Reproduction and Breeding 4 (2024) 221-233

Contents lists available at ScienceDirect

PRODUCTION

D BREEDING

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Reproduction and Breeding

journal homepage: www.keaipublishing.com/en/journals/reproduction-and-breeding

Check for

The expression and function of gpr54a and gpr54b in allotriploid crucian
carp and diploid red crucian carp (Carassius auratus red var.)

Lu Huang ', Qiubei Wang‘l, Shuxin Zhang, Faxian Yu, Shengnan Li, Huan Zhong,
Rurong Zhao , Min Tao

State Key Laboratory of Developmental Biology of Freshwater Fish, College of Life Sciences, Hunan Normal University, Changsha, 410081, Hunan, PR China

ARTICLE INFO ABSTRACT

Keywords:
Allotriploid crucian carp
Diploid red crucian carp

The kisspeptin receptor (GPR54), a member of the G-protein-coupled receptors, plays a central role in regulating
reproduction. However, research on GPR54 in allotriploid fish remains limited. In this study, we reported the
full-length cDNAs, tissue expression, and localization of gpr54a and gpr54b in allotriploid crucian carp (ACC) and

gp:i:: diploid red crucian carp (Carassius auratus red var., RCC). The full-length cDNAs of gpr54a in ACC and RCC were
‘gl:erility 2224 bp and 2218 bp, respectively. The full-length cDNAs of gpr54b in ACC and RCC were 1413 bp and 1182 bp,

respectively. qQRT-PCR revealed that ACC gpr54a and RCC gpr54a were highly expressed in the brain but had
lower expression in peripheral tissues. Unlike gpr54a, ACC gpr54b and RCC gpr54b were highly expressed in the
brain, liver, and muscle. During the breeding season, the expression of gpr54a in ACC was significantly lower
than in RCC, but gpr54b had significantly higher expression in ACC than in RCC in the HPG axis. This finding
suggested that gpr54a might promote ovarian development, while gpr54b might inhibit ovarian development.
During the breeding season, ISH indicated abnormal ovarian development in ACC and found signals of gpr54a
and gpr54b in several regions of the brain, pituitary, and ovary of ACC and RCC. These regions of the brain,
pituitary, and ovary are associated with the secretion of several hormones related to reproductive regulation.
Hence, we hypothesized that the lower expression of gpr54a and higher expression of gpr54b in ACC might be
involved in sterility by regulating the secretion of reproductive hormones. This study suggested that gpr54a and
gpr54b might function oppositely in regulating reproduction. In conclusion, these findings will aid in further
investigating the functions of GPR54 and provide a theoretical basis for studying ACC sterility.

1. Introduction fact that the Kisspeptin/GPR54 system plays a crucial role in regulating

gonadal development and pubertal maturation. The kisspeptin/GPR54

The reproductive function in teleost is primally regulated by the
hypothalamic-pituitary-gonadal (HPG) axis. Gonadotropin-releasing
hormone (GnRH), the first hormone of the HPG axis, is secreted from
the hypothalamus in a pulsatile manner [1,2]. GnRH stimulates the
anterior pituitary to produce follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) [3]. FSH mainly activates the synthesis of
estrogens and the maturation of gametes in gonads. LH is involved in
ovulation and secretion of progesterone [3,4].

Kisspeptin, encoded by the kiss] gene, is initially known as a
metastasis suppressor in melanoma and breast cancer cells [5,6]. G
protein-coupled receptor 54 (GPR54), the kisspeptin receptor, was iso-
lated from the rat in 1999 [7]. A growing body of evidence supports the
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system stimulates the secretion of GnRH from the hypothalamus [8]. In
addition, the gpr54 gene is mainly expressed in the central nervous
system [9]. Studies have shown that the mutations in GPR54 are asso-
ciated with hypogonadotropic hypogonadism (IHH) in human and mice,
which fail to release the FSH and LH [10,11]. The alteration of the
GPR54 balance might result in abnormal reproduction and metabolism
of rats [12].

The kisspeptin/GPR54 system is conserved in vertebrates. GPR54
has been identified in many vertebrates, such as tilapia (Oreochromis
niloticus) [13], grey mullet (Mugil cephalus) [14], cobia (Rachycentron
canadum) [15], goldfish (Carassius auratus) [16], swamp eel (Monopterus
albus) [17], and zebrafish (Danio rerio) [18]. Most fish have more than
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Table 1
Primers used in the study.
Primer names Primer sequences (5-3") Purpose
gpr54a-S GATGAGGACCGCCACTAA PCR
gpr54a-A CTGGGATAGAAAGACTGGAACA PCR
gpr54b-S ATCTCAAAGCCCTGTCCCG PCR
gpr54b-A AGCAGCACCATTACAACCA PCR
3'-site adaptor CTGATCTAGAGGTACCGGATCC 3'RACE
3- gpr54a-1 ATGTCCTATGCCAACTCCTC 3'RACE
3- gpr54a-2 CAAAGCCAACTACGCAACAT 3'RACE
3'- gpr54b-1 TGAGTTACCCACCAAGCCTAC 3'RACE
3'- gpr54b-2 TAAAGTGGCAGTGAAAGGAAC 3'RACE
5'- gpr54a-1 GAGGAGTTGGCATAGGACAT 5 RACE
5'- gpr54a-2 ATGTTGCGTAGTTGGCTTTG 5 RACE
5'- gpr54b-1 TACTCCTTCTTGGCTGTTTACC 5 RACE
5'- gpr54b-2 GAGTATCCAGAATGGTGGTTGT 5 RACE
UPM CTAATACGACTCACTATAGGGCAAGCA 5 RACE
GTGGTATCAACGCAGAGT (long)
NUP AAGCAGTGGT AACAACGCAGAGT 5 RACE
gpr54a-Q-F GCCTCTGTGGAACCAGTGGATAA qRT-
PCR
gr54a-Q-R GGACCCCAGCAGATGGTGAAG qRT-
PCR
gpr54b-Q-F AAAGCCCAATCCCACTGACA qRT-
PCR
gpr54b-Q-R AGGAACACAGCAAACCAGGA qRT-
PCR
p-actin-Q-F GGAAGGGCCAGACTCATCGTA qRT-
PCR
p-actin-Q-R TCCCTTGCTCCTTCCACCA qRT-
PCR
gpr54a-I1SH-F TTACGGCAATGAGTGGAGAC ISH
gpr54a-1SH-R GGGATAGAAAGACTGGAACA ISH
EX + T7+gpr54a-1SH- CAGTGAATTGTAATACGACTCACT ISH
R ATAGGGAGAGGGATAGAAAGACTGGAACA
gpr54b-ISH-F TGTTCCTTTCACTGCCACTT ISH
gpr54b-ISH-R CACCATCACAACCACCATTC ISH
EX + T7-+gpr54b-ISH- CAGTGAATTGTAATACGACTCACT ISH
R ATAGGGAGAAAGAGCAGAGCCACCACCATCA

F, Forward primer; R, Reverse primer.

one copy of the gpr54 gene compared to mammals [17]. Two forms of
GPR54 (GPR54-1 and GPR54-2) involved in initiating puberty have been
identified in zebrafish, the first report of multiple GPR54 in this species
[18]. Parhar et al. have cloned GPR54 in cichlid fish and found its
functions in regulating reproduction and the onset of puberty [13]. The
GPR54 co-localizes with GnRH1, GnRH2, and GnRH3 in tilapia brain,
and the GPR54 has significantly higher expression in the mature fish
compared to the immature fish, suggesting GPR54 is associated with the
gonadal development and pubertal maturation [13]. A previous study
has shown that there is a potential relationship between GPR54 and
GnRH [15]. Nocillado et al. indicate that GPR54 may play a role in
regulating pubertal development in grey mullet [14]. Therefore, a
deeper understanding of the role of GPR54 in regulating reproductive
function is vital for the breeding and farming of economic species.
Allotriploid crucian carp (3n = 150) with sterility, rapid growth, and
strong resistance, which is obtained by mating the male allotetraploids
(4n = 200) and female red crucian carp (Carassius auratus red var., 2n =
100) [19,20]. Allotriploid crucian carp has three kinds of gonads (testis,
ovary, and fat type), but none produce normal gametes [21]. Hence, the
allotriploid crucian carp is a great model for exploring reproductive
function. In this study, we cloned the full-length cDNAs, investigated the
tissue distribution, and studied the localization of gpr54a and gpr54b in
sterile allotriploid crucian carp and fertile diploid red crucian carp.

2. Materials and methods
2.1. Animal and ethics statement

Allotriploid crucian carp and diploid red crucian carp were collected
from the Engineering Research Center of Polyploid Fish Reproduction
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and Breeding of the Ministry of Education at Hunan Normal University
in May (breeding season) and December (non-breeding season), sever-
ally. The animals were anesthetized with MS222 (1:10,000, Sangon
Biotech, China) before decapitation, and the tissues were immediately
excised. All tissues were stored at —80 °C for the subsequent experi-
ments. All animal experiments were approved by the Animal Care
Committee of Hunan Normal University and the Administration of Af-
fairs Concerning Experimental Animals of China.

2.2. RNA extraction and gene cloning

Total RNA was purified with the Trizol™ Reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The
integrity of total RNA was detected using gel electrophoresis, showing
clear 28S, 18S, and 5S rRNA bands. The concentration and A260/280
ratio of total RNA were evaluated using the NanoDrop (Thermo Fisher
Scientific, Wilmington, DE, USA), in which the concentration ranged
between 500 and 1300 ng/pL and the A260/280 ratio ranged between
1.8 and 2.0. The first-strand cDNAs for amplifying the partial cDNA
fragments of coding sequence (CDS) were synthesized using PrimeScript
RT reagent kit with gDNA Eraser (TaKaRa). The first-strand cDNAs for
amplifying the 5’ - untranslated region (UTR) and 3’ - UTR were syn-
thesized with SMART™ RACE cDNA Amplification Kit (Clontech, San
Francisco, CA, USA) and 3"-Full RACE Core Set (Takara, Tokyo, Japan),
respectively. Then, the first-strand cDNAs were stored at —20 °C for the
subsequent experiments.

Primer Premier 5.0 was used to design the primers (Table 1). The
full-length cDNAs of these genes were obtained by the rapid amplifica-
tion of cDNA ends (RACE) as previously reported [22]. The PCR prod-
ucts were separated using 1.2 % agarose gels, and the target fragments
were purified using a SanPrep Column DNA Gel kit (Sangon Biotech,
Shanghai, China). Next, the purified products were subcloned into the
pMD18-T vector (TaKaRa) and sequenced in Sangon.

2.3. Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed to explore the
relative expression of gpr54a and gpr54b in the medulla, mesencephalon,
cerebellum, olfactory bulb, telencephalon, hypothalamus, pituitary,
spleen, muscle, ovary, testis, gill, heart, liver, kidney, head kidney, and
skin, which obtained from ACC (54.50 + 7.24 g, 3 females and 3 males)
and RCC (47.47 + 6.40 g, 3 females and 3 males), respectively. The
specific primers were designed by AlleleID 6, and the $-actin was used as
the internal control (Table 1). The specific primers were selected with a
single melting curve and 95%-105 % amplification efficiency. QqRT-PCR
was carried out using the Prism 7500 Sequence Detection System (ABI,
Foster City, CA, USA). The reaction mixture consisted of 5 pl SYBR green
PCR Master Mix, 3 pl ddH20, 1 pl ¢cDNA, and 0.5 pl each primer. The
condition of qRT-PCR was established according to the procedure
described previously [22]. The 27 8ACT 1 ethod was used to analyze the
relative expression of the genes [23].

2.4. In situ hybridization

In situ hybridization (ISH) was performed in the RNase-free envi-
ronment. Primer Premier 5.0 was used to construct the specific primers
for ISH (Table 1). The MAXIscript™ T7 In Vitro Transcription Kit
(Invitrogen, USA) and DIG RNA labeling kit (Roche, Germany) were
used to synthesize the antisense digoxigenin (DIG)-labeled probes ac-
cording to the manufacturer’s instructions. Probes were purified using
LiCl precipitation and stored at —80 °C.

The brain, pituitary, and ovary were excised from ACC and RCC and
fixed in 4 % paraformaldehyde (PFA, Sangon) at 4 °C for 24 h. Subse-
quently, the tissues were dehydrated with a series of graded sucrose
solutions (15 %, 20 %, and 30 %) and then embedded in Tissue-Tek O.C.
T. Compound® (Sakura, USA). The embedded tissues were cut into 20
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acatgggggectitgactggatagiget teettttt t
aattgegglaategteteect tetgt tgeet aa
catgaattttat cagatict tattctitaaattaatiggattg

glgggcatgaggactiigtcattgecagaaagaagaaact tgacttttttcatectgeet
caaggtctetgecaagtctaaaaat

ATGTTTCCAAGTGAAGATTGGAACTCAAGTGAGCTGCTTAACAGCTCCATTGGAAACTCC
MFPSEDY¥NSSELLNSSIGNS
TCTATGGAGGACACGGAGGACGAGGAGCACCCCTTCCTGACGGATGCTTGGCTGGTGCCC
SMEDTEDEEHPFLTDANWLYP
CTTTTCTTCTCCCTCATCATGCTAGTGGGGCTGATCGGANACTCACTGGTGATCTATGTC
LEFEJL 1w L ve L1 6NELvyiryy
ATCTCCAAGCACAGACAGATGAGGACCGCCACTAACTTTTACATTGCTAACTTGGCTGCC
IOKHRQUWRTATNFYTANLAA
ACTGACATCATTTTCCTGCTGTGCTGCGTGCCGTTCACTGCTACCCTCTACCCTCTGCCT

TDTIERELLCECCYPFTATLYPLEP
GGCTGGATATTTGGGGACTTCATGTGCAAATTTGTTGCTTTTCTCCAACAGGTGACTGTA
GRIFGDFEFWCKEFYAFLQQVYVTY

CAGGCGACGTGCATCACTCTTACGGCAATGAGTGGAGACCGTTGCTATGTGACTGTGTAT
QATCITLTANSGDRCY VOV Y
CCTCTGAATCCCTGCACCACCGTACCCCTCGTGTCGCAATGATTGTTAGCATCTGTATC
PLEGOLHHRTPRVY AW V[S] c1
TGGATTGGTTCCTTCATCCTTTCCATACCAATCTTCCTGTACCAGAGGCTTGAGGATGGA
"1 6SFILSIPIFLYQRLEDSGSG
TTTTGGTATGGACCAAGAAAATACTGCATGGAGAGGTTTCCATCAAAGACCCACGAGAAA
FWYGPRKYCMEREFEPESIKTHEK
GCTTTCATCCTCTATCAGTTCATAGCCGTATATCTACTGCCTGTCATTACCATCTCCTTC
AFILYQFIAVYLLPVITISEF
TGTTATTCCTTCATGCTGAAGAGAGTGGGACAAGCCTCTGTGGAACCAGTGGATAACAAC
CYSFMLKRVYGQASVYEPVYDNN
CATCAGGTCCACCTGCTCTCAGGGAGAACTATCTCCATTAGGAGTAAGATCTCCAAMTG
HQVHLLEOCRT IO RAOK 1T S KM
GTAGTGGTCATTGTTGTTCTCTTCACCATCTGCTGGGGTCCCATTCAGATCTTTGTCCTA
VYYIVYLFTICYGPIQIFVYL
TTCCAGTCTTTCTATCCCAACTTCAAAGCCAACTACGCAACATATAAGATCAAGACATGG
FQSFYPNFEKANYATYKI KDV
GCCAACTGCATGTCCTATGCCAACTCCTCTATCAACCCTATTGTCTACGGTTTTATGGGC
ANCMSYANSSINPIVYGFUUG
GCCAGCTTCCGCAAGTCCTTCAGGAAGACCTTTCCCTTCCTCTTCAGACACAAAGTGAGA
AOF RKGFRKTFPFLFRHEKLVYR
GACAGCAGTGTCGCCTCCCGCACGGCCAATGCAGAAA TAAAGTTCGTAGCAACGGAGGAG
DSGIVASRTANAEIKFVATEE
AGCAACACTGAGAGGAAATGAgageggat gacacctcaaccatgaatccatgecaact gt
SNTEREK =%

clagtcgecgatgeacaggeticceccataaatagggattatattcagticgetgagatg
tgaaaaaaticlaatgeggty tt taactgcaaaagtgea

cataaattattacagtitataattacagetggagtitagtagtattatttaatactggea
tecaacaactetlatgactggectggetatgliacgagagetigeatttttitaaaatgl
titatggaaagctaattitacagggeglaagllcacggatggggaaccaaacggatgtic
tgecageggagatglglaggagetigectgagaggatgligactaaatcaaacatggeaa
ctgtigactcatctactgtgtttgacatatacacgacacctecctgtgeacacticetea
tgaaacaccactccaaactgeccticateggtigtatttatatatictgageattctace
acatgactcaagetgaagaggtgtactcacaaggtatagactetetcaaageacacceect
tctcaagaat tiget geaaattatgetggaactaccageaagy

caattlgagattactgtaggatagacactgagggtlaacaaggt taaatgaaat tgaagat
gataaaaataatatcattaatgigttaaatttaagatttatigecattitaaaaaatagga
tgeegeataatgaccattttcaaggagegattcacatagaattigtitttgegtitagta
atgt t
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1 acatggggaatgeatgagtgaccetecactgeagtgaagaagaggeatggteegetecaa
B 61 aacaaccacttteccataggat tgaacaatgttt taggaagaatgttttect tecaaataa
121 tactcaaggtttctgaaagaggttat tactagacacatgcaagteta
168 ATGGCAGAAAGCAACAGGACCACTGAGGTTGCAGAACTTATCTTGTGCAATAATGAAGCA
1 VWAESNRTTEVAELILCNNENA
228 AATATTTATGATTGCAATCAATCTGATCCCATGGGATCTCAAAGCCCAATCCCACTGACA
21 NIYDCNQSDPXUNGSQSPIPLT
288 GACGCCTGGCTGGTGCCAGTGTTTTTCATCCTTATAATGTTTGTAGGCTTGGTGGGTAAC
41 DAWLYPYFFILIUWFVYGLVYGN

38 TCATTGGTCATCTATGTAGTCGTCAAMACCAACAGATGAAMCTGTTACAAACTTCTAC
61 ClhvyivyvvvENxoeaukTvQNFY
408 ATAGTTAATCTTGCCAGCACAGATATCCTTTTCCTGGTTTGCTGTGTICCTTTCACTGCC

8l ILYNXLASTDILFLYCCVEETA
468 ACTTTATACACTCTTCCTAGCTGGATATTTGGGGACTTCATGTGTCGCCTGATCAATTAC
101 TLYTLPSKEIFGDFNCRLINY
528 CTGCAACAGGTAACTGCACAAGCGACCTGCATCACTTTGTCTGCAATGAGTGTTGATCGT
121 LQQVTAQATCITLSAMNMSYDR

588 TITTACGTGACGGTCTACCCTCTCCAGTCCCTCCGTCATCGAACACCACAGATGGCTCTG
141 FYVAEOVYPLAOLRHRTPQNAL
648 TCTGTATGCACCACCATATGGATATGTTCTTTGCTGCTTTCGGTGCCGATAGCGTTGTAT

161 S\’CTTlWlCSI.LI.@\’PlALY
708 CAGCACACAGAGTCTTCGTTCTGGTTCGGTCCACAGACGTACTGCACCGAGGCCTTTCCA
181 QHTESSF¥FGPQTYCTEAFTP
768 TCTCTCATTCATAAGAGGGTTTACATTCTTTACTCCTTCTTGGCTGTTTACCTGCTGCCT
201 SLTBERYYLELYSBLAYYLLP
828 CTGATCACCATCTGCATGTGTTACACCTTCATGCTGAAGCGCATGGCTCAAGCCACGGTC
221 LITICMCYTFMLKRMYAQATY
888 GAGCCTGTAAATGGCTGTAACCAGCTGCAGACGCCAGCAGAACGTGTTGAAGCAGTGCGG
241 EPYNGCNQLQTPAERVYEAVR
948 ACCAGAGTCACCAGGATGGTGGTTGTAATGCTCCTGCTGTTTCTGCTCTGCTGGGGTCCA
261 TR\'Rll\'\"\’!l\’LLFLLCI'GP
1008 ATCCAGATACTGATTCTCTTACAAGCATTCTGTTCTGAAGATGTGAGTCACAGCTATACA
281 IQTLITLLQGAFCGSEDY SHSYT
1068 CTCTACAAACTGAAGATCTGGGCTCACTGCATGTCCTACTCCAATTCCTCCATAAACCCC
301 LYKLEIYARCUSYSNSSIT NP
1128 GTCATCTACGCCTTCATGGGAGCCAACTTCAGAAAGGCCTTCAGAAGTGTGTTCCCTTTG
321 \’l\':\l-‘&IGANFRKAFR\"I-‘Pl,
1188 ATCTTCAAAAGGGGCGCAAGAACAGCCCAGCCTCTCCCCACCTATAACAGAGAGATGAAC
31 IFKRGARTAQPLPOYNREWN
1248 TTTCTTTCATCCGGACCCTAGg gt t ttggaaagget ttgegtaaatat taatgcaact
361 FLSQ®GP *

1308 agctgaacattaatgegttttttgteccatttaagaaggact taactgtatctttatatg
1368 taatttcaataaaaatgtatacgtctatgaaaaaaaaaaaaaaaaa

Fig. 1. Nucleotide and deduced amino acid sequences of GPR54a (A) and GPR54b (B) in allotriploid crucian carp. Lowercase letters represent the non-coding
regions of the nucleotide sequence, uppercase letters represent the coding regions of the nucleotide sequence, underline denotes the start codon, Asterisk shows the
stop codon, rectangular boxes refer protein kinase A (PKA) phosphorylation site, oval boxes show protein kinase C (PKC) phosphorylation site.

pm thick coronal sections with a freezing microtome (Leica CM3050 S

Cryostat, Germany).

Prior to hybridization, the sections were washed 3 times with 1 x
PBST at room temperature (RT) for 5 min each time, fixed with 4 % PFA
at RT for 10 min, and prehybridized at 60 °C for 3 h. The prehybrid-
ization solution was mixed as follows: 50 ml of deionized formamide, 25
mL of 20 x SSC, 920 pl of 1M citric acid, 1 ml of 0.5M EDTA, 500 pl of
20 % Tween-20, 100 pL of 50 mg/ml heparin, 100 pL of 50 mg/ml tRNA,

and 22.38 mL of DEPC-H50.

The hybridization solution was prepared by adding the RNA probe
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into the prehybridization solution. The hybridization solution was de-
natured at 80 °C for 10 min and then immediately chilled on the ice for 5
min before use. Next, the sections were incubated with the hybridization
solution at 60 °C for 16 h. The negative control was incubated with PBS
instead of the hybridization solution.

After hybridization, the sections were washed with 50 % deionized
formamide at 60 °C for 15 min and 2 x SSCT at RT for 15 min. Then,
they were incubated with 2 pg/mL RNase A buffer at RT for 30 min and
50 % deionized formamide at 60 °C for 30 min. Subsequently, they
washed with 2 x SSCT, 0.2 x SSCT, and 1 x PBST at 60 °C for 15 min
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Diploid red crucian carp MF‘PSEDRNSSELLNSSIGNSSMED’IEBEEHPFI.'IL‘ LVPLFFSLIMLVGLIGNSLVIY 60
Allotriploid crucian carp MFPSEDHNSSELI.NSSIGNSSMEB'IEDEEHPFI.TD LVPLFFSLIMLVGLIGNSLVIY 60
Zebrafish MFSGEEHNSSELLNGSERNSSMEDSEDGEHPFLIB LVPLFFSLIMLVGLIGNSLVIY 60
Common carp MFPSEL‘HNSSELLNSSIGNSSTEL“IEDEEHPFLTE LVPLFFSLIMLVGLIGNSLVIY €0
Rare gudgeon MFPSEDHNSSELLNSSIGNSSVEDPEL‘EEHPEL‘ID LVPLEFSLIMLVGLIGNSLVIY 60
Consensus nf ed nsselln s nss ed ed ehpfltdgulvplffslinlv
™1
Diploid red crucian carp ISKHRCMRTATNFYIANLAATDIIFLLCCVPFTAEFLYPLPGWIFGDFMC 120
Allotriploid crucian carp ISKHRCMRTATNFYIANLAATDIIFLLCCVPFTAFLYPLPGWIFGDEMC 120
Zebrafish ISKHRCMRTATNFYIANLAATCIIFLLCCVPFTAELYPLPGWIFGLDFEMC 120
Common carp ISKHRCMRTATNFYIANLAATCDIIFLLCCVPFTAFLYPLPGWIFGDFEMC 120
Rare gudgeon ISKHRCMRTAT FYIANLAATDIIELI.CCVPETA LYPLPGWIFGDFMC 120
Consensus iskhrgmrtat lyplpgwifgdfnc
™2
Diploid red crucian carp RCYVIVYPLKSLHHRTPRVBMIVSICIWIGSFILSIPIFICRLELG 180
Allotriploid crucian carp RCYVIVYPLKSLHHRTPRVBMIVSICIWIGSFILSIPIFIICRLEDG 180
Zebrafish RCYVIVYPLKSLHHRTPRVBMIVSICIWIGSFILSIPIFICRLELG 180
Common carp CATCITLTAMSGPRCYVIVYPLKSLHERTPRWBMIVSICIWIGSFILSIPIFIWCRLEDG 180
Rare gudgeon CATCITLTAMSGPRCYVIVYPLKSLHHRTPRVBMIVSICIWIGSFILSIPIFICRLEDG 180
Consensus jgatcitltansghircyvtvyplkslhhrtpryami iciwi i bgrledg
4
Diploid red crucian carp FWYGPRKYCMERFPSKTHEXRFILYCFIAVYLLPVITISECYSFMLKRVGCASVEPVIDNN 240
Allotriploid crucian carp FWYGPRKYCMERFPSKTHEKRFILYCFIAVYLLPVITISFCYSFMLKRVGCASVEPVLNN 240
Zebrafish YWYGPRKYCMERFPSKTHEKRFILYCFIAVYLLPVITISFCYSFMLKRVGCASVEPVINN 240
Common carp FWYGPRKYCHMERFPSKTHEKRFILYCFIAVYLLPVITISFCYSFMLKRVGCASVEPVIDNN 240
Rare gudgeon ¥YWYGPRKYCMERFPSKTHEKRFILYCFIAVYLLPVITISFCYSFMLKRVGCASVEPVDNN 240
Consensus wygprkycnmerfpskthekpfil S
Diploid red crucian carp HCVHLLS?RTISIRSKIS 300
Allotriploid crucian carp HCVHLLS@RTISIRSKIS VVVIVVLFTICWGPICIFV 300
Zebrafish HQVHI.LSBIRTISIRSKIS VVVIVVLFTICWGPICIFV 300
Common carp HCVHLLSElRTISIRSKIS VVVIVVLFTICWGPICIFV 300
Rare gudgeon HCVHLLSERTISIRSKISHMVVVIVVLETICWGPICIFV 300
Consensus hqvhlls rtisirskisHmvvvivvlifticwgpigifv
Diploid red crucian carp BNCMSYANSSINPIVYGEM ASERRSFRKTEPELFRHKVRDSS?ASR‘IANAEIKEVATEE 360
Allotriploid crucian carp BNCHSYANSSINPIVYGEM ASFRKSFRKTEPFLFRHKVRDSSV}ASRTANAEIKFVATEE 360
Zebrafish ENCMSYANSSINPIVYGEM ASERKSFRKTEPFLFRHKVRDSSV‘ASRTANAEIKFVATEE 360
Common carp BNCMSYANSSINPIVYGEM ASFRKSFRKTEPFLFRHKVRDSS];ASRTANAEIKFVATEE 360
Rare gudgeon BNCMSYANSSINPIVYGEM ASFRKSFRKTFPFLFRHKVRDSSVASRTANAEIKFVATEE 360
Consensus lancmsyanssinpivygfrpasfrksfrktfpflfrhkvrdss asrtanaceikfvatee
o . it ™7
Diploid red crucian carp SNTER 365
Allotriploid crucian carp 'SN‘TER 365
Zebrafish SNIER 365
Common carp SNTER 365
Rare gudgeon N.TER 364
Consensus ter

Fig. 2. Amino acid sequence alignment of GPR54a in allotriploid crucian carp, diploid red crucian carp, and other species. Lowercase letters represent
identical amino acids, yellow parts refer highly conserved amino acids, purple parts refer moderately conserved amino acids, blue parts refer lowly conserved amino
acids, rectangular boxes denote transmembrane domains (TM1-7). Allotriploid crucian carp (OR946413), diploid red crucian carp (Carassius auratus red var.
OR946412), common carp (Cyprinus carpio GPR54a: AFM08411.1), zebrafish (Danio rerio KISS1 receptor a: NP_001099149.2), rare gudgeon (Gobiocypris rarus
GPR54a: AHH83759.1).
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A:

acatgggggectttgagtggatectget teettttt

aattgeggeageegtetectccaaatacagatctatctgaaaaactgectcagtageagg
aagttaatgaaaagacaccagattictaatggegtgticttaaaattaattiggatigglgg

181 geatgaggattttgtegetgteagaaagaaggaatitggetittttaaatcttatttcaa
241 ggtetttcccaagcataaaatt
263 ATGTTTCCGAGTGAAGACCGGAACTCAAGTGAGCTGCTTAACAGCTCCATTGGAAACTCC

1 .\IFPSEDRXSEI,I.XSSIGNS

323 TCTATGGAGGACACGGAGGACGAGGAGCACCCCTTCCTGACGGATGCTTGGCTGGTGCCC
21 SMEDTEDEEHPF FLTDATYLYP
383 CTTTTCTTCTCCCTCATCATGCTAGTGGGGCTGATCGGAAACTCACTGGTGATCTATGTC
41 l.l-‘l-‘l.l.\ll,\'Gl.lGXl,\’l\'\'
113 ATCTCCAAGCACAGACAGATGAGGACCGCCACTAACTTTTACATTGCTAACTTGGCTGCC
61 IGOKHRQMRTATNFYITANLAA
503 ACTGACATCATTTTCCTGCTGTGCTGCGTGCCGTTCACTGCTACCCTCTACCCTCTGCCT
81 TDITERLLCCYPRTATLYPIL®P
563 GGCTGGATATTTGGGGACTTCATGTGCAAATTTGTTGCTTTTCTCCAACAGGTGACCGTA
101 GWIFGDFMCKFVAFLQQYTYVY
623 CAGGCGACGTGCATCACTCTTACGGCAATGAGTGGAGACCGTTGCTATGTGACTGTGTAT
121 QATCITLTAMSGDRCY YDV Y
683 CCTCTGAAATCCCTGCACCACCGAACCCCTCGTGTCGCAATGATTGTTAGCATCTGTATC
141 l’l.K@l.HllRTI’R\'A\Il\'ElCl
73 TGGATCGGTTCCTTCATCCTTTCCATACCAATCTTCCTGTACCAGAGGCTTGAGGATGGC
161 IlG@Fll.SlI’lFl.\'QRl.EDG
803 TTTTGGTATGGACCAAGAAAATACTGCATGGAGAGGTTTCCATCAAAGACCCACGAGAAA
181 I-'l'\'GPRK\’C.\IERFP@KTI(ISK
863 GCTTTCATCCTCTATCAGTTCATAGCCGTATATCTACTGCCTGTCATTACCATCTCCTTC
201 ARILYQFIAVYYLLPYITISTE
923 TGTTATTCCTTCATGCTGAAGAGAGTGGGACAAGCCTCTGTGGAACCAGTGGATAACAAC
221 CYSFMLKRYGQASVYEPVYDNN
983 CATCAGGTCCACCTGCTCTCAGAGAGAACTATCTCCATTAGGAGTAAGATTTCCAAAATG
2411 HQVHLLSERTISIREKISKDHWN
1043 GTAGTGGTCATTGTTGTTCTCTTCACCATCTGCTGGGGTCCCATTCAGATCTTTGTCCTG
261 YVYILVYYLETLCYGPIIQILREWY:IL
1103 TTCCAGTCTTTCTATCCCAGCTTCAAAGCCAACTACGCAACATATAAGATCAAGACATGG
281 FQSFYPEOFKANY ADY K 1 KQDW
1163 GCCAACTGCATGTCCTATGCCAACTCCTCCATCAACCCTATTGTCTACGGTTTTATGGGC
301 ANCMUMSYANSSINXNPIVYYGFMNG
1223 GCCAGCTTCCGCAAGTCCTTCAGGAAGACCTTTCCCTTCCTCTTCAGACACAAAGTGAGA
321 AOF RKGFRKTFPFLFRHEKYVR R
1283 GACAGCAGTGTCGCCTCCCGCACGGCCAATGCAGAAATAAAGT TCGTAGCAACGGAGGAG
341 PEEIVASRTANAEIKFVATEE
1343 AGCAACACTGAGAGGAAATGAgageggat gacacctcaaccat gaatccatgecaact gt
361 S NTERK =*

1103 ctagtegecgaagegeaggeticccccataaatagggattatattcagttegetgagatg
1163 tgaacaaattctaatgtggtgcaanaggecatttagaagtcanataact gcanaagtgea
1523 cataaattattacagtttataattacagcetggagttitagtagtattatttaatactggea
1583 tccaacaactettatgactggectggetatgttacgaaggettgeattttttaaaaatgt
1643 tttatggaaagctaattttacagggcgtaagttcacggat ggggaaccaaacggatgtic
1763 tgccageggagatgtgtaggagettgect gttgactaaat ggcaa
1823 ctgttgactcatctatigtgtitgacatatacatgacacctecctgtgeacacttcctea
1883 tgaaacaccactccaaactgeccttcateggttgtatttatatattctgageattctace
1943 acatgactcaagetgaagaggtglactcacaaggtatagactetetecaaageacacceect
2003 tet tget tgcaaattatgetgeaactaccagcaagy
2063 caattgagattactgtaggatagacactgagggttaacaaggt taaatgaaattgaagat
2123 gataaaaataatatcattaatgtgttaaatttaagatttatigcattttaaaaaatagga
2183 tgecgeataatgaccattttcaaggagegattecacatagaattigtttttgegtttagta
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acatgggggaccactgaggttgcagaact tatct tgtgcaataatgaagcaaatat ttat
gattgcaatcaatctgatece

82 ATGGGATCTCAAAGCCCTGTCCCGCTGACAGACGCCTGGCTAGTGCCAGTGTTTTTCATT
1 W6 SQSPVYPLTDAWLYPVYFFI

142 CTTATATTGTTTGTAGGCTTGGTGGGTAACTCACTGGTCATCTATGTAGTCGTCAAAAAC
21 l.ILFVGl,VG.\l.\’I\’\'\"\'l\’.\’
202 CAACAGATGAAAACTGTTACAAACTTCTACATAGTTGTAGGCTTGGTGGGTAACTCACTG
a1 QQUKTVAONFYTIVVGLVGNS]L
262 GTCATCTATGTAGTCGTCAAAAACCAACAGATGAAAACTGTTACAAACTTCTACATAGTT
61 VI\'\'V\’K.\'QQ.\!K@\’T.\'FYIV
322 AATCTTGCCAGCACAGATATCCTTTTCCTGGTTTGCTGTGTTCCTTTCACTGCCACTTTA
81 NLASTDILFLVYCCVPFTATL
382 TACACTCTTCCTAGCTGGATATTTGGGGACTTCATGTGTCGCCTGATCAATTACCTGCAA
101 YTLPSWIFGDFMYCRLINYLQ
442 CAGGTAACTGCACAAGCGACCTGCATCACTTTGTCTGCAATGAGTGTTGATCGTTTTTAC
121 QVTAQATCITLSAMSVDRFY
502 GTGACGGTCTACCCTCTCCAGTCCCTCCGTCATCGAACACCACAGATGGCTCTGTCTGTA
141 V@\'YPLQ@LRHRTPQ&IALS\"
562 TGCACCACCATATGGATATGTTCTTTGCTGCTTTCAGTGCCGATAGCGTTGTATCAGCAC
161 CTTI\\‘lCSLLL@\’PlALYQH
622 ACAGAGTCTTCGTTCTGGTTCGGTCCACAGACGTACTGCACCGAGGCCTTTCCATCTCTC
181 TESSFWFGPQTYCTEAFPSL
682 ATTCATAAGAGGGCTTACATTCTTTACTCCTTCTTGGCTGTTTACCTTCTGCCTCTGATC
201 [HKRA\’ILY@FL:\\’\’LLPLl
742 ACCATCTGCATGTGTTACACCTTCATGCTGAAGCGCATGGCTCAAGCCACGGTCGAGCCT
221 TICMCYTFMLEKRMAQATVETP
802 GTAAATGGCTGTAACCAGCTGCAGACGCCAGCAGAACGTGTTGAAGCAGTGCGGACCAGA
241 VNGCNQLQTPAERVEAVRTR
862 GTCACCAGGATGGTGGTTGTAATGGTGCTGCTGTTTCTGCTCTGCTGGGGTCCAATCCAG
261 \'R)IV\'\"!I\"LLFLLCWGPIQ
922 ATACTGATTCTCTTACAAGCATTCTGTTCTGAAGACGTGAGTCACAGCTATACACTCTAC
281 ILILLQAFCSEDVSHSYTLY
982 AACTGAAGATCTGGGCTCACTGCATGTCCTACTCCAATTCCTCCATAAACCCCGTCATG
301 KLEIWVWAHCMSYSNSSINPVY
1042 CGTTTTGGAAAGGCTTTGCGTAAATATTAAatgcaactaget gaacat taatgtgt Lttt
321 RFGEKALREKY =*

1102 tgteccatttaagaaggacttaactgtatctttatatgtaatttcaataaaaatgtatac
1162 gtctatgaaaaaaaaaaaaaa

Fig. 3. Nucleotide and deduced amino acid sequences of GPR54a (A) and GPR54b (B) in diploid red crucian carp. Lowercase letters represent the non-coding
regions of the nucleotide sequence, uppercase letters represent the coding regions of the nucleotide sequence, underline denotes the start codon, Asterisk shows the
stop codon, rectangular boxes refer protein kinase A (PKA) phosphorylation site, oval boxes show protein kinase C (PKC) phosphorylation site.

each time. After that, the sections were blocked with blocking buffer at
RT for 3 h and then incubated with AP-conjugated anti-DIG antibody
(Roche, Germany, 1:1500 diluted in the blocking buffer) overnight at
4°C.

Finally, the sections were stained with NBT/BCIP stock solution
(Roche, Germany), and the hybridization signals were captured with
light microscopy (Olympus, Japan).

2.5. Statistical analysis

All data were shown as mean + SEM. DNAMAN version 5.0 was used
to analyze multiple sequence alignment. The phylogenetic tree was
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constructed using MEGA 5 software with the neighbor-joining (NJ)
method. SPSS 19.0 software was used to calculate the significant dif-
ferences. Student’s t-test was used to analyze statistically significant
differences in gene expression between multiple groups.

3. Results

3.1. Nucleotide and deduced amino acid sequences of GPR54a and
GPR54b

The full-length ¢cDNAs of ACC gpr54a (GenBank: OR946413) and
RCC gpr54a (GenBank: OR946412) were 2224 bp and 2218 bp,
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Fig. 4. Amino acid sequence alignment of GPR54b in allotriploid crucian carp, diploid red crucian carp, and other species. Lowercase letters represent
identical amino acids, yellow parts refer highly conserved amino acids, purple parts refer moderately conserved amino acids, blue parts refer lowly conserved amino
acids, rectangular boxes denote transmembrane domains (TM1-7). Allotriploid crucian carp (OR946414), diploid red crucian carp (Carassius auratus red var.
OR946415), common carp (Cyprinus carpio GPR54b: AFM08412.1), zebrafish (Danio rerio KISS1 receptor b: NP_001104001.1), rare gudgeon (Gobiocypris rarus
GPR54a: AHH83760.1).

respectively (Figs. 1A and 3A). ACC gpr54a had 265 bp 5' UTR, 858 bp 3' (Fig. 3A). We found that the ACC and RCC GPR54a had seven trans-
UTR, and 1101 bp open reading frame (ORF) that encoded a protein of membrane domains (TMDs) (Fig. 2), which is a typical characteristic of
366 amino acids (Fig. 1A). RCC gpr54a had 262 bp 5’ UTR, 855 bp 3’ the G-protein-coupled receptor family. Multiple sequence alignment
UTR, and 1101 bp ORF that encoded a protein of 366 amino acids analysis showed that GPR54a shared high identities of 99.2 % between
(Fig. 3A). The analysis of phosphorylation sites indicated that ACC ACC and RCC, as well as to other fish with higher identities (Fig. 2).

gpr54a had six protein kinase A (PKA) phosphorylation sites and eleven The full-length ¢cDNAs of ACC gpr54b (GenBank: OR946414) and
protein kinase C (PKC) phosphorylation sites (Fig. 1A), RCC gpr54a had RCC gpr54b (GenBank: OR946415) were 1413 bp and 1182 bp, respec-
seven PKA phosphorylation sites and eleven PKC phosphorylation sites tively (Figs. 1B and 3B). ACC gpr54b had 167 bp 5 UTR, 145 bp 3' UTR,
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Fig. 5. Phylogenetic tree of GPR54a and GPR54b. The phylogenetic tree was constructed with the neighbor-joining (NJ) method. Numbers at nodes denote the
bootstrap percentages, obtained for 1000 replicates. Allotriploid crucian carp (GPR54a: OR946413, GPR54b: OR946414), diploid red crucian carp (Carassius auratus
red var. GPR54a: OR946412, GPR54b: OR946415), common carp (Cyprinus carpio GPR54a: AFM08411.1), zebrafish (Danio rerio KISS1 receptor a: NP_001099149.2),
cavefish (Triplophysa rosa GPR54a: KAI7809676.1), rare gudgeon (Gobiocypris rarus GPR54a: AHH83759.1), dace (Tribolodon brandtii GPR54a: ASU91840.1),
common carp (Cyprinus carpio GPR54b: AFM08412.1), zebrafish (Danio rerio KISS1 receptor b: NP_001104001.1), rare gudgeon (Gobiocypris rarus GPR54b:
AHH83760.1), human (Homo sapiens GPR54: AAK83235.1), pig (Sus scrofa GPR54: ABE73453.1), mouse (Mus musculus GPR54: AAK83236.1), goat (Capra hircus
GPR54: ACY91951.1), Japanese eel (Anguilla japonica GPR54: BAM72049.1), swamp eels (Monopterus albus GPR54: AVZ65972.1), musk shrew (Suncus murinus
GPR54: BAL04095.1), Russian sturgron (Acipenser gueldenstaedtii GPR54: AYD88374.1), longtooth grouper (Epinephelus bruneus GPR54: AEN14599.1), Nile tilapia

(Oreochromis niloticus GPR54: NP_001266708.1).

and 1101 bp ORF that encoded a protein of 366 amino acids (Fig. 1B).
RCC gpr54b had 81 bp 5 UTR, 111 bp 3' UTR, and 990 bp ORF that
encoded a protein of 329 amino acids (Fig. 3B). The analysis of phos-
phorylation sites indicated that both ACC and RCC gpr54b had three
protein kinase A (PKA) phosphorylation sites and six protein kinase C
(PKC) phosphorylation sites (Figs. 1B and 3B). Seven TMDs were found
in ACC and RCC GPR54b (Fig. 4). Multiple sequence alignment analysis
showed that GPR54b shared high identities of 82.7 % between ACC and
RCC and had higher identities among other fish (Fig. 4). Phylogenetic
tree analysis showed that ACC GPR54a was nested with RCC GPR54a,
ACC GPR54b and RCC GPR54b were localized in a clade, and GPR54a
and GPR54b were clustered into two separate clades (Fig. 5).

3.2. Tissue expression of gpr54a and gpr54b

gqRT-PCR was performed to verify the relative expression of gpr54a
and gpr54b in different tissues and stages of ACC and RCC (Figs. 6-7). In
both the breeding season and non-breeding season, the female ACC and
RCC gpr54a were mainly expressed in the brain but expressed at low
levels in periphery tissues (Fig. 6A-C). The male ACC and RCC gpr54a
were highly expressed in the brain but had lower expression in periph-
eral tissues (Fig. 6B-D). In addition, it is noted that the expression of
gpr54a had significant differences between ACC and RCC in most tissues
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especially in the brain, pituitary, muscle, and gonads (Fig. 6).

Unlike gpr54a, ACC and RCC gpr54b were widely expressed in the
brain and periphery tissues (Fig. 7). In the breeding season, the female
ACC gpr54b was highly expressed in the brain, liver, muscle, skin, pi-
tuitary, and ovary (Fig. 7A). The female RCC gpr54b was highly in the
brain, spleen, heart, kidney, and head kidney (Fig. 7A). The higher
expression of male ACC gpr54b was found in the liver, muscle, and testis
(Fig. 7B). The male RCC gpr54b was highly expressed in the pituitary and
mesencephalon and moderately expressed in muscle, spleen, and testis
(Fig. 7B). In the non-breeding season, the female ACC gpr54b was highly
expressed in the brain, heart, and liver (Fig. 7C). The female RCC gpr54b
was mainly expressed in the brain, muscle, and liver (Fig. 7C). The
higher expression of male ACC gpr54b was detected in the brain, liver,
skin, muscle, and pituitary (Fig. 7D). The male RCC gpr54b was pri-
marily expressed in the brain, muscle, and pituitary (Fig. 7D). Similar to
gpr54a, the expression of gpr54b had significant differences between
female ACC and RCC in most tissues, especially in the brain, pituitary,
spleen, muscle, liver, sky, and gonads (Fig. 7).

3.3. Relative expression of gpr54a and gpr54b in HPG axis

To further understand the physiological function, we analyzed the
relative expression of gpr54a and gpr54b in the HPG axis of ACC and
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Fig. 6. Relative expression of gpr54a in allotriploid crucian carp and diploid red crucian carp. (A) Relative expression of gpr54a in female allotriploid crucian
carp and diploid red crucian carp during the breeding season. (B) Relative expression of gpr54a in male allotriploid crucian carp and diploid red crucian carp during
the breeding season. (C) Relative expression of gpr54a in female allotriploid crucian carp and diploid red crucian carp during the non-breeding season. (D) Relative
expression of gpr54a in male allotriploid crucian carp and diploid red crucian carp during the non-breeding season. The p-actin was used as the internal control. Data
were shown as the mean + SEM (n = 3). Asterisk indicates a significant difference (“*” indicates P < 0.05, “**” indicates P < 0.01, “***” indicates P < 0.001).

RCC, specially (Fig. 8). In the breeding season, the expression of gpr54a
in the hypothalamus, pituitary, and ovary of ACC was significantly lower
than in RCC (Fig. 8A). In the non-breeding season, the expression of
gpr54a in the ovary of ACC was significantly lower than in RCC, ACC
gpr54a was higher expressed in the pituitary compared to RCC, and there
was no significant difference between ACC and RCC in the hypothala-
mus (Fig. 8B). In addition, we found that the expression of gpr54a in the
hypothalamus was higher in the breeding season than in the non-
breeding season (Fig. 8A and B).

In sharp contrast to the expression of gpr54a during the breeding
season, the expression of gpr54b in the hypothalamus, pituitary, and
ovary of ACC was higher than in RCC, significantly (Fig. 8C). In the non-
breeding season, gpr54b had a higher expression in the hypothalamus
and ovary of ACC than in RCC, but gpr54b had a lower expression in the
pituitary of ACC than in RCC (Fig. 8D). However, it is worth noting that
the expression of gpr54b in the breeding season was higher than in the
non-breeding season (Fig. 8C and D).

3.4. The localization of gpr54a and gpr54b in brain, pituitary, and ovary

To investigate the involvement of gpr54a and gpr54b in regulating
reproduction, ISH was performed to detect the localization of the two
mRNAs in the brain, pituitary, and ovary of ACC and RCC during the
breeding season. In the brain, cell group expressing gpr54a mRNAs were
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detected in several parts, such as lateral tuberal nucleus (NLT), nucleus
anterior periventricularis (NAPv), parvocellular part of the parvocel-
lular preoptic nucleus (NPO), and posterior periventricular nucleus
(NPP) of ACC and RCC (Fig. 9A-C). In the pituitary, the positive gpr54a-
labeled cells were evident in rostral pars distalis (RPD), proximal pars
distalis (PPD), pars intermedia (PI), and neurohypophysis (NH) of ACC
and RCC (Fig. 9E-G). The results of ISH showed that the ovary of RCC
had three oocyte phases (phases II, III, and IV), but the ovary of ACC
consisted of a few oocytes of stage III and some small oogonium-like
cells. The signals of gpr54a were detected in the yolk granule, nucleus,
cortical alveolus, zona radiata, and follicle cell of RCC. Signals of gpr54a
were also found in the nucleus, zona radiata, follicle cell, and yolk
vesicle of ACC (Fig. 91-K). It is noted that the signals of RCC gpr54a were
stronger in the brain, pituitary, and ovary than in ACC. No signals were
found in negative control (Fig. 9B-D, F, H, J, and L).

Similar to the gpr54a, a large number of signals of gpr54b were
detected in the brain, pituitary, and ovary of ACC and RCC. In contrast,
the signals of gpr54b in ACC were stronger than in RCC. In the brain, cell
groups expressing gpr54b mRNAs were also detected in NLT, NAPv,
NPO, and NPP of ACC and RCC (Fig. 10A-C). In the pituitary, the pos-
itive gpr54b-labeled cells were evident in the RPD, PPD, PI, and NH of
ACC and RCC (Fig. 10E-G). In the ovary, signals of gpr54b were found in
the nucleus, zona radiata, follicle cell, and yolk vesicle of ACC and RCC
(Fig. 10I-K). No signals were found in negative control (Fig. 10B-D, F,
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were shown as the mean + SEM (n = 3). Asterisk indicates a significant difference (“*” indicates P < 0.05, “**” indicates P < 0.01, “***” indicates P < 0.001).

H, J, and L).
4. Discussion

In the present study, we cloned the full-length cDNA of gpr54a and
gpr54b genes in ACC and RCC. ACC and RCC gpr54a were predicted to
encode a putative protein of 366 amino acids. ACC and RCC gpr54b
encoded putative proteins of 366 amino acids and 329 amino acids,
respectively (Figs. 1 and 3). Two genes in ACC and RCC had similar
structural characteristics and high identity with other teleosts (Figs. 2
and 4), consistent with previous research [13,16,18,24-28]. Phyloge-
netic tree analysis showed that ACC GPR54a was grouped with RCC and
other teleost GPR54a, and ACC GPR54b was also grouped with RCC and
other teleost GPR54b (Fig. 5).

The distribution of gpr54b was wider than gpr54a in ACC and RCC
(Figs. 6 and 7), which coincided with the previous reports in zebrafish
and European sea bass (Dicentrarchus labrax) [18,27]. We observed that
ACC and RCC gpr54a were highly expressed in the brain but expressed at
low levels in peripheral tissues (Fig. 6). Unlike gpr54a, ACC and RCC
gpr54b were highly expressed in the brain and widely expressed in pe-
ripheral tissues, such as muscle, liver, heart, sky, and gonads (Fig. 7).
These data suggested that gpr54a and gpr54b had different roles in
regulating the physiological functions of ACC and RCC. Moreover, the
high expression of the gpr54a and gpr54b in the brain of ACC and RCC
suggested that they had an essential role in regulating gonadal function
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via autocrine/paracrine mechanisms.

It has been confirmed that the HPG axis plays a role in regulating
reproductive functions. There is a growing body of evidence indicating
that GPR54 plays a crucial role in maintaining the normal function of the
HPG axis [12,29-33]. We compared the relative expression of gpr54a
and gpr54b in the HPG axis between female ACC and RCC during the
breeding season and non-breeding season (Fig. 8). The data showed that
gpr54a had significantly higher expression in RCC than in ACC during
the breeding season. Moreover, the expression of gpr54a in hypothala-
mus of ACC and RCC during the breeding season was significantly higher
than in the non-breeding season (Fig. 8A and B). Our results were
consistent with previous studies showing temporal expression of gpr54
in some species. The expression level of gpr54 was increased in the hy-
pothalamus of rats at puberty [34]. In Nile tilapia (Oreochromis niloticus),
the expression of gpr54 in the mature stage was significantly higher than
in the immature stage [35]. In addition, the gpr54 had the highest
expression at the onset of ovarian development of fathead minnow
(Pimephales promelas) and zebrafish [18,36]. Hence, these data further
verified the function of gpr54a in reproduction. It is noted that the
expression of gpr54a was higher in HPG axis of RCC than in ACC during
breeding season, which might relate to the sterility of ACC. In addition,
the expression of gpr54a in the breeding season was higher than in the
non-breeding season, indicating the function in regulating the repro-
duction. However, gpr54b had higher expression in ACC than in RCC,
suggesting that gpr54b had a different role in promoting fertility
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Fig. 8. Relative expression of gpr54a and gpr54b in HPG axis of female allotriploid crucian carp and diploid red crucian carp. (A) Relative expression of
gpr54a in HPG axis of female allotriploid crucian carp and diploid red crucian carp during the breeding season. (B) Relative expression of gpr54a in HPG axis of
female allotriploid crucian carp and diploid red crucian carp during the non-breeding season. (C) Relative expression of gpr54b in HPG axis of female allotriploid
crucian carp and diploid red crucian carp during the breeding season. (D) Relative expression of gpr54b in HPG axis of female allotriploid crucian carp and diploid
red crucian carp during the non-breeding season. The p-actin was used as the internal control. Data were shown as the mean + SEM (n = 3). Asterisk indicates a
significant difference (“*” indicates P < 0.05, “**” indicates P < 0.01, “***” indicates P < 0.001).

compared to gpr54a, and the mechanism of reproductive function of
gpr54b was worth further exploration.

We investigated the localization of gpr54a and gpr54b in the brain,
pituitary, and ovary of ACC and RCC during the breeding season (Figs. 9
and 10). The results of ISH in the brain showed that the signals of gpr54a
and gpr54b were detected in NLT, NAPv, NPO, and NPP of the brain in
ACC and RCC (Fig. 9A-C and Fig. 10 A, C), coincided with the previous
reports in goldfish, zebrafish, medaka (Oryzias latipes), chub mackerel
(Scomber japanicus), European seabass, and grass puffer (Takifugu
niphobles) [27,28,37-42]. Neuropeptide Y (NPY) plays a role in the
reproduction of fish and is highly expressed in the ventral and lateral
telencephalon of sea bass and goldfish [43,44], and gpr54 is detected in
GnRH neurons [13], so we speculated that the gpr54a and gpr54b were
highly expressed in regions with high expression of NPY and GnRH
might involve in reproduction by regulating the secretions of NPY and
GnRH. However, the signals of gpr54b in ACC were stronger than in RCC,
suggesting that gpr54b might inhibit the secretions of NPY and GnRH to
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influence ACC sterility. In the pituitary, the signals of gpr54a and gpr54b
were detected in RPD, PPD, PI, and NH (Fig. E, G and Fig. 10 E. G). The
pituitary secretes the FSH and LH to stimulate the maturation of gam-
etes, progesterone secretion, and ovulation [3,4]. Several studies have
investigated the localization of FSH and LH in RPD, PPD, PI, and NH
[45-49]. Hence, we suggested that gpr54a and gpr54b were highly
expressed in the regions with high expression of FSH and LH might
relate to the secretion of FSH and LH to influence reproduction. A study
has proved that GPR54 is associated with the development of oocytes
[35]. We found the massive signals of gpr54a and gpr54b in the nucleus,
zona radiata, follicle cell, and yolk vesicle of ACC and RCC (Fig. 9I-K and
Fig. 10 I, K). We speculated that gpr54a and gpr54b play a role in ovarian
development. In conclusion, we hypothesized that gpr54a might pro-
mote the secretions of NPY and GnRH in the brain, leading to the pro-
duction of FSH and LH by the pituitary, ultimately promoting ovarian
development. However, the wide expression of gpr54b in the brain, pi-
tuitary, and ovary of ACC might inhibit the secretions of NPY and GnRH
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Fig. 9. Localization of gpr54a in the brain, pituitary, and ovary of diploid red crucian carp and allotriploid crucian carp. (A, C) Localization of gpr54a in the
brain of diploid red crucian carp and allotriploid crucian carp. (E, G) Localization of gpr54a in the pituitary of diploid red crucian carp and allotriploid crucian carp.
(I, K) Localization of gpr54a in the ovary of diploid red crucian carp and allotriploid crucian carp. (B, D, F, H, J, L) Negative control of gpr54a in the diploid red
crucian carp and allotriploid crucian carp. Posterior periventricular nucleus (Npp), Parvocellular part of the parvocellular preoptic nucleus (Npo), Lateral tuberal
nucleus (NLT), Nucleus anterior periventricularis (NAPv). Rostral pars distalis (RPD), Proximal pars distalis (PPD), Pars intermedia (PI), Neurohypophysis (NH). a
represents yolk granule, b represents nucleus, ¢ represents cortical alveolus, d represents zona radiata, e represents follicle cell, and f represents yolk vesicle. Scale

bars: 100 pm.

in the brain, which could inhibit the pituitary to produce FSH and LH,
eventually leading to abnormal gonadal development and gametogen-
esis. Therefore, the lower expression of gpr54a and higher expression of
gpr54b in ACC might be related to ACC sterility. However, the complex
mechanisms of gpr54b require further study.

In summary, these data suggested that gpr54a and gpr54b might play
different roles in regulating the reproduction of ACC and RCC, gpr54a
might promote ovarian development, while gpr54b might inhibit
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ovarian development. These findings provide new theoretical guidance
for the molecular mechanisms of ACC sterility.

CRediT authorship contribution statement
Lu Huang: Writing — original draft, Data curation, Conceptualiza-

tion. Qiubei Wang: Data curation. Shuxin Zhang: Data curation. Fax-
ian Yu: Conceptualization. Shengnan Li: Data curation. Huan Zhong:



L. Huang et al. Reproduction and Breeding 4 (2024) 221-233

Diploid red crucian carp
brain

Allotriploid crucian carp !
brain

Diploid red crucian carp
pituitary

Allotriploid crucian carp
pituitary

ovary

Allotriploid crucian carp .
ovary

Fig. 10. Localization of gpr54b in the brain, pituitary, and ovary of diploid red crucian carp and allotriploid crucian carp. (A, C) Localization of gpr54b in
the brain of diploid red crucian carp and allotriploid crucian carp. (E, G) Localization of gpr54b in the pituitary of diploid red crucian carp and allotriploid crucian
carp. (I, K) Localization of gpr54b in the ovary of diploid red crucian carp and allotriploid crucian carp. (B, D, F, H, J, L) Negative control of gpr54b in the diploid red
crucian carp and allotriploid crucian carp. Posterior periventricular nucleus (Npp), Parvocellular part of the parvocellular preoptic nucleus (Npo), Lateral tuberal
nucleus (NLT), Nucleus anterior periventricularis (NAPv). Rostral pars distalis (RPD), Proximal pars distalis (PPD), Pars intermedia (PI), Neurohypophysis (NH). a
represents yolk granule, b represents nucleus, ¢ represents cortical alveolus, d represents zona radiata, e represents follicle cell, and f represents yolk vesicle. Scale
bars: 100 pm.

Conceptualization. Rurong Zhao: Writing — review & editing, Super- Declaration of competing interest

vision, Project administration, Funding acquisition, Conceptualization.

Min Tao: Writing — review & editing, Supervision, Project administra- Min Tao is an editorial board member for Reproduction and Breeding
tion, Funding acquisition, Conceptualization. and was not involved in the editorial review or the decision to publish

this article. All authors declare that they have no conflict of interest.

232



L. Huang et al.

Acknowledgments

This research was supported by the National Natural Science Foun-
dation of China (Grant No. 32293253, 32293252, 32202931), the
Hunan Province Science and Technology Innovation Platform and
Talent Program leading talent (Grant No. 2023RC1053), the Post-
graduate Science Research Innovation Project of Hunan Province (Grant
No. CX20230523), the earmarked fund for China Agriculture Research
System (Grant No. CARS-45), 111 Project (D20007).

References

[1]
[2]

[3]
[4]
[5]

[6]

7]
[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

E. Knobil, The GnRH pulse generator, Am. J. Obstet. Gynecol. 163 (5 Pt 2) (1900)
1721-1727.

M. Golyszny, E. Obuchowicz, M. Zielinski, Neuropeptides as regulators of the
hypothalamus-pituitary-gonadal (HPG) axis activity and their putative roles in
stress-induced fertility disorders, Neuropeptides 91 (2022).

H. Charlton, Hypothalamic control of anterior pituitary function: a history,

J. Neuroendocrinol. 20 (6) (2008) 641-646.

P. Escandon, et al., Selective modulation of the keratoconic stromal
microenvironment by FSH and LH, Am. J. Pathol. 193 (11) (2023) 1762-1775.
J.H. Lee, et al., KiSS-1, a novel human malignant melanoma metastasis-suppressor
gene, J. Natl. Cancer Inst. 88 (23) (1996) 1731-1737.

J.-H. Lee, D.R. Welch, Suppression of metastasis in human breast carcinoma MDA-
MB-435 cells after transfection with the metastasis suppressor gene, KiSS-1, Cancer
Res. 57 (12) (1997) 2384-2387.

D.K. Lee, et al., Discovery of a receptor related to the galanin receptors, FEBS Lett.
446 (1) (1999) 103-107.

S. Salehi, et al., Developmental and endocrine regulation of kisspeptin expression
in mouse leydig cells, Endocrinology 156 (4) (2015) 1514-1522.

J. Clarkson, et al., Distribution of kisspeptin neurones in the adult female mouse
brain, J. Neuroendocrinol. 21 (8) (2009) 673-682.

N. de Roug, et al., Hypogonadotropic hypogonadism due to loss of function of the
KiSS1-derived peptide receptor GPR54, Proc. Natl. Acad. Sci. U.S.A. 100 (19)
(2003) 10972-10976.

Seminara, S.B., et al., The GPR54 gene as a regulator of puberty. N. Engl. J. Med.,
349(17) (20013), p. 1614-1627.

Dudek, M., et al., Effects of high-fat diet-induced obesity and diabetes on Kiss1 and
GPR54 expression in the hypothalamic-pituitary-gonadal (HPG) axis and
peripheral organs (fat, pancreas and liver) in male rats. Neuropeptides, 56(2-16),
p. 41-49.

L.S. Parhar, S. Ogawa, Y. Sakuma, Laser-captured single digoxigenin-labeled
neurons of gonadotropin-releasing hormone types reveal a novel G protein-coupled
receptor (Gpr54) during maturation in cichlid fish, Endocrinology 145 (8) (2004)
3613-3618.

J.N. Nocillado, et al., Temporal expression of G-protein-coupled receptor 54
(GPR54) gonadotropin-releasing hormones (GnRH), and dopamine receptor D2
(drd2) in pubertal female grey mullet, Mugil cephalus</i&gt, Gen. Comp.
Endocrinol. 150 (2) (2007) 278-287.

J.S. Mohamed, et al., Developmental expression of the G protein-coupled receptor
54 and three GnRH mRNAs in the teleost fish cobia, J. Mol. Endocrinol. 38 (1-2)
(2007) 235-244.

S.S. Li, et al., Structural and functional multiplicity of the kisspeptin/GPR54 system
in goldfish (Carassius auratus), J. Endocrinol. 201 (3) (2009) 407-418 [CrossRef
Exact].

T.L. Yi, M.T. Pei, D.Q. Yang, Expression patterns of kiss2 and gpr54-2 in
Monopterus albus suggest these genes may play a role in sex reversal in fish, FEBS
Open bio 9 (10) (2019) 1835-1844.

J. Biran, S. Ben-Dor, B. Levavi-Sivan, Molecular identification and functional
characterization of the kisspeptin/kisspeptin receptor system in lower vertebrates,
Biol. Reprod. 79 (4) (2008) 776-786.

S. Liu, et al., The formation of tetraploid stocks of red crucian carpx common carp
hybrids as an effect of interspecific hybridization, Aquaculture 192 (2-4) (2001)
171-186.

L. Shaojun, et al., Analysis of gonadosomatic indexes of the tripoid crucian carp,
Shui Chan Xue Bao 26 (2) (2002) 112-114.

S.-j. Liu, et al., Gonadal structure of triploid crucian carp produced by crossing
allotetraploid hybrids of Carassium auratus red var.(@)x Cyprinus carpio (3) with
Japanese crucian carp (Carassius auratus cavieri T. et S), Acta Hydrobiol. Sin. 24
(4) (2000) 301-306.

L. Huang, et al., Elevated expression of inhibin alpha gene in sterile allotriploid
crucian carp, Gen. Comp. Endocrinol. 312 (2021) 113856.

K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods 25 (4) (2001)
402-408.

233

[24]

[25]

[26]

[27]

[28]

[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Reproduction and Breeding 4 (2024) 221-233

S. Imamura, et al., Molecular cloning of kisspeptin receptor genes (gpr54-1 and
gpr54-2) and their expression profiles in the brain of a tropical damselfish during
different gonadal stages, Comparative Biochemistry and Physiology a-Molecular &
Integrative Physiology 203 (2017) 9-16.

Y.R. Lee, et al., Molecular evolution of multiple forms of kisspeptins and GPR54
receptors in vertebrates, Endocrinology 150 (6) (2009) 2837-2846.

N. Zmora, et al., Differential and gonad stage-dependent roles of Kisspeptinl and
Kisspeptin2 in reproduction in the modern teleosts, Morone species, Biol. Reprod.
86 (6) (2012).

S. Escobar, et al., Expression of kisspeptins and kiss receptors suggests a large range
of functions for kisspeptin systems in the brain of the European sea bass, PLoS One
8 (7) (2013).

H. Ohga, et al., Identification, characterization, and expression profiles of two
subtypes of kisspeptin receptors in a scombroid fish (chub mackerel), Gen. Comp.
Endocrinol. 193 (2013) 130-140.

W.H. Colledge, GPR54 and puberty, Trends Endocrinol. Metabol.: TEM (Trends
Endocrinol. Metab.) 15 (9) (2004) 448-453.

K. Santhakumar, Neuroendocrine regulation of reproduction in fish-Mini review,
Aquaculture and Fisheries 9 (3) (2023) 437-446.

C. Jayasena, W. Dhillo, S. Bloom, Kisspeptins and the control of gonadotropin
secretion in humans, Peptides 30 (1) (2009) 76-82.

Z.X. Li, et al., Functional analysis of the emerging roles for the KISS1/KISSIR
signaling pathway in cancer metastasis, Journal of Genetics and Genomics 49 (3)
(2022) 181-184.

S.M. Popa, D.K. Clifton, R.A. Steiner, The role of kisspeptins and GPR54 in the
neuroendocrine regulation of reproduction, Annu. Rev. Physiol. 70 (2008)
213-238.

V.M. Navarro, et al., Developmental and hormonally regulated messenger
ribonucleic acid expression of KiSS-1 and its putative receptor, GPR54, in rat
hypothalamus and potent luteinizing hormone-releasing activity of KiSS-1 peptide,
Endocrinology 145 (10) (2004) 4565-4574.

C.C. Martinez-Chavez, M. Minglietti, H. Migaud, GPR54 and rGnRH I gene
expression during the onset of puberty in Nile tilapia, Gen. Comp. Endocrinol. 156
(2) (2008) 224-233.

A.L. Filby, et al., The kisspeptin/gonadotropin-releasing hormone pathway and
molecular signaling of puberty in fish, Biol. Reprod. 78 (2) (2008) 278-289.

S. Li, et al., Structural and functional multiplicity of the kisspeptin/GPR54 system
in goldfish (Carassius auratus), J. Endocrinol. 201 (3) (2009) 407.

A. Servili, et al., Organization of two independent kisspeptin systems derived from
evolutionary-ancient kiss genes in the brain of zebrafish, Endocrinology 152 (4)
(2011) 1527-1540.

S. Ogawa, et al., Cloning and expression of tachykinins and their association with
kisspeptins in the brains of zebrafish, J. Comp. Neurol. 520 (13) (2012)
2991-3012.

S. Ogawa, L.S. Parhar, Biological significance of kisspeptin-kiss 1 receptor signaling
in the habenula of teleost species, Front. Endocrinol. 9 (2018) 222.

S. Kanda, et al., Neuroanatomical evidence that kisspeptin directly regulates
isotocin and vasotocin neurons, PLoS One 8 (4) (2013) e62776.

H. Ando, et al., Diurnal and circadian oscillations in expression of kisspeptin,
kisspeptin receptor and gonadotrophin-releasing hormone 2 genes in the grass
puffer, A semilunar-synchronised spawner, J. Neuroendocrinol. 26 (7) (2014)
459-467.

J.M. Cerda-Reverter, et al., Characterization of neuropeptide Y expression in the
brain of a perciform fish, the sea bass (Dicentrarchus labrax), J. Chem. Neuroanat.
19 (4) (2000) 197-210.

A. Pontet, et al., Characterization and distribution of Neuropeptide Y in the brain of
the goldfish, Cell Tissue Res. 255 (1989) 529-538.

W.-g. Xu, et al., Changes in expression of reproduction-related hormones in the
brain and pituitary during early ovarian differentiation and development in the red
spotted grouper Epinephelus akaara, with emphasis on FSHf and LHp, Aquaculture
514 (2020).

L.A. Miranda, C.A. Strussmann, G.M. Somoza, Immunocytochemical identification
of GtH1 and GtH2 cells during the temperature-sensitive period for sex
determination in pejerrey, Odontesthes bonariensis, Gen. Comp. Endocrinol. 124
(1) (2001) 45-52.

A. Shimizu, H. Tanaka, H. Kagawa, Immunocytochemical applications of specific
antisera raised against synthetic fragment peptides of mummichog GtH subunits:
examining seasonal variations of gonadotrophs (FSH cells and LH cells) in the
mummichog and applications to other acanthopterygian fishes, Gen. Comp.
Endocrinol. 132 (1) (2003) 35-45.

R.S. Kasper, et al., A systematic immunohistochemical survey of the distribution
patterns of GH, prolactin, somatolactin, p-TSH, p-FSH, p-LH, ACTH, and a-MSH in
the adenohypophysis of Oreochromis niloticus, the Nile tilapia, Cell Tissue Res.
325 (2) (2006) 303-313.

M. Pandolfi, et al., Identification of immunoreactive FSH and LH cells in the cichlid
fish Cichlasoma dimerus during the ontogeny and sexual differentiation, Anat.
Embryol. 211 (5) (2006) 355-365.


http://refhub.elsevier.com/S2667-0712(24)00040-1/sref1
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref1
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref2
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref2
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref2
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref3
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref3
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref4
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref4
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref5
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref5
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref6
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref6
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref6
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref7
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref7
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref8
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref8
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref9
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref9
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref10
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref10
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref10
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref13
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref13
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref13
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref13
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref14
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref14
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref14
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref14
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref15
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref15
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref15
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref16
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref16
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref16
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref17
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref17
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref17
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref18
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref18
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref18
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref19
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref19
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref19
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref20
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref20
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref21
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref21
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref21
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref21
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref22
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref22
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref23
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref23
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref23
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref24
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref24
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref24
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref24
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref25
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref25
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref26
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref26
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref26
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref27
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref27
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref27
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref28
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref28
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref28
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref29
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref29
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref30
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref30
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref31
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref31
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref32
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref32
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref32
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref33
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref33
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref33
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref34
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref34
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref34
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref34
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref35
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref35
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref35
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref36
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref36
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref37
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref37
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref38
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref38
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref38
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref39
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref39
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref39
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref40
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref40
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref41
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref41
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref42
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref42
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref42
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref42
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref43
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref43
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref43
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref44
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref44
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref45
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref45
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref45
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref45
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref46
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref46
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref46
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref46
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref47
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref47
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref47
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref47
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref47
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref48
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref48
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref48
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref48
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref49
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref49
http://refhub.elsevier.com/S2667-0712(24)00040-1/sref49

	The expression and function of gpr54a and gpr54b in allotriploid crucian carp and diploid red crucian carp (Carassius aurat ...
	1 Introduction
	2 Materials and methods
	2.1 Animal and ethics statement
	2.2 RNA extraction and gene cloning
	2.3 Quantitative real-time PCR
	2.4 In situ hybridization
	2.5 Statistical analysis

	3 Results
	3.1 Nucleotide and deduced amino acid sequences of GPR54a and GPR54b
	3.2 Tissue expression of gpr54a and gpr54b
	3.3 Relative expression of gpr54a and gpr54b in HPG axis
	3.4 The localization of gpr54a and gpr54b in brain, pituitary, and ovary

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


