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Abstract

Gonadotropin-releasing hormone (GnRH) is the major neuroendocrine hormone regulating reproduction
in vertebrates, including finfish. In recent years, presence of GnRH and their function in reproduction has
been confirmed in shellfish, crustaceans and molluscs. Interestingly, shellfish GnRH do not cluster within
finfish GnRH, suggesting diversity in gnrh genes and their evolution in animal kingdom. GnRH
analogues have been synthesized chemically and successfully used in induced reproduction of finfish.
Studies on GnRH potency in induced maturation and spawning of shellfish are limited. The present paper
report the recent information of shellfish GhRH cDNAs that have been successfully isolated in number of
molluscan species, and would help in the farming of shellfish under controlled conditions. Also, the
paper highlights the scintometric mapping of GnRH research in fish, suggesting rapid accumulation of
information on fish GnRH and their importance in fish reproductive biology and endocrinology.
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Introduction
Gonadotropin-releasing hormone is a neuropeptide hormone produced in the brain and is
involved in diverse functions, including reproduction in the vertebrates and invertebrates.
Vertebrates possess multiple GnRH forms that are classified as GhRH-1, GnRH-I1, and GnRH-
111 (Okubo et al., 2003; Chen and Fernald, 2008; Okubo and Nagahama, 2008; Matsuyama et
al., 2013; Mufioz-Cueto et al., 2020) [59 11.61.43.48] /At |east two GnRH forms are present in the
brain of all vertebrates [(commonly cGnRH-Il (GnRH-II), plus one of either GnRH-1 or
GnRH-111)] (Amano et al., 1997; Karigo and Oka, 2013) ® 32 Teleost fish of the order
Perciformes were the first group of vertebrates in which three GnRH forms were found based
on immunological and molecular characterization: salmon GnRH (sGnRH; GnRH-III),
chicken GnRH-1I (cGnRH-1I; GnRH-II), and seabream GnRH (shGnRH; GnRH-I) (Powell et
al., 1994, 1996; Dubois et al., 2002; Lethimonier et al., 2004; Kah et al., 2007; Okubo and
Nagahama, 2008; Selvaraj et al., 2013) [67-68. 13, 41, 31, 61, 78] " particularly, GnRH neurons
distributed in the preoptic area (POA) and the hypothalamus (HYP) regions of the brain are
shown to be involved in the stimulation of pituitary gonadotrophic hormones (GtHs), follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) (Yamamoto et al., 1998; Schulz et
al., 2001; Swanson et al., 2003; Shahjahan et al., 2010) [193 74 9. 811 These pituitary GtHs
control the process of gametogenesis by activating the steriodogenic pathways resulting in the
production of sex steroid hormones (Senthilkumaran et al., 1999; Nagahama and Yamashita,
2008; Rajakumar and Sethilkumaran, 2020) ['® 50 701 Unlike mammals, teleost fish lack a
functional hypophyseal portal system and neuronal axonal fibers directly innervate anterior
pituitary regions, where FSH and LH producing cells are localized. Recent studies indicate
three molecular GnRH forms exist in the brain of cartilaginous elasmobranch fish (Powell et
al., 1986; Wright and Demski, 1991; King et al., 1992; Gaillard et al., 2018) [69 101,36, 18]
Presence of GnRH and GnRH-like peptides has been demonstrated in primitive vertebrates,
the lampreys and invertebrates, crustaceans and molluscs (Kavanaugh et al., 2008; Sharker et
al., 2020) [3. 821 phylogenetic analysis show that these GnRH forms are falling under separate
outgroups, resulting from duplications of an ancestral GnRH gene followed by point
mutations, and that some forms have been lost in certain vertebrate lineages (Sherwood et al.,
1986; Okubho and Nagahama, 2008) [83 61 Interestingly, neuroanatomical studies have
demonstrated wide distribution of multiple GnRH forms in the brain of vertebrates and
invertebrates, suggesting diverse functions of GnRH peptides.
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GnRH-1, GnRH-Il and GnRH-IIl forms in Teleost and
Cartilaginous Fish

GnRH-I form is present in majority of teleost species
(Sherwood et al., 1997; Fernald and White, 1999; Okubho
and Nagahama, 2008) [8+ 15 611 presence of teleost GnRH-I
form confirmed in the elasmobranch fish (Gaillard et al.,
2018) 81, Teleosts share the mammalian GnRH (mGnRH)
form in the GnRH1 group with other vertebrates. However,
different variant of GnRH-lI form has been reported in
medaka, Oryzias latipes (Okubo et al., 2000) B7; pejerrey,
Odontesthes bonariensis (Guilgur et al., 2003, 2009;
Montaner et al., 2001) (pjGnRH or mdGnRH) [ 27. 47,
herring, Clupea harengus pallasi (hrGnRH) (Carolsfeld et al.,
2000; Sukhan et al., 2013) 2% 81 and whitefish, Coregonus
clupeaformis (WfGnRH) (Vickers et al., 2004) [,
Interestingly, the GnRH-I form is missing in some fish
species where the hypophysiotropic function is accomplished
by GnRH-III (Kobayashi et al., 1994; Kobayashi et al., 1997;
Okuzawa and Kobayashi, 1999; Volkoff and Peter, 1999) [
40, 62, 99]

GnRH-II is represented in all vertebrates examined to date by
chicken GnRH-II (cGnRH-I11) form. GnRH-II is the midbrain
tegmentum (MT) form, with a neuronal population in the MT
region, mainly in nuclei of the medial longitudinal fasciculus
(nMLF). However, fibers project widely into different brain
regions, suggesting a role in neuromodulation (Amano et al.,
1997; Okuzawa and Kobayashi, 1999; Munoz-Cueto et al.,
2020) © 62 48 GnRH-1I shows the widest pattern of
distribution and found in all major Gnathostome lineages.
GnRH-II has also been detected in the pituitary of goldfish,
striped bass, zebrafish, African catfish, European eel, and
Senegalese sole where direct innervation of the pars distalis
occurs as in other teleosts; however, in the goldfish and
zebrafish, the origin of the pituitary GnRH-Il has been
mapped to the mid-brain GnRH2 neurons, suggesting
hypophysiotropic function of GnRH-11 in these species (Yu et
al., 1997; Kim et al., 1995; Gothilf et al., 1996; Kah et al.,
2007; Servili et al., 2010; Goos et al., 1995, 1997) [105.34. 23,31,
8. 21-22 - GenBank accession nos. of finfish expressing three
GnRH forms are shown in Table 1. The list of primers used
for isolating GnRH-I variants in teleost fish are presented in
Table 2.

GnRH-III is a teleost-specific form, expressed in neuronal
populations mainly in the olfactory bulb (OB), terminal nerve
ganglion (TNG) region, and POA. GnRH-I1I1 is characteristic
to teleosts all generating the same fish-specific peptide. Like
GnRH-II, GnRH-I1I axonal fibers project into different brain
regions, suggesting a role in neuromodulation. Multiple
functions have been suggested for different forms of GnRH.
GnRH-III has also been detected in the pituitary of fish
expressing two only GnRH-II and GnRH-I1I forms (King et
al., 1990; Okubo et al., 1999; Suetake et al., 2000; Targersen
et al., 2002; Mufioz-Cueto et al., 2020) [6. 58. 85, 9. 48] Both
GnRH-II and GnRH-III neurons also innervate to regions of
peripheral and autonomic nervous system, suggesting diverse
functions (Yu et al., 1997; Chen and Fernald, 2008; Umatani
and Oka, 2019) [105. 1% 971 Primers used for cloning GnRH-II
and GnRH-111 cDNAs in teleosts are presented in Table 3.
The amino acid sequences of functional GnRH decapeptides
in teleosts and elasmobranchs are shown in Table 4.

Functions of multiple GnRH forms
The functions of multiple GhnRH forms have been revealed
through  immunocytochemical distribution of GnRH-
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immunoreactive (-ir) neurons and axonal fibers projecting to
different regions of the brain and pituitary gland (Amano et
al., 1997; Parhar, 1997; Yamamoto et al., 1998; Okubho et
al., 2003; Mufioz-Cueto et al., 2020) [ 6 102 59 48 Qur
previous studies in different fish species belonging to order
Perciformes confirmed the presence of three GnRH forms
using immunological and molecular cDNA cloning method
(Selvaraj et al., 2009, 2012a,b; Nagase et al., 2010; Kitano et
al., 2012; Sukhan et al., 2013; Imanaga et al., 2014) [/ 76-77.51,
3,87, 291 |mmunological characterization and neuroanatomical
distribution of different GnRH forms revealed that GnRH-I-ir
neurons are localized in the preoptic area and hypothalamic
regions with —ir fibers projecting to the anterior pituitary
region, where FSH and LH-ir cells are localized (Selvaraj et
al., 2009) ["®1, Sparse distribution of —ir fibers were detected in
different brain regions with prominent immunodetection in
the preoptic area and hypothalamus. GnRH-1I-ir and GhRH-
I11-ir neurons were localized in the midbrain tegmentum and
olfactory bulb regions, respectively. In contrast to GnRH-I-ir,
GnRH-1I and GnRH-IlI-ir fibers were detected in different
regions suggesting their function in neuromodulation
(Selvaraj et al., 2009) "™, In the chub mackerel (Scomber
japonicus) and Jack mackerel (Trachurus japonicus),
seabream GnRH (sbGnRH) was the GhnRH1 form (Selvaraj et
al., 2012; Imanaga et al., 2014) "> 291, |n the bambooleaf
wrasse (Pseudolabrus sieboldi) and Japanese anchovy
(Engraulis japonicus), medaka GnRH and herring GnRH
were found to be GnRH1 forms (Nagase et al., 2010; Sukhan
et al., 2013) B 871,

Expression changes of gnrh mRNAs and GnRH peptides
during seasonal reproductive and spawning cycles indicated
that in the females, brain gnrh1 mRNA levels were low
during immature phase when only perinucleolar oocytes were
dominant in the ovary. Higher level of gnrh1 mRNA was
found during early and late vitellogenic phases, when the
vitellogenic oocytes with yolk granules and oil droplets were
prominent in the ovary. During post-spawning stage, no
significant changes in the gnrh1 mRNA level were recorded.
During immature, maturing and mature phases, GnRH1
peptide levels did not show any statistically significant
differences; however, levels were higher during post-
spawning stages. Messenger RNA and peptide levels of
GnRH2 and GnRH3 did not show any significant differences
between the maturity stages analyzed during the seasonal
reproductive cycle. Similar, expression profiles were observed
in the males. These results clearly indicated that GnRH1 form
is involved in the seasonal reproduction of chub mackerel
(Selvaraj et al., 2012a) 7],

During spawning cycle, mRNA levels of all three gnrh forms
fluctuated suggesting involvement of multiple GhRH forms
during the final oocyte maturation and spawning stages.
Interestingly, levels of gnrh2 and gnrh3 mRNAs were
significantly higher during germinal vesicle stage suggesting
their involvement in prespawning stages of chub mackerel
spawning cycle (Selvaraj et al., 2012b) "1, The results are in
agreement with immunocytochemical distribution of GnRH2
and GnRH3 immunoreactive fibers to different regions of the
brain, indicating their role as neuromodulator (Selvaraj et al.,
2009) ™. During post-ovulation stage, only GnRH1 mRNA
level was found to be higher suggesting their involvement in
the progression of late vitellogenic follicles to final oocyte
maturation, likely through stimulation of pituitary
gonadotropins. Peptide levels of all three GnRH forms peaked
during hydration stage of the spawning cycle, in agreement
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with the rise of gnrh mRNA levels during germinal vesicle
stage, suggesting the machinery of transcription and
translation active during these phases of final oocyte
maturation, when the fish is ready to undergo mating process
and ready to release the gametes. After spawning, lower
GnRH peptide levels were observed in the brain and pituitary
(Selvaraj et al., 2012b) ["71,

In the Jack mackerel (Trachurus japonicus) that exhibit
severe reproductive dysfunction in captivity, gnrh1 mRNA
expression was remarkably lower in the captive fish at all
reproductive stages than in the wild fish. Levels of gnrh2 and
gnrh3 mRNAs did not show any significant fluctuation,
suggesting the dominant involvement of GnRH1 form in this
carangid fish (Imanaga et al., 2014) %, In the bambooleaf
wrasse and Japanese anchovy expressing different GnRH1
forms, gnrhl mRNA levels were higher in mature fish,
compared to immature stage (Nagase et al., 2010; Sukhan et
al., 2013) BL 81 In Indian pearlspot (Etroplus suratensis),
gnrhl mRNA levels did not show any significant differences
between reproductive stages analyzed, suggesting possibility
of fluctuation of GnRH peptide levels in the brain and
pituitary (Ezhilarasi et al., 2020, communicated) 4. Analyses
of messenger RNA and peptide levels performed in several
teleosts clearly indicate that higher GnRH expression
correlate with an increase in pituitary gonadotropins and
circulating sex steroids, suggesting the activation of
reproductive brain-pituitary-gonad axis (reviewed in Mufioz-
Cueto et al., 2020) 81,

Research on function of GnRH in Indian fish species has
revealed conservation of GnRH function in reproduction
(Halder et al., 1995; Bhattacharya et al., 2002; Swapna et al.,
2005, 2008; Nandi et al., 2007; Rather et al., 2015) [28: 6. 92,53,
A, Triploid catfish (Heteropneustes fossilis) exhibit
significant decrease in size and number of GnRH-ir neurons
of preoptic area and low immunoreactivity in pituitary in
comparison to their diploid full-sibs during the late pre-
spawning phase of ovarian cycle, suggesting reduced
responsiveness of GnRH neurons to environmental cues
required for gonadal development in triploids (Tiwary et al.,
2002) P4, In an Indian major carp, mrigal (Cirrhinus
mrigala), intense GnRH-ir was observed in several olfactory
receptor neurons (ORNSs) and their axonal fibers as they
extend over the olfactory nerve, spread in the periphery of the
olfactory bulb (OB), and terminate in the glomerular layer,
suggesting the involvement of GnRH in olfaction. GnRH
immunoreactivity showed a seasonal pattern with highest in
the prespawning phase, with significant reduction in the fiber
density in the fish of spawning and the regressive phases (Biju
et al., 2003) 1. Further, ontogenic analyses indicated GnRH
immunoreactive fibers are distributed in the olfactory nerve
layer in the periphery of the bulb and glomeruli-like
innervation was clearly established in 5 days old larvae of
mrigal. The innervation to the olfactory bulb showed a
considerable increase in GnRH immunoreactivity in 9 and 19
days old larvae. However, GnRH immunoreactivity in non-
migratory as well as migratory components gradually
diminished and disappeared altogether by the age of 68 days,
suggesting GnRH functioning as a neurotransmitter (Biju et
al., 2005) 81, In the rohu, GnRH pathway genes have been
revealed (Sahu et al., 2015) [,

GnRH-1V in Lampreys
In lamprey three members of the GnRH family of
neuropeptides have been identified: lamprey GnRH-I
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(IGnRH-1), lamprey GnRH-II (IGnRH-II), and lamprey
GnRH-IIl (IGnRH-I1I). Lamprey GnRH forms has been
demonstrated in number of species: IGNRH-1 Petromyzon
marinus (Sea lamprey); IGnRH-IIl Mordacia mordax
(Australian lamprey); IGnRH-I1l Geotria australis (Pouched
lamprey); IGnRH-III  Ichthyomyzon unicuspis (Silver
lamprey); IGnRH-III Petromyzon marinus (Sea lamprey);
IGnRH-III Lampetra appendix (American brook lamprey);
IGNRH-I1I Lampetra tridentalis (Pacific lamprey); IGnRH-III
Lampetra richardsoni (Western brook lamprey) and IGnRH-
Il Ichthyomyzon fossor (Northern brook lamprey)
(Kavanaugh et al., 2008; Sower and Baron, 2011; Nozaki et
al., 2000; Tobet et al., 1995) [33. 85,55, 95]

In the lamprey GnRH decapeptides amino acid residues 1, 2,
4, 9, and10 are common with the Gnathostome GnRH.
Molecular phylogenetic analysis of the GnRH transcripts
IGnRH-I and -111 were initially classified as a fourth group of
vertebrate GnRH peptides; however, recent approaches based
on synteny analysis of GnRH paralogs suggest that IGnRH-I
and -I11 belong likely to the type 3 GnRH group. IGnRH-II
shows the highest similarity with Gnathostome sequences and
it is suggested to be a direct descendant of an ancient GnRH
form reported in vertebrates (Kavanaugh et al., 2008; Decatur
et al., 2013) 133121, Table 5 shows the amino acid sequences of
GnRH decapeptides in lampreys.

Using antiserum generated against peptides of lamprey
GnRHI-I11, GnRH-1I immunoreactive nerve fibers were found
to  originate  from cells in  the  arc-shaped
hypothalamic/preoptic areas and end at the neurohypophysis,
suggesting similar morphological distribution
(preopticohypophysial GnRH tract) as demonstrated in
teleosts. The same study found distribution of GnRH cells in
the hypothalamus and medulla oblongata regions, using insitu
hybridization (Kavanaugh et al., 2008) [, Interestingly,
lamprey GnRH-I and lamprey-11l mRNAs are colocalized in
the same cells in the preoptic nucleus/hypothalamic regions of
adult lampreys as reported for GnRH1 and GnRH2 mRNAS
colocalization in the preoptic area and hypothalamus of
teleost fish (Root et al., 2005; Kavanaugh et al., 2008) [72- 331,

GnRH-V in Crustaceans and Molluscs

The existence of GnRH-like immunoreactive materials was
demonstrated in shellfish including crustaceans (Guan et al.,
2014; Suwansa-ard et al., 2016) [2* 8l bivalves (Pazos and
Mathieu, 1999) 8 gastropods (Young et al., 1999; Zhang et
al., 2000, 2008; Kim et al., 2017) [103 105106, 35 gng
cephalopods (Iwakoshi et al., 2002) %, Molluscan and other
protostomian GnRHs have been allocated to the group GnRH
V. Immunocytochemical studies have demonstrated GnRH-
like peptide in crustaceans, and observations are particularly
plentiful in molluscs, including bivalves, gastropods and
cephalopods (reviewed in Treen et al., 2012; Sharker et al.,
2020) [6. 81 | jke vertebrate GnRHs, molluscan GnRH has
been shown to be involved in reproduction (Osada and Treen,
2013) 4. Phylogenetic analysis showed that crustacean
GnRH falls in a separate group (Suwansa-ard et al., 2016) [,
GenBank accession nos. of shellfish expressing GnRH is
shown in Table 6, and the amino acid sequences of functional
GnRH peptide regions in different molluscan species are
presented in Table 7.

Scintometric Mapping of GhnRH Research in Fish
Scintometric mapping of publications on GnRH in fish using
Web of Science for last twenty years indicated that highest
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number of research papers appeared in General and
Comparative Endocrinology followed by Endocrinology, Fish
Physiology and Biochemistry, Comparative Biochemistry and
Physiology Part A Molecular Integrative Physiology and
Frontiers in Endocrinology. The details of number of papers,
publisher, impact factor and citescore are presented in Table
8. The list of top ten institutions who have published their
work on GnRH in fish in different journals and their impact
factors and citescore are shown in Table 9. National Institutes
of Health, USA, Ministry of Education Culture Sports Science
and Technology, Japan, National Natural Science Foundation

http://www.entomoljournal.com

of China, Japan Society for the Promotion of Science and
Natural Sciences and Engineering Research Council of
Canada are the leading funding agencies promoting GnRH
research in fish (Table 10). The leading authors of GnRH
research in fish are Prof. M. Matsuyama of Kyushu
University, Japan who retired very recently followed by Prof.
Munoz-Cueto Ja of University of Cadiz, Spain; Prof. Ishwar
Parhar of Monash University, Malaysia; Prof. Levavi-Sivan
of The Hebrew University of Jerusalem, Israel; Prof.
Yamaguchi of Kyushu University, Japan (Table 11).

Table 1: GenBank accession nos. of finfish expressing three GnRH forms

. GenBank Accession Nos.
Teleost fish gnrhi anrh2 gnrh3 References
African cichlid fish, Haplochromis burtoni AF076963 AF076962 AF076961 White and Fernald, 1998 [200]
Atlantic croaker, Micropogonias undulatus AY324668 AY324669 AY3246670 Mohamed et al., 2005 14
Barfin flounder, Verasper moseri AB066360 AB066359 AB066358 Amano et al., 2002 I
B . . Nagase et al., 2010 [53;
ambooleaf wrasse, Pseudolabrus sieboldi KC896411 KC896412 KC896413 .
Kitano et al., 2010 [38]
Black porgy, Acanthopagrus schlegelii EU099997 EU099996 EU117212 Anetal., 2008 B!
Chub mackerel, Scomber japonicus HQ108193 HQ108194 HQ108195 Selvaraj et al., 2012a [7]
Cobia, Rachycentron canadum AY677175 AYG677174 AY677173 Mohamed et al., 2007 51
European sea bass, Dicentrarchus labrax AF224279 AF224281 AF224280 Gonzalez-Martinez et al., 2001 2,
Zmora et al., 2002 [207]
Gilthead seabream, Sparus aurata U30320 U30325 U30311 Powell et al., 1994 [67]
Grass puffer, Takifugu niphobles AB531127 AB531128 AB531129 Shahjahan et al., 2010 8
Grey mullet, Mugil cephalus AY373450 AY373451 AY373449 Nocillado and Elizur, 2008 54
Medaka, Oryzias latipes NP_001098169 NC 019863 AB041335 Okubo et al., 2000 571, 2002 [60]
Spotted catshark, Scyliorhinus canicula MH468810 MH468811 MH468812 Gaillard et al., 2018 [18]
Sea lamprey, AF144481, Suzuki et al., 2000 [89;
Petromyzon marinus AF14448.1 DQ457017 AY052628 Kavanaugh et al., 2008 [33]

Table 2: Nucleotide sequence of primers used in gnrh1 cDNA cloning

GnRH 1 forms

Degenerate Primer Sequence

References

Seabream GnRH

DP Fw 5’CATATGGGGAAG(AG)GGGA(AC)CTGGACG3’

DP Rv ’GGATCCTCATTT(TC)TT(AG)TAXGTTCTG(TG)GTCC 3’

Zmora et al., 2002 [107}*

Seabream GnRH

DP1 5> CARCAYTGGTCITAYGGICTIAG 3’
DP2 5° TAYGGICTIAGYCCIGGIGG 3’

Amano et al., 2002 [l Mohamed et al.,

2005 4: Mohamed et al., 2007 43!

Herring GnRH

DP1 Fw 5CARCAYTGGTCICAYGGNCTNTC3’
DP2 Fw 5’CARCAYTGGTCICAYGGNCTNAG3’
DP3 Fw 5S>’ TTRAGYCCIGGHGGVAARAG3’

Abraham, 2004 [

Whitefish GnRH

DP1 5° CAGCACTGGTCGTATGVATG 3’
DP2 5> ATGAAVCCTGGAGGVAAGAGR 3’

Vickers et al., 2004 [%8]

Pejerrey GnRH

5’-CAGCACTGGTCITWYGGICTG-3’
5’-TGGTCITWYGGICTGAGYCCW GG-3’

Guilgur et al., 2007 [27]

Mammalian GnRH

5-CAGCACTGGTC(CT)TA(CT)GGICT(GC)AG-3’
5’-GGICT(GC)AGICCIGG(GC)GGCAAG-3’

Gharaei et al., 2010 291

*Primers designed from GnRH associated peptide region
R=AorG,Y=CorT;V=AorCorG;Norl=AorCorGorT; M=AorC;H=TorCorA

Table 3: Nucleotide sequence of primers used in gnrh2 and gnrh3 cDNAs cloning

?()r:fnl;l Degenerate Primer Sequence References
DP Fw CA(A0rG)CA(CorT)TGGTCNCA(CorT)GGNTGG Gothilf et al., 1996 &
DP Rv 5’ CA(CorT)TCICCIGC(CorT)TC(AorG)CA 3
chicken DP Fw 5’CATATGGGCAAGAGGGAACTGGACTCTTT3’ Zmora et al. 2002 [L071
GnRH DP Rv 5’"GGATCCTCACTTCCTTCTGGAGCT3’ N
DP1 ’>CARCAYTGGTCICAYGGITGGTA3’ Vickers et al., 2004 [8: Mohamed et
DP2 5’°CAYGGITGGTAYCCIGGIGG3’ al., 2005 44, 2007 1431
DP1 5’CARCAYTGGTCITAYGGITGGYT3’ Amano et al., 2002 [5: Mohamed et
DP2 5’TAYGGITGGYTICCIGGIGG3’ al., 2007 1451
DP Fw 5°T (AorT) (AorG)T(AorG)CTGGTG(GorT)TG(GorT)TG 3’ . )
Sg'ﬂ’gﬂ‘ DP Rv 5’ ATTA(CorT)AT(CorT)(AorG)ATAGGT(CorT)T(AorC)AG3’ Gothilf et al., 1996 2%
DP1 5’°CAGCACTGGTCGTATGGVTGG3’ Mohamed et al.. 2005 441
DP2 5> GGCTACCTGGAGGRAAGAGAA3’ N '
DP Fw 5’"CATATGGGGAAGAGAAG(CT)GTGGGAGA3’ DP Rv Zmora et al., 2002 [107}*
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5’ GGATCCTCA(TA)TT(AG)TT(CA)GGGAACCT(CTTT(CT)TT(CT)TT3’ [

*Primers designed from GnRH associated peptide region
R=AorG;Y=CorT;V=AorCorG;Norl=AorCorGorT

Table 4: Amino acid sequences of GnRH decapeptides in teleosts and elasmobranchs

Position | 1 | 2 | 3 ] 4 1 5 1 6 | 7 1 8 1 9 | 10
Teleost GnRH | forms

sbGnRH pGin His Trp Ser Tyr Gly Leu Ser Pro Gly-NH:

mGnRH — — — — — _ — Arg — —

pjGnRH — — — — Phe — — Ser — —

c¢fGnRH — — — — His — — Asn — —

hrGnRH — — — — His — — Ser — —

wfGnRH — — — — — — Met Asn — —
Elasmobranchs

scGnRH — — — — His — Trp Arg — —

dfGnRH — — — — His — — Leu — —
GnRH Il forms

cGnRHII . ]

(teleost) pGIn His Trp Ser His Gly Trp Tyr Pro Gly-NH:

cGnRH-II

(elasmobranch) N — - - Phe Asp Tyr Arg — —

GnRH 111 forms

sGnRH .

(teleost) pGIn His Trp Ser Tyr Gly Trp Leu Pro Gly-NH;

SGnRH

(elasmobranch) B - - — Phe Asp — — — —

(sbGnRH, Seabream GnRH; mGnRH, Mammalian GnRH; pjGnRH or mdGnRH, Pejerrey or Medaka GnRH; cfGnRH, catfish GnRH; dfGnRH,
dogfish GnRH; hrGnRH, Herring GnRH; wfGnRH, Whitefish GnRH; scGnRH, Spotted catshark)

Table 5: Amino acid sequences of functional GnRH decapeptides in lamprey GnRH forms

Position 1 2 3 4 5 6 7 8 9 10
IGnRH-I pGin His Tyr Ser Leu Glu Trp Lys Pro Gly-NH2
IGNRH-II — — Trp — His Gly — Phe — —
IGnRH-III — — Trp — His Asp — — — —

Table 6: GenBank accession nos. of cDNAs encoding GnRH mRNAs in crustaceans and molluscs

Species | GenBank Accession No. | References
Crustaceans
Giant freshwater prawn, Macrobrachium rosenbergii | KT765022 | Suwansa-ard et al., 2016 [%8]
Gastropods
Gray garden slug, Deroceras reticulatum KY659277 Ahnetal., 2017 @
Greenlip abalone, Haliotis laevigata KP719129 Nuurai et al., 2016 [5¢]
Abalone, Haliotis asinine KP719130 Nuurai et al., 2016 58!
California sea hare, Aplysia californica EU204144 Zhang et al., 2008 [10%]
Giant triton snail, Charonia tritonis KY287981 Bose et al., 2017 [
Great pond snail, Lymnaea stagnalis MN385595 Fodor et al., 2020 [*7]
Japanese disc abalone or Pacific abalone, Haliotis discus Hanoi MK089558 Sharker et al., 2020 #; Funayama et al., 2018 6]
Bivalves
Pacific oyster, Crassostrea gigas HQ712119 Treen et al., 2012 [96]
Japanese scallop, Mizuhopecten yessoensis AB486004 Osada et al., 2009*; Nagasawa et al., 2015 52
Cephalopods
Japanese spineless cuttlefish Sepiella japonica KP982885 Cao et al., 2015*
Kisslip cuttlefish, Sepia lycidas LC550284 Murata et al., 20219
Swordtip squid, Uroteuthis edulis AB447557 Onitsuka et al., 2009 53]
Pharaoh Cuttlefish, Sepia pharaonis MT211953 Zhu et al., 2020*
Common octopus, Octopus vulgaris ABO037165 Iwakoshi et al., 2002 39

*References obtained from the GenBank database

Table 7: Amino acid sequences of functional GnRH peptide regions in molluscs

Species 1 2 3 4 5 6 7 8 9 10 | 11 12

Sea hare pGIn | Asn | Tyr | His | Phe | Ser | Asn | Gly | Trp | Tyr | Ala | Gly-NH2
Abalone — — | —]l—1]1—]1—]—|—1—]His]| — —
Garden slug — | - |- —| =] — | — | = | —=Pro —_
Triton snail — — | — | — | Tyr| — | — | — | — | His | Pro _
Oyster - -1 —]—]—]/—]—]—]1—1—1|Pro —
Scallop — | — |Phe| — | Tyr| —| — | — | — | GIn| Pro —
Cuttlefish and Squid | — — | —]1—1—1—1]1—1—1—His | Pro —
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Table 8: Top ten journals in which papers specifically to fish gonadotropin-releasing hormones (GnRHs) published between the years 2000 and

2019 and their impact factors and citescore

Journal titles No. of Publisher Impact Cite

papers factor Score

General and Comparative Endocrinology 78 Elsevier 2.445 2.52

Endocrinology* 16 Oxford Academic 3.8 3.62

Fish Physiology and Biochemistry 15 Springer 1.729 1.82

Comparative Blochemlstry_and Phy_smlogy Part A 14 Elsevier 2142 294
Molecular Integrative Physiology

Frontiers in Endocrinology 12 Frontiers Media S.A. 3.634 3.51

Aguaculture 11 Elsevier 3.022 3.42

Aquaculture research 10 John Wiley & Sons 1.502 1.70

Plos One 9 Public Library of Science 2.776 3.02

Biology of Reproduction 8 Society for the Study of Reproduction 2.960 2.61

Aquatic Toxicology 7 Elsevier 3.794 4.19

*Merged with the Journal of Molecular and Cellular Endocrinology in November 2016

Table 9: List of top ten institutions who have published their work on GnRH in fish in different journals and their impact factors and citescore

Name of the Institution No. of Top Journal Impact Cite
papers factor Score
Kyushu University 17 General and Comparative Endocrinology
Centre National de la Recherche Scientifigue CNRS 16 General and Comparative Endocrinology 2.445 2.52
Universidad de Cadiz 15 General and Comparative Endocrinology
University of Tokyo 15 Endocrinology 3.8 3.62
Animal Reproduction Science 1.817 1.92
University of Warmia Mazury 15 Aquaculture 3.022 3.42
Aquaculture International 1.455 1.70
Monash University 14 Frontiers in Endocrinology 3.634 3.51
Chinese Academy of Sciences 13 Aquaculture Research 1.502 1.70
Lo Endocrinology 3.8 3.62
Hebrew University of Jerusalem 12 General and Comparative Endocrinology 2.445 2.52
Animal Reproduction Science 1.817 1.92
Polish Academy of Sciences 12 Aquaculture 3.022 3.42
Aquaculture Research 1.502 1.70
University System of Maryland 11 General and Comparative Endocrinology 2.445 2.52

Table 10: Top ten funding agencies who have funded for GnRH research in fish

Name of the agency No. of Top Journal
papers
National Institutes of Health, USA 51
Ministry of Education Culture Sports Science and Technology, 47 General and Comparative Endocrinology
Japan
General and Comparative Endocrinology and
National Natural Science Foundation of China 44 Comparative Biochemistry and Physiology with same
number of papers
Japan Society for the Promotion of Science 27
Natural Sciences and Engineering Research Council of Canada 27
National Science Foundation 19 General and Comparative Endocrinology
European Union 15
Consejo Nacional de Investigaciones Cientificas y Tecnicas Conicet 14
NIH National Institute of Neurological Disorders Stroke 14 Endocrinology
Monash University 11 Frontiers in Endocrinology

Table 11: Leading authors who have authored and coauthored research articles on GnRH in finfish and shellfish

Name of the authors | No. of papers Top Journals
General and Comparative Endocrinology, Comparative Biochemistry and Physiology,
Matsuyama M . - .
13 Zoological Science with equal number of papers
Munoz-Cueto Ja General and Comparative Endocrinology
Parhar IS Frontiers in Endocrinology
Levavi-Sivan B Endocrinology and General and Comparative Endocrinology
. 12 General and Comparative Endocrinology, Comparative Biochemistry and Physiology,
Yamaguchi A h - .
Zoological Science with equal number of papers
Kucharczyk D Animal Reproduction Science and Aquaculture International
. General and Comparative Endocrinology, Comparative Biochemistry and Physiology,
Selvaraj S 11 . - f
Zoological Science with equal number of papers
Zarski D Aguaculture and Aquaculture International with equal number of papers
Cejko Bi 10 Animal Reproduction Science, Aquaculture Research, and Journal of Applied Ichthyology with
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equal number of papers

Nyuji M
Ohga H

General and Comparative Endocrinology, Comparative Biochemistry and Physiology,
Zoological Science with equal number of papers

Tsutsui K

General and Comparative Endocrinology

Zohar Y

Biology of Reproduction, Endocrinology and General and Comparative Endocrinology with

equal number of papers

Conclusion and Future Perspectives

GnRH is well conserved in finfish and shellfish and shown to
be indispensable in animal reproductive. In teleosts, two
group of fish can be recognized with GnRH-I form absent in
cyprinid and salmonid fish and GnRH-1 variant varying in
number of perciform, clupeiform, atheriniform fish. Globally,
diversification of aquacultured species is preferred for
supporting the decline of natural fish population. It is likely
that gnrh cDNAs will be isolated in number of species in the
near future to understand their role in reproductive cycle and
to develop GnRH analogues for undertaking breeding
programmes in captivity. Amino acid in different positions of
functional GnRH decapeptide region may be considered for
developing higher activity of GnRH analogues in inducing
pituitary gonadotropins. Emerging studies indicate novel
recombinant gonadotropin-releasing hormone associated
peptide as a spawning inducing agent for fish
(Mohammadzadeh et al., 2020) 8. Kisspeptin suggested to
be an upstream regulator of GnRH in number of fish species
and their functional peptide regions shown to be potent in
activating the reproductive axis. It is likely that functional
peptides of active forms of kisspeptins and GnRHs for
induced breeding in commercial aquaculture will be promoted
in the future.

Acknowledgments

The first author was supported by grant-in-aid for scientific
research from the Ministry of Education, Culture, Sports,
Science and Technology of Japan and by a grant-in-aid for
scientific research from the Japan Society for the Promotion
of Science. Also, the funding support from National
Agricultural Development Programme (2016-2017), Govt. of
India is acknowledged.

References

1. Abraham E. Studies on reproductive biology and
endocrinology in a primitive teleostei, the American shad
(Alosa sapidissima). Masters Thesis Submitted to
University of Maryland, College Park, USA 2004.

2. Ahn SJ, Martin R, Rao S, Choi MY. Neuropeptides
predicted from the transcriptome analysis of the gray
garden slug Deroceras reticulatum. Peptides 2017;93:51-
65.

3. An KW, Nelson ER, Habibi HR, Choi CY. Molecular
characterization and expression of three GnRH forms
mRNA during gonad sex-change process, and effect of
GnRHa on GTH subunits mRNA in the protandrous
black porgy (Acanthopagrus schlegeli). Gen. Comp.
Endocrinol 2008;159:38-45.

4. Amano M, Urano A, Aida K. Distribution and function of
gonadotropin-releasing hormone (GnRH) in the teleost
brain. Zool. Sci 1997;14:1-11.

5. Amano M, Oka Y, Yamanome T, Okuzawa K,
Yamamori K. Three GnRH systems in the brain and
pituitary of a pleuronectiform fish, the barfin flounder
Verasper moseri. Cell Tissue Res 2002;309:323-329.

6. Bhattacharya S, Dasgupta S, Datta M, Basu D.
Biotechnology Input in Fish Breeding. Indian J Biotech.

10.

11.

12.

13.

14.

15.

16.

17.

18.

~ 358~

2002;1:29-38.

Biju KC, Singru PS, Schreibman MP, Subhedar N.
Reproduction phase-related expression of GnRH-like
immunoreactivity in the olfactory receptor neurons, their
projections to the olfactory bulb and in the nervus
terminalis in the female Indian major carp Cirrhinus
mrigala (Ham.). Gen. Comp. Endocrinol 2003;133:358-
367.

Biju KC, Gaikwad A, Sarkar S, Schreibman MP,
Subhedar N. Ontogeny of GnRH-like immunoreactive
neuronal systems in the forebrain of the Indian major
carp, Cirrhinus mrigala. Gen. Comp. Endocrinol
141:161-71.

Bose U, Suwansa-Ard S, Maikaeo L, Motti CA, Hall
MR, Cummins SF. Neuropeptides encoded within a
neural transcriptome of the giant triton snail Charonia
tritonis, a Crown-of-Thorns Starfish predator. Peptides.
2017;98:3-14.

Carolsfeld J, Powell JF, Park M, Fischer WH, Craig AG,
Chang JP et al. Primary structure and function of three
gonadotropin-releasing hormones. including a novel
form, from an ancient teleost, herring. Endocrinology
2000;141:505-512.

Chen CC, Fernald R. GnRH and GnRH receptors:
distribution, function and evolution. J Fish Biol
2008;73:1099-1120.12.

Decatur WA, Hall JA, Smith JJ, Li W, Sower SA. Insight
from the lamprey genome: glimpsing early vertebrate
development via neuroendocrine- associated genes and
shared synteny of gonadotropin-releasing hormone
(GnRH). Gen. Comp. Endocrinol 2013;192:237-45.
Dubois EA, Zandbergen MA, Peute J, Goos HJ. Th.,
Evolutionary development of three gonadotropin-
releasing hormone (GnRH) systems in vertebrates. Brain
Res. Bull 2002;57:413-418

Ezhilarasi V, Felix S, Samuel Moses TLS, Selvaraj S.
cDNA cloning, sequencing, and expression analysis of
GnRH-1 and Kiss-Il genes in pearlspot (Etroplus
suratensis) during different gonadal stages. Unpublished
2020.

Fernald RD, White RB. Gonadotropin-releasing hormone
genes: phylogeny, structure, and functions. Front
Neuroendocrinol 1999;20:224-240.

Funayama S, Kawashima Y, Saito T, Furukawa S,
Kodera Y, Moriyama S. Identification and Function of
GnRH-like Peptide in the Pacific Abalone, Haliotis
discus hannai. Zool. Sci 2019;36:339-347.

Fodor I, Zrinyi Z, Horvath R, Urban P, Herczeg R, Buki
G, et al. Identification, presence, and possible
multifunctional ~ regulatory role of invertebrate
gonadotropin-releasing hormone/corazonin molecule in
the great pond snail (Lymnaea stagnalis). Gen. Comp.
Endocrinol 2020;299:113621.

Gaillard AL, Tay BH, Pérez Sirkin DI, Lafont AG, De
Flori C, Vissio PG et al, Characterization of
gonadotropin-releasing hormone (GnRH) genes from
cartilaginous fish: evolutionary perspectives. Front.
Neurosci 2018;12:607.


http://www.entomoljournal.com/

Journal of Entomology and Zoology Studies

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

3L

32.

Gharaei A, Fereidoun M, Abbas ES, Rozita E, Ahmad A,
Saeed K. Molecular cloning of cDNA of mammalian and
chicken 11 gonadotropin-releasing hormones (mMGnRHs
and cGnRH-II) in the beluga (Huso huso) and the
disruptive effect of methylmercury on gene expression.
Fish Physiol. Biochem 2009;36:803-817.
Gonzalez-Martinez D, Madigou T, Zmora N, Anglade I,
Zanuy S, Zohar Y et al. Differential expression of three
different prepro-GnRH (gonadotrophin-releasing
hormone) messengers in the brain of the European sea
bass (Dicentrarchus labrax). J Comp. Neurol.
2001;429:144-155.

Goos H, Bosma P, Zandbergen T, Schulz R, Boggerd J.
Functional and molecular aspects of the gonadotropin-
releasing hormones in the African catfish, Clarias
gariepinus. Netherlands J Zool 1995;45:147-151.

Goos HJ Th, Bosma PT, Schulz RW. Gonadotropin-
releasing hormones in the African catfish: molecular
forms, localization, potency and receptors. Fish Physiol.
Biochem. 1997;17:45-51.

Gothilf Y, Munoz-Cueto JA, Sagrillo CA, Selmanoff M,
Chen TT, Kah O et al. Three forms of gonadotropin-
releasing hormone in a perciform fish (Sparus aurata):
complementary deoxyribonucleic acid characterization
and brain localization. Bio Reprod 1996;55:636-645.
Guan ZB, Shui Y, Liao XR, Xu ZH, Zhou X. Primary
structure of a novel gonadotropin-releasing hormone in
the ovary of red swamp cray fish Procambrus clarkii.
Aquaculture 2014;418-419:67-71.

Guilgur LG, Strissmann CA, Somoza GM. mRNA
expression of GnRH variants and receptors in the brain,
pituitary and ovaries of pejerrey (Odontesthes
bonariensis) in relation to the reproductive status. Fish
Physiol. Biochem 2009;35:157-66.

Guilgur LG, Miranda L, Somoza G. Characterization of
three GnRH cDNA sequences in the pejerrey fish
Odontesthes  bonariensis. Fish  Physiol. Biochem
2003;28:39-40.

Guilgur LG, Orti G, Strobl-Mazzulla PH, Fernandino JI,
Miranda LA, Somozoa GM. Characterization of the
cDNAs Encoding Three GnRH Forms in the Pejerrey
Fish Odontesthes bonariensis (Atheriniformes) and the
Evolution of GnRH Precursors. J. Mol.
Evol. 2007;64:614-627.

Halder S, Roy P, Chatterjee A. Bioactive forms of
gonadotropin releasing hormone in the brain of an Indian
major carp, Catla catla (Ham.). J Biosci 1995;20:551-
561.

Imanaga Y, Nyuji M, Amano M, Takahashi A, Kitano H,
Yamaguchi A et al. Characterization of gonadotropin-
releasing hormone and gonadotropin in jack mackerel
(Trachurus japonicus): Comparative gene expression
analysis with respect to reproductive dysfunction in
captive and wild fish. Aquaculture s 2014;428-429:226-
235.

Iwakoshi E, Takuwa-Kuroda K, Fujisawa Y, Hisada M,
Ukena K, Tsutsui K et al. Isolation and characterization
of a GnRH-like peptide from Octopus vulgaris. Biochem.
Biophys. Res. Commun 2002;291:1187-93.

Kah O, Lethimonier C, Somoz G, Guilgur LG, Vaillant
C, Lareyre JJ. GnRH and GnRH receptors in metazoan: a
historical, comparative, and evolutive perspective. Gen.
Comp. Endocrinol 2007;153:346-364.

Karigo T, Oka Y. Neurobiological study of fish brains

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

~359~

http://www.entomoljournal.com

gives insights into the nature of gonadotropin-releasing
hormone 1-3 neurons. Front. Endocrinol 2013;4:177.
Kavanaugh SI, Nozaki M, Sower SA. Origins of
gonadotropin-releasing hormone (GnRH) in vertebrates:
identification of a novel GnRH in a basal vertebrate, the
sea lamprey. Endocrinology 2008;149:3860-3869.

Kim MH, Oka Y, Amano M, Kobayashi M, Okuzawa K,
Hasegawa Y et al. Immunocytochemical localization of
sGNRH and cGnRH-II in the brain of Goldfish, Carassius
auratus. J Comp Neurol 1995;356:72-82.

Kim TH, Kim MA, Kim KS, Kim JW, Lim HK, Lee JS et
al. Characterization and spatiotemporal expression of
gonadotropin-releasing hormone in the Pacific abalone,
Haliotis discus hannai. Comp. Biochem. Physiol. A Mol.
Integr. Physiol 2017;209:1-9.

King JA, Dufour S, Fontaine YA, Millar RP.
Chromatographic and immunological evidence for
mammalian GnRH and chicken GnRH 11 in eel (Anguilla
anguilla) brain and pituitary. Peptides 1990;11:507-514.
King JA, Steneveld AA, Millar RP, Fasano S, Romano
G, Spagnuolo A, et al. Gonadotropin-releasing hormone
in elasmobranch (electric ray, Torpedo marmorata) brain
and plasma: chromatographic and immunological
evidence for chicken GnRH Il and novel molecular
forms. Peptides 1992;13:27-35.

Kitano H, Nagase R, Irie S, Amano M, Ohkubo K,
Shimizu A et al. Medaka-type GnRH regulates sexual
maturation in the bambooleaf wrasse Pseudolabrus
sieboldi.  Unpublished (Source: NCBI GenBank
Database) 2010.

Kobayashi M, Amano M, Kim MH, Furukawa K,
Hasegawa Y, Aida K. Gonadotropin-releasing hormones
of terminal nerve origin are not essential to ovarian
development and ovulation in goldfish. Gen. Comp.
Endocrinol 1994;195:192-200.

Kobayashi M, Amano M, Kim MH, Yoshiura Y, Shon
YC, Suetake H, Aida K. Gonadotropin-releasing
hormone and gonadotropin in goldfish and masu salmon.
Fish Physiol. Biochem 1997;17:1-8.

Lethimonier C, Madigou T, Munoz-Cueto JA, Lareyre JJ,
Kah O. Evolutionary aspects of GnRHs, GnRH neuronal
systems and GnRH receptors in teleost fish. Gen. Comp.
Endocrinol. 2004;135:1-16.

Li SF, Hu W, Wang YP, Sun YH, Chen SP, Zhu ZY.
Cloning and expression analysis in mature individuals of
salmon GnRH gene in common gene of common carp.
Chinese J. Genet 2004;31:1072-1081.

Matsuyama M, Selvaraj S, Nyuji M, Ohga H.
Involvement of brain-pituitary-gonadal axis on regulation
of reproductive cycle in female chub mackerel. In Sexual
Plasticity and Gametogenesis in Fishes Nova Science
Publishers Inc 2013, 251-273.

Mohamed JS, Thomas P, Khan IA. Isolation, cloning, and
expression of three prepro-GnRH mRNAs in Atlantic
croaker brain and pituitary. J Comp. Neurol
2005;488:384-395.

Mohamed JS, Benninghoff AD, Holt GJ, Khan IA.
Developmental expression of the G protein-coupled
receptor 54 and three GhRH mRNAs in the teleost fish
cobia. J. Mol. Endocrinol 2007;38:235-244.
Mohammadzadeh S, Moradian F, Yeganeh S, Falahatkar
B, Milla S. Design, production and purification of a novel
recombinant gonadotropin-releasing hormone associated
peptide as a spawning inducing agent for fish. Protein


http://www.entomoljournal.com/

Journal of Entomology and Zoology Studies

47,

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Expr. Purif. 2020;166:105510.

Montaner AD, Park MK, Fischer WH, Craig AG, Chang
JP, Somoza GM et al. Primary structure of a novel
gonadotropin-releasing hormone in the brain of a teleost,
pejerrey. Endocrinology 2001;142:1453-1460.
Mufioz-Cueto JA, Zmora N, Paullada-Salmerén JA,
Marvel M, Mafanos E, Zohar Y. The gonadotropin-
releasing hormones: Lessons from fish. Gen. Comp.
Endocrinol 2020;291:291:113422.

Murata R, Mushirobira Y, Tanaka Y, Soyano K.
Expression profile of GnRH-like peptide during gonadal
sex differentiation in the cephalopod Kisslip cuttlefish,
Sepia lycidas. Gen. Comp. Endocrinol 2021;304:113718.
Nagahama Y, Yamashita M. Regulation of oocyte
maturation in fish. Devel. Gro. Diff 2008;50:5195-S219.
Nagase T, Kitano H, Yamaguchi A, Matsuyama M.
Identification and distribution of three GnRH forms in
bambooleaf wrasse, Pseudolabrus sieboldi. In Program
and Abstracts Book of the Japanese Society of Fisheries
Science, Spring Meeting, Nagasaki University 2010, 42.
Nagasawa K, Osugi T, Suzuki I, Itoh N, Takahashi KG,
Satake H et al., Characterization of GnRH-like peptides
from the nerve ganglia of Yesso scallop, Patinopecten
yessoensis. Peptides 2015;71:202-210.

Nandi S, Nayak PK, Saha A, Sarkar SK, Sahoo DR,
Barat A, et al. Molecular characterization and expression
anlysis of the GnRH gene in Labeo rohita. Unpublished
(Source: NCBI GenBank Database). 2007.

Nocillado JN, Elizur A. Neuroendocrine regulation of
puberty in fish: Insights from the grey mullet (Mugil
cephalus) model. Mol. Reprod. Devel 2008;75:355-61.
Nozaki M, Ominato K, Gorbman A, Sower SA. The
distribution of lamprey GnRH-III in brains of adult sea
lampreys (Petromyzon marinus). Gen Comp Endocrinol
2000;118:57-67.

Nuurai P, Scott C, Natasha B, Prasert S. Characterization
of an abalone gonadotropin-releasing hormone and its
effect on ovarian cell proliferation. Aquaculture
2016;450:116-122.

Okubo K, Amano M, Yoshiura Y, Suetake H, Aida K. A
novel form of gonadotropin-releasing hormone in the
medaka, Orvzias latipes. Biochem Biophys Res Commun
2000;276:298-303.

Okubo K, Suetake H, Aida K. Expression of two
gonadotropin-releasing hormone (GnRH) precursor genes
in various tissues of the Japanese eel and evolution of
GnRH. Zool. Sci. 1999;16:471-478.

Okubo K, Yoshiura Y, Amano M, Suetake H, Aida K.
The GnRH system in teleosts. In: Shimizu N., Aoki T.,
Hirono 1., Takashima F. (eds) Aquatic Genomics.
Springer, Tokyo 2003.

Okubo K, Mitani H, Naruse K, Kondo M, Shima A,
Tanaka M et al. Structural characterization of GnRH loci
in the medaka genome. Gene 2002;293:181-189.

Okubo K, Nagahama Y. Structural and functional
evolution of gonadotropin-releasing hormone in
vertebrates. Acta Physiol 2008;193:3-15.

Okuzawa K, Kobayashi M. Gonadotropin-releasing
hormone neuronal systems in the teleostean brain and
functional significance. In: Prasada R, Peter RE (eds)
Neural regulation in the vertebrate endocrine system.
Kluwer Academic/Plenum, New York 1999, 85-100.
Onitsuka C, Yamaguchi A, Kanamaru H, Oikawa S,
Takeda T, Matsuyama M. Molecular cloning and

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

~360~

http://www.entomoljournal.com

expression analysis of a GnRH-like dodecapeptide in the
swordtip squid, Loligo edulis. Zool. Sci. 2009;26:203-
208.

Osada M, Treen N. Molluscan GnRH associated with
reproduction. Gen. Comp. Endocrino 2013;181:254-258.
Parhar 1S. GnRH in tilapia: three genes, three origins and
their roles. In: Parhar IS, Sakuma Y (eds) GnRH neurons:
gene to behavior. Brain Shuppan, Tokyo 1997, 99-122.
Pazos AJ, Mathieu M. Effects of five natural
gonadotropin-releasing hormones on cell suspensions of
marine bivalve gonad: Stimulation of gonial DNA
synthesis. Gen. Comp. Endocrinol 1999;113:112-120.
Powell JF, Zohar Y, Elizur A, Park M, Fischer WH,
Craig AG et al. Three forms of gonadotropin-releasing
hormone characterized from brains of one species. Proc.
Natl. Acad. Sci. USA 1994;91:12081-12085.

Powell JF, Krueckl SL, Collins PM, Sherwood NM.
Molecular forms of GnRH in three model fishes:
rockfish, medaka and zebrafish. J. Endocrinol
1996;150:17-23.

Powell RC, Millar RP, King JA. Diverse molecular forms
of gonadotropin-releasing hormone in an elasmobranch
and a teleost fish. Gen. Comp. Endocrinol 1986;63:77-85.
Rajakumar A, Senthilkumaran B. Steriodogenesis and its
regulation in teleost-a review. Fish Physiol. Biochem
2020;46:803-818.

Rather MA, Bhat 1A, Sharma R. Identification and
characterization of chicken GnRH-II gene of Catla catla
(Hamilton, 1822). European J. Exp. Biol 2015;5:53-56.
Root AR, Nucci NV, Sanford JD, Rubin BS, Trudeau
VL, Sower SA. In situ characterization of gonadotropin-
releasing  hormone-l, -Ill, and glutamic acid
decarboxylase expression in the brain of the sea lamprey,
Petromyzon marinus. Brain Behav. Evol. 2005;65:60-70.
Sahu DK, Panda SP, Meher PK, Das P, Routray P,
Sundaray JK et al., Construction, de-novo assembly and
analysis of transcriptome for identification of
reproduction-related genes and pathways from rohu,
Labeo rohita (Hamilton). PlosOne 2015;10(7):e0132450.
Schulz RW, Vischer HF, Cavaco JE, Santos EM, Tyler
CR, Goos TJ et al. Gonadotropins, their receptors, and
the regulation of testicular functions in fish. Comp.
Biochem. Physiol. B Bioche. Mol. Biol 2001;129:407-17.
Selvaraj S, Kitano H, Fujinaga Y, Amano M, Takahashi
A, Shimizu A et al. Immunological characterization and
distribution of three GnRH forms in the brain and
pituitary gland of chub mackerel (Scomber japonicus),
Zool. Sci 2009;26:828-839.

Selvaraj S, Kitano H, Amano M, Nyuji M, Kaneko
K, Yamaguchi A et al. Molecular characterization and
expression profiles of three GnRH forms in the brain and
pituitary of adult chub mackerel (Scomber japonicus)
maintained in captivity. Aquaculture 2012a;356-357:200-
210.

Selvaraj S, Kitano H, Amano M, Ohga H, Yoneda M,
Yamaguchi A, et al. Increased expression of kisspeptin
and GnRH forms in the brain of scombroid fish during
final ovarian maturation and ovulation. Reprod. Biol.
Endocrinol 2012b;10:64.

Selvaraj S, Kitano H, Amano M, Matsuyama M.
Dynamics of three GnRH forms in the multiple spawning
perciform fish, chub mackerel (Scomber japonicus) and
bambooleaf wrasse (Pseudolabrus sieboldi). In
Gonadotropin-Releasing Hormone (GnRH): Production,


http://www.entomoljournal.com/

Journal of Entomology and Zoology Studies

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Structure and Functions Nova Science Publishers Inc
2013, 29-54.

Senthilkumaran B, Okuzawa K, Gen K, Ookura T,
Kagawa H. Distribution and seasonal variations in levels
of three native GnRHs in the brain and pituitary of
perciform fish. J Neuroendocrinol 1999;11:181-186.
Servili A, Lethimonier C, Lareyre J, Lopez-Olmeda JF,
Sanchez-Vazquez FJ, Kah O et al. The Highly Conserved
Gonadotropin-Releasing Hormone-2 Form Acts as a
Melatonin-Releasing Factor in the Pineal of a Teleost
Fish, the European Sea Bass Dicentrarchus labrax.
Endocrinology 2010;151:2265-2275.

Shahjahan M, Hamabata T, Motohashi E, Doi H, Ando
H. Differential expression of three types of gonadotropin-
releasing hormone genes during the spawning season in
grass puffer, Takifugu niphobles. Gen Comp Endocrinol
2010;167:153-163.

Sharker MR, Sukhan ZP, Kim SC, Lee WK, Kho KH.
Molecular identification, characterization, and expression
analysis of a gonadotropin-releasing hormone receptor
(GnRH-R) in Pacific abalone, Haliotis discus
hannai. Molecules 2020;25(12):2733.

Sherwood NM, Sower SA, Marshak DR, Fraser BA,
Brownstein MJ. Primary structure of gonadotropin-
releasing hormone from lamprey brain. J Biol. Chem.
1986;261:4812-48109.

Sherwood NM, von Schalburg K, Lescheid DW. Origin
and evolution of GnRH in vertebrates and invertebrates.
In: Parhar 1S, Sakuma Y (eds) GnRH neurons: gene to
behavior. Brain Shuppan, Tokyo, 1997, 3-25.

Sower SA, Baron MP. The interrelationship of estrogen
receptor and GnRH in a basal vertebrate, the sea lamprey.
Front. Endocrin 2011;2:58.

Suetake H, Yoshiura Y, Kikuchi K, Gen K, Ashihara M,
Kobayashi M, et al. Two salmon gonadotropin-releasing
hormone genes and their differential expressions in the
goldfish Carassius auratus. Fish. Sci. 2000;66:49-57.
Sukhan ZP, Kitano H, Selvaraj S, Yoneda M, Yamaguchi
A, Matsuyama M. Identification and distribution of three
gonadotropin-releasing hormone (GnRH) isoforms in the
brain of a clupeiform fish, Engraulis japonicus. Zool.
Sci. 2013;30:1081-1091.

Suwansa-Ard S, Zhao M, Thongbuakaew T, Chansela P,
Ventura T, Cummins SF et al. Gonadotropin-releasing
hormone and adipokinetic hormone/corazonin-related
peptide in the female prawn. Gen. Comp. Endocrinol
2016;236:70-82.

Suzuki K, Gamble R, Sower. Multiple transcripts
encoding lamprey gonadotropin-releasing hormone-I
precursors. J. Mol. Endocrinol 2000;24:365-376.
Swanson P, Dickey JT, Campbell B. Biochemistry and
physiology of gonadotropins. Fish Physiol. Biochem.
2003;28:53-59.

Swapna |, Sudhakumari CC, Sakai F, Sreenivasulu G,
Kobayashi T, Kagawa H et al. Sea bream GnRH
immunoreactivity in brain and pituitary of XX and XY
Nile tilapia, Oreochromis niloticus during early
development. J Exp. Zool. 2008;309A:419-426.

Swapna |, Sreenivasulu G, Rasheeda MK, Thangaraj K,
Kirubagaran R, Okuzawa K et al. Seabream GnRH:
partial cDNA cloning, localization and stage-dependent
expression in the ovary of snake head murrel, Channa
striatus. Fish Physiol. Biochem 2005;31:157-61.
Targersen J, Nourizadeh-Lillabedi R, Husebye H,

~361~

http://www.entomoljournal.com

Alestrom P. In silico and insitu characterization of the
zebrafish (Danio rerio) gnrh3 (sGnRH) gene. BMC
Genomics 2002;3:1-2.
Tiwary BK, Kirubagaran R, Ray AK. Gonadotropin
releasing hormone (GnRH) neurones of triploid catfish,
Heteropneustes fossilis (Bloch): an immunocytochemical
study. Comp. Biochem. Physiol. A Mol. Integr. Physiol.
2002;132:375-80.
Tobet SA, Nozaki M, Youson JH. Distribution of
lamprey gonadotropin-releasing hormone-111 (GnRH-I1I)
in brains of larval lampreys (Petromyzon marinus). Cell
Tissue Res 1995;279:261-270.
Treen N, Itoh N, Miura H, Kikuchi I, Ueda T, Takahashi
KG, et al. Mollusc gonadotropin-releasing hormone
directly regulates gonadal functions: A primitive
endocrine system controlling reproduction. Gen. Comp.
Endocrinol 2012;176:167-172.
Umatani C, Oka Y. Multiple functions of non-
hypophysiotropic  gonadotropin  releasing hormone
neurons in vertebrates. Zoological Lett 2019;5:23.
Vickers ED, Laberge F, Adams BA, Hara TJ, Sherwood
NM. Cloning and localization of three forms of
gonadotropin releasing hormone including the novel
whitefish form, in a salmonid, Coregonus clupeaformis.
Biol. Reprod 2004;70:1136-1146.
Volkoff H, Peter RE. Actions of two forms of
gonadotropin releasing hormone and a GnRH antagonist
on spawning behavior of the goldfish Carassius auratus.
Gen Comp Endocrinol 1999;116:347-355.
100.White RB, Fernald RD. Ontogeny of gonadotropin-
releasing hormone (GnRH) gene expression reveals a
distinct origin for GnRH-containing neurons in the
midbrain. Gen Comp Endocrinol 1998;112:322-329.
101.Wright DE, Demski LS. Gonadotropin hormone-
releasing hormone (GnRH) immunoreactivity in the
mesencephalon of sharks and rays. J. Comp. Neurol.
1991;307:49-56.
102.Yamamoto N, Parhar IS, Sakuma Y, Ito H.
Gonadotropin-releasing hormone (GnRH) innervation of
the pituitary in a cichlid fish, Oreochromis niloticus: a
brain lesion study. Kaibogaku Zasshi 1998;73:55-57.
103.Young KG, Chang JP, Goldberg JI. Gonadotropin-
releasing hormone neuronal system of the freshwater
snails Helisoma trivolis and Lymnaea stagnalis: Possible
involvement in reproduction. J. Comp. Neurol
1999;404:427-437.
104.Yu KL, Lin XW, Bastos JC, Peter RE. Neural regulation
of GnRH in teleost fishes. In: Parhar IS, Sakuma Y (eds)
GnRH neurons: gene to behavior. Brain Shuppan, Tokyo,
1997, 277-312.
105.Zhang L, Tello JA, Zhang W, Tsai PS. Molecular
cloning, expression pattern, and immunocytochemical
localization of a gonadotropin-releasing hormone-like
molecule in the gastropod mollusk, Aplysia californica.
Gen. Comp. Endocrinol 2008;156:201-209.
d0i:10.1016/j.ygcen.2007.11.015.
106.Zhang L, Wayne NL, Sherwood NM, Postigo HR, Tsai
PS. Biological and immunological characterization of
multiple GnRH in an opisthobranch mollusk, Aplysia
californica. Gen. Comp. Endocrinol 2000;118:77-89.
107.Zmora N, Gonzéalez-Martinez D, Mufioz-Cueto JA,
Madigou T, Mafianos-Sanchez E, Doste SZ et al. The
GnRH system in the European sea bass (Dicentrarchus
labrax). J Endocrinol 2002;172:105-116.

94.

95.

96.

97.

98.

99.


http://www.entomoljournal.com/

