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A B S T R A C T

Gonadotropins (GtHs) and their receptors (follicle-stimulating hormone receptor, FSHR; luteinizing hormone
receptor, LHR) are involved in the regulation of gametogenesis and play important roles during the reproductive
cycles in vertebrate species, including fish. This minireview focuses on the molecular characterization and
quantification of GtHs (common glycoprotein α subunit CGα, FSHβ, and LHβ) and their receptors (FSHR and
LHR) throughout the reproductive cycle of female turbot Scophthalmus maximus. Information about GtHs, FSHR,
LHR as well as other ligand-receptors interaction from different teleosts are also included in this review for the
implications they may have on the functions of GtHs, FSHR and LHR in the reproductive development of turbot.
These findings may enhance our understanding of the physiological roles of the GtHs, FSHR and LHR in con-
trolling of flatfish ovarian development during the reproductive cycle and contributing to the improvement of
management strategies for turbots in captivity.

1. Introduction

Turbot (Scophthalmus maximus) is an economically relevant flatfish
species belonging to the genus Scophthalmidae (order
Pleuronectiformes) and naturally distributed from Norway to the
Mediterranean and the Black Sea (Nielsen, 1986, Daniels and
Watanabe, 2001). Turbot production was first conducted in the United
Kingdom (UK) during the 1970s. Since then, turbot aquaculture has
quickly expanded to Spain and France because of its enormous eco-
nomic market value. Owing to the technical and biological improve-
ments that considerably increased the rearing capacities of turbots in
captivity, turbot production was initiated in other European countries,
including Portugal, Denmark, Germany, Iceland, Ireland, Italy, Norway,
and Wales. Turbot was first introduced to China from the UK in 1992,
and the first batch of turbot larvae was produced in 1995 by Lei Jilin
and his colleagues (Lei and Liu, 2010). Over the past decade, the annual
production of turbot in China has been maintained at approximately
50,000–60,000 tons accounting for approximately 80% of the world’s
total output of aquacultured turbot (FAO, 2013). Turbot culture has
became the largest marine industry in the north coast of China and
prompted the development of other marine fish culture.

Production of sufficient viable eggs with high survival rates is a key

factor of intensive production in aquaculture. Turbot is oviparous and
produces yolks containing eggs. Mature female turbots spawn multiple
times and group-asynchronous development of multiple batches of
oocytes has been observed during the reproductive season. However,
the natural breeding behavior of turbot and its spontaneous spawning is
lost in captivity. Thus, turbot eggs must be hand-stripped from ripe fish
and artificially fertilized. Each female can spawn 8–12 times at 3–5 days
intervals throughout the spawning season because of their 70–90 h
ovulatory cycles (Mugnier et al., 2000). In teleosts, the major regulators
during vitellogenesis and oocyte maturation are the pituitary gonado-
tropins and sex steroids (Mylonas et al; 2010), which exert control via
specific receptors (follicle-stimulating hormone receptor, FSHR; lutei-
nizing hormone receptor, LHR). Thus, the hormonal manipulations of
the reproductive function in economically reared fish mainly focus on
the use of either exogenous luteinizing hormone (LH) preparations that
act directly at the level of the gonad or synthetic agonists of gonado-
tropin-releasing hormone (GnRHa) that acts on the pituitary to induce
the release of endogenous LH, which in turn acts on the gonad to induce
steroidogenesis and oocyte maturation. However, knowledge on the
molecular mechanisms regulating the group-asynchronous develop-
ment of multiple batches of oocytes in turbot and information about the
functional characterization of GtHs and their receptors during the
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reproductive cycle are limited. Therefore, this minireview focuses on
the molecular characterization and quantification of GtHs (common
glycoprotein α subunit CGα, FSHβ, and LHβ) and their receptors
(FSHR, and LHR) during the ovarian development of turbot.

2. Gonadotrophins

The first gonadotropic hormone of fish was identified from the
common carp pituitary in the early 1970s (Burzawa-Gerard, 1971). The
duality of the gonadotropic activity was later identified from chum
salmon pituitary extracts (Kawauchi et al., 1986) and two bioactive
gonadotropic hormones, named GtH1 and GtH2 were purified subse-
quently in different fish species (Suzuki et al., 1988; Swanson, 1991).
Fish gonadotropins are structurally heterodimeric glycoproteins formed
by CGα that is noncovalently linked to the hormone-specific β subunit
(FSHβ or LHβ), which determines the biological activity and specificity
of the hormone. Analysis of the nucleotide and deduced amino acid
sequences of the turbot FSHβ (KP658394.1), CGα (MK234904) and LHβ
(MK290836) revealed that these three genes are highly homologous to
fish species and has the typical structural features of heterodimeric
glycoproteins. The basic structures and characteristics of turbot CGα,
FSHβ and LHβ are similar to fish and mammalian species, and sig-
nificantly homologous (90%) to that of the Atlantic halibut (H. hippo-
glossus) (Supplemental data, S1).

Several studies already identified that GtHs are mainly located in
pituitary cells and are involved in the regulation of folliculogenesis,
ovulation, spermatogenesis and steroidogenesis (Plansa et al., 2000;
Yaron et al., 2003). However, GtHs have also been observed in extra-
gonadal tissues (including the brain, kidney, ovary, and liver), and the
putative roles in these tissues are likely related to the binding of their
receptors (So et al., 2005). As expected, the highest mRNA levels of cgα,
lhβ and fshβ were found in the pituitary, with less transcript being
observed in other tissues (Supplemental data, S2). Additionally, both
lhβ and fshβ manifested different expression manners during ovarian
development, the highest values being observed at the migratory nu-
cleus stage and late vitellogenic stage, respectively (Supplemental data,
S3). These findings are in agreement with similar reports in mammals
and other fish species (Parhar et al., 2003; Levavi-Sivan et al., 2010).

2.1. Gonadotrophin receptors

Fish gonadotrophin receptors (GthRs) were first observed from
binding studies via mammalian gonadotropin (human chor-
ionic gonadotrophin, hCG) and purified hypophysial glycoproteins in
the early 1970s (Breton et al., 1973). Purification of salmon gonado-
tropin led to the discovery of two distinct receptors in the early 1992s
(Yan et al., 1992; Miwa et al., 1994). The presence of two distinct re-
ceptors (FSHR, and LHR) in a single fish species were confirmed by the
molecular cloning of two different cDNAs in several fish species
(Levavi-Sivan et al., 2010). Meanwhile, two lhr genes are present in eel
and orange-spotted grouper (Maugars et al 2015; Peng et al., 2018).
Turbot has two distinct receptors FSHR and LHR. These two receptors
were highly homologous to known vertebrate sequences and have the
typical structural features of glycoprotein receptors (Jia et al., 2014; Jia
et al., 2016). Briefly, a relatively long extracellular domain followed by
seven transmembrane (TM) helices and a carboxy-terminal intracellular
tail. In the extracellular domains of turbot FHSR and LHR, the nine-
imperfect leucine-rich repeats were observed and thought to be as the
ligand-binding domain. The extracellular loops between TM II-III and
TM IV-V contained cysteine residues that were assumed to link the
extracellular loops via a disulfide bridge. Potential N-linked glycosy-
lation sites and phosphorylation sites were identified in the N-terminal
and C-terminal regions of turbot FSHR and LHR, respectively. These
structural features of turbot FSHR and LHR are crucial determinants of
ligand binding affinity and signal transduction. Phylogenetic analysis
revealed that turbot FSHR and LHR are significantly homologous to the

Atlantic halibut (H. hippoglossus) FSHR and LHR.
FSHR and LHR are highly expressed in the ovaries and less ex-

pressed in other tissues of turbots similar to those of in mammals and
other fish species (Levavi-Sivan et al., 2010). However, the extra-
gonadal expression of FSHR and LHR in turbot is different from that
observed in other fish species (Vischer and bogerd, 2003; Maugars and
Schmitz, 2006; Rocha et al., 2007; Kobayashi et al., 2008). The dif-
ference may be species-specific and should be investigated via in vivo
experiments to explore their functionalities. Histological observations
of the turbot ovary indicated that oocyte maturation includes both vi-
tellogenesis and ovulation stages (Jia et al., 2014). The mRNA levels of
fshr and lhr were found to increase from the previtellogenic to the mi-
gratory nucleus stages, with the highest values being observed at the
late vitellogenic stage and migratory nucleus stage, respectively. Stu-
dies on two multiple spawners Nile tilapia and zebrafish demonstrated
that FSHR is predominantly associated with vitellogenesis and LHR
plays a key role in final oocyte maturation and ovulation (Hirai et al.,
2002; Kwok et al., 2005). Similar results were also observed in Eur-
opean sea bass (Rocha et al., 2009). These results are in agreement with
the timeline observed in turbot. Furthermore, turbot hepatic vitello-
genin (vtg) expression showed the similar trend like fshr during the
reproductive cycle in our recent study (Hu et al., 2018). Overall, FSHR
seems to stimulate vitellogenesis and oocyte maturation and LHR pro-
motes ovulation, which indicates that both are involved in mediating
the ovarian development of turbot during reproductive cycle.

3. Interactions between gonadotropin and gonadotropin receptors

In mammals, gonadotropin hormone/receptor interactions are spe-
cific, FSHR and LHR bind to their respective ligands specifically and
show minimal cross-activation (0.01–0.1%) with no cross-stimulation
occurrs under physiological conditions. Strict ligand selectively of
GthRs was reported in some fish species such as sea bass (Molés et al.,
2011), and mummichog (Ohkubo et al., 2013). However, promiscuous
activation of fish GtHRs was described in salmonids and other fish
species (Oba et al., 1999; Vischer and Bogerd, 2003; Kwok et al., 2005;
Levavi-Sivan et al., 2010). We used a mammalian gonadotropin to de-
tect turbot GthR selectivity because of the lack of a specific homologous
gonadotropin for turbot. Functional analysis with HEK293T cells con-
tinually expressing FSHR demonstrated that FSHR is specifically sti-
mulated by ovine FSH, but not ovine LH (Jia et al., 2016). By contrast,
turbot LHR was activated by ovine FSH and ovine LH. Similar results
were observed in zebrafish and amago salmon (Kwok et al., 2005; Oba
et al., 1999). The difference in ligand selectivity suggests that the action
of GtHRs in teleosts does not overlap fully with that of their mammalian
counterparts and underscores the need for further investigation.

4. Conclusions and perspectives

The structural characterization of turbot CGα, FSHβ, LHβ, FSHR
and LHR provides valuable information about the conservation of gly-
coprotein hormones and their receptors among vertebrates. The dis-
tributions and expression profiles of these genes confirm their in-
volvement in the regulation of ovarian development and their different
roles throughout the reproductive cycle of turbot. Previous studies
suggested that the ligand selectivity/promiscuity observed in other
teleosts may be both present in turbot, but the specific turbot gona-
dotropins that can be for properly testing this hypothesis are current
unavailable. Therefore, additional experiments are needed to i) obtain
recombinant turbot gonadotropins (FSHβ, LHβ) and identify ligand
specificity of LHR and FSHR; ii) improve the efficacy of the re-
combinant gonadotropin and build standard enzyme linked im-
munosorbent assay method for the broodstock management of turbot,
and iii) investigate the interaction of GtHs/GtHRs with other neu-
roendocrine hormones and local endocrine factors via gene editing
tools (CRISPR/Cas9 or TALENs) during gonadal development. Future
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studies may provide further insights into the roles of GtHs and GtHRs in
the regulation of reproductive development in turbots.
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