2022). Modulation
of these processes by UII at different levels of the BPG axis suggests a
broad regulatory role in reproductive physiology.

Taken together, these results show that UII not only enhances
gonadotropin receptor gene expression, but also exerts a direct influence
on steroidogenesis and sex determination pathways, ultimately
contributing to reproductive capacity. The use of urantide, a specific
antagonist of the UII receptor, provided further confirmation that the
effects observed with tUII are indeed mediated by its receptor. Blocking
tUIl-induced upregulation of reproductive hormone genes, including
fshr, lhr, and dmrtl, highlights the receptor-specific action of UIL

These findings provide strong support for the regulatory role of UII in
the BPG axis, which influences the expression of reproductive hormones
and steroidogenesis at multiple levels. The actions of UII appear to be
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4). One-way ANOVA was performed followed by SNK multiple range test. *, Pp < 0.05

finely tuned through its interaction with UTs, and the ability to modu-
late these effects with agents, such as urantide, opens avenues for po-
tential therapeutic applications in controlling reproductive functions.
Identification of UII as a key modulator within this axis offers new in-
sights into the hormonal regulation of reproduction in teleost, high-
lighting the complexity of the role of this peptide in reproductive
physiology.

5. Conclusion

This is the first report on the direct regulatory effects of UII on the
reproductive function in GIFT Nile tilapia. These results indicate that
tUII can exert a positive direct effect on the physiological processes of
gonadal development and steroid hormone synthesis in GIFT Nile tilapia
in vitro. We will conduct further studies to explore the physiological
function of tUII in the regulation of GIFT Nile tilapia reproduction in
vivo.
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