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Abstract

The gonadotropin-releasing hormone (GnRH) is an important gene involved in fish reproduction and its action is
mediated by GnRH receptor (GnRHR). Numerous GnRH-GNRHR studies have already been published in many teleost
orders but information on reproduction-related genes for Clupeiformes is limited. To acquire a better understanding
on the reproduction of Clupeiform fish species, GnRH isoforms and GnRHR paralogues of Japanese sardine,
Sardinops sagax melanostictus (Temminck & Schlegel, 1846) were sequenced. Three GnRH isoforms (named as
jsGnRHT, jsGNRH2, and jsGnRH3) and two GNRHR paralogues (named as jsGNRHR1 and jsGnRHR2) were isolated in the
brain and pituitary of Japanese sardine. Based on phylogenetic analysis, jsGnRH1, jsGnRH2, and jsGnRH3 grouped into
GnRH1, GNRHZ, and GnRH3 forms, respectively, while jsGnRHR1 and jsGnRHRZ clustered into Type 2b and Type 1c
receptors, correspondingly. The reporter gene assay showed high binding affinity of jsGnRHR1 to all three GnRH
synthetic decapeptides, whereas jsGnRHR2 responded best to jsGnRH2 only. Clustering of jsGnRH1and jsGnRHR1 to
other teleost GnRH1 and GNRHR2b, respectively, and activating the calcineurin/NFAT signalling pathway, suggests
that these two genes are likely involved in fish reproduction.

Keywords: targeted sequencing, brain and pituitary hormones, phylogenetic analysis, sequence identity analysis,
ligand binding affinity

Introduction

The brain-pituitary-gonadal (BPG) axis is a classical
neuroendocrine hormonal pathway involved in fish
reproduction (Weltzien et al., 2004). Gonadotropin-
releasing hormone (GnRH) controls the hormone
cascade via the BPG axis through the synthesis and
release of gonadotropins (GtHs) in the pituitary
(Lethimonier et al., 2004). Follicle-stimulating
hormone (FSH) and luteinising hormone (LH) are the
main GtHs that enhance sex steroid synthesis, which
are necessary for gonadal development and
maturation(Chang et al., 2009).

GnRHs are found in various vertebrate and
invertebrate taxa, possessing multiple GnRH forms

categorised as GnRH1, 2, and 3 (Fernald and White,
1999; Roch et al., 2011; Matsuyama et al., 2013; Munoz-
Cueto et al., 2020). In teleost fishes, two or three
distinct isoforms can be found in each species
(Carolsfeld et al., 2000; Adams et al., 2002; Roch et
al., 20M). GnRH1 is mainly considered as the
hypophysiotropic form, localised in the preoptic area
(POA) region and hypothalamus (Yamamoto et al.,
1998; Selvaraj et al., 2009). There are different GnRH1
forms found in fish which include catfish (cfGnRH),
herring (hrGnRH), mammalian (MmGnRH), medaka
(mdGnRH), seabream (sbGnRH), and whitefish
(wfGnRH). GnRH2, also known as chicken GnRH-2
(cGnRH-2) isoform, is localised mainly in the midbrain
tegmentum area in vertebrates, with a possible role in
neuromodulation (Kah et al., 2007). On the other hand,
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GnRH3, also known as salmon GnRH (sGnRH) isoform,
is expressed in the olfactory bulb, POA, and terminal
nerve ganglion region, suggesting a role in sexual
behaviour in teleosts (Kah et al., 2007). Actions of
various GnRH isoforms are mediated by binding with
different types of GnRH receptors (GNRHRs) in fish
(Hapgood et al., 2005).

GnRHRs are G-protein coupled receptors (GPCRs) that
belong to the rhodopsin B subfamily with seven
transmembrane domains (TMDs) (Filipek et al., 2003).
Only one or two GnRHRs have been found in mammals
(Hapgood et al., 2005). However, some teleost species
possess five to six GnRHR paralogues (Moncaut et al.,
2005; Ciani et al., 2020). Although several paralogues
have been discovered, there is presently no agreed-
upon nomenclature for these GnRH receptors.
Several investigators proposed various classifications
dividing GnRHRs into two (Hildahl et al., 2011; Sefideh
et al., 2014), three (Millar et al., 2004), or four (Ikemoto
and Park, 2005) types separated into different
subtypes.

GnRHR can interact with Gg/11 and Gs, two kinds of G
proteins. Protein kinase C (PKC) pathway and
Calcineurin/nuclear factor of activator T cell (NFAT)
signalling pathway can be activated when Gg/11 is
coupled (Naor, 1990; Fan et al, 2005), while the protein
kinase A (PKA) pathway is activated when Gs is bound
(Arora et al., 1998; Liu et al., 2002). The presence of
numerous receptor paralogues in teleost pituitary
cells makes the system more complex (Parhar et al.,
2005).

Numerous GnRH-GnNRHR studies on various teleost
orders are well-documented, but information on
reproduction-related genes for Clupeiformes s
limited. More than ten Clupeiform fish species are
used as food resources in Japan alone, and several of
these species have already been listed as vulnerable
species by the Japanese Ministry of the Environment
(Ohkubo et al., 2010). Thus, there is a need to
understand the fundamental aspects of the
reproductive endocrinology of these Clupeiform fish
species. One commercially-important Clupeid fish in
Japan with a great potential for aquaculture is
Japanese sardine, Sardinops sagax melanostictus
(Temminck & Schlegel, 1848), also known as Japanese
pilchard.

Recently, Nyuji et al. (2020) performed RNA
sequencing (RNA-seq) of various genes, including the
complete nucleotide Open Reading Frames (ORF) of
three GnRH isoforms and one GnRH receptor in
Japanese sardine. In the present study, targeted
sequencing was conducted isolating three GnRH
isoforms and two GnRH receptors in the brain and
pituitary of Japanese sardine. Phylogenetic and
sequence identity analyses were then performed to
check the evolutionary relationships to other species.
Furthermore, a reporter gene assay was conducted to
study the binding efficiencies of the two GnRHR
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paralogues to the three GnRH ligands.
Materials and Methods
Fish brain and pituitary collection

The Japanese sardine samples used for brain and
pituitary extraction were caught commercially in the
wild (O+ vyears old). The fish were transferred,
maintained, and fed with commercial dry pellets to an
indoor tank at Fishery Research Laboratory, Fukutsu,
Fukuoka, Japan. Around 20 fish with maturing or
matured gonads were used in the present study. Each
brain and a pool of pituitaries (8-10 fish) were flash-
frozen in liquid nitrogen and was stored in -80 °C
freezer for total ribonucleic acid (RNA) extraction. All
of the sacrificed fish had adhered to the criteria set
out by the Japanese government in legislation (No.
105)and declarations(No. 6).

cDNA sequencing of the three GnRH
isoforms in Japanese sardine

Total RNA from the brain of Japanese sardine was
extracted using ISOGEN RNA Extraction Kit (Nippon
Gene, Japan), following the manufacturer's protocol.
RNA extracts were treated with DNase using the DNA-
free Kit (Thermo Fisher Scientific, USA). The first-
strand cDNA library was prepared for partial
sequencing  using  Superscript Il Reverse
Transcriptase (Invitrogen, USA) and Oligo-dT primers
(Sigma-Aldrich, USA), following the manufacturer's
protocol for reverse transcription. Degenerate
primers for amplifying 3’ ends of all three GnRH
isoforms previously used by Sukhan et al. (2013) were
also used in the present study. The list of primers
used is presented in Table 1. For partial sequencing,
PCRs were performed in a final volume of 10 pL
containing 5 pL of 2x Amplitag Gold PCR Master Mix
(Applied Biosystems, USA), 0.5 pL of each forward and
reverse primers, 3.5 uL of PCR-grade water, and 0.5
ulL of synthesised cONA. Thermal cycling consisted of
initial denaturation at 95 °C for 9 min, followed by 35
cycles at 94 °C for 1 min, 56-60 °C for 1 min, and 72 °C
for 1 min. For the open reading frame (ORF), KOD FX
Kit (Toyobo Co., Ltd., Japan) was used. PCRs were
performed in a final volume of 50 pL containing 25 pL
of 2x PCR buffer for KOD FX, 10 yL of 2 mM dNTPs, 10
ulL of each forward and reverse gene-specific primers
(GSPs), 0.25-1 uL of template DNA, 10-10.75 pL ultra-
pure water (UPW), and 1L of KOD FX. Thermal cycling
consisted of initial denaturation at 94 °C for 2 min,
followed by 30 cycles at 98 °C for 10 sec, 55-60 °C for
30 sec, and 68 °C for 1:30 min. PCR products were
purified from 1.5 % agarose gel using Nucleotrap
(Takara Bio Inc., USA) and were subcloned into pGEM-
T Easy Vector (Promega, USA). Plasmid DNA with
insert cDNA was extracted using Cica Geneus Plasmid
Prep Kit (Kanto Chemical Co., Japan) and was sent to
Eurofins Genomics Co., Ltd, Tokyo, Japan for
sequencing.



Table 1. Degenerate, specific, and reporter gene assay primers for DNA sequencing of jsGnRHT, jsGnRH2Z, jsGnRH3, jsGnRHRT,
and jsGnRHR2 from Japanese sardine Sardinops sagax melanostictus.

Primers Nucleotide sequences Purpose
sGnNRH1DP1 Fw CARCACTGGTCNCAYGGNYT Partial sequencing
CACTGGTCNCAYGGNYTNAG

sGNRH1GSP1Fw
sGNRH1 GSP2 Fw
sGnRH GSP1Rv
sGnRH GSP2 Rv

1
sGnRH1DP2 Fw

1

1

J
J
J
J
J
J

jsGnRH2 DP1Fw
jsGnRH2 DP2 Fw
jsGnRH2 GSP1 Fw
jsGnRH2 GSP2 Fw
jsGnRH2 GSP1 Rv
jsGnRH2 GSP2 Rv
jsGnRHS DPTFw
jsGNRH3 DP2 Fw
jsGNRH3 GSP1Fw
jsGNRH3 GSP2 Fw
jsGNRHZ GSPTRv
jsGnNRH3 GSP2 Rv
jsGNRHR DPTFw
jsGNRHR DP2 Fw
jsGnRHR DP1Rv
jsGnNRHR DP2 Rv

jsGNRHR1GSP1Fw
jsGNRHR1GSP2 Fw
jSGNRHRTGSPTRy
JSGNRHRT GSP2 Rv
jSGNRHRTORFTFw
jSGNRHRTORF2 Fw
jsSGNRHRTORFTRv
jSGNRHRTORF2 Rv
JSGNRHRTRGA Fw

jsGNRHRT RGA Rv

sGNRHR2 GSPTFw
sGNRHR2 GSP2 Fw
sGNRHRZ2 GSP1 Ry
sGNRHR2 GSPZ Rv
sGNRHR2 ORF1Fw
SsGNRHR2 ORF2 Fw
sGNRHRZ ORF1Rv
sGnRHR2 ORF2 Rv
sGnNRHR2 RGA Fw

J
J
J
J
J
J
J
J
J
jsGnRHR2 RGA Rv

GCTTGATGTGTTTTCAGAATGGAAGGG
GTGTTTTCAGAATGGAAGGGAAACGC
GTTGTTTAGTCATAAGCTACATTTTCTCCCTCCA
GTTTAGTCATAAGCTACATTTTCTCCCTCCATCA

CARCACTGGTCYCAYGGBTGEG
TCYCAYGGBTGGTAYCCBGGDGG
GGAACATAGCCCCAGTGATGGTGTEG
CATAGCCCCAGTGATGGTGTGTGTG
AAGCCATCAGTGATGTCACTTCCTCCTC
GATGTCACTTCCTCCTCTGGAATTCTCTTG

CAGCAYTGGTCNTAYGGNTGG
TAYGGNTGGCTDCCNGGNGG
GTCCAGTCTGAGCTTTAGATGTGTGTATGTGTG
GTGTGTATGTGTGTGTGAGGTGTG
GCACATGTGCATTAGTCCAGGAGTACTCTTC
CCAGGAGTACTCTTCTAAATGGTCC

CTNCAGGCSATGTACTCYTGC
TCYTGGGCYTTYGTSACBGTG
CAYAGWCCCARYAGGTAG
CARYAGGTAYGGAGTCCAGC

GTCATCGTCAGCTCCTTCATC

CATCGTCAGCTCCTTCATCG

CCATGCCACCGTCAGCTGGATTG

CATGCCACCGTCAGCTGGATTGTG
CCAGATAAGGATCTACTAGATGCCTATGCCTTTG
GGATCTACTAGATGCCTATGCCTTTGTTGTACC
CGAAAGTCTCACAGCAATTCATCAGAGT TG
TCTCACAGCAATTCATCAGAGTTGBACAG
CTGGCTAGCAACTCCTAAAAAACCGCCACCATGCCTATGCCTTTGTTGTACC
TAGACTCGAGTCACAGCAATTCATCAGAGTTG

CGTTCCACTTCGTCACACTC

CACTCTATGTCATACCCCTCTTGG

CCTBGCATGGCGAAGAGCTTGAGG

TGCATGGCGAAGAGCTTBAGGC

AGCACACGCTACAGATGTCTGGCAG

CTACAGATGTCTGGCAGCGGBCTCAC

GGGAAAATCTACTCCCGBCATTTCAC

TCTACTCCCGGCATTTCACACTGGEG
CTGGCTAGCAACTCCTAAAAAACCGCCACCATGTCTGGCAGCGGCTCACCCC
TAGACTCGAGCTACTCCCGBGCATTTCACACTG

ORF sequencing

Partial sequencing

ORF sequencing

Partial sequencing

ORF sequencing

Partial sequencing

3 RACE

5" RACE

ORF sequencing

Reporter Gene Assay

3 RACE

5" RACE

ORF sequencing

Reporter Gene Assay

N=A+C+G+T; B=C+G+T; D=A+G+T; R=A+G; Y=C+T
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cDNA sequencing of the two GnRH
receptors inJapanese sardine

Total RNA from the brain and pituitaries of Japanese
sardine was extracted using ISOGEN (Nippon Gene),
following the manufacturer's protocol. The first-
strand cDNA library was prepared for partial
sequencing  using  Superscript |l Reverse
Transcriptase (Invitrogen) and Oligo-dT primers
(Sigma-Aldrich), following the manufacturer’s protocol
for reverse transcription. Degenerate primers for
GnRHRs were designed from the conserved regions of
various teleost fish GnRHRs previously used by
Lumayno et al. (2017). The list of primers used is
presented in Table 1. PCRs were performed in a final
volume of 10 pL containing 5 pL 2x Amplitag Gold PCR
master mix (Applied Biosystems), 0.5 pyL of each
forward and reverse primers, 3.5 uyL PCR-grade water,
and 0.5 pL of synthesised cDNA. Thermal cycling
consisted of initial denaturation at 95 °C for 9 min,
followed by 35 cycles at 94 °C for 1 min, 60- 63.3 °C for
1 min, and 72 °C for 1 min. For 3’ end, 5" end, and ORF
sequencing, KOD FX Kit (Toyobo Co., Ltd., Japan) was
used. PCRs were performed in a final volume of 50 pL
containing 25 pL of 2x PCR buffer for KOD FX, 10 pL of
2 mM dNTPs, 10 pL of each forward and reverse GSPs,
0.25-1 pL of template DNA, 10-10.75 pL UPW, and 1T pL
of KOD FX. Thermal cycling consisted of initial
denaturation at 94 °C for 2 min, followed by 30 cycles
at 98 °C for 10 sec, 55-65 °C for 30 sec, and 68 °C for
1:30 min. PCR products were purified from 1.5 %
agarose gel using Nucleotrap (Takara Bio Inc.) and
were subcloned into pGEM-T Easy Vector (Promega).
Plasmid DNA with insert cDNA was extracted using
Cica Geneus Plasmid Prep Kit (Kanto Chemical Co.)
and was submitted to Eurofins Genomics Co. for
sequencing.

Phylogenetic and sequence identity
analyses

For homology searches of the Japanese sardine
GnRHs and GnRHRs, the basic local alignment search
tool (BLAST) was utilised. GenBank was accessed to
collect amino acid (aa) sequences of 44 distinct GnRH
precursors and 44 GnRHRs (www.ncbi.nlm.nih.gov).
The HMMTOP 2.0 server was used to predict the TMD
regions of jsGnRHR1 and jsGnNRHR2 (Tusnady and
Simon, 1998; 2001). MEGA6 software was used to
create the phylogenetic tree using the neighbour-
joining technique (Tamura et al., 2013). The GnRH and
GnRHR of common octopus (Octopus vulgaris
Lamarck, 1798) were used as outgroups. BioEdit
Sequence Alignment Editor version 7.0.9 (Hall, 2007)
was used to compute the aa sequence identity of
Japanese sardine GnRHs and GnRHRs to other
precursors.

GnRH synthetic decapeptides
Three GnRH synthetic decapeptides corresponding to

Japanese sardine (js) GnRH1 (hrGnRH1; herring form;
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Glp-His-Trp-Ser-His-Gly-Leu-Ser-Pro-Gly-NH2),
jsGnRH2 (chicken-Il form; Glp-His-Trp-Ser-His-Gly-
Trp-Tyr-Pro-Gly-NH2), and jsGnRH3 (salmon form;
Glp-His-Trp-Ser-Tyr-Gly-Trp-Leu-Pro-Gly-NH2) were
purchased from Sigma Life Science (Hokkaido, Japan)
with purities of 95.2 %, 84.4 %, and 952 %
respectively. The peptides were analysed by analytical
HPLC and mass spectrometry. Each stock peptide
was initially dissolved to 10 M with 1 % of final
concentration using dimethyl sulfoxide (DMSO) and
further diluted with 99 % of final concentration using
ultra-pure water. Stock peptides were then aliquoted
and stored in -80 °C freezer until ready for assay.

Reporter gene assay

The ORF of Japanese sardine GnRHRs containing
lobster L21 sequence (which enhances translation
efficiency) at the N-terminal were subcloned into the
Nheland Xhol sites of the expression vector pcDNA3.1
(Invitrogen). The cDNA constructs for both GnRHRs
were verified by sequencing. Transient transfection
and cell culture conditions were followed according to
Nyuji et al. (2013). Chinese hamster ovary (CHO) cells
were grown at 37 °C in Ham’'s F-12 medium (Life
Technologies, USA) supplemented with 10 % fetal
bovine serum (Gibco, USA), 1 % HT supplement
(Gibco), 50 U mL™ penicillin (Nacalai Tesque, Japan),
and 50 yg mL™ streptomycin (Nacalai Tesque). One
day before transfection, the cells were seeded into 6-
well plates. Co-transfection of pc-jsGnRHR1/pc-
jsGNRHR2 (1ug well™), pNFAT (1 pg well™™; Agilent, USA),
and pRL-TK (8 ng well; Promega) was carried out with
X-tremeGENE HP DNA Transfection Reagent (Roche,
Germany). After transfection for 24 h, cells were
removed and plated in 96-well plates (3 x 10“ cells
well™). After 44 h, cells were incubated for 6 h with a
vehicle of decreasing concentrations (concentrations
from 10 M to 10" M for jsGnRHR1; 10° M to 10 M for
jsGnRHR2) of each synthetic peptides. Luciferase
activity in the cell extract was measured using a Dual-
Luciferase reporter system (Promega) in Lumat
LB95701 luminometer (Berthold Technologies,
Germany). The ECs values were calculated from
concentration-response curves utilising computer-
ised nonlinear curve fitting with Prism 4 (Graphpad
Software, USA).

Results

Sequences of the three GnRH isoforms
and phylogenetic analysis

All the three GnRH isoforms (named as jsGnRHT,
jsGnRH2, and jsGnRH3) were successfully isolated in
the brain of Japanese sardine. Figure la shows
jsGnRH1 (GenBank accession no. MW252048) ORF
cDNA encoding 261 base pairs (bp)with 86 aa. The ORF
cDNA sequence of jsGnRH2 (GenBank accession no.
MW252049) comprises 261 bp with 86 aa (Fig. 1b). In
addition, jsGnRH3 cDNA (GenBank accession no.
MW252050) has an ORF of 240 bp with 79 aa (Fig. 1c).


http://www.ncbi.nlm.nih.gov/

All the characteristic signal peptides, GnRH precursor) grouped with GnRH1, whereas the jsGnRH2

decapeptides, cleavage sites, and GnRH-associated (cGnRH-II precursor) and jsGnRH3 (sGnRH precursor)

peptides were identified in all three GnRH cDNAs clustered with GnRH2 and GnRH3, respectively.

discovered in Japanese sardine, as presented in

Figure 1. GnRH aa sequences of Japanese
sardine in comparison with other

Phylogenetic analysis revealed three main groups of teleosts GnRHs

GnRH comprising GnRH1, GnRH2, and GnRH3 (Fig. 2).

Based on phylogenetic tree, jsGnRH1 (hrGnRH The potential translation of jsGnRH1, jsGnRH2, and

(a) jsGnRH1

1 ATGGAAGGGAAACGCGCCCTCTTGTGGCTACTACTGATTGCTGCAGTGETCTTTCAACTG 60
M E ¢ K R A L L W L L L I A A WV WV F (Q L
signal peptide
61 TCCGCCCAGCACTGETCTCATGECCTGAGCCCAGEGTGGCAMGAGGGACACTCACACTCTG 120
S A0 BH W 8 H G L 8 P G G K R D T H T L
GnRH1 decapeptide cleavage site

121 TCAGRAATGATGGAAGGTCTACCCAAGAGGAGTGCAGCGCTTTGTGGGAGTGACTACAGG 180

GnRH-associated peptide
181 GACGGTTCCCCATATARARAGGCCAGATAGACTTGAACRACTGGTCRAATCTGATGGAGGGA 240
D G S_P_Y K R P D R L E Q L V N L M E G
241 GAAAATGTAGCTTATGACTARAA 261
F_ N _ WV & Y D *

(b) jsSGhRH2

1 ATGETGTGETETGTGCAGGCTGATCCTECTGECEGECEECEETTCTEGCTEGCTGGECETGGAG 60
M v ¢ VvV ¢ R L I L L A A A WV L L L G V E
signal peptide
61 CTGTCCCGGGCTCAGCACTGGTCCCACEGECTGETACCCGEECGGGAAGAGGGATETGGAC 120
L 8 R A @ H W 5 H 6 W ¥ P 6 G K R D V¥V _D_
GnRH2 decapeptide cleavage site
121 ACCTTCRACTCAGCCCAGATCTCGGAGGAGATAARAGTTGTGETCGAGGCAGGAGAGTGCAGC 180

GhRH-associated peptide
181 TACCTGAGACCACAGAGAAGRAACGTCCTCAAGAGCTTCCTGCTGGATGCCCTGGCARGA 240
Yy L. R P @ R R N ¥W L K 8§ F L L D A L A R
241 GAATTCCAGAGGAGGAAGTGA 261
E F Q9 R R K =*

(c) jsGnRH3
1 ATGTGTGTATGTGTCTGTGAGGGGTGTGTGTGTCACCACTGEGTCATACGECTGECTCCCG 60
M C vV ¢ v ¢ E G €C VvV C Q0 H W s ¥ G W L P
signal peptide GnNRH3 decapeptide
6l SGGGCAAGCGGAGCATAGGAGGGGAACTGGAGGCCACCTTCAGGATGATGAACGGGEGGEC 120

cleavage site

121 GACACRAATTATTCCTCTAGCAGATGAGAAATCACAACCCTATGAGGTCGTCAACGATGAA 180
p r 1 1 P L A D E K S5 Q P Y E V W N D E
GnRH-associated peptide

181 TTGGAGGAGARTGTTGTGAGGAGAGGACGAGGACCATTTAGARGAGTACTCCTGGACTAR 240

L E E N ¥V VR R G R G P F R RV L L D *

Fig. 1. Open reading frame sequences of (a) jsGnRH]1, (b) jsGnRH2, and (c) jsGNRH3 from the brain of Japanese sardine Sardinops
sagax melanostictus. The GnRH decapeptide region is highlighted. An asterisk (*) indicates the stop codon (TAA/TGA). GenBank
accession numbers are MW252048 (jsGnRH1), MW252049 (jsGnRH2), and MW252050 (jsGnRH3).

30 (@ AsianFisheries Science 35(2022):26-43



Dicentrarchus labrax GnRH1(sb) AAF62898

Odontesthes bonariensis GnRH1(md) AAU94309

73
80
73
9

Monopterus albus GnRH1(md) AAWS1121
Scomber japonicus GnRH1(sb) ADP89591
———— Oryzias latipes GnRH1(md) BAB16303
Haplochromis burtoni GnRH1(sb) AAC27716 E
E{:Omochmmis niloticus GnRH1(sb) BAC56849 m
Sparus aurata GnRH1(sb) AAATS69 S
Anguilla japonica GnRH1(m) BAAB82608 0
Coregonus clupeaformis GnRH1(wf)  AAP57221
Clarias gariepinus GnRH1(cf) CAA54971
GnRH1(hr) AFO70217
sagax GnRH1 (hr)
% L—Alosa sapidissima GnRH1(hr) AANO4492
sagax GnRH2
Engraulis japonicus GnRH2 AFO70218
Anguilla japonica GnRH2 BAA82609
& Clarias gariepinus GnRH2 CAA54969
—EDam'c rerio GnRH2 AAM15717
'———Coregonus clupeaformis GnRH2 AAPS7219 O\
8 Haplochromis burtoni GnRH2 AAC27717 I
—[Omchmmls niloticus GnRH2 BAC56850 %
\——— Monopterus albus GnRH2 AAWS1119 (D
Oryzias latipes GnRH2 BAB16300
Odontesthes bonariensis GnRH2 AAU94307
Sparus aurata GnRH2 AAAT5447
Scomber japonicus GnRH2 ADP89592
Dicentrarchus labrax GnRH2 AAF62900
Danio rerio GnRH3 CAC18539
02 ,—Englaulis Jjaponicus GnRH3 AFO70219
sagax i GnRH3
Oncorhynchus masou GnRH3 AAB63599
Oncorhynchus nerka GnRH3a BAA06666
Oncorhynchus nerka GnRH3b BAA06667
Coregonus clupeaformis GnRH3 AAP57220 2
bonariensis GnRH3  AAU94308 [’
Oryzias latipes GnRH3 BAB16302 :
Monopterus albus GnRH3 AAWS51120 (D
-Haplochromis burtoni GnRH3 AAC27718
Oreochromis niloticus GnRH3 BAC56851
Sparus aurata GnRH3 AAA98845
Dicentrarchus labrax GnRH3 AAF62899
Scomber japonicus GnRH3 ADP89593
Octopus vulgaris GnRH BAB86782

Fig. 2. Phylogenetic analysis of three GnRH forms in teleost fish. MEGAG was used to conduct evolutionary studies using the
neighbour-joining technique (Tamura et al., 2013). A total of 44 aa sequences were analysed. Each gene was tagged with its
associated Genbank Accession number (protein ID) following the species' scientific name and GnRH categorisation. Gaps and
incomplete data were removed from all spots. Common octopus GnRH was utilised as an outgroup.

jsGnNRH3 aa sequences matched with related GnRH aa
sequences of other fish species is depicted in Figure
3. Similarities between the deduced aa sequences
from various GnRH precursors are presented in Table
2. Compared to other teleost GnRH1 precursors, the
aa sequence identity of Japanese sardine GnRH]1
varies from 24.7-90.6 %. American shad, Alosa
sapidissima (Wilson, 1811); Clupeiformes GnRH]1
(herring (hr) form) showed the highest similarity of
90.6 % and lowest to Japanese medaka, Oryzias
latipes (Temminck & Schlegel, 1846); Beloniformes at
24.7 %. Homologues of other representative species
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exhibited 60.4-83.7 % similarity with the Japanese
sardine GnRH2 isoform. The highest aa sequence
identity was 83.7 % to Japanese anchovy, Engraulis
japonicus Temminck & Schlegel, 1846; Clupeiformes
and the lowest to Japanese medaka (60.4 %). The
GnRH3 aa sequence from Japanese sardine had less
homology (29.5-62.9 %) with other GnRH3 teleost
species. Japanese anchovy had the highest similarity
of 62.9 %, whereas sockeye salmon, Oncorhynchus
nerka (Walbaum, 1792); Salmoniformeshad the lowest
at29.5 %.



(a) GnRH1 signal GNRH1 GnRH-associated
peptide decapeptide peptide
Sardinops sagax melanostictus "(hr) MEGKRALLWLLLIA-

51

Alosa sapidissima (hr) = 51
Engraulis japonicus (hr) 53
Clarias gariepinus (cf) 48
Odontesthes bonariensis (md) 55

Oryzias latipes (md)
Monopterus albus (md)
Anguilla japonica (m)
Scomber japonicus (sb)
Oreochromis niloticus (sb)

ELKYFPNTLENQIRL-~-LNSN 53
ELNS. .DTLGNIV..-F.HVD 59
GADS.QDTLODII.E-.Q.LD 55
. .DTMDDVV. .-F.QVD 59
.DTLGN.V.E-F.RVE 55

Dicentrarchus labrax(sb) .AAQTFA.R. . .VGTLLGTLLG. . .ETLGNQIV.SF.HVA 60
Haplochromis burtoni (sb) JAA.ILA..... AG----T.FP. .DTLGN.V.E-F.RVE 55
Sparus aurata (sb) JAPQTSN. .I..LL-VVVMMMS. ..DTLGNII.R-F.HVD 58
Coregonus clupeaformis (wf) ..E.KV..L...LVVA---L.S. ..DTQDN.A.D-.L.ID 56

Sardinops sagax melanostictus (hr) AALCGSDYRDGSPYKRPDRLEQLVNLMEG: 86
Alosa sapidissima (hr) R, O R IO T i 86

Engraulis japonicus (hr) G.R....T..AANQE. .ST....IS..SR--A.EV.. 88

Clarias gariepinus(cf) GY..--..VAV..RNK.F. .KD.LTPVA.--REIEE--~--~-~- 80

Odontesthes bonariensis (md) .PCRVVGCA.E. . FAKIY .MKGFLGGVTD--RENGRRVYKK-~ 94

Oryzias latipes (md) TPCSDLSHLEE.SLAKIY.IKG.LGSVTE--AKNG.RTYK--- 91

Monopterus albus (md) .PCSILRCAEEL.FASIY MKGFLDGVTD--TENGHRTYKK-- 98

Anguilla japonica (m) TS-SLPSCN.L. .HITLSS .KEILANLAD--RETGRKNI---- 91

Scomber japonicus (sb) TPCSFLGCAEE. . FAKIY .MKG . FGSVTN--RENGHRNYKK-- 98

Oreochromis niloticus (sb) .PCSVFGCAEE. . FAKMY . VKG . LASLAEGKTDTGHSRNERFL 98

Dicentrarchus labrax(sb) TPCRVLGCAEE. . FPKIY.MKGFLDAVTD~--RENGNRTYKK-~- 99

Haplochromis burtoni (sb) .PCSVFGCAEE. . FAKMY . VKG . LASVAE--RENGHRTFKK-- 94

Sparus aurata (sb) SPCSVLGCVEEPHVP .MY .MKGFIG--SE--RDIGHRMYKK-- 95

Coregonus clupeaformis (wf) PSCSLFGCA.V. .HAKMY. .RA.LASLAD--RQSGLNNI- 93

(b) GnRH2 si gng] GnRHZ. GnRH-associated

peptide decapeptide eptide - -

Sardinops sagax melanostictus MVCVCRLILLAAAVLLLGVELSRAQHWSHCWYPCGKRDVDTFNSAQISEEIKLCEAGECS 60

Engraulis japonicus AGCY WY, .. . VL.F...;..G. RN . . cccooecoss Roseismanasss 60

Clarias gariepinus 8.0 L.V, . LL. 2o B 8T8 . PR, Cusvonnsonee 60

Odontesthes bonariensis ..V..LVLL. ..BEL.S.STSE....N.... 57

Oryzias latipes .V..LGVL. EL.S.---EV...NM... 54

Danio rerio .L.VMGLM. ..EI.LYDTSEV...V. 60

Monopterus albus .V..LGLL. 57

Anguilla japonica .V.ILGVL. 60

Scomber japonicus S..V..LGLL. 59

Oreochromis niloticus S..A..LGLL. 59

Dicentrarchus labrax -M..S..V..FGLL. 59

Haplochromis burtoni -M..S..A..LGLL. 59

Sparus aurata -M..S..V..LGLL. 59

Coregonus clupeaformis ..S.A..VFMLGLL. 60
Sardinops sagax melanostictus YL

Engraulis japonicus = ........

Clarias gariepinus s

Odontesthes bonariensis ......

Oryzias latipes M

Danio rerio  .....

Monopterus albus = .......

Anguilla japonica

Scomber japonicus == .......

Oreochromis niloticus  .......

Dicentrarchus labrax

Haplochromis burtoni

Sparus aurata i

Coregonus clupeaformis  ........

ignal GNRH3 - i

(c) GnRH3 ;Smgn-ide decapeptide mmp:::g?eated
Sardinops sagax melanostictus ------------] MCVCVCEGCVCQHWS ¥ CWLP GKRSIGGELEATFRMMNGGDTIIPL-— 46

Engraulis japonicus ==MEQGRLVLLIVIA . A . KE. . . B i . o« oc o o0 000 snae DA...L...-- 56

Odontesthes bonariensis MEASSRVMVQVLLLAL.VQVSL. . .GT.~-GVVS.PE 58

Oryzias latipes MDVSSKVVVQVLLLAL.VQVTL. . . . ..GT.-RVVS.PE 58

Oncorhynchus masou MDLSSKTVVQVV . LALIAQVTFS . ..DT.-GVMA.PE 58

Danio rerio MEWKGRLLVQLLLL. . .L.VSL. . . & ...VLSIPA 59

Monopterus albus MEASSRVTVQVLLLAL . VQVTLS .IGT.-GVVT.PD 58

Oncorhynchus nerka 3a MDLSSKTVVQVV. LALIAQVTFS .
Oncorhynchus nerka 3b MDLSNRTVVQVVVLAL . AQVTLS

.DT.-GVMA.PE 58
.DT.-GVVA.PE 58

Scomber japonicus MEASSRVTVQVLLLAL.VQVTLS ..GT.-GVVS.PE 58
Oreochromis niloticus MEAGSRVIMQVLLLAL.VQVTLS . ...GT.-GVVS.PD 58
Dicentrarchus labrax MEANSRVMVRVLLLAL.VQVTLS . . ..GT.-EVVS.PE 58
Haplochromis burtoni MEAGSRVIMQVLLLAL.VQVTLS ..GT.-GVVS.PD 58
Sparus aurata MEASSRVTVQVLLLAL.VQVTLS . .GT.-GVVS.PE 58

Coregonus clupeaformis MDLSSRTVVQVVVL.L.AQVTLS . .DT.-GEVA.PE 58

Sardinops sagax melanostictus
Engraulis japonicus
Odontesthes bonariensis
Oryzias latipes

Oncorhynchus masou ETGAHIP.RLR..

Danio rerio DS---PM.QLS.IHI. .EVDA.GLPLK.QRYSD.RGRV 94
Monopterus albus EASAPIQORLR. .N.I..DSSHFD--QRKRFSNK- 90
Oncorhynchus nerka 3a ETDAHIP.RLR..D.NG--

Oncorhynchus nerka 3b ETSAHVS.RLR. .D.IL-

Scomber japonicus EASAQTQ.GLR..N.I..

Oreochromis niloticus EANAQTQ.RLR. .NII..

Dicentrarchus labrax EASAQTQ.RLR..N.I. .DSSHFD--.

Haplochromis burtoni EANAQIQ.RLR. .NII..DSSHFD--.

Sparus aurata EASAQTQ.RLR. .N.IK.DSSPFD--.KKRFPNK---- 90
Coregonus clupeaformis ETSAHVS.RLR..D.IS KK 82

Fig. 3. Alignment of (a) GnRH1, (b) GnRH2, and (c) GNRH3. Dots show matching amino acid sequences. GnRH decapeptide is
highlighted, whereas solid black lines show the aa corresponding to signal peptide, and black dashed lines indicate GnRH-
associated peptide. GenBank Accession numbers of GnRH cONA sequences are shown in Figure 2.
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Table 2. The percentage of amino acid sequence identity between the Japanese sardine jsGnRH1, jsGnRH2, and jsGnRH3 with

those of other teleosts species.

Percentage of identity (%)

GnRH forms Species Sardinops sagax melanostictus
GnRH1 GnRH2  GnRH3
GnRH1(hr) Sardinops sagax melanostictus 100.0 24.1 15.6
GnRH1(hr) Alosa sapidissima 90.6 24.1 13.7
GnRH1(hr) Engraulis japonicus 55.6 21.7 14.7
GnRH1(cf) Clarias gariepinus 45.3 24.1 15.0
GnRH1(md) Odontesthes bonariensis 31.9 23.9 17.6
GnRH1(md) Oryzias latipes 24.7 18.0 17.0
GnRH1(md) Monopterus albus 30.6 20.4 16.0
GnRHT(m) Anguilla japonica 30.8 26.0 18.4
GnRH1(sb) Scomber japonicus 30.6 20.4 17.9
GnRH1(sb) Oreochromis niloticus 31.6 23.0 20.5
GnRH1(sb) Dicentrarchus labrax 25.2 18.8 18.8
GnRH1(sb) Haplochromis burtoni 32.9 23.9 18.6
GnRH1(sb) Sparus aurata 25.7 21.2 15.2
GnRHT (wf) Coregonus clupeaformis 35.1 22.9 19.4
GnRH2 Sardinops sagax melanostictus 24.1 100.0 15.0
Engraulis japonicus 26.2 83.7 14.0
Clarias gariepinus 19.7 68.6 16.0
Odontesthes bonariensis 235 65.1 14.4
Oryzias latipes 22.9 60.4 15.4
Danio rerio 21.9 62.7 16.0
Monopterus albus 25.8 63.9 15.4
Anguilla japonica 24.1 63.2 18.0
Scomber japonicus 25,3 67.4 15.1
Oreochromis niloticus 25.5 68.6 15.1
Dicentrarchus labrax 233 68.6 15.1
Haplochromis burtoni 255 68.6 15.1
Sparus aurata 233 67.4 15.1
Coregonus clupeaformis 21.9 69.7 14.0
GnRH3 Sardinops sagax melanostictus 15.6 15.0 100.0
Engraulis japonicus 19.6 16.0 62.9
Odontesthes bonariensis 19.5 23.6 34.6
Oryzias latipes 20.4 21.2 32.6
Danio rerio 17.4 21.2 38.9
Monopterus albus 19.3 23.4 30.6
Oncorhynchus nerka 3a 17.7 17.3 30.6
Oncorhynchus nerka 3b 16.6 19.5 29.5
Scomber japonicus 18.3 21.2 33.6
Oreochromis niloticus 20.4 22.3 32.6
Dicentrarchus labrax 19.3 22.3 33.6
Haplochromis burtoni 20.4 22.3 32.6
Sparus aurata 19.3 22.3 32.6
Coregonus clupeaformis 16.6 18.4 31.6

Genbank Accession number(protein ID)for each species is presented in Figure 2.
The abbreviations used for GnRH1 forms in teleost fish are defined as: herring (hr); catfish (cf); medaka (md); mammalian (m);

seabream(sb); and whitefish (wf).

Sequences of the two GnRHR
paralogues and phylogenetic analysis

Two GnRHRs in the brain and pituitary of Japanese
sardine named jsGnRHRT and jsGnRHR2 were
successfully isolated. The sequences were assigned
the accession codes MW252051 and MW252052,
respectively, in GenBank. The ORF for jsGnRHRI
encodes 1188 bp in length with 395 aa and contains
seven TMD regions (Fig. 4a). Furthermore, the ORF for
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jsGNRHR2 encodes 1146 bp in length with 381 aa
containing seven TMD regions shown in Figure 4b.
Two distinct types with three subtypes each (Type 1:
1a, 1b, Tc; Type 2: 2a, 2b, 2c) of GnRHRs were revealed
in phylogenetic analysis. The classification was
adopted from Ciani et al. (2020) based on Sefideh et
al.(2014). Octopus GnRHR was utilised as an outgroup.
The jsGnRHR2 grouped to GnRHRIc, whereas
jsGnRHR1 fitted to other teleost 2b GNRHRs (Fig. 5).



(a) jsGnRHR1

1 ATGCCTATGCCTTTGTTGTACCAGACGTATGACTCGGAGTGCAACATGAGCTGCGATTTTCCCTCACACACCTGTAACCGCAGCCTGGAL 90
M P M P L L ¥ 0 T ¥ P 5 E W WNM 5 C D F P 5 H T C N R S5 L D
TMD 1
31 ACACAGCTCACTTTGCCCACCTTCARCACCGCGECAARRGTTCGTETCACCATCACCTTCATCCTETGCGCCETCTCTGEAGTCTECARC 180
T § L T L B T F N T A A K V RTF” T I T F I L ¢ A ¥V 5 G V C N
TMD 2

181

FCCTACGECGGCCGTCGCAAGTCACACGTGCGCLTGCTAATGTTEAACCTGAGCGTGECAGRCCTGCTEGGTE 270
A ¥ &6 6 R R K 5§ H V R|L L M L W L 5 Vv A D L L ¥

271 RCGTTCATCGTCQTGCCGCTFGATGCTGCGTGGAATTTGACGGTGCAGTGGCTGGCCGGAGACTTTGCGTGTCG

T F I v M PF L DAALWMNMNTILTTUVGgWTILACGEDTFATC-CR
TMD 3
361 AAGCTGATGGCTATGTACTCCTGCGCGTTTGTCACCETGETCATARGTCTGGACAGACASTC TGCCATACTGAATCCATTAGCCATCAAL 450
xLMAt-:\:sc:«.fv':‘.?errSLDRanzLNPLA:N
TMD 4
451 AAACCCAGGAGGAGGAACACAATCCAGYCTGACGGTGGECATGEACATTAAGTGT TGTTCTATCGC TECCTCAGGCTTTCATCTTIICATCAG 540
KARRRNTraﬂr_rv_z-_w'rr_svvr_sLl-q_a_rrpr‘:aq

541 GTEACCATCACATCCCCGECACACTTCACGCAGTGCTTGACGCTCGGCACCTTCCAGCAGCEETEECAGGAGACGCTCTACARQATETTE &30
¥y r 1 T S5 P A H F T Q C L T L G T F @ 0 R W QO E T L ¥ N|M F
TMD 5
CrTCTGCTTCCTCTTCC TG TACCGCTGCTCATCATGETCAGC TGO TACACGCGCATCCTGC TEEAGATCTCCCGCGGCATGCTEGEA 720
F ¢ F L F L L P L L I M Vv 5 C(¥ T R I L L E I 58 R GG M L &

g3l A

W & 5 5 A N E I ¢ L R B &8 N N H I I P £ A R M R T L K M =5
TMD &
811 GTCATCGTCAGCTCCTTCATCGTGTGCT
v I v 8§ § F I WV C

721 AACAGCTEGTCAGCCAATGAGATCTGETTGCGTCGTTCCAACAACAAEATCATCCCCAAGGCTCGCATGCGCACGCTGAAGATGAG%?TC 810
1

GGACGCCCTACTACC
W T P ¥ ¥

W

GCTELECCTETGEACTGETTCAGCCCGEAGEECCTGETGAAGACC 300
¥ W F 8 P E G L V K T

Ch

301 ATGTCCGACTCGCTGECCCACFTCCTCTTCCTGTTCGGCCTGC CGCCTECCTEERCCT
LA ¢ L b P

b GCTCATCTACGECCTCTTYTCGCTGCCG 980
M 58 D 5 L T H|IL L F L F & L L L

I ¥ 6 L F|s5 L P

281 CTGCGCAGACGCAGGCCCGCCETCACCGTGEAGATGGAGAGCACCACCCACGTCACCACGCTCAGCTGLCGECGECTGLCGEEEACGEGA 1080
L ERERUERKVPFARV TV EME S TTHVV TTIUL 5 CEREKULFCG T G

10B]1 GGCGGAGAGGGACAGATAGAGCGAGACGCGAGCCGAACGCAGGAGCARAGGGAGGAAGCGAGAGAGAGGAGAGCAGAGACTECTETCCARAL 1170
¢z & E & ¢ I E R DA S R TOEUQ9®RETETGEW®R®GEQZRTILTL S5 H

1171 TCTGATGAATTGCTGTGA 11BB
s 0D E L L =

(b) jsGNRHR2
1 ATCTCTGECAGCGECTCACCCCCGACCCTRACTCCCGRAGAGGAGCCGETACGCTACGTCTCCATCTCCARACGOCACCACCTCCCAACTE 30
M &8 &6 3 ¢ § P P T L T P & E E P ¥V R Y W 5 I 8 N A T T 5 @ L
TMD 1
91 CCCCC T TG TACGAATGGEAGAC GCCCACCTTCACCCGEECAGCCCAGTTCCGOETEEETEC CACTOTGETCCTCTTCCTETTCEGOGECC 180
F P L ¥ E W E T P T F T R A & ¢ F Rcr? & A T L v L F L F A A

181

CFGCGGGCGCGGCAGAEGTCTGGCCTCGCACCTGC31"'CTC&?CETGAGCCTG"“

5 ¥V A|R 6 R G R R L A 5 H L ER|PF L I M 5 L A

TMD 2

271 GLGECCGACCTCATGATGACCTTCETGETGATGUCGCTEEACATGE TG TGEARACCTGACGETGCAGTGGLGCECGEECEACGCCATETGE 360
A A D L M M T F ¥ ¥V M P LD MV WHN VTV Q WURAGUDAMHMC

el

AGGCCTCECGCCTTCATCCTEETEETCATCRGCCTGGACCEGCCACCACGCCATCCTG 450
K|L L. ¢ F L K L F A M ¢ A 5 A F I L ¥ ¥ I|8 L b R H H A I L
TMD 4
CTGCTGTTTGCCTCTCCACAG 540

451 CACCCAETGGACTCGCTCAACGCCCAECGGCGCAACAGGAGGATGFTL

H P L DD &8 L W A H E R N RKE R M|L L L F A 58 F @
541 C TCLGAGCCATCARGECCGAGARACCTCGACTTCACCCAGTETGTCACACATCCARGTTTCCAGGAGCCGATCCCARGRARACC 630
R A I K A E K v D F T @ ¢ v T H G 5 F ¢ E R W Qo E T
TMD &
631 CTCTATARCATGTTCCACTTCGT CACACTCTATGTCATACCCCTCTTGGTCATGAGCTEGCTGCTATACOQCGCATTCTCATCGAGATCAAT 720
rf ¥ ¥ M F H F vV T L ¥ v I P L L ¥ M 5 C C ¥ T FR I L I E I H

721 CAGCAGCTCCACACARACRRRCCAGETGAGTCATGCCTCACACGCAGTGGGACCGACATCATCCCCAAGGLCAGCGATCARCACCCTGARR 810
¢ ¢ L BH R NN K &G & E 5 ¢ L R R 5 G TDMTI PF KAUERMMTEKT L K

TMD 6
811 ATGACCATCRTCATCGTCATGTCEGTTTGTGGTETGCTECACGCCCTACTACCTEGCTGEGEAT CTEEPACTGGTTCCAGCCCAAGATECTG 900
M T I|I I ¥ M 5 F ¥V VvV € W T P ¥ ¥ L L G I WI|Y W F @ P K M L

WCGECCTGTACACC 880

201 CGGGTCACCCCGGAGTECGTCCACCACGCCfTCTTCCTGTTCC.GAA::TCARCECCTGCTGCGA
I s 2 ¥ & L ¥ T

R vV T P E ¥ ¥V HH AL F L F & N L N T C C D

381 CLGCECCGACCTEECACGETETCTGCGCTECTGCTGCCGTCGACGTCCGEATGCCTCCCCGEGTTCACTGEACCECCTETCC 1080

ER A DLAERCCTLZEROCCTCUEURUERK®PUDAS PR S5 L D R L 5

10E]l GCGCGACAGGGACCCCATAGCGGEEAGCAGGAGTCGGATGTGCCCAGTGTGARAATGCCGGGAGTAG 1146
LA R @ G P H 5 G E Q E 5 D V P 58 V K C R E *

Fig. 4. Open reading frame of (a) jsGnRHR1 and (b) jsGNRHR2 from the brain and pituitary of Japanese sardine Sardinops sagax
melanostictus. The HMMTOP 2.0 server was used to predict transmembrane domains (TMDs)(Tusnady and Simon, 1998, 2001).
Seven TMDs are divided into boxes. An asterisk (*) denotes the stop codon (TAG/TGA).
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99— Homo sapiens P30968

L Mus musculus 1 NP034453
o 99 E Pelophylax ridibundus 2 AAP15163 G n R H R1 b
Xenopus laevis 1 NP001079176
7 Oreochromis niloticus 2 NP001266689
L LO‘——E Haplochromis burtoni 2 AAK29745
86 L Odontesthes bonariensis 1b ABI75337
Oryzias latipes 2 NP001098392
ﬁ_‘: Salmo salar 1a AHL26523
Salmo salar 1b AHL26524
Danio rerio 1 NP001138452
Danio rerio 3 NP0O1170921 G n RH R1 c
Gadus morhua 1b ADD92008
[ Clupea harengus 2 receptor-like XP012692900
Chanos chanos XP030637119
Sardinops sagax mel: i 2 MWw252052
56 Salmo salar 2 AHL26525
?E Salmo salar 2b AWY11390
e Macaca mulatta 2 aaks27es. GnRHR2a
Xenopus laevis 2 AAK49334
?E Pelophylax ridibindus 3 AAP15164 G n R H R2 c
) Clupea harengus 2 XP031424542
L 54 —E Sardinops sagax melanostictus 1 MW252051
29 Danio rerio 2 NP001138451
99 Salmo salar 4b AWY11391
54 _|: Salmo salar 4 AHL26526
? 73 —— Collichthys lucidus 2 TKS73414
63 Chanos chanos 2 XP030621192
Danio rerio 4 NP001091663
Pelophylax ridbundus 1 AAP15162
Gadus morhua 2¢c ADD92011
Oryzias latipes 1 wrootossssz GNRHR2b
Gadus morhua 2a ADD92009
Haplochromis burtoni 1 AAUB9433
Oreochromis niloticus 1 BAC77240
36 Seriola dumerili CAB65407
—|: Scomber japonicus 1 ANC48011
Odontesthes bonariensis 2a ABI75336
Pagrus major BAM17648
Acanthopagrus schlegelii 1 AAV71128
Micropogonias undulatus 2a ABB97085
Dicentrarchus labrax CAD11992
76 Morone saxatilis 2 XP035507780
Octopus vulgaris Q2V2K5

Fig. 5. Phylogenetic analysis of GnRH receptors in teleost fish. MEGAB was used to conduct evolutionary studies using the
neighbour-joining technique (Tamura et al., 2013). A total of 44 aa sequences were analysed. Each gene was labeled with its
corresponding Genbank Accession number (protein ID), its scientific name, and the original designated code. Gaps and
incomplete data were removed from all spots.

GnRHR aa sequences of Japanese
sardine in comparison with other
teleost GnRHRs

Putative translation of jsGnRHR1 and jsGnRHR2
matched with GnRHR aa sequences of GnRHRIc and
GnRHR2b from representative species is depicted in
Figure 6. Similarities between the deduced aa
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sequences from various GnRHR precursors are
presented in Table 3. The aa sequence identity of
jsGNRHR2 ranges from 30.8-88.4 % compared with
other Type 1c GnRHRs. The putative Pacific herring 2
receptor-like (Clupea harengus Linnaeus, 1758;
Clupeiformes) had the highest aa sequence identity
(88.4 %), whereas the Nile tilapia 2, Oreochromis
niloticus (Linnaeus, 1758); Cichliformes had the lowest



(a) GnRHR1c

Sardinops sagax melanostictus 2 58
Oreochromis niloticus 2 39
Haplochromis burtoni 2 56

iensis 1b 53
Oryzias latipes 2 61
Salmo salar la 59
Salmo salar 1b 59
Danio rerio 1 51
Danio rerio 3 38
Clupea harengus 2 r-like 59
Chanos chanos 52
Salmo salar 2 MIIMY ;0 88
Salmo salar 2b MIIMYVITIMIYMFYF-IYSHSYKPCLFQPR. . NL.--VLRP.LVKATGSMQPALSNM. I 87

THD 1 TMD 2
sagax mel fctus 2 AAVSHL

Oreochromis niloticus 2
Haplochromis burtoni 2
Odontesthes bonariensis 1b
Oryzias latipes 2

Salmo salar la

Salmo salar 1b

Danio rerio 1

Danio rerio 3 Gines i
Clupea harengus 2 r-like nem Xl
Chanos chanos BauiivvEas
Salmo salar 2 1
Salmo salar 2b G..

bepuBEEE
niamnmnn

kega!

Sardinops sagax melanostictus 2
oOreochromis niloticus 2 3
Haplochromis burtoni 2
Odontesthes bonariensis 1b
oryzias latipes 2
Salmo salar la
Salmo salar 1b
Danio rerio 1
Danio rerio
Clupea harengus 2 r-like
Chanos chanos
Salmo salar 2
Salmo salar 2b

>

it dd

{hoobubaw
as

Sardinops sagax melanostictus 2

Oreochromis niloticus 2 v. 305
Haplochromis burtoni 2 v 322
Odontesthes bonariensis 1b B 4 321
Oryzias latipes ¥ 329
Salmo salar la 82 327
Salmo salar 1b v 327
Danio rerio 1 v 221
Danio rerio 3 <V 303
Clupea harengus 2 r-like ¥ 327
Chanos chanos B 2 320
Salmo salar 2 v. 356
Salmo salar 2b v 355
sagax mel 2 381
Orecchromis niloticus 2 .. .R.H.PQPSTNIQTAADQPVKARDFSM 371
Haplochromis burtoni 2 R.H. PQPSTNNQTAADQPMKARDFSM 388
Odontesthes bonariensis 1b . PPR.ADPQAATDCERPIRGQD- 384
Oryzias latipes 2 »0- 373
Salmo salar la 387
Salmo salar 1b 387
Danio rerio 1 Enad
Danio rerio 3 336
Clupea harengus 2 r-like 380
Chanos chanos 373
Salmo salar 2 a17
Salmo salar 2b -D..A.G.EQTKETGGDGR- a1
(b) GnRHR2b
Sardinops sagax melanostictus 1 76
Clupea harengus 2 72
Danio rerio 2 79
Salmo salar 4 -MSHEIMMF. MMEQAQ.T..EA.TPI.. 80
Chanos chanos 2 MH-DSSPRTEITM.H.MTGNTV.A. .EYALAS. ... . A .SA. ... BS
Danio rerio 4 MN-DSSPTSENIMPH . LTADTL . LP. .. 83
Gadus morhua 2c MNESSCCHP . AVIYQ . SSRWDL . A. . .WSAPR. . y )
Haplochromis burtoni 2 HQLDT . . . EL DR i 5 «+s BS
Oreochromis niloticus 1 HQL.T 85
Scomber L ALYQF. 85
Odontesthes bonariensis 2a 85
schlegelii 1 T.HQL. 85
Dicentrarchus labrax MN-TTLCDSAVA. YHL.T 85
Morone saxatilis 2 MN-TTLCOSAVAMYHL.T.HQL. 8s
sagax 1 166
Clupea harengus 2 161
Danio rerio 2 169
Salmo salar ¢ 170
Chanos chanos 2 175
Danio rerfo 4 173
Gadus morhua 2¢ 178
Haplochromis burtoni 2 175
Oreochromis niloticus 1 175
Scomber japonicus 1 175
Odontesthes bonariensis Za 175
Acanthopagrus schlegelii 1 175
Dicentrarchus labrax 175
Morone saxatilis 2 175
T
Sardinops sagax melanostictus 1 256
Clupea harengus 2 T.H.5.R. 251
Danio rerio 2 T.Y.5.88 259
Salmo salar 4 T s.v. . 260
Chanos chanos 2 T.R.5.VKH. . 265
Danio rerio ¢ T.R.S.VKE.. 263
Gadus morhua Ze T.R.5.VTH 265
Haplochromis burtoni 2 +..T.R.S.VTH. 265
Oreochromis niloticus 1 R.T.R.S.VTH. 265
Scomber japonicus 1 T.R.H.VSN. 265
Odontesthes bonariensis 2a T.R.S.VPH. 265
Acanthopagrus schlegelii 1 LT.R.S.VRH. 265
Dicentrarchus labrax e T.R.S.VTH. 265
Morone saxatilis 2 T.R.S,.VTH. . 265
sagax mel i 1 338

Clupea harengus 2 oy
Danio rerio 2

Salmo salar 4

Chanos chanos 2

banio rerio 4

Gadus morhua 2c
Haplochromis burtoni 2
Oreochromis niloticus 1
Scomber japonicus 1
Odontesthes bonariensis 2a
Acanthopagrus schlegelii 1
Dicentrarchus labrax
Morone saxatilis 2

. KG-LKRYCRSAT .L
. KG-LKRYCRSAVVL 351
G-RRKCYG-GATA 352
KG-LRRFYT-GTTT 352
KG-LRRFYT-GTTT 352
.KG-LRRYYR-KT.A 352
. KG-LQRYYS-NGTA 352
. TG-LRRYYR-NATT 352

Sardinops sagax melanostictus 1

Clupea harengus 2 . .ATF.

Danic rerio 2

salmo salar 4 100

Chanos chanos 2 =8, K. TQORL

Danio rerio 4 VIQS.T

Gadus morhua 2c .LSL. . 3

Haplochromis burtoni 2 SADL. NNT-VITGSFSCAANS. . LK.EVSPASP.RLLL- 421

Oreochromis niloticus 1 ARDL. L 375

Scomber japonicus 1 ADLD. 427
2a 5 426

Acanthopagrus schlegelii 1 ASDLDNNT-VITGSFVCAANS.QLK.EVSPVSQ.RFMLCSD.HSR.ESTPSRSSFLTADNDAEKDSHQFCS-DSII 426

Dicentrarchus labrax <PLK.EAS--~-Q. 416

Morone saxatilis 2 . PLK.EVSPASQ. 419

Fig. 6. Alignment of Japanese sardine GnRH receptors with other teleost GnRH receptor sequences. Dots show identical aa
sequences. The seven transmembrane domain regions are divided into boxes. GenBank Accession numbers of GnRH receptor
cONA sequences are shown in Figure 5.
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Table 3. The percentage of sequence identity between the Japanese sardine's aa GnRHR forms and those of other teleost

species.

GnRHR types Species

Percentage of identity (%)

Sardinops sagax melanostictus

jsGNRHR2 jsGNRHR1
GnRHR1a Homo sapiens 35.5 33.6
Mus musculus 1 35.2 33.6
GnRHR1b Pelophylax ridibundus 2 48.7 38.7
Xenopus laevis 1 49.7 40.2
GnRHRIC Sardinops sagax melanostictus 2 100.0 40.0
Oreochromis niloticus 2 30.8 26.0
Haplochromis burtoni 2 69.2 39.8
Odontesthes bonariensis 1b .7 40.4
Oryzias latipes 2 68.9 40.1
Salmo salar 1a 70.5 39.6
Salmo salar 1b 70.5 39.8
Danio rerio 1 69.5 41.2
Danio rerio 3 67.0 38.7
Gadus morhua 1b 34.1 21.7
Clupea harengus receptor-like 2 88.4 39.2
Chanos chanos 81.9 40.4
Salmo salar 2 73.0 37.4
Salmo salar 2b 72.2 37.5
GnRHR2a Macaca mulatta 2 38.0 421
GnRHR2b Sardinops sagax melanostictus 1 40.0 100.0
Clupea harengus 2 38.4 86.0
Danio rerio 2 38.2 55.5
Salmo salar 4b 36.1 54.4
Salmo salar 4 36.2 54.7
Collichthys lucidus 2 37.2 56.9
Chanos chanos 2 37.0 55.7
Danio rerio 4 38.6 55.8
Pelophylax ridibundus 1 36.9 48.2
Gadus morhua 2c 22.8 30.1
Oryzias latipes 1 36.8 52,8
Gadus morhua 2a 33.5 46.0
Haplochromis burtoni 1 37.9 52.3
Oreochromis niloticus 1 39.3 51.7
Seriola dumerili 37.7 52.3
Scomber japonicus 37.4 51.9
Odontesthes bonariensis 2a 38.8 51.6
Pagrus major 38.4 52.8
Acanthopagrus schlegelii 1 38.4 525
Micropogonias undulatus 2a 38.4 52.1
Dicentrarchus labrax 39.0 53.0
Morone saxatilis 39.5 52.8
GnRHR2Zc Xenopus laevis 2 40.6 46.8
Pelophylax ridibundus 3 40.2 46.0

Genbank accession number (protein ID)for each species is shown in Figure 5.

(31.8 %). Compared to Type 2b receptors, however,
the aa sequence identity of jsGnRHRZ ranges from
22.8-40 %, with the highest identity to jsGnRHRI.
Human (Homo sapiens Linnaeus, 1758) and house
mouse 1(Mus musculus Linnaeus, 1758) belong to Type
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la GnRHRs, have 35.5 % similarities to jsGnRHRI.
Rhesus monkey 2, Macaca mulatta (Zimmermann,
1780); Type 2a GnRHR representative and African
clawed frog, Xenopus laevis (Daudin 1802); Type 2c
GnRHR representative, have 38 % and 40.6 % aa



sequence identity to jsGnRHRI, respectively.

The aa sequence identity of jsGnRHR1 varies from
30.1-86 % compared to other Type 2b GnRHRs. The
highest aa sequence identity was 86 % for putative
Pacific herring 2 (Clupeiformes), while the lowest was
30.1 % for Atlantic cod 2c, Gadus morhua Linnaeus,
1758; Cichliformes. Compared with Type 1c receptors,
jsGNRHRT aa sequence identity ranges only from 21.7-
40.4 %, with the highest identities to milkfish, Chanos
chanos (Forsskal, 1775); Gonorynchiformes and
pejerrey 1b, Odontesthes bonariensis (Valenciennes,
1835); Atheriniformes. Human and house mouse 1both
have 33.6 % aa sequence identity to jsGnRHRI.
Rhesus monkey 2 and African clawed frog have 42.1 %
and 46.8 % aa sequence identity to jsGnRHRZ,
respectively.

Comparison of ORF nucleotide
sequences from targeted sequencing
and RNA-seq

The Japanese sardine jsGnRHT and jsGnRH2 ORF
sequences obtained from targeted sequencing
showed 100 % similarity to GnRHT and GnRH2 from
RNA-seq. On the other hand, GnRH3 and GnRHR2 ORF
sequences from RNA-seq exhibited 97.92 % and 91.04
% similarities to jsGnRH3 and jsGnRHR2 ORF
sequences from targeted sequencing, respectively.
No complete ORF derived from RNA-seq is available
for GNRHR1. Alignment analysis of the ORF nucleotide
sequences from targeted sequencing and RNA-seq
are presented in Supplementary Figures 1and 2.

Ligand selectivity of Japanese sardine
GnRH receptors

To investigate the ligand selectivity for jsGnRHR1 and
jsGNRHR2, NFAT-luciferase (NFAT-Luc) was utilised
as a reporter gene for calcineurin/NFAT signalling

(a) Japanese sardine GnRHR1

357 e jsGnRH1 ECy, =8.0591e-011
® jsSGnRH2 ECq, = 1.4626e-012
304 © iSGNRH3 ECy, =7.4794e-012

254

20

15

NFAT-Luciferase activity
(Firefly/Renilla)
Fold Induction

10

54

0 L
Control -19 -18 -17 -16 -15 -14 13 12 11 10 9 -8
Ligand [log, M]

NFAT-Luciferase activity

pathway. Japanese sardine GnRHR1 showed high
potency to all three GnRH synthetic peptides
(jsGnRH1, jsGnRH2, jsGNRH3) presented in Figure 7a.
Whereas, jsGnRHR2 elicited high response to
jsGNRH2 but low to jsGnRH1and jsGnRH3 (Fig. 7b).

Discussion

In Clupeiform fish species, studies on the isolation of
all three GnRH isoforms and GnRH receptors are
minimal. Abraham (2004) attempted to clone all three
forms of GnRH in American shad brain, but was only
successful in isolating GnRH1. The first successful
targeted sequencing study in a Clupeiform species of
all three GnRHs was reported by Sukhan et al. (2013)in
the brain of Japanese anchovy. Lavoué et al. (2007)
reported a putative GnRH receptor of Pacific herring
inferred from mitogenome sequences. Recently, Nyuji
et al. (2020) reported the first deep RNA-seq analysis
of Japanese sardine. A total of 115,173 non-redundant
ORFs (partial or complete) were annotated in
Japanese sardine, including GnRHs and GnRHRs (Nyuji
et al., 2020). Targeted sequencing was performed in
the present study to get more specific nucleotide
sequences of the three GnRH isoforms and two
GnRHR paralogues in the brain and pituitary of
Japanese sardine.

In phylogenetic analysis, Japanese sardine jsGnRH]1
clustered with other teleost GnRHT suggesting an
involvement in fish reproduction. On the other hand,
jsGnNRH2 grouped with other GnRHZ implying a
possible role in neuromodulation, whereas jsGnRH3
clustered with other GnRH3 suggesting a role in
sexual behaviour in fish. Future localisation studies in
the brain and pituitary of Japanese sardine will help in
understanding the functional role of these GnRH
forms.

GnRH receptors, unlike its ligand, lack a well-defined
categorisation system. The current work uses Sefideh

(b) Japanese sardine GnRHR2

©o

7 ® jsGnRH1 EC;, = 1.5405e-011
® jsGnRH2 ECs, = 9.8165e-007
1 ® jsGnRH3 ECj, = 4.3640e-005

©

(Firefly/Renilla)
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-

1] & =—

Control 42 41 40 9 8 7 6 5
Ligand [log, M]

Fig. 7. Ligand binding affinity of the Japanese sardine GnRH receptors, jsGnRHR1(a) and jsGnRHR2 (b) with NFAT-Luc. GnRH],
2, and 3 from Japanese sardine were used to treat transfected cells. The results are given as a ratio of changes in firefly
luciferase activity over Renilla luciferase activity. The js6GnRHR1 was performed in quadruplicate, whereas jsGnRHR2 was
executed intriplicate. The data is presented as a mean with a standard deviation.
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et al. (2014)s nomenclature, dividing GnRH receptors
into two major types, each with three subtypes. Using
ORF aa sequences, phylogenetic analysis revealed
that jsGnRHR2 grouped with Type Tc receptors,
whereas jsGnRHR1 clustered with Type 2b receptors.
Type Tc receptors have been implicated in the
modulation of sensory, metabolic, and motor systems
in Astatotilapia burtoni (Glnther, 1894) and the Nile
tilapia (Soga et al., 2005; Chen and Fernald, 20086). On
the contrary, various studies have suggested the
involvement of GnRHR2b receptor type in fish
reproduction and gonadotropic function control, as
exhibited in Nile tilapia (Soga et al., 2005), A. burtoni
(Flanagan et al., 2007), Atlantic cod (Hildahl et al.,
2011), chub mackerel (Lumayno et al., 2017), and
Atlantic salmon (Ciani et al., 2020). In the present
study, Japanese sardine jsGnRHR1 (clustered into
GnRHR2b) may be involved in fish reproduction as
well.

To check the ligand selectivity of the two isolated
Japanese sardine GnRH receptors, NFAT-Luc was
performed on jsGnRH1, jsGnRH2, and jsGnRH3. In the
present study, NFAT-Luc was used as a reporter gene
which can activate phospholipase C, elevating
intracellular Ca?. Japanese sardine jsGnRHR2
responded best to jsGnRHZ but poorly to jsGnRH3 and
jsGnRH1. However, all three GnRH synthetic peptides
showed high potency to jsGnRHRI. According to
transfected cell analyses in most fish species, GnRHR
paralogues can be activated by various GnRHs, with
GnRH2 being the most preferred, preceded by GnRH3,
then GnRH1 (Lethimonier et al., 2004). According to
Pfleger (2002), GnRH2 has a greater binding affinity in
most ~ non-mammalian  vertebrate  receptors,
regardless of classification, due to the preset B-II'
turn conformation.

In chub mackerel studies, only the GnRH1(considered
as hypophysiotropic form) neurons innervated
anterior pituitary regions where FSH and LH are
localised (Selvaraj et al., 2009). It is worth noting that
GnRH2 neurons project broadly across the brain but
do not innervate pituitary regions, implying a function
in  neuromodulation (Selvaraj et al., 2009)
Unsurprisingly, reporter gene assay results showed
that the chub mackerel GnRH receptor (clustered to
GnRHR2b) involved in fish reproduction exhibited
highest affinity to GnRH2, followed by GnRH3, then
GnRHI1. Previous assay studies in striped bass (Morone
saxatilis (Walbaum, 1792)) (Alok et al., 2000) and A.
burtoni (Flanagan et al., 2007) also showed similar
order of affinity.

In the present study, the two isolated Japanese
sardine GnRH receptors follow the affinity order
GnRH2 > GnRH3 > GnRH1. It is very evident, however
that the affinity of jsGnRH1 for jsGnRHR1(up to 28-fold
induction)is much higher in comparison for jsGnRHR2
(up to 1.5-fold induction). NFAT activation of jsGnRH1
to jsGnRHR1 suggests an importance on the synthesis
and release of gonadotropin in the pituitary (Perrett
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and McArdle, 2013). In addition, activation of jsSGnRH2
to jsGnRHR2 suggests that NFAT may mediate GnRH2
action (Armstrong et al., 2009). Based on the results,
we can infer that jsGnRH1 and jsGnRHR1 may be
involved in fish reproduction. Further studies are
needed in understanding the physiological functions
of GnRH-GnNRHR system. Overall, these findings can
serve as basis for further studies in the reproduction
of Japanese sardine.

Conclusion

The findings show that the three GnRH isoforms and
two GnRHR paralogues exist in the brain and pituitary
of a Clupeiform fish, the Japanese sardine Sardinops
sagax melanostictus. Clustering of jsGnRH1 to other
teleost GnRHT and jsGnRHR1 to other teleost
GnRHR2b suggests that these two genes are likely
involved in fish reproduction. Moreover, the
calcineurin/NFAT signaling pathway activation of
jsGNRHRT to jsGnRHT may play a role on the synthesis
and release of GTHs in the pituitary. Further studies
on gene expression at various reproductive stages
and brain localisation of these genes will help in
understanding the role of GnRH-GNRHR system in the
reproduction of Japanese sardine.
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Supplementary Fig. 1. Alignment of GnRH isoforms from targeted sequencing and RNA sequencing (RNA-seq). The Genbank
Accession numbers for RNA-seq derived GnRH1, GnRH2, and GnRH3 are ICPT01067198, ICPT01132793, and ICPT01060538,
respectively (Nyuji et al. 2020).
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Supplementary Fig. 2. Alignment of GnRHR2 from targeted sequencing and RNA sequencing (RNA-seq). The Genbank
Accession number for RNA-seq derived GnRHR2 is ICPT01148960 (Nyuji et al. 2020).
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