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A B S T R A C T

The African bonytongue (Heterotis niloticus) is an excellent candidate for fish farming because it has outstanding
biological characteristics and zootechnical performances. However, the absence of sexual dimorphism does not
favor its reproduction in captivity or the understanding of its reproductive behavior. Moreover, no molecular
data related to its reproduction is yet available. This study therefore focuses on the structural identification of
the different molecular actors of vitellogenesis expressed in the pituitary gland, the liver and the ovary of H.
niloticus. A transcriptomic approach based on de novo RNA sequencing of the pituitary gland, ovary and liver of
females in vitellogenesis led to the creation of three transcriptomes. In silico analysis of these transcriptomes
identified the sequences of pituitary hormones such as prolactin (PRL), luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) and their ovarian receptors (PRLR, FSHR, LHR). In the liver and ovary, estrogen
receptors (ER) beta and gamma, liver vitellogenins (VtgB and VtgC) and their ovarian receptors (VLDLR) were
identified. Finally, the partial transcript of an ovarian Vtg weakly expressed compared to hepatic Vtg was
identified based on structural criteria. Moreover, a proteomic approach carried out from mucus revealed the
presence of one Vtg exclusively in females in vitellogenesis. In this teleost fish that does not exhibit sexual
dimorphism, mucus Vtg could be used as a sexing biomarker based on a non-invasive technique compatible with
the implementation of experimental protocols in vivo.

1. Introduction

In teleost fish as in all vertebrates, reproductive functions, from
gametogenesis to sexual behavior during pair formation, are mostly
controlled by the hypothalamic-pituitary–gonadal axis (Maruska and
Fernald, 2011; Takahashi et al., 2016). Under the effect of sensory
stimuli such as environmental factors (Plant, 2015; Yang et al., 2017)
and social factors (Maruska and Fernald, 2011), gonadotropin-releasing
hormones (GnRH) produced by the brain stimulate the synthesis of
neurohormones such as prolactin (PRL), luteinizing hormone (LH) and
follicle stimulating hormone (FSH) by the pituitary gland (Zohar et al.,

2010). PRL participates in the regulation of several physiological pro-
cesses including growth, reproduction and osmoregulation (Bu et al.,
2015; Freeman et al., 2000; Manzon, 2002; Whittington and Wilson,
2013). LH and FSH stimulate the production of steroids that play a role
in sexual differentiation by regulating gonad development in both
sexes, the reproductive cycle (gametogenesis, secondary sexual char-
acteristics, sexual behavior) and growth (Devlin and Nagahama, 2002;
Taranger et al., 2010; Zohar et al., 2010). These gonadotropins (GTHs)
are used in aquaculture as inducers to improve the reproduction of
certain fish species (Mehdi and Ehsan, 2013; Mylonas et al., 2010). 17β-
Estradiol (E2) is synthesized by the follicular cells of oocytes under the
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control of FSH (Hara et al., 2016; Norris and Lopez, 2011); it is the main
sex hormone that stimulates oogenesis and vitellogenin (Vtg) synthesis
by the liver in females (Hara et al., 2016; Nelson and Habibi, 2013).
This hormone is perceived via intracellular estrogen receptors (ERs)
mainly expressed in the liver (Nelson and Habibi, 2013; Unal et al.,
2014).

Vitellogenin (Vtg) is a phospholipoglycoprotein precursor of vitel-
line proteins that accumulate in female oocytes during vitellogenesis in
the majority of oviparous species such as fish teleostans, amphibians,
reptiles, birds, most invertebrates, and platypus (Wallace et al., 1990;
Zhang et al., 2015). Vtg is mainly expressed in the liver, but also in non-
hepatic tissues (Zhong et al., 2014) where its level of expression is much
lower (Wang et al., 2005). In general, teleost fish Vtg comprises a heavy
chain named lipovitelline (LvH or LvI), a phosvitin domain rich in
phosphorylated serines (Pv), a light chain of lipovitelline (LvL or LvII),
a β'-C component, and a C-terminal coding region (CT) (Hara et al.,
2016; Hiramatsu et al., 2006; Zhang et al., 2015) Vtg plays a vital role
in embryo development and larval survival. Methods based on the de-
tection of plasma Vtg in sexually mature adult individuals can be used
to sex fish that do not display sexual dimorphism.

For example, in Arapaima gigas that belongs to the order
Osteoglossiformes and does not exhibit sexual dimorphism (Chu-Koo
et al., 2009; Dugué et al., 2008), the use of Vtg as a sexing marker has
made it possible to breed pairs and optimize reproduction in captivity
(Carreiro et al., 2011; Chu-Koo et al., 2009; Nuñez, 2008). Blood-borne
Vtg is incorporated into oocytes by endocytosis mediated by Vtg re-
ceptors (VtgR) integrated in the oocyte membrane (Dominguez et al.,
2014; Le Menn, 1979; Mañanós et al., 2007; Núñez-Rodríguez et al.,
1996; Stifani et al., 1990). VLDLRs are recycled following endocytosis
(Hara et al., 2016; Hiramatsu et al., 2006).

Heterotis niloticus, the species addressed in this study, is of economic
interest because it is important for inland fisheries and aquaculture in
Africa. It shows exceptional growth performances (Adite et al., 2006;
Ezekiel and Abowei, 2013; Moreau, 1982; Odo et al., 2009). Several
technical barriers currently make it difficult to set up a zootechnical
path compatible with mass production. Biological particularities
(Monentcham et al., 2009) such as the absence of sexual dimorphism
(Carreiro et al., 2011; Oladosu et al., 2007) observed in this Os-
teoglossiforme species phylogenetically close to A. gigas (Betancur-R
et al., 2017; Guo-Qing and Wilson, 1996; Hilton, 2001, 2003; Lavoué,
2016; Lavoué and Sullivan, 2004; Nelson, 1968, 1969) makes it difficult
to breed them in captivity or understand their reproductive behavior.
Information on Vtg (Chu-Koo et al., 2009; Dugué et al., 2008) is
available about A. gigas, and the structures of the α (Faria et al., 2013)
and β (Sevilhano et al., 2017) subunits of LH and FSH are known
(Borella et al., 2009; Marcos and Adalberto, 2015), but no molecular
data is yet available on vitellogenesis and its regulation in H. niloticus.

The aim of this study was therefore to characterize Vtg(s) and their
ovarian receptor(s), pituitary neurohormones and their receptors, as
well as E2 receptors in H. niloticus using a combination of several
“omic” approaches. A sexing method based on the presence of vitello-
genin was further tested from the mucus and blood of mature in-
dividuals using a proteomic approach.

2. Materials and methods

2.1. Sampling and tissue samples

The selected tissues were the pituitary gland, the ovary, the liver,
the blood and the mucus of H. niloticus from a fish farm located in
central Côte d'Ivoire (5°08,713′W; 6°50,929′N) nearby the political
capital Yamoussoukro. The species was introduced for the first time in
this country in 1957, from Cameroon (Lazard, 1990). Tissue samples
were taken from fish anesthetized in water containing 96° ethanol (1/
10 dilution) (Bhanu and Philip, 2011). The samples were taken from
male and female individuals (whose sex was only known after

dissection) during the vitellogenesis period (May and June).
For RNA sequencing of the liver, ovary and pituitary gland, pooled

samples from three females were stored in RNAlater stabilization so-
lution (Sigma) at 4 °C. For proteomic analyses of blood and mucus, the
extraction medium was composed of 200 mM PBS, 0.1 mM EDTA,
1 mM DTT and 400 mM PMSF, and the samples were stored at −80 °C
until extraction.

2.2. Extraction of total RNAs

The total RNAs of each tissue pool were extracted separately. The
organs were ground in liquid nitrogen, and 50 to 100 mg of tissue
powder were mixed with 1 ml of TRizol (Ambion, Life Technologies,
Carlsbad, Calif., USA). Then extraction was performed according to the
manufacturer's recommendations. Total RNA was quantified using a
NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies, Inc.)
and its integrity was assessed on a 2100 Bioanalyzer (Agilent
Technologies). Libraries were generated from 250 ng of total RNA as
following: mRNA enrichment was performed using the NEBNext Poly
(A) Magnetic Isolation Module (New England BioLabs). cDNA synthesis
was achieved with the NEBNext RNA First Strand Synthesis and
NEBNext Ultra Directional RNA Second Strand Synthesis Modules (New
England BioLabs). The remaining steps of library preparation were done
using and the NEBNext Ultra II DNA Library Prep Kit for Illumina (New
England BioLabs). Adapters and PCR primers were purchased from New
England BioLabs. Libraries were quantified using the Quant-iT™
PicoGreen® dsDNA Assay Kit (Life Technologies) and the Kapa Illumina
GA with Revised Primers-SYBR Fast Universal kit (Kapa Biosystems).
Average size fragment was determined using a LabChip GX
(PerkinElmer) instrument.

2.3. RNA sequencing and in silico approach

2.3.1. Illumina sequencing, assembly and annotation
The RNA samples were sequenced by the Génome Québec platform

(http://www.genomequebec.com/ressources-et-platformes-
technologiques.html) on an Illumina HiSeq4000 sequencer in 2 × 100
base pairs paired mode.

The raw readings were cleaned and filtered, and the traces of
adapters were removed using Trimmomatic v.0.33 (http://www.
usadellab.org/cms/index.php?page = trimmomatic). The readings
were filtered using a quality threshold of 30 and a minimum size of 50
base pairs. SortMeRNA v2.1 was used to filter ribosomal RNAs from
reads (Kopylova et al., 2012). Finally, the cleanup process was verified
using fastQC v.0.11.5 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/).

The cleaned readings from the different libraries were subsequently
assembled together using the de novo transcriptome assembler Trinity
v.2.5.1 (Grabherr et al., 2011). Relative abundances were estimated
using kallisto v.0.43.1 (Bray et al., 2016). To obtain the expression
values (FPKM: fragments per kilobase of exon per million fragments
mapped) and identify low coverage contigs (FPKM < 1) and rare
isoforms (< 1%) so as to exclude them from the analysis, the two
software programs were launched via the Trinity package scripts. Pep-
tide prediction was performed using Transdecoder v.3.0.0 (Haas et al.,
2013). A similarity search (blastx of assembled transcripts and blastp of
predicted peptides) was carried out against the uniprot-swissprot da-
tabase (version 09-2013). Signal peptides were predicted using signalP
v4.0 (Petersen et al., 2011). Transmembrane domains were detected
using TMHMM v2.0c (Krogh et al., 2001). Finally, the functional an-
notation of the transcriptome was carried out using the Trinotate
v.3.0.1 pipeline (http://trinotate.github.io) described by Bryant et al.
(2017).

2.3.2. In silico analysis of the transcripts
In silico analyses of the H. niloticus liver, ovary and pituitary
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transcripts resulting from the assembly were mainly performed with
Peptraq software developed internally (Zatylny-Gaudin et al., 2016).
Peptraq is a software program dedicated to the analysis of sequence
files in fasta or txt formats. It translates and filters transcripts and

protein precursors on the basis of annotation using keywords or struc-
tural criteria related to the presence of particular subsequences. Peptraq
can also assign the signal peptide, cleave it from preproprotein to
proprotein, carry out the cleavages of the convertases and identify the

Fig. 1a. Nucleotide sequence and deduced protein sequence of the N-terminal end of Vtg1 identified in Heterotis niloticus liver (N-ter1 HnVtg1). The start codon is in
bold type. The signal peptide is underlined, lipovitellin I (LvI) is delineated by two black triangles, and partial phosvitin (Pv) is double-underlined.
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characteristic sequence repeats of the neuropeptides.
The transmembrane domains were predicted by TMHMM v2.0

(www.cbs.dtu.dk/services/TMHMM). Secondary structures were ob-
tained by alignment with proteins of species whose domains were
known or by searching for conserved domains on the NCBI site (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb. IRM). Tertiary structure

was modeled under I-TASSER (https://zhanglab.ccmb.med.umich.edu/
I- TASSER/). The N-glycosylation sites were identified under NetNGlyc
1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). The nucleic
and protein sequences were aligned with Show translation (https://
www.bioinformatics.org/sms/show_trans.html). Protein sequence
alignments of different species were performed under CLC Sequence

Fig. 1b. Nucleotide sequence and deduced protein sequence of the N-terminal end of Vtg2 identified in Heterotis niloticus liver (N-ter2 HnVtg2). The start codon is in
bold type. The signal peptide is underlined, lipovitellin I (LvI) is delineated by two black triangles, and partial phosvitin (Pv) is double-underlined.
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Viewer 7.6.1 (http://www.clcbio.com). The amino acid identities
across protein sequences were determined by Protein Blast (https://
blast.ncbi.nlm.nih.gov/Blast.cgi).

2.4. Proteomic approach focused on the search for Vtg

2.4.1. Sample preparation for MS analysis
Proteomic analysis samples were first thawed in ice water and

centrifuged for several minutes. Proteins were precipitated at a rate of
20 μl per 120 μl of refrigerated acetone. The samples were stored at
−20 °C overnight, and then centrifuged at 20,000 g for 20 min. The
protein pellet was resuspended in ammonium bicarbonate buffer
(50 mM, pH 7). Proteins were digested overnight at 37 °C using 0.25 μg
of porcine trypsin (Promega, Madison, USA). The digestates were de-
salted and concentrated on an Omix ZipTip μC18 (Agilent) before
analysis.

2.4.2. NanoLC-MS/MS
The chromatography step was performed on an ultra-high-pressure

nano-chromatography system (NanoElute, Bruker Daltonics). The pep-
tides were concentrated on a C18 pepmap 100 (5 mm × 300 μm)
precolumn (Thermo Scientific) and separated at 50 °C on a Reprosil
reverse phase column (25 cm × 75 μm, 1.6 μm, C18) (Ionopticks). The
mobile phases consisted of 0.1% formic acid, 99.9% water (v/v) (A) and
0.1% formic acid in 99.9% ACN (v/v) (B). The flow rate was set at
400 nl/min, and the gradient profile was as follows: from 2 to 15% B in
60 min, followed by a 25% increase in B over 30 min and then a 37%
increase in 10 min, a 95% B wash step and a 2% B rebalance.

MS analyses were performed on a TIMS-TOF mass spectrometer
(Bruker Daltonics) with a nano-electrospray ion source (CaptiveSpray,
Bruker Daltonics). The system was calibrated weekly, and the accuracy
of the mass measurements was greater than 1 ppm. A capillary voltage
of 1,400 V was used for ionization. The MS spectra were positive in the
100 to 1,700 m/z mass range. The mass spectrometer was used in
PASEF (parallel accumulation-serial fragmentation) mode (Meier et al.,
2015), excluding monocharged peptides. Ten PASEF MS/MS scans were
performed in 1.25 s from the 2–5 load range.

2.4.3. Peptide sequencing and vitellogenin detection
The fragmentation spectrum was used to determine peptide se-

quences. The database was searched using Mascot 2.6.1 program
(Matrix Science). Two local H. niloticus databases were used: an ovarian
protein database (437,476 entries) and a liver protein base (244,234
entries), both constructed from the corresponding transcriptomes using
Peptraq software.

The allowed variable modifications were as follows: C-carbamido-
methyl, K-acetylation, oxidation and dioxidation of methionine.
“Trypsin” was selected with a tolerant mode including two missing
cleavage sites (Šlechtová et al., 2015). Mass accuracy was set at 20 ppm
and 0.05 Da for the MS and MS/MS modes, respectively. The Mascot
data was then transferred to Proline validation software (http://www.
profiproteomics.fr/proline/) for data filtering with a significance level
of less than 0.05 and to eliminate redundant proteins.

3. Results

3.1. Rnaseq and in silico approach

A total of 1,003,989,936 raw reads paired with read lengths of 100
base pairs were generated. After cleaning the poor quality adapters and
sequences, 667,119,586 high quality paired readings were used to
generate a first overall assembly of 257,484 transcripts (corresponding
to 156,636 Trinity “genes”). The length of the transcripts varies be-
tween 201 and 24,080 base pairs, an average length of 1,008.5 base
pairs and a median length of 418 base pairs. 90% of the cleaned reads
were successfully pseudo-aligned with the overall complete tran-
scriptome, indicating strong support for the transcriptome assembled
by the reads. Weakly expressed transcripts (FPKM < 1) and rare iso-
forms (< 1%) were excluded from the initial assembly, which resulted
in a filtered assembly of 62,852 transcripts (corresponding to 40,302
“genes” of Trinity), with lengths between 201 and 18,966 base pairs, an
average length of 1,382.9 base pairs and a median length of 807 base
pairs.

Fig. 1c. Nucleotide sequence and deduced protein sequence of the C-terminal end (C-ter) of Vtg1 and Vtg2 identified in Heterotis niloticus liver. The stop codon is in
bold type. The phosvitin (Pv) is double-underlined, lipovitellin II (LvII) is in boxes, the β’-C domain is delineated by two black circles, and followed by the C-terminal
(CT) coding region.
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Fig. 1d. Nucleotide sequence and deduced protein sequence of the Vtg3 identified in Heterotis niloticus liver. The start codon and the stop codon are in bold type. The
signal peptide is underlined, lipovitellin I (LvI) is delineated by two black triangles, and LvII is in boxes.

Fig. 1e. Nucleotide sequence and deduced protein sequence of the partial ovarian vitellogenin identified in Heterotis niloticus (HnVtg4). The lipovitellin I (LvI) is
delineated by two black triangles, and phosvitin (Pv) is double-underlined.
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3.1.1. Hepatic and ovarian vitellogenin (Vtg)
Three hepatic Vtgs and one ovarian Vtg have been identified in H.

niloticus. Two of the Vtgs expressed in the liver (HnVtg1 and HnVtg2)
are represented by two transcripts for the N-terminal end of 3,690 base

pairs (N-ter1, Fig. 1a) and 3,669 base pairs (N-ter2, Fig. 1b) and by a
transcript in the C-terminal position of 1,518 base pairs (C-ter, Fig. 1c).
The deduced protein sequences show that N-ter1 (1,230 amino acids)
and N-ter2 (1,223 amino acids) respectively have 19 and 12 serines at

Fig. 2. Linear constructions of the different Heterotis niloticus Vtg domains. The numbers of amino acids (aa) are indicated.

Fig. 3a. Alignments of protein sequences deduced from the N-terminal end (N-ter1 and N-ter2) of the hepatic Vtg of Heterotis niloticus (HnVtg1 and HnVtg2) with
little conserved domains in gray.
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Fig. 3b. Alignments of protein sequences deduced from the N-terminal end (N-ter1) of hepatic Vtg (HnVtg1) and partial ovarian Vtg (HnVtg4) of Heterotis niloticus
with little conserved domains in gray.

Fig. 3c. Alignment of the protein sequences deduced from the N-terminal end (N-ter1) of the Vtg1 of Heterotis niloticus (HnVtg1) and the N-terminal end -N-ter) of the
Vtg of S. formosus (SfVtg) with little conserved domains in gray.

Fig. 3d. Alignment of the protein sequences deduced from the C-terminal end (C-ter) of the Vtg1 of Heterotis niloticus (HnVtg1) and of the Vtg of S. formosus (SfVtg)
with little conserved domains in.

Fig. 3e. Highlighting of orphan serine located in a box between N-ter (in bold) and C-ter of S. formosus Vtg. The two domains are defined following alignment with N-
ter and C-ter of HnVtg1.
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the end of the sequences all represented by the same AGC codon and
corresponding to the N-terminal end of the phosvitin domain (Figs. 1a
and 1b). The C-ter transcript of 506 amino acids presents at the start of
the sequence 20 serines also represented by the AGC codon (Fig. 1c).
The assembly of transcripts at the phosvitin domain is therefore im-
practicable by Trinity since the codons corresponding to the polyserine
site are identical.

One of the hepatic Vtgs (HnVtg3) has a complete 2,775 base pairs
sequence encoding a 925 amino acids protein (Fig. 1d). As for ovary Vtg
(HnVtg4), it came from a partial 930 base pairs transcript encoding 310
amino acids (Fig. 1e). The secondary structure of H. niloticus Vtg
showed that hepatic Vtgs had a signal peptide of fifteen amino acids
followed by only lipovitellin domains (LvI and LvII) in HnVtg3 and by
domains LvI, Pv, LvII, β'-C and CT in HnVtg1 and HnVtg2 (Fig. 2). The
incomplete ovary Vtg included the LvI and Pv domains.

Alignments showed that the divergence between N-ter1 and N-ter2
was at the beginning of the sequence, with a more complete Pv domain
in HnVtg1 (Fig. 3a). The Met1 to Lys909 domains of HnVtg1 and HnVtg3
(corresponding to the signal peptide and LvI of HnVtg3) were identical.
The Arg1 domain at Ser297 of the incomplete ovarian Vtg (HnVtg4) was
identical to the Arg844 domain at Ser1140 of N-ter1 and N-ter2 of hepatic
Vtg; divergence occurred at the end of the sequence in the Pv domain
(Fig. 3b).

We successively aligned Scleropages formosus Vtg (1,745 amino
acids, AWG47880) with H. niloticus N-ter1 (Fig. 3c) and C-ter (Fig. 3d),
and found only one orphan serine (Fig. 3e). The homology between H.
niloticus VtgC (HnVtg3) and VtgC from other teleost fish species was
analyzed; it showed 34.08% amino acid identity with O. mykiss
(BBA57869) and 31.41% with O. niloticus (XP_005459969) (Fig. 3f).

3.1.2. Vitellogenin receptor
Teleost vitellogenin receptors (VtgR) are classified as very low-

density lipoprotein receptors (VLDLR) belonging to the low-density li-
poprotein superfamily (LDLR) (Li et al., 2003; Mizuta et al., 2013;
Pousis et al., 2012).

Two transcripts of 2,583 and 2,523 base pairs encoding two VLDLRs
of 861 and 841 amino acids were identified in the ovary (Fig. 4a) and
the pituitary gland, respectively. HnVLDLR comprised a signal peptide
(Met1-Arg26) followed by seven and eight domains for the pituitary and
ovarian forms, respectively (Fig. 4b). HnVLDLR expressed in the ovary
had an O-glycosylated domain located between Ala748 and Ser767; this
domain was not found in the pituitary form. Apart from the O-glycosyl
domain, the other domains of the two forms of HnVLDLR had identical
amino acid sequences.

The ligand-binding domain (LBD) was composed of eight ligand-
binding repeats (LBRs) of 39 to 44 amino acids each, among which six
cysteines and the SDE (LBR1-2, 4–7) and EDE (LBR3) motifs. The pre-
cursor domains of the epidermal growth factor (EGF) was found in
three EGF1 (Cys355-Cys389), EGF2 (Cys395-Cys429) and EGF3 (Cys702-
Cys745) repeats; each of them comprised six cysteines.

Between EGF2 and EGF3 stood a domain comprising five 4-aa se-
quences of the YWS(V)D and FWA(T)D types. A single 23-aa trans-
membrane domain (Ala786 to Trp808 for the ovarian form) was present,
and a cytoplasmic domain containing the FDNPVY sequence was found
in C-terminal position.

The analysis of amino acid sequence homology showed that apart
from the O-glycosylated domain that was absent from the VLDLRs of
certain species, the particular sequences (SDE, EDE, YWS(V)D, FWA(T)
D and FDNPVY) were highly conserved. Moreover, HnVLDLR shared a
strong identity with VtgR or VLDLR of S. formosus (XP_018607358)
(94%), O. bicirrhosum (AXN72824) (92%), O. mykiss (CAD10640)

Fig. 3f. Alignment between the VtgC of Heterotis niloticus (HnVtg3) and the VtgC of O. mykiss (OmVtgC) and O. niloticus (OnVtgC) with little conserved domains in
gray.
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(88%), C. carpio (XP_018935318) (87%) and O. aureus (AAO27569)
(85%) (Fig. 4c).

3.1.3. 17β-estradiol receptors (ERs)
The nomenclature chosen for the 17β-estradiol receptors included

the alpha subtype (ERα), the beta or beta2 subtype (ERβ) and the
gamma or beta subtype 1 (ERγ).

Using in silico analysis, we identified the transcripts of four ERβ and
one ERγ: HnERβ_X1 (1,674 base pairs) in the liver and the ovary
(Fig. 5a), HnERβ_X2 (1,653 base pairs) and HnERβ_X3 (1,281 base
pairs) only in the liver (Fig. 5b), and HnERβ_X4 (1,524 base pairs) and
HnERγ (1,443 base pairs) only in the ovary (Fig. 5c). No ERα was
identified. Three receptors linked to the estrogen receptors (ERRs) were
also identified: HnERRα (1,296 base pairs) in the liver, and HnERRγ_X1

Fig. 4a. Nucleotide sequence and deduced protein sequence of the Heterotis niloticus vitellogenin receptor or very-low-density lipoprotein receptor (HnVLDLR). The
start codon and the stop codon are in bold type, the signal peptide is underlined, the eight repeats that bind to the ligand (LBR) are delineated by two consecutive
black triangles, the three EGF1, EGF2 and EGF3 domains are located in the boxes, the highly conserved SDE, EDE, YWS(V)D, FWA(T)D and FDNPVY sequences are
underlined, the O-glycosylation domain is double-underlined, and the transmembrane domain is delineated by two black circles and followed by the cytoplasmic
domain in C-terminal position.

Fig. 4b. Linear constructions of the different Heterotis niloticus Vtg receptor domains. The numbers of amino acids (aa) are indicated.
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(1,068 base pairs) and HnERRγ_X2 (1,101 base pairs) in the ovary
(Fig. 6).

The deduced protein sequences of HnERβ_X1, HnERβ_X2,
HnERβ_X3, HnERβ_X4, HnERγ, HnERRα, HnERRγ_X1 and HnERRγ_X2
comprised 558, 551, 427, 508, 481, 432, 356 and 367 amino acids,
respectively.

The secondary structure of HnERs (Fig. 7) and HnERRs (Fig. 8) was
composed of five domains, i.e., i) the domain at the N-terminus (A/B)
that contained the first AF-1 activation function, ii) the DNA-binding
domain (DBD), iii) flanking sequence D which promotes the rotation of
the DBD (Aranda and Pascual, 2001) and functions as a site of inter-
action with corepressor proteins (Kumar et al., 2011), iv) the ligand-
binding domain (LBD) where 17β-estradiol (E2) binds to amino acids to
induce the second AF-2 activation function (Aranda and Pascual, 2001;
Kato et al., 1995), and v) a C-terminal region F whose specific function
is as yet unknown in fish (Aranda and Pascual, 2001; Nelson and
Habibi, 2013).

The four forms of HnERβ had identical DBD and D domains
(Fig. 9a). The A/B domain of HnERβ_X3 had a reduced number (32) of
little conserved amino acids at its N-terminal end, whereas the other
HnERβs had an identical 163-aa A/B domain. HnERβ_X1 and

HnERβ_X3 had identical LBDs, whereas the LBDs of HnERβ_X2 and
HnERβ_X4 did not contain the sequence NMCVNSPE and the sequence
located between Ser494 and Ala523 of HnERβ_X1, respectively. The F
domain of HnERβ_X4 contained 14 amino acids and differed from the
other HnERβs, which had an identical 35-aa F domain. HnERβ and
HnERγ shared 58 to 68% amino acid identity and had no common
domain. HnERs shared less than 48% identity with HnERRs. The dif-
ferent HnERRγ shared 78% identity with one another and less than 59%
identity with ERRα. However, the cores of the DBDs of the different
receptors shared greater identity (Fig. 9b): 89% between ERβ and ERγ,
68 to 70% between ERs and ERRs, 97% between ERRγ_X1 and
ERRγ_X2, and 94% between ERRγ and ERRα. The DBD core of all H.
niloticus receptors (ERs and ERRs) was composed of 66 amino acids
including six cysteines followed by a COOH-terminal extension (CTE)
composed of 10 (HnERγ) to 25 (all ERRs) amino acids. The LBD was
much more variable than the DBD core: HnERβ and HnERγ shared 76 to
77% identity, while HnERs shared less than 33% identity with HnERRs.

A comparison of H. niloticus ERβ with those of other teleost species
showed that the core of the DBD of HnERβ was identical to that of ERβ
of S. formosus (XP_018583081.1) and O. bicirrhosum (BAT68972. 1) and
shared 98% identity with the EBβ DBD core of O. mykiss (CAC06714),

Fig. 4c. Alignment of deduced protein sequences of Heterotis niloticus vitellogenin receptor (HnVLDLR) with Scleropages formosus VLDLR (SfVLDLR), Osteoglossum
bicirrhosum VLDLR (ObVLDLR), Oncorhynchus mykiss VLDLR (OmVLDLR), Oreochromis aureus VLDLR (OaVLDLR) and Cyprinus carpio VLDLR (CcVLDLR). The cy-
steines conserved across species are in boxes, the highly conserved SDE, EDE, YWS(V)D, FWA(T)D and FDNPVY sequences are underlined, the O-glycosylation
domain is double-underlined, the little conserved domains are in gray.
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O. aureus (ACF75103) and C. carpio (BAF99814) (Fig. 9c). The LBD of
HnERβ_X1 shared 95% identity with S. formosus LBD, 93% with O. bi-
cirrhosum LBD, and 82% with O. mykiss, O. aureus and C. carpio LBDs. A
comparison of HnERγ DBD/LBD sequences with the ERγs of other
species showed 89/74% identity with O. mykiss (NP_001118042), 89/
72% with O. aureus (ACF75102.1), and 89/70% with C. carpio
(BAF99813.1) ERγ DBDs/LBDs (Fig. 9d). Amino acid identities across
ERγs were lower than across ERβs.

The P box involved in DNA recognition at the DBD level (Aranda
and Pascual, 2001) was represented by two peptides: EGCKA at the
level of HnERs and EACKA at the level of HnERRs. The D box involved
in receptor dimerization (Aranda and Pascual, 2001) was represented
by four peptides: PATNQ (HnERβ), PANNQ (HnERγ), PASNE
(HnERRα), and PATNE (HnERRγ).

The six amino acids involved in the binding with E2 (Sabo-Attwood
et al., 2004) were present in HnERβ_X1 (Glu330, Arg371, Gly498, His501,
Leu502 and Met505), HnERβ_X2 (Glu330, Arg371, Gly498, His501, Leu502

and Met505), HnERβ_X3 (Glu330, Arg371, Gly498, His501, Leu502 and
Met505) and HnERγ (Glu273, Arg314, Gly441, His444, Leu445 and Met448)
(Fig. 5 and Fig. 9). HnERβ_X2 had only two conserved amino acids
involved in the binding with E2 (Glu330, Arg371), which were absent in
HnERRs. The LBDs of HnERβ_X1, HnERβ_X2, HnERβ_X3 and HnERγ
(Fig. 7) had a tertiary structure composed of 12 α-helices, with helix 12
located between Leu513 and Leu521, Leu506 and Leu514, Leu382 and
Leu390, and Tyr457 and Asp465, respectively. As for the LBD of
HnERβ_X2, it did not have helix 12, and its helix 11 was much smaller
than the helices 11 of the other HnERβs.

3.1.4. Prolactin (PRL)
Prolactin (PRL) is a multifunctional polypeptide neurohormone

whose reproductive function in fish includes the reproductive cycle and
development, spawning, and parental care (Whittington and Wilson,
2013). Expression of H. niloticus prolactin (HnPRL) in the pituitary
gland was identified from a 627 base pairs transcript encoding 209
amino acids (Fig. 10a).

The protein precursor of HnPRL had a 25-aa signal peptide (Met1-
Cys25), and four major α-helices representing 56% of the total protein,
i.e., helix 1 (Phe28-His56), helix 2 (Glu69-Ser115), helix 3 (Gln122-Lys149)
and helix 4 (Asp169-Val201), as well as two short α-helices between helix
1 and helix 2: helix 1′ (Val60-Lys62) and helix 1″ (Lys81-Ser86) (Fig. 10b).
The tertiary structure of HnPRL showed that the four major helices
formed two antiparallel pairs, i.e., helix 1/helix 4 and helix 2/helix 3
(Fig. 10c). The mature HnPRL contained four cysteines, one between
helix 1′ and helix 1″ (Cys70), two in helix 4 (Cys182 and Cys199) and one
at the end of the sequence (Cys209). The alignments showed high or
medium amino acid identity between HnPRL and the PRLs of S. for-
mosus (XP_018592416) (74%), C. carpio (CAA37063) (58%), O. mykiss
(AAA49611) (53%) and O. niloticus (AAA53281) (49%), but the four
cysteines were conserved (Fig. 10d).

3.1.5. Prolactin receptor (PRLR)
The HnPRL receptor (HnPRLR) was expressed in the ovary of fe-

males in vitellogenesis and was represented by a 1,767 base pairs
transcript encoding a 589-aa protein (Fig. 11a). HnPRLR consisted of a
25-aa signal peptide (Met1-Leu25) followed by three domains (Fig. 11b),
one 207-aa extracellular domain (EC) (Ser26-Arg232), one 23-aa trans-
membrane domain (TM) (Ser233-Ile255), and one 334-aa intracellular
domain (IC) (Asn256-Tyr589). Alignment of HnPRLR sequences with the
PRLRs of other teleost species showed 85% amino acid identity with S.
formosus (XP_018604730), 57% with O. mykiss (NP_001118071), 55%
with C. carpio (AAK95833), and 51% with O. niloticus (NP_001266477)
(Fig. 11c).

3.1.6. Alpha subunit of the glycoprotein hormone (GPα)
An α-subunit of the glycoprotein hormone (GPα) common to the

luteinizing hormone (LH) and the follicle-stimulating hormone (FSH)
(Acharjee et al., 2015) was characterized in the pituitary gland of H.
niloticus. The nucleic sequence of HnGPα comprised 345 base pairs
encoding a 115-aa protein (Fig. 12a). The secondary structure showed
the presence of a 24-aa signal peptide and three α-loop domains of 25,

Fig. 5a. Nucleotide sequence and deduced protein sequence of Heterotis niloticus (Hn) estrogen receptors beta (ERβ_X1) identified in the liver and ovary of Heterotis
niloticus. The start codon and the stop codon are in bold type. The A/B region in N-terminal position is followed by the DNA-binding domain (DBD) located in the
boxes and containing a double-underlined P-box and a single-underlined D-box. The ligand-binding domain (LBD) is underlined and followed by an F-domain in C-
terminal position. The amino acids implied in the binding with estradiol are circled.
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28 and 23 amino acids, respectively (Fig. 12b). HnGPα had ten cy-
steines (Cys1 to Cys10) and α-loop 1 was located between Cys1 and Cys4,
α-loop 2 between Cys5 and Cys6, and α-loop3 between Cys7 and Cys8

(Fig. 12a). Two N-glycosylation sites were predicted, one in α-loop 2
(NITS) and the other in α-loop 3 (NHTD).

Sequence comparison showed that HnGPα was identical to A. gigas
GPα (AIG51239) and that some domains were common with S. formosus
(XP_018588619.1) (82%), C. carpio (CAA39852) (74%), O. niloticus
(AAP49577) (65%) and O. mykiss (BAB17685) GPα (61%) (Fig. 12c).

3.1.7. β-subunit of the follicle-stimulating hormone (FSHβ)
The β-subunit transcript of H. niloticus follicle-stimulating hormone

(HnFSHβ) had a 381 base pairs sequence encoding a 127-aa protein
(Fig. 13a).

The secondary structure of HnFSHβ was composed of a 19-aa signal
peptide, three β-loop domains 1, 2 and 3 of 26, 20 and 17 amino acids,
respectively, and one 18-aa “seat-belt” loop (Fig. 13b). The mature
HnFSHβ had 12 cysteines (Cys1-Cys12). β-loop 1 was located between
Cys1 and Cys4, β-loop 2 between Cys5 and Cys6, β-loop 3 between Cys7

Fig. 5b. Nucleotide sequences and deduced protein sequences of Heterotis niloticus (Hn) estrogen receptors beta (ERβ_X2 and ERβ_X3) identified in the liver of
Heterotis niloticus. The start codon and the stop codon are in bold type. The A/B region in N-terminal position is followed by the DNA-binding domain (DBD) located
in the boxes and containing a double-underlined P-box and a single-underlined D-box. The ligand-binding domain (LBD) is underlined and followed by an F-domain
in C-terminal position. The amino acids implied in the binding with estradiol are circled.
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and Cys8, and the “seat-belt” loop between Cys10 and Cys12 (Fig. 13a). A
probable N-glycosylation site (NVSI) was found in β-loop 1 between
Cys1 and Cys2.

A comparison of the FSHβ sequences showed that HnFSHβ shared a
high identity with FSHβ of A. gigas (AIA09918) (86%), but much less
with S. formosus (KPP62167) (69%), C. carpio (O13050) (51%), O.
mykiss (BAB17686) (44%) and O. niloticus (AAP49575) (37%) FSHβs
(Fig. 13c).

3.1.8. Follicle-stimulating hormone receptor (FSHR)
The HnFSH receptor (HnFSHR) was expressed in the ovary of fe-

males in vitellogenesis and corresponded to a 2,037 base pairs tran-
script encoding a 679-aa protein (Fig. 14a). HnFSHR had a 37-aa signal
peptide (Met1 - Ala37) followed by four extracellular domains (EC) of
322 (EC1), 21 (EC2), 19 (EC3) and 9 (EC4) amino acids, seven trans-
membrane domains of 23 amino acids each, and four intracellular do-
mains (IC) of 8 (IC1), 20 (IC2), 24 (IC3) and 58 (IC4) amino acids

Fig. 5c. Nucleotide sequences and deduced protein sequences of Heterotis niloticus (Hn) estrogen receptors beta (ERβ_X4) and gamma (ERγ) identified in the ovary of
Heterotis niloticus. The start codon and the stop codon are in bold type. The A/B region in N-terminal position is followed by the DNA-binding domain (DBD) located
in the boxes and containing a double-underlined P-box and a single-underlined D-box. The ligand-binding domain (LBD) is underlined and followed by an F-domain
in C-terminal position. The amino acids implied in the binding with estradiol are circled.

N.D. Koua, et al. General and Comparative Endocrinology 296 (2020) 113532

14



Fig. 6. Nucleotide sequences and deduced protein sequences of the receptors related to Heterotis niloticus estrogen receptors alpha (HnERRα) and gamma (ERRγ)
(HnERRγ_X1 and HnERγ_X2). The start codon and the stop codon are in bold type. The A/B region in N-terminal position is followed by the DNA-binding domain
(DBD) located in the boxes and containing a double-underlined P-box and a single-underlined D-box. The ligand-binding domain (LBD) is underlined and followed by
an F-domain in C-terminal position.
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(Fig. 14b). Alignment of HnFSHR sequences with FSHRs of other teleost
species showed 64.94% amino acid identity with O. mykiss
(NP_001117799) and 71.23% with C. carpio (XP_018940722) (Fig. 14c).

3.1.9. β-subunit of the luteinizing hormone (LHβ)
The β-subunit of H. niloticus luteinizing hormone (HnLHβ) had a

423 base pairs sequence encoding a 141-aa protein (Fig. 15a). The
secondary structure made it possible to distinguish a 24-aa signal
peptide, three β-loop domains 1, 2 and 3 of 26, 20 and 17 amino acids,
respectively, and one 18-aa seat-belt loop (Fig. 15b). Like HnFSHβ, the
mature HnLHβ had twelve cysteines (Cys1-Cys12) and β-loop 1 was
located between Cys1 and Cys4, β-loop 2 between Cys5 and Cys6, β-loop
3 between Cys7 and Cys8, and the “seat-belt loop“ between Cys10 and
Cys12 (Fig. 15a). A probable N-glycosylation site (NQTI) was located
between Cys1 and Cys2. A comparison of LHβ sequences showed that
HnLHβ was identical to A. gigas LHβ (LAO68014) and that it shared
domains with O. mykiss (BAB17687) (79%), S. formosus (KPP64307)

(77%), C. carpio (CAA42542) (74%) and O. niloticus (AAP49576) (68%)
LHβs (Fig. 15c).

3.1.10. Luteinizing hormone receptor (LHR)
The HnLH receptor (HnLHR) was expressed in the ovary of females

in vitellogenesis. It was a 2,124 base pairs transcript encoding a 708-aa
protein (Fig. 16a). HnLHR had a 20-aa signal peptide (Met1-His20)
followed by four extracellular domains (EC) of 361 (EC1), 21 (EC2), 19
(EC3) and 9 (EC4) amino acids, seven transmembrane domains of 23
amino acids each, and four intracellular domains (IC) of 8 (IC1), (IC2),
24 (IC3) and 65 (IC4) amino acids (Fig. 16b).

Alignment of the HnLHR sequences with the LHRs of other teleost
species showed 80.37% amino acid identity with S. formosus
(XP_018593689), 65.23% with O. mykiss (NP_001117798) and 62.77%
with O. niloticus (XP_025753045) LHRs (Fig. 16c).

Fig. 7. Secondary structure of Heterotis niloticus estrogen receptors beta (ERβ_X1, ERβ_X2, ERβ_X3 and ERβ_X4) and gamma (ERγ), with the five characteristic
domains and the corresponding numbers of amino acids (aa). The α-helix structure of the LBD obtained with I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-
TASSER/) shows that the 12 helices (H1 to H12) are conserved in ERβ_X1, ERβ_X2, ERβ_X3 and ERγ, while H11 is reduced and H12 is absent in ERβ_X4.
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3.2. Detection of Vtg in blood and mucus

Mass spectrometry analysis detected the presence of Vtg in the
blood and mucus of H. niloticus females in vitellogenesis (Fig. 17). No
Vtg or any of its cleavage products was detected in the blood or mucus
of males. Tryptic peptides of the LvI domain specific to HnVtg1 and

HnVtg2 were detected in female blood samples, while only HnVtg1
peptides were detected in mucus samples (Fig. 17a). Mapping tryptic
peptides from the N and C-terminal HnVtg1 sequences showed a cov-
erage rate of 53.2% in blood proteins, and 31.9% in mucus proteins. As
for the different domains of Vtg, the coverage of the peptides detected
in the blood was 42.5% for LvI, 0.8% for Pv and CT, 8.2% for LvII, and

Fig. 8. Secondary structure of the receptors related to Heterotis niloticus estrogen receptors (ERRα, ERRγ_X1 et ERγ_X2), with the five characteristic domains and the
corresponding numbers of amino acids (aa).

Fig. 9. Alignment of the deduced protein sequences of Heterotis niloticus estrogen receptors (ER) beta (a), and DNA-binding domains (DBD) of ERs and ERRs
(HnERβ_X1, HnERβ_X2, HnERβ_X3, HnERβ_X4, HnERγ, HnERRα, HnERRγ_X1 and HnERRγ_X2) (b). The core of the DNA-binding domain (DBD) is in boxes, and the
amino acids implied in the binding with 17 β estradiol are indicated by black triangles. The little conserved domains are in gray.
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1% for β'-C. In mucus, the coverage of the detected peptides was 18.6%
for LvI, 0.8% for Pv, 5.8% for LvII, 4.2% for β'-C, and 2.6% for CT
(Fig. 17b).

4. Discussion

Vtg and some of the molecular actors involved in vitellogenesis and
its regulation were characterized for the first time in the
Osteoglossiforme H. niloticus using a combination of “omic” ap-
proaches. Comparisons were made in most cases with S. formosus, a

Fig. 9c. Alignment of the deduced protein sequences of Heterotis niloticus estrogen receptors (ER) beta (HnERβ_X1) with ERβ of Scleropages formosus (SfERβ),
Osteoglossum bicirrhosum (ObERβ), Oncorhynchus mykiss (OmERβ and OmERγ), Oreochromis aureus (OaERβ and OaERγ) and Cyprinus carpio (CcERβ and CcERγ). The
core of the DNA-binding domain (DBD) is in boxes, and the amino acids implied in the binding with 17 β estradiol are indicated by black triangles. The little
conserved domains are in gray.

Fig. 9d. Alignment of the deduced protein sequences of Heterotis niloticus estrogen receptors (ER) gamma (HnERγ) with ERγ of Oncorhynchus mykiss (OmERγ),
Oreochromis aureus (OaERγ) et Cyprinus carpio (CcERγ). The core of the DNA-binding domain (DBD) is in boxes, and the amino acids implied in the binding with 17 β
estradiol are indicated by black triangles. The little conserved domains are in gray.
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phylogenetically close species, and with other phylogenetically more
distant teleost species.

4.1. PRL and its receptor

Prolactin (PRL) is a polypeptide hormone secreted by the pituitary
gland. Its importance in reproductive physiology has been underlined in
many teleost species such as A. gigas (Marcos and Adalberto, 2015) and
Danio rerio (Bu et al., 2015). Only one PRL expressed in the pituitary
gland of H. niloticus was identified. By contrast, several isoforms issued
from alternative splicing have been observed in mammals (Freeman
et al., 2000) and in some non-mammalian species including teleost fish
that express two distinct forms of PRL (PRL1 and PRL2) (Huang et al.,
2009). As pointed out by Whittington and Wilson (2013), the expres-
sion of the PRL receptor in H. niloticus ovary suggests the involvement
of this neurohormone in vitellogenesis and ovulation in this species. H.
niloticus PRL (HnPRL) has a short 25-aa signal peptide like most PRLs of
teleost fish (Bu et al., 2015), while mammalian (Skorupski and Kmieć,
2013) and bird (Bu et al., 2015) PRLs are made of up to 30 amino acids.

The two cysteines in the N-terminal position capable of forming a dis-
ulfide bridge in the PRLs of mammals (Bu et al., 2015; Teilum et al.,
2005), reptiles (Yasuda et al., 1990), Dipnoi (lungfish), chondrosteans
(sturgeons) and tetrapods (Noso et al., 1993) are absent from HnPRL as
in most teleosts (Bu et al., 2015; Watahiki et al., 1989). Although
HnPRL shares variable amino acid identity (49 to 74%) with the PRLs of
certain fish (Fig. 10d), it shares a common structure with the PRLs of
vertebrate species. It contains four major α-helices (helices 1 to 4) re-
presenting more than 50% of the entire protein (Skorupski and Kmieć,
2013), and two short α-helices between helix 1 and helix 2 forming a
loop (Brooks, 2012; Teilum et al., 2005) that plays a vital role in protein
stabilization and ligand-receptor interaction (Goffin et al., 1996). Helix
1 and helix 4, on the one hand, and helix 2 and helix 3, on the other
hand, form two antiparallel pairs (Brooks, 2012; Teilum et al., 2005).
HnPRL contains four cysteines after propeller 1 that are well conserved
across species and are likely to form two disulfide bridges (Brooks,
2012; Bu et al., 2015; Teilum et al., 2005). One is located between Cys70

and Cys182, and the other at the C-terminal level of the protein between
Cys199 and Cys209. Similarly to the PRL of its sister species A. gigas,

Fig. 10. Nucleotide sequences and deduced protein sequences (a) of Heterotis niloticus prolactin (HnPRL), secondary structure of HnPRL with the different domains
(b), tertiary structure obtained with I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) showing the α-helices of HnPRL (c), and alignment (d) with the
PRLs of Scleropages formosus (SfPRL), Oncorhynchus mykiss (OmPRL), Oreochromis niloticus (OnPRL) and Cyprinus carpio (CcPRL). In figure (a), the start codon and the
stop codon are in bold type, the signal peptide is underlined, the four major helices (1, 2, 3 and 4) are laid out successively in boxes, and the short helices 1′ and 1″ are
double-underlined. In figure (d), the four conserved cysteines are in boxes, the little conserved domains are in gray.
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where immunocytochemistry showed that PRL had little affinity with
Salmonid anti-PRL anti serum (Borella et al., 2009), HnPRL shares little
identity (53%) with O. mykiss PRL.

4.2. Gonadotropins and their receptors

H. niloticus FSH and LH expressed in the pituitary gland are het-
erodimeric glycoproteins like all gonadotropic hormones (GTHs), with
a common α-subunit called glycoprotein hormone α (GPα) and specific
β-subunits (Acharjee et al., 2015). A comparative analysis of the
structure of H. niloticus GTH with other members of the teleost group
showed that the GPα subunit consisted of three α loops and the β-
subunits of three β loops with a “seat-belt” in the C terminal position.
HnGPα had the ten conserved cysteines believed to be involved in the
formation of five disulfide bridges, four proline residues, and two N-
glycosylation sites at α loop 2 (NITS) and α loop 3 (NHTD). In catfish
(Heteropneust fossilis), the N-glycosylation sites are located at loop 1
(NITS) and loop 2 (NHTD) (Acharjee et al., 2015). Only eight cysteines
are conserved in the GPα of hagfish (Uchida et al., 2010). A. gigas GPα
and LHβ, described by Faria et al., (2013) and Sevilhano et al., (2017),
respectively, are identical to HnGPα and HnLHβ identified in this study,
respectively. This result again demonstrates that there is a great phy-
logenetic proximity between these two species of Osteoglossomorphs
previously underlined by some authors (Betancur-R et al., 2017; Guo-

Qing and Wilson, 1996; Hilton, 2001, 2003; Lavoué, 2016; Lavoué and
Sullivan, 2004; Nelson, 1968, 1969). This also completes the few stu-
dies reporting phylogenetic hypotheses based on molecular data
(Kumazawa and Nishida, 2000). The present study shows that HnGPα
shares between 61 and 82% amino acid identity with certain species of
Osteoglossiformes, Salmoniformes, Perciformes and Cypriniformes. A.
gigas GPα is identical to HnGPα and shares a higher amino acid identity
(87 to 89.5%) with other teleost (Anguilliformes and Ostartiophysi) and
Chondrosteans (Acipenseriformes) (Faria et al., 2013).

The position of the 12 cysteines and the only potential N-glycosy-
lation site at LHβ β-loop 1 (NXTX) observed in most vertebrates
(Bousfield and Dias, 2011; So et al., 2005) is very well conserved in H.
niloticus. In catfish, the loop located between Cys10 and Cys11 of the
“seat-belt” of LHβ contains the receptor-binding sites of this hormone,
whereas the loop corresponding to Cys11 and Cys12 of LHβ stimulates
FSH receptor activity (Vischer et al., 2004).

In contrast to the LHβ subunit, the FSHβ subunit was 86% con-
served between H. niloticus and its sister species A. gigas, and diverged
more with other species of Osteoglossiformes, Perciformes,
Salmoniformes and Cypriniformes (37% to 69%). In A. gigas, the
highest identity, based on amino acid sequences, is 61% identity with
Anguilliformes for FSHβ and 76% with Cypriniformes for LHβ
(Sevilhano et al., 2017). HnFSHβ had 12 conserved cysteines; the first
four were located in β-loop 1 (Cys1 to Cys4), Cys5 and Cys6 were located

Fig. 11. Nucleotide sequences and deduced protein sequences of (a) Heterotis niloticus prolactin receptor (HnPRLR), and box modeling with the different domains (b).
In figure (a), the start codon and the stop codon are in bold type, the signal peptide is underlined, the transmembrane domain (TM) in a box located between the
extracellular domain (EC) in the N-terminal region and the intracellular domain (IC) in the C-terminal region.
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in β-loop 2, Cys7 and Cys8 in β-loop 3, Cys9 between β-loop 3 and the
“seat-belt loop”, and Cys10 to Cys12 in the “seat-belt loop”. In Cyprini-
formes and catfish such as H. fossilus, good conservation of the structure
of the FSHβ subunit is observed, the only difference is that there is an
additional cysteine between the signal peptide and β-loop 1 in H. fos-
silus. Cys2 is absent in Perciformes and so is Cys3 in Salmonidae, but an
additional cysteine residue in the N-terminal position, as in

Cypriniformes and catfish, gives 12 cysteines in total. In zebrafish,
Cys10 and Cys11, thought to be the decisive loop of the FSHβ “seat-belt”
(Vischer et al., 2004) are absent, and two additional cysteines exist in
the N-terminal position before β-loop 1, allowing for a total number of
12 cysteines (So et al., 2005). Given the importance of the “seat-belt”
region for receptor interaction and heterodimer formation, variation in
the structure of FSHβ subunits among fish species may result in

Fig. 12. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of Heterotis niloticus follicle-stimulating hormone (HnFSHβ), box modeling of
HnFSHβ with the different domains (b), and alignment (c) with Arapaima gigas FSHβ (Ag HnFSHβ), Oncorhynchus mykiss FSHβ (Om HnFSHβ), Oreochromis niloticus
FSHβ (On HnFSHβ) and Cyprinus carpio FSHβ (Cc HnFSHβ). In figure (a), the start codon and the stop codon are in bold type, the signal peptide is underlined, β-loops
1, 2 and 3 and the “seat-belt” are laid out successively in boxes. The predicted N-glycosylation site is double-underlined. In figure (c), conserved cysteines across
species are in boxes, the little conserved domains are in gray.

Fig. 13. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of Heterotis niloticus follicle-stimulating hormone (HnFSHβ), box modeling of
HnFSHβ with the different domains (b), and alignment (c) with Arapaima gigas FSHβ (Ag HnFSHβ), Oncorhynchus mykiss FSHβ (Om HnFSHβ), Oreochromis niloticus
FSHβ (On HnFSHβ) and Cyprinus carpio FSHβ (Cc HnFSHβ). In figure (a), the start codon and the stop codon are in bold type, the signal peptide is underlined, β-loops
1, 2 and 3 and the “seat-belt” are laid out successively in boxes. The predicted N-glycosylation site is double-underlined. In figure (c), conserved cysteines across
species are in boxes, the little conserved domains are in gray.
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Fig. 14. Nucleotide sequences and deduced protein sequences (a) of Heterotis niloticus follicle-stimulating hormone receptor (HnFSHR), and box modeling (b) with
the different extracellular domains (EC1 to EC4), transmembrane domains (T1 to T7) and intracellular domains (IC1 to IC4) of HnFSHR. In figure (a), the start codon
and the stop codon are in bold type, the signal peptide is underlined, T domains are in boxes, IC domains are double-underlined, and EC domains are delineated by
black triangles.

Fig. 14c. Alignment of deduced protein sequences of Heterotis niloticus follicle-stimulating hormone receptor (HnFSHR) with FSHRs of Oncorhynchus mykiss FSHR
(OmFSHR) and Cyprinus carpio FSHR (CcFSHR) showing little conserved domains in gray.
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considerable differences in the nature of the receptor interactions and
possibly the stability of the heterodimer (Acharjee et al., 2015; Vischer
et al., 2004). Whereas tetrapods, Dipnoi (lungfish), Chondrosteans
(sturgeons) and Holocephali (elephant sharks) have two probable sites
of N-glycosylation at the level of β-loop 1 of their FSHβ subunit, in H.
niloticus, only one N-glycosylation site (NVSI) was observed, as in most
teleosts. GTH glycosylation is essential for bioactivity, disulfide bond
formation, secretion rate, circulatory persistence, and signal transduc-
tion (Ulloa-Aguirre et al., 1999). In humans, glycosylation site 1 has
been associated to signal transduction, while site 2 is linked to thermal
stability, which has a greater effect on disulfide bond formation and
hormone secretion (Feng et al., 1995). The loss of the second N-gly-
cosylation of H. niloticus FSHβ could therefore affect interactions among
receptors (Bousfield and Dias, 2011; Ulloa-Aguirre et al., 1999). Thus,
the absence of a second glycosylation site in the FSHβ of most fish
appears to strongly diverge from the highly conserved vertebrate
model, and raises the hypothesis of the incidence on the half-life of the
molecule and in turn on the absence of its detection in certain fish
(Acharjee et al., 2015).

4.3. Estradiol receptors

Several authors agree on the existence of three distinct subtypes of
17 β-estradiol receptors (ERs) in fish, with quite varied nomenclatures
(Choi and Habibi, 2003; Hawkins et al., 2000; Hawkins and Thomas,
2004; Marlatt et al., 2008; Métivier et al., 2002; Nelson and Habibi,
2013; Nelson and Habibi, 2010; Norris and Lopez, 2011; Sabo-Attwood
et al., 2004). These are the alpha (ERα, ESR1, ER, ESR, ESRA, Era or
NR3A1), gamma or beta 1 (ERγ, ESR2α, ERβ-I, ERβα, ERβ1) and beta
or beta 2 (ERβ, ESR2b, ERβ- II, ERβb, ERβ2 or NR3A2) receptors.

We identified the beta subtype of the estradiol receptor (ERβ) in the
liver of H. niloticus females in vitellogenesis, and the beta and gamma
subtypes (ERβ and ERγ) in the ovary. The three ER subtypes appeared
to be differentially distributed in the tissues. The alpha subtype was not
present in any tissue, ERγ was expressed in the ovary, and ERβ in the
liver and ovary. Investigations into the functional significance of the

different ER subtypes in fish and other vertebrates showed that ex-
pression patterns differed according to sex, gametogenesis stage, spe-
cies, and tissue type (Couse et al., 1997; Marlatt et al., 2008; Nelson
et al., 2007) and that ER subtypes bound to E2 with different levels of
affinity (Genovese et al., 2014; Nelson and Habibi, 2013). For example,
in Micropterus salmoides (Sabo-Attwood et al., 2004), the three ER
subtypes were detected in the liver, ovary and pituitary gland of fe-
males in early vitellogenesis, with higher expression levels in the ovary.
Of the three M. salmoides ER subtypes, ERβ had the highest level of
expression in the ovary and liver. ERγ was more expressed in the ovary
than ERα, whereas the opposite was observed in the liver. Many studies
have been devoted to the study of the regulation of ERs in the liver
(Nelson and Habibi, 2013) because Vtg, the precursor of the proteins of
the yolk of the egg, is mainly expressed in this tissue (Dominguez et al.,
2012; Hara et al., 2016; Prat et al., 1998). The strong expression of ERβ
and ERγ in the ovary of certain species suggests that these two subtypes
play a greater role in gene regulation in this organ (Sabo-Attwood et al.,
2004) through expression and stimulation of Vtg synthesis in some fish
(Kong et al., 2014; Wang et al., 2005; Wang et al., 2010).

Two types of estradiol receptor-related receptors (ERRα and ERRγ)
were also identified in the liver and ovary of H. niloticus. ERRs are or-
phan receptors for which no endogenous ligand has yet been identified,
so that these receptors have not received as much attention as some
endocrine receptors (Audet-Walsh and Giguère, 2015; Giguère, 1999).
H. niloticus ERRs showed significant homology with ERs, with 68–70%
amino acid identity at the core of the DBD. However, these ERRs do not
bind to estrogens, but rather to hexanucleotide sequences in the form of
monomers or to composite elements in the form of dimers (Giguère,
1999). As a result, ERRs do not participate directly in conventional
estrogen signaling pathways or biological processes (Audet-Walsh and
Giguère, 2015). The two H. niloticus ER subtypes contained five do-
mains, as most nuclear receptors do (Aranda and Pascual, 2001; Nelson
and Habibi, 2013; Sabo-Attwood et al., 2004). The N-terminal region
(A/B) contained the first activation function (AF-1); the strong varia-
tion observed between HnERβ and HnERγ (58 to 68%) and between
HnERβ_X3 and the other HnERβs contributed to a high specificity of the

Fig. 15. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of Heterotis niloticus luteinizing hormone (HnLHβ), box modeling of HnLHβ with
the different domains (b) and alignment (c) with Arapaima gigas LHβ (AgLHβ), Scleropages formosus LHβ (SfLHβ), Oncorhynchus mykiss LHβ (OmLHβ), Oreochromis
niloticus LHβ (OnLHβ) and Cyprinus carpio LHβ (CcLHβ). In figure (a), the start codon and the stop codon are in bold type, the signal peptide is underlined, β-loops 1,
2 and 3 and the “seat-belt” are laid out successively in boxes. The predicted N-glycosylation site is double-underlined. In figure (c), conserved cysteines across species
are in boxes, the little conserved domains are in gray.
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receptors (Aranda and Pascual, 2001). The core of the DBDs comprised
66 amino acids and was by far the most conserved domain across
HnERs (89%) and HnERRs (greater than94%), as in most nuclear re-
ceptors of different species (Aagaard et al., 2011). In M. salmoides
(Sabo-Attwood et al., 2004) and Micropogonias undulatus (Hawkins
et al., 2000), the DBD nucleus of the β and γ forms of ERs share around
70% identity, and therefore the protein sequence of ERγ is probably
derived from the duplication of ERβ genes (Hawkins et al., 2000;
Hawkins and Thomas, 2004). In addition to the DBD core, the C-
terminal extension (CTE), composed of the first 10–30 residues fol-
lowing the fully conserved VGM sequence of the DBD nucleus, is an
important determinant of specific DNA binding for many nuclear re-
ceptors (Aagaard et al., 2011). Unlike the DBD nucleus, CTE is more
variable among nuclear receptors (Aagaard et al., 2011).

The amino acids considered to be essential for the recognition of
estradiol in most vertebrate ERs (Sabo-Attwood et al., 2004) were well
preserved at the level of HnERβ_X1, HnERβ_X2, HnERβ_X3 and HnERγ,
while HnERβ_X4 possessed only two preserved sites.

The analysis of the predicted amino acid sequences revealed that the
four forms of HnERβ had identical domains, and only diverged at the
level of the A/B or LBD domains. These were four HnERβ isoforms
resulting from alternative splicing of the gene coding for these estro-
genic receptors. In humans five isoforms of ERβ have been identified
and their divergence is located at the C-terminus of the LBD and F
domain (Leung et al., 2006). The human ERβ1 isoform has the longest
LBD sequence, containing the complete helices 11 and 12 where the
second AF-2 activation function and four amino acids involved in
binding with E2 are found; it is the only functional isoform in homo-
dimer. The C-terminal end of the LBD is much shorter in the other
isoforms because of the disorientation or absence of helices 11 and 12.
As a result, they cannot form functional homodimers but rather het-
erodimers with the ERβ1 isoform insofar as a single functional helix 12
of the dimer is sufficient (Leung et al., 2006). Under these conditions,
HnERβ_X1, HnERβ_X2, HnERβ_X3 and HnERγ, which possess helices 11
and 12 with all the amino acids involved in the binding with E2, can
function in homodimers, while HnERβ_X4, which does not have helix

Fig. 16. Nucleotide sequences and deduced protein sequences (a) of Heterotis niloticus luteinizing hormone receptor (HnLHR), and box modeling (b) with the different
extracellular domains (EC1 to EC4), transmembrane domains (T1 to T7) and intracellular domains (IC1 to IC4) of HnLHR. In figure (a), the start codon and the stop
codon are in bold type, the signal peptide is underlined, T domains are in boxes, IC domains are double-underlined, and EC domains are delineated by black triangles.
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12 and has a short helix 11 lacking the four amino acids involved in the
binding with E2, can only form functional heterodimers with the other
HnERβs. The D-box involved in receptor dimerization (Aranda and
Pascual, 2001) is represented by different peptides, namely PATNQ in
HnERβ and PANNQ isoforms in HnERγ, suggesting that these two types
of ERs do not form functional heterodimers on DNA (Zechel et al.,
1994).

4.4. Vitellogenins and their receptors

Three forms of Vtg identified in many species (Schilling et al., 2015;
Williams et al., 2014; Yilmaz et al., 2015) are divided into two cate-
gories. One is characterized by the presence of all domains, the other by
the absence of one or more domains. In the first category, Vtg are
characterized by the presence of a phosvitin domain rich in phos-
phorylated serines (Pv), a lipovitellin heavy chain (LvI), a lipovitellin
light chain (LvII), a β’-C component, and a C-terminal coding region
(CT). This category of Vtg has two variants, namely VtgA and VtgB,
which have more or less similar molecular weights. In the second ca-
tegory, VtgC lacks the Pv domain (Hara et al., 2016; Hiramatsu et al.,
2006; Yilmaz et al., 2015).

We identified four Vtg in H. niloticus. Many fish species have several
Vtg. For example, three Vtg were identified in Larimichthys crocea (Gao
et al., 2019) and seven in Danio rerio (Wang et al., 2005). The fish
genome can contain up to 20 copies of genes encoding vitellogenins,
e.g., Oncorhynchus mykiss (Trichet et al., 2000). HnVtg1, HnVtg2 and
HnVtg4 have a Pv domain which is used to classify them in the Vtg A or
Vtg B group, whereas HnVtg3 corresponds to a VtgC devoid of the Pv,
β'-C and CT domains. Alignments made with the variants of Vtg A or B
of other fish species made it possible to classify HnVtg1 and HnVtg2
among VtgBs. H. niloticus hepatic Vtg share high amino acid identity
(greater than98%) and appear to be derived from alternative splicing of
the gene encoding this protein. In O. mykiss, the genes encoding dif-
ferent Vtg show 98.7% similarity (Trichet et al., 2000) whereas Morse
saxatilis VtgC shares less than 32% identity with the A or B forms
(Williams et al., 2014). The identification of Vtg transcripts in the liver
and ovary of H. niloticus revealed that Vtg are expressed in these two

organs in this species. Vtg is mainly expressed in the liver, but its ex-
pression has also been observed in the ovaries of certain fish species
such as Danio rerio (Wang et al., 2005), Tanichthys albonubes (Wang
et al., 2010) and Rhodeus uyekii (Kong et al., 2014). Ovarian Vtg, like
most Vtg expressed in non-hepatic organs or tissues, represent less than
10% of the level of hepatic Vtg expression (Wang et al., 2005).

The N-ter1, N-ter2 and C-ter transcripts characteristic of HnVtg1
and HnVtg2 were not sufficient to obtain the definitive sequences of
these proteins because the exact number of serines to be retained for the
Pv domain was uncertain. The nineteen and twelve serines at the end of
the sequence of N-ter1 and N-ter2, respectively, as well as the twenty
serines at the beginning of the C-ter sequence all came from the same
AGC codon, while serine is coded by five other codons (TCT, TCC, TCA,
TCG and AGT). Trinity failed to connect the N-ter and the C-ter.
However, alignment with the Vtg of S. formosus, another
Osteoglossiforme, showed that the number of serines in the Pv domain
was uncertain; but this uncertainty was low and probably corresponded
to one or two serine residues; knowing that they may be missing or
supernumerary serines, the transcripts may be overlapping. This means
that apart from a few serines, the HnVtg1 and HnVtg2 sequences were
complete. In other words, either some serines were missing to connect
the 2 N-ter with the C-ter, or the N-ter and C-ter overlapped. But as
previously stated, serines in the Pv domain of Heterotis Vtg are encoded
by a single codon that makes assembly complex.

MS/MS analysis detected the presence of Vtg in the blood and
mucus of H. niloticus females in vitellogenesis. Enzyme immunoassays
(ELISA) have been used in many species to detect the presence of
plasma Vtg (Bulukin et al., 2007; Chu-Koo et al., 2009; Ndiaye et al.,
2006; Nuñez-Rodriguez et al., 1989; Nunez Rodriguez et al., 1997; Roy
et al., 2004) and mucus Vtg (Arukwe and Røe, 2008; Genovese et al.,
2014; Gordon et al., 1984; Meucci and Arukwe, 2005; Moncaut et al.,
2003). The proteomic approach allowed us to sex H. niloticus adults
although the species is devoid of sexual dimorphism. In the absence of
direct observation of gonadal tissue, a similar sexing test was performed
on blood samples from Epinephelus lanceolatus individuals (Om et al.,
2013). The fact that we did not detect Vtg in the blood and mucus of H.
niloticus males indicates that the sampled fish were not subject to

Fig. 16c. Alignment of deduced protein sequences of Heterotis niloticus luteinizing hormone receptor (HnLHR) with the LHRs of Scleropages formosus (SfLHR),
Oncorhynchus mykiss (OmLHR), and Oreochromis niloticus (OnLHR) showing little conserved domains in gray.
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endocrine disruption due to mimetic substances of natural estrogens
known as xenoestrogens contained in certain foods distributed to most
farmed fish (Pelissero and Sumpter, 1992; Pelissero et al., 1989) or in
the aquatic environment (Arukwe and Røe, 2008; Dugué et al., 2008;
Genovese et al., 2014; Le Menn, 1979).

Concerning Vtg receptors, two types of Vtg receptor transcripts
apparently derived from alternative splicing of the O-glycosylated do-
main (Chen et al., 2016) were identified in H. niloticus. These were LR8

forms with eight LBRs in the LBD (Sappington and Raikhel, 1998) that
have long been considered the only VLDLR capable of binding Vtg in
some oviparous species (Reading et al., 2014). LR8+, which has an O-
glycosylated domain, and LR8-, which does not have one, were detected
in the ovary and pituitary gland of H. niloticus, respectively. These two
forms of LR8 have also been identified in teleost fish such as O. mykiss
(Prat et al., 1998) and Oncorhynchus clarki (Mizuta et al., 2013).
However, LR8- is expressed primarily in the ovary of these species,

Fig. 17. Coverage of the HnVtg1 N-ter and C-ter peptides detected in Heterotis niloticus blood and mucus by mass spectrometry. (a) Peptides specific to HnVtg1 and
HnVtg2 detected in the blood. The amino acids conserved between the two Vtg are indicated by stars. Detected peptides are in gray, the signal peptide is underlined.
(b) Coverage rate (in percentage) of the HnVtg1 peptides detected in the blood and mucus compared to the whole protein (N-ter1 + C-ter) and the different domains.
Only Vtg1 was detected in mucus.
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while LR8 + is expressed in both the ovary and non-ovarian tissues
such as the brain, intestine and gills. Detection of LR8- in non-ovarian
tissue (H. niloticus pituitary gland) requires further investigation. In
recent years, a new VLDLR called LRP13 or LR13 + 1 has been iden-
tified in several teleost species other than H. niloticus, such as M. sax-
atilis, Morone americana (Reading et al., 2014), Cynoglossus semilaevis,
Oryzias latipes (Wang et al., 2017) and O. clarki (Mushirobira et al.,
2015), with thirteen LBRs in the N-terminal LBD and one LBR in the C-
terminal LBD (Hiramatsu et al., 2013). Some fish species may have up
to four forms of VLDLR, e.g.,M. Americana (Reading et al., 2011). In the
brain, VLDLRs play a role in extracellular signaling, intracellular sig-
naling processes and central nervous system development
(Trommsdorff et al., 1999).

LR8 are conserved structurally in many species (Dominguez et al.,
2012; A. Li et al., 2003; Pousis et al., 2012; Prat et al., 1998) including
H. niloticus, which shares more than 84% amino acid identity with
species of Osteoglossiformes, Salmoniformes, Perciformes and Cypri-
niformes. The precursors of HnVLDLR have a signal peptide followed by
eight or seven domains for the LR8 + and LR8- forms, respectively. LBD
controls interactions between the receptor and the Vtg Lv domain
(Hiramatsu et al., 2001). It is composed of eight LBRs of around 40
amino acids each, including six cysteines (Li et al., 2003; Luo et al.,
2013) and negatively charged residues on its surface. The EDE sig-
nature can be found in LBR3, and the SDE signature in other LBRs well
conserved across species (Agulleiro et al., 2007). Three LBRs (LBR1 to
LBR3) are primarily involved in the binding of Vtg to the receptor (Li
et al., 2003). In chicken (Bajari et al., 1998), the EDE tripeptide of LBR3
has a higher negative charge density than the SDE tripeptide of other
LBRs and appears to be determining for binding Vtg to the receptor,
whereas a role in calcium cage formation seems more likely in O. ni-
loticus (Li et al., 2003). Cysteines from the three precursor domains of
the epidermal growth factor (EGF) are also well conserved across spe-
cies. The domain predicted to form a beta helical structure (Agulleiro
et al., 2007) between EGF2 and EGF3 is composed of five 4-aa se-
quences of the YWS(V)D and FWA(T)D types; these are well conserved
across species. Finally, the highly conserved FDNPVY sequence of the
cytoplasmic domain, potentially involved in receptor internalization
after ligand binding (Agulleiro et al., 2007) is also present in HnVLDLR.

5. Conclusion/outlooks

This study provides molecular data on vitellogenesis for the first
time in an African Osteoglossiforme named Heterotis niloticus. The nu-
cleotide sequences and protein sequences deduced from prolactin and
its receptor, gonadotropins (FSH and LH) and their receptors, beta and
gamma receptors to estradiol and vitellogenins and their receptors have
been identified. No ERα has been identified, and the definitive se-
quences of two hepatic Vtg and ovarian Vtg remain to be determined by
supplementary analyses. We sexed the species by mass spectrometry
detection of Vtg in mucus and blood. This study can be considered as a
necessary step in the functional characterization of the identified mo-
lecules. It also makes it possible to envisage studies of reproductive
behavior from sexed individuals to better control reproduction and
breeding of this species.

Because MS and ELISA analyses are quantitative, it is urgent to es-
tablish a relationship between the Vtg concentration in mucus and the
maturity stage of females (Baumann et al., 2013; Chatakondi and Kelly,
2013) so as to implement multiple applications in fish farming in non-
invasive conditions. This will preserve the welfare of farmed fish and
thus produce quality, relatively stress-free fish.

On a practical level, knowledge of the primary sequences of pitui-
tary hormones will make it possible to synthesize peptides to induce
gametogenesis and control fry production continuously throughout the
year (Bry et al., 1978; Mehdi and Ehsan, 2013; Mylonas et al., 2010).
This is an important parameter for ensuring regular production of
marketable fish.

Moreover, based on knowledge of H. niloticus pituitary neuro-
hormones, it will be possible to monitor the circulating levels in this
species with specific quantitative tools such as ELISA or mass spectro-
metry during in vivo experiments that remain to be undertaken. In the
near future, it will be necessary to characterize the whole neuropepti-
dome of this species and also the whole regulatory peptidome to fa-
cilitate the interpretation of physiological studies and thus totally
master breeding. The use of molecular tools could facilitate the selec-
tion of successful breeders (Hallerman, 2006) to develop sustainable,
environment-friendly fish farming.
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