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ARTICLE INFO ABSTRACT

Keywords: The African bonytongue (Heterotis niloticus) is an excellent candidate for fish farming because it has outstanding
Heterotis niloticus biological characteristics and zootechnical performances. However, the absence of sexual dimorphism does not
Reproduction favor its reproduction in captivity or the understanding of its reproductive behavior. Moreover, no molecular
Vitellogenin data related to its reproduction is yet available. This study therefore focuses on the structural identification of
Neurohormones

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.
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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.,
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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). 173-
Estradiol (E2) is synthesized by the follicular cells of oocytes under the

Received 6 March 2020; Received in revised form 29 May 2020; Accepted 3 June 2020

Available online 12 June 2020

0016-6480/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/00166480
https://www.elsevier.com/locate/ygcen
https://doi.org/10.1016/j.ygcen.2020.113532
https://doi.org/10.1016/j.ygcen.2020.113532
mailto:joel.henry@unicaen.fr
https://doi.org/10.1016/j.ygcen.2020.113532
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ygcen.2020.113532&domain=pdf

N.D. Koua, et al.

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 B'-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; Nufez, 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; Mananés et al., 2007; Nunez-Rodriguez 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 a (Faria et al., 2013)
and B (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 Céte 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
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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 [llumina
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 X 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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i1H E & VvV L L A L T L A L & A& @ 'Q gD 5 L T P D F AN E K A ¥Y N F K ¥ E
I APGAGAGCAGTCCTTCTTGCACTGACTCTAGCCCTTGCGECGEGTCAACAGGACAGT TTARCACCTGACTTTGCCARTGGEARAGECCTACATGTTCARATATGAR
3 A E L L G B L 2 Vv E 6 L G K A & V K 1 vV C X Vv L L F R VS g N ¥ ¥ L L
LU GOAGAGCT AT GEEAGE T T TGO ARG TGGARGE T T GEGOA AGGO TGREAGTGRAGA T TG T TG TARAG T TOTCATCAG TCGARTTTCACAGAACACC TATOTGETE
MKk L K E 2P0 +t F E ¥ S5 £ L R 2 b p F K P A A K LT A L A A& Qg L L ¥
211 AAGCTCAAGGAACCTCAGATCTTTGAGTACAGCGGAATACGGCCCAGAGACGATTTCAAACCTGCTGCAAAACTCACCCAGGCCTTGGCCGCTCAGCTTCTTATT
06 P W K E E Y 1 R & v v & Kk ¥ F AP A A " AR~ T S I ¥ 4L H R €& L I M E L
316 CCAGTCAAGTTTGAATACATCAGGGGTGTGGTGGGCAAGGTGTTTGCCCCTGCCGCAGTCTCCAAAACTATTCTCAACCTCCACAGAGGAATTCTCAACATTCTC
1L H ¥ N I K K T Q N WV Y E L QEBEAES Q&Y CXK YT DY A LS E DT K A E

CATGTCAACATCAAAMAGACACAGAATGTTTACGAGTTGCAGGAGGCTGEATCCCAGGGAGTC TECARAACTGACTACGCAATCAGTGAGGATACCAAGGCTGAA
H 1 ¥ ¥V ¥ X 5 K b0 L e N C O N R 1 MHADND D Y &Y T ET @V Q€ @M B
CACATCTATGTGACCAAGTCCARGGATCTGLEGGAACTGCCAGRACAGGATCATCGCAGACAT TGEAATAGCTTACACRAGAGACTTGTCTCCAGTGCCAGATGAGA
N K N L R B A& A& Tt Y 5 ¥ VH K S YTOE T G AL LT KAMNYQEVYHQF T
AR AAGARTCTGAGAGEAGC TEOGACO TACAGC TACGTCATGRAGCCCACCGARRCAGE TGO TCTTATCACCARGGUCACAGTCCAGGAGETTCATCAGTTCACT
P F H E L R G A G Qg V E T R QG E M T F VYV ETQNDPE Y Q2 A H.A D Y V
CCTTTCCACGRGC TGRAGAGGAGCGGGCCARGTAGRAACAAGACAAGAGATCACTTTTGT TGARACCCAGAATGACCCAGTGCAACCTGCACACGCAGACTACGTG
A& R B B L0 ¥ B F A S E LLAOT B LB LMK D KT O OE E LA
GCACGTGGEATCCCTGCAGTATGAATTTGCATCTGAGCTTC TCCAGRCRCCGCTGCCTCTGATGAARA TCACTGATATCARGACACAGAT TGARGAGATCTTGAAT
H L ¥ K 8 ¥ H G E WV 89 EE D apbP»bu X ¥ LOLT QL LEE A KUY E LI HNG
CATCTCCTCARAARACARCATGCCTGAGGT TCACGAAGATGCTCCGCTAAAATTTCTTCAGCTGACTCANCTCCTGCGTCACCCCAAATATGAGATCATGAATGGEC
1 W %t OV K & K P VYV F B R W F L BT VvEe AV N O D AV R E 1L K E K E
ATTTCGACTCAAGTCAAATCAARACCAGTATTCAGACGCTGET TCCTGGATACGGTTCCTGCCGTTGEAAATCAAGACGCTETGAGGT TCATCAAGGAGAAGTTT
1 A ¢ D I § A - A& E 1T A Q A L LY A L H L L EANNEDT VN LA G T LE V
ATAGUTGGTGATATC TCTGUAGCAGAARC TGO CCAGGCTC TACTGGTTGCACTGCATC TG TAGAAGC TAACATGGAC ACAGTCAACTTAGC TGGCACTUTGGTA
¥F H A K L @& 5 H P # L R E 1L A M & B ¥ £ 5 & ¥ F K L CT KODWSNNOECECTZE® A
TTCCACGCCARRCTTCAGTCCCACCCCATRTTACGTGARATAGCCATGE TTGRT TAT GG TTCCTTGRTGRTTCARAGTTGTGCACTRAARCAACAGRACTRCCCGRCT
E ¥ T K B ¥ H D1 A AEAILLSKANVYEELI ALY LKV L & N & EH B
GAAGTCATARRACCTGTTCACGATATTGCTGCAGAAGCAATTAGTAAGGCGAATGTGGAAGAGATTGCCCTGETGCTGAAGGTTCTGGGAAATGCAGGCCACCCG
& 5 I K P I M K VY L P & F & 5§ T A 3 8§ LT ¥ KV HY B AV M A L R H L
GCCAGCATCAAGCCGATCATGAAGETCCTGCCTEGATTTGGGTCTACAGCCTCCTCACT TACAGTGARAGTCCACGTTGATCCGETGATGGCTTTGAGACACATT
A K B E ¥ H K V O E VYV A L OL F MM RDL HP2EVYRBMKRY ACY Y L EE
GCCAAAAGGGARAACCACARAGTCCAGGAAGTTGCCCTGCAGTTGTTCATGAACAGAGATCTCCACCCAGAAGTGCGCATGETTGCCTGTGTTGTGCTGTTTGAG
C K 2 2 1 6LV A NI AS ALODINEILEKSLOVWVWAS FAY § HMNMK ALY
TGCARACCTCCCATCGETCTGETAGCTATGATTGCARAGTGC TCTACAGAACGAGARRAGUCTGCARAGTGGUCCAGUTTTGCCTATTCTCATATGAAGGCCTTGACT
R 5 1T & 2 ¥ L A Q ¥V A A RCNVVALKILI LEEPEK LV AR LSS Y R FS5 K1
AGGASTACCHCCCCAGAAC T TR CCARAGT TRC AR TGO T TGO AR TG T TR CATCARGATC TTRAGCCCCARGTTAGATCGACTGAGC TATOGCTTCAGCARARRCT
1 H M D E £ N Y H L M A € A A AT AUHLI ¥N¥NDAAW-AGS LI L P R A LYV AK
1891 ATCCACATGGACTTTTTTAACTATCACCTGATGGCTGGCGCTGCAGCTACTGCCCATTTGATCAATGACGCTGCCAGCATTTTGCCAAGAGCGCTTGTGECCARR
6661 R A C M L 6 A A A DV L E F E V BRTEOGELQEAZLDLIKS?®? & a0D2 N
1996 ATCCGTGCCTGCATGLTTGGGECAGCTGCAGATGTGCTGEAGTTTGGTETGAGAACTGARGGACTCCAGGAGECTCTTTTGAAAAGTCCAGCTGCGGATCOTAAT
0l A DR L T R M W B ¥ L ¥ T L K ¥ W K 5 L &2 & 5 @ P ¥ A 5 A ¥ L K W F €&
2101 GCTGACAGGCTCACCCGGATGTGGCGTGTTCTAAACACTCTGAAMAACTGGAAGTCACTACCAGCANGCCAACCAGTGGCTTCTGCTTACTTGAAATGGTTTGGE
73e Q0 E I & F A N I D R B L 1L E K AV E F AT & K& A& QP A L L KNI L N
2208 CAAGARAATTGCTTTTGCCAACATTGACAGGGACATCATCGAGARAGCCGTCGAGTTCGUCACAGCAGCTGCTGCACAGCCAGCACTGTTGAAGAACATCCTGAAT
1M M Q 5 G i D I Q I A K P L M T 5 E VR R I E P YT 5 MG F 2 I E LI 5 L
2311 ATGATGCAGTCTGGTATTGEATATCCARATTGLCARACCACTGATGACCTCTGAGGTGCGTCGCATCTTCCCCACGTCTATGEGETTCCCCATAGAGATCAGCCTC
g0EY 5 A A vV A A A I V K A K A 1 L 3% 2 K 5 PN F R I AQ L MNTDTIOQ
2416 TACTCAGCTGCTGTGGCTGCAGCTATAGTTARAGCTARAGCARTTCTGRAATCCARRACCTTCCGACRARCTTCAGGATTGCTCAGTTGATGARCACCGACATTCAG
841 L B T R ¥V ¥V P 5 I A ¥V H K ¥ A VvV M GG ¥ X T A L L QA A1 E A KV E ¥V 0
2221 TTGEGACACCCGTGTTGTACCAAGCATAGCTGTACATARATATGCAGTTATGGGAGTARRCACTGCACTCATTCAGGCTGCAATTGAGGCCARAGTCAMGTTCAG
FEK V L P L K F N A R 1 ¥ LI AaQ G H Y K I EY¥YY P LH AQEWRTLI LD LH
26 AAAGTCCTTCCTCTCAAGTTCAACGCAAGAATAAACATCGCTCAGGGACACTACAAGATCGAGACTETGCCTCTTCATGCTCAGGARCGCATTCTGGATTTGCAT
1

1

12

M E T ¥V AV A R N1 E N LS EAWIEK LI T PV L 2 AP RLASZSQQEQ.S K ETYTEF

7 ATGGAGACCGTTGLCGTGECAAGAARCATAGAGAATCTTTCTGAAGCTAAAATTACTCCTGTGCTGCCTGCCCGCCTTGCATCCCAGCAGTCTAAGGAARCATTT
@6 A 3 A G 8 G 5 K 8 8 E R I H E Q E 3 8 8 H P M QHAY 5 AR T DRQ W
ZB36 (a0

LU AGGATCCGEETCARAGTCGTCAGAAAGAATTCATGAGCAGGAANGC AGCAGCCATCCAATGCAGCATGCAGTTTCTGCCAGAAC TGACAGGCAATGE
a8l £ ¥ T ¥ A 5 L A D Q A C A K V 1T 5§ 0 NN AEF I B ¥ 5 P L Y E L L & E H
2841 TGTGTCACGGTGGCARAGCTTAGCAGATCAAGCTTGTGCTARGGTCACCTCCCARAATGCTGGCTTCATCAGAAACTCCCCTCTGTACARACTGATTGGAGARCAT
e 5 v I & A Y K P ¥ &5 &8 B AV D K 1 E £ E M HWYE P DODAAS KILI VY RKETI
3045 TCAGTCATTGCTGCTGTGARACCTGT TTCCGATRAAGCCAT TRACAAGATAGAGATTGARATGCATGTTGGACCTGACGCAGCATCARRAATCGTTARRACCATC
1051 T v K D D ¥ A4 K E &6 H A 6 H § P ¥V ¥ L K L R E I L E T E K K¥0 H 5 R N
2151 ACAGTGAAGGACGACAATGCCAAGGAGGGCCATGCAGGACACTCCCCGETTGTATTAAAACTGCGAGAAATCCTTGAAACTGARARARRACAGCATTCAAGGAALC

0gs A 1 1 S5 § 5 § 5 5 5 S5 B R S G Q K S 5 85 5 5 5 3 5 8 5 5 5 35 8 5 85 M 3
3256 GCCACCACCTCCAGTTCAAGCAGTTCTTCTAGCCGTCGCTCAGGCCAGRAGAGCAGTTCCTCAAGTTCTTCTTCCTCCAGCTCCTCATCCAGCTCTAGCARCAGE
1121 8 K B S5 K K N I K K R 8 5 5 § § 8 8 8 § 5 5 5§ 5§ § §F R B R 8 K T E N ¥
236l AGTAAACGTAGCAAGAAGARCATCAAGAAGAGAAGCAGCAGTAGCAGCAGCAGCAGCAGTAGTAGTAGTAGCAGCAGCAGAAGAAGAAGUAGEACCGARMNTGETC
1:86 L G 6 5 § § § 5 S R 3 5 R 5 Q 1 35 K A& A L ¢ Q R F 1 Q N H | H Q H E 14
Fden TTEGGGGGAAGCAGTTCCAGCAGCAGTCGCTCTTCCAGATCCCARAACATCCARGGCGGCCATCTTTCAGAGGTTCACACAGARTCACATTCATCAGCATGARAACT
1191 7T R A A S5 S5 Q K 41 S5 S5 5 P 5 5 5 5 5 5 3 N 5 5 5 85 85 85 5 5 5 5 5 5 5 8§

2371 ACTAGAGCTGCCTCTTCGCAARRGACCTCCTCCAGCCCCAGTAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCRGC

1226 3 3 8 5 8

3€76 AGCAGCAGCAGCAGC
Fig. 1a. Nucleotide sequence and deduced protein sequence of the N-terminal end of Vtg1 identified in Heterotis niloticus liver (N-terl 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.

transcripts resulting from the assembly were mainly performed with protein precursors on the basis of annotation using keywords or struc-
Peptraq software developed internally (Zatylny-Gaudin et al., 2016). tural criteria related to the presence of particular subsequences. Peptraq
Peptraq is a software program dedicated to the analysis of sequence can also assign the signal peptide, cleave it from preproprotein to
files in fasta or txt formats. It translates and filters transcripts and proprotein, carry out the cleavages of the convertases and identify the
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A K K T ¥V ¥ K ¥ E
ATGAAAGCAGCTGTTTTTCCACTGECICTGEUCCT TG TGGCTGETCAGCAAAACATCCTAACACUTGACT T TGCTGCTARGAAGACCTATCTCTACAAGTATGAA
A Q0 L H 5 E v P E E &L A KA G LK 1 A 3§ KAV L L 3 RADQ@NT ¥ L L
GCACAGCTCCATAGTGAACTACCTGAGGAGSGTCTGGCCARGGCTGGACTGAAGATTGCCAGCARRGTTCTCATCAGTCGAGCTGACCAGAACACTTATTTACTC
K L K BE P Q &t F E ¥ 5 &£ I R ?27 R DD F K 2?2 & & K L T QA L A A QL L I
AAGCTCAAGGAACCTCAGATCTTTGAGTACAGCGGAATACGGCCCAGAGACGATTTCARACCTGCTGCARAACTCACCCAGGLC T TGECCECTCAGCTTCTTATT
2 ¥V K ¥ E ¥ LI R & YV YV & K VY F AP A AV S KT L LN LHRE L L NLL
COARTCAAGTTTGARTACAT CAGGGEETGTGETGEGCARGGTGTTTGCCCCTGCCGCAGTCTCCARRACTATTCTCARCCTCCACAGAGGAATTCTCARCATTCTC
H ¥ ¥ I K K T @ N v ¥ E L Q E AGS Q&V @ KT DY K I §E DT K RAKNE
CATGTCARCATCARRRRGACACAGRATGTTTACGAGTTGCAGGAGGC TGGATCCCAGGGAGTCTGCARARACTGACTACGCAATCAGTGAGGATACCARGGCTGAR

s H I ¥ ¥V T K 58 K D L & N € N R I M A DI = 1 A Y T ET CWVY @ C QMR

CACATCTATGTGACCARGTCCAAGGATCTGGGGAACTGCCAGAACAGGATCATGGCAGACATTGGARTAGCTTACACAGAGACTTGTGTCCAGTGCCAGATGAGA
H K N L R G A AT XY S ¥ VY MK?P2ITETEGEGAZLILITKATNVWOEWVHOFEFT
AACAAGAATCTGAGAGGAGCTGCGACCTACAGCTACGTCATGAAGCCCACCGAAACAGETEUTCTTATCACCAAGGCCACAGTCCAGGAGGTTCATCAGTTCACT
P E H BE L R 6 A G L% E Y RO E YT F YEITI ¥ B P ¥YQ 2 & H KD ¥ Y
CCTTTCCACGAGCTGAGAGGAGCGGGLCAACTAGARACAAGACAAGAGATGACTTTTGTTGARACCCAGAATGACCCAGTGCAACCTGCACACGCAGACTACGTG
A R G & L OY E F A S5 FE bW W Q7T L P LMK 1T RI KTQI ERE LY
GCACGTGGATCCCTGCAGTATGAAT TTGCATCTGAGCTTCTCCAGACACCGCTGCCTCTGATGAARATCACTGATATCARGACACAGATTGAAGAGATCTTGAAT
H L ¥ K N 3 M ¢ EV HEDAZPULHKF§{ LOQLLTITOQLLERESARIKYETILWMHNDINGE
CATCTGGTCAAAAACAACATGEETGAGGTTCACGAAGATGCTCCGUTARAATTTCTTCAGCTGACTCAACTCCTGUGTGAGGUCAAATATGAGATCATGAATGEGT
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5 TACTCAGCTGCTGTGGCTGCAGCTATAGT TAAAGCTAAAGCAATTCTGAATCCAAARCCTTCCGACAACTTCAGGATTGCTCAGT TGATGAACACCGACATTCAG

L DT R ¥V Vv 2 353 1 A YV HKY AV MGGV N T ALILOQAAILEAIKUYVY KV O
TTGEACACCCETETTETACCAAGCATAGL TETACATAAATATGCAGT TATGGEAGTAAACACTGCACTCATTCAGGCTGCAATTGAGGLCAAAGTCARAGTTCAG
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ACTAGAGCTGCCTCTTCGCAAAAGACCTCCTCCAGCCCCAGTAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC

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.

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
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Fig. 1c. Nucleotide sequence and deduced protein sequence of the C-terminal end (C-ter) of Vtgl 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 f’-C domain is delineated by two black circles, and followed by the C-terminal

(CT) coding region.

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 pl per 120 pl 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 ug
of porcine trypsin (Promega, Madison, USA). The digestates were de-
salted and concentrated on an Omix ZipTip pC18 (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 X 300 pm)
precolumn (Thermo Scientific) and separated at 50 °C on a Reprosil
reverse phase column (25 cm X 75 pm, 1.6 pm, 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 (Slechtova 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.
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s CCAGTCARGTTTGAATACATCAGGGGTGTGETGEECARGETETTTGCCCCTGCCGCAGTCTCCARAACTATTCTCAACCTCCACAGAGGARTTCTCAACATTCTC
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AACARGAATCTGAGAGGAGC TGCGACCTACAGCTACGTCATGAAGCCCACCGARACAGGTGCTCTTATCACCAAGGCCACAGTCCAGGAGGTTCATCAGTTCACT
fF F H E L BR & A G Q ¥V ETROQEMTEWVET Q@ NDPVY¥YOQD®PAWHA-ADIYVN
CCTTTCCACGAGCTGAGAGGAGCGGGCCARGTAGARACARGACARGAGATGACTTTTGTTGARACCCAGAATGACCCAGTGCARCCTGCACACGCAGACTACGTG
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876 K ¥V L P L K F N A B 1 N 1l A Q G H ¥ K L E T ¥V P L HA Q EU R L L D L¥Q

2626 AAAGTCCTTCCTCTCARGTTCARCGCARGARTARACATCGCTCAGGGACACTACARGATCGAGACTGTGCCTCTTCATGCTCAGGARCGCATTCTGGATTTGCAR
91LLSCRESQECF‘.KSPRSI‘
2731 ATAAGCTGTCGCTGTAGTCAGGAATGTAGAAARATCTTTCCGAAGCTAA

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.
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1 CETETTETACCAAGCATAGUTCTACATAAATATCCAGTTATCCGAGTAANCAC T GLACTCATT CAGG CTEC AATTGAGCC CARAG TCARAGTTCAGAAAGTCCTT
P L KFF¥ ARI NIAUOQGHSH Y KI ETVYV PLHK AQEU RILTUDLHEHMEET
106 CCTCTCARAGT TCAACGCANGIATIAACATCGCTCAGGRACACTACARGAT OGAGAC TG TECC T CTTCATG. T CAGGARCGCATTC TEGAT TTGCATATGGAGALT
MY A VAR NTIEUNLTSEAKXK 1 TP VL P ARLASOQOSUEE ETT P ASA
211 GITGCCGTGECAAGRAAC AT AGAGRATCT T TCTGRAGC T AARRT TACTCCTGT L TOCC TGO CCOCCTTOCATCCCAGCAGTCTAAGGRARCATT TOCATCTGCA
106 G 8§ G 8 K 8 8 E R 1 H E Q E 8 8 3 HFNOQHRAVWVSOARTDLDROAOQWOCVT
316 GEATCCCGETCAMGTCGICAGARAGAATTCATGAGCAGGARAGCAGCAGUCAT OCAAT GCAGUATGCAGTTTCTGOCAGAAC TGACAGGCARTGETGTGTCALG
1%V A 8 LA D QA CAIKNVNTS QNAGFI1 RRS PLY KLI 6 EHN SV I
421 CTCGCMAGCTTAGCASATCAAGCTTG TGO TAAGG TCACC TCOCAMART GCTGCCTTCATCAGARARC TCOCC T CTGTACAMACTCAT TGO AGRACATTCAGTCATT
176 A A V K P V5 G EA YV DKTIEITZELMHMHRY GPD AAS EKEIV KTI TVX
326 GOTGCTGTGAMACCTGTTTCCGGTGAAGCCATTGACARGATAGKRGATTAARATGCATGTTGAACCTAACGCAGCAT CAAAMATCAT TARAACCATCACAGTGAAG
211 0 P N AK EGH AGH S PY VLX LREILETTEHK H‘%] H S B M A T T
€3] GACGACAATGICAAGEAGGECCATCCAGGACACTCOOOGGT TG TATTAAAACTGOGAGARATCCTTGARACT GARAAAARA CAGCATTCANGGAADGCTACCACT
24638 85 § S5 85 35 5§ S R R S G O K S5 8§ 5§ 5§ 8 5§ § £ 8§ 5 5 8 5 5 8 S N S S K A
TIE TCCAGTTCARGCAGTTCTTCTAGICG YOGS ICAGGCCAGARGAGCAGTTCCTCARGTICTTCT TCCTCCAGC TOCT CATC CAGCTCTAGCARCAGCAG TARACGT
281 § XK K B I K KR 8 5§ S 5 s § 5 S §$ DEG P DD HMH P 1 KKT K
241 AGCAMGAAGAACATCAMGAAGAGAAGCAGC AGTAGCAGC AGCAGCAGL TCAGAT GAOGETCCTEATGACCACCOTATAAAGAAGA CARLA

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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HnVitgl (N-terl)
Signal peptide (15 aa)

HnVtg2 (N-ter2)
Signal peptide (15 aa)

B-C

1132 aa [ROER

HnVitg3
Signal peptid (15 aa)

Lvll
16 aa

HnVtg4

Fig. 2. Linear constructions of the different Heterotis niloticus Vtg domains. The numbers of amino acids (aa) are indicated.
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HnVig1 (N-ter1)
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HAVig2 (N-ter2}
Hnvig1 (N-tart)
HnVig2 (N-ter2)
Hnig1 (N-tert)
HA\Ag2 (N-ter2}
HnVig1 (N-tert)
Hn\ig2 (N-ter2)
HnVig1 (N-ter1)
HAVig2 (N-ter2)
Hn\ig1 (N-ter1)
HnVig2 (N-ter2)
Hn\Vig1 (N-ter1)
HnMig2 (N-ter2)
Hnig1 (N-tert}
HnWig2 (N-ter2)
Hrvig1 (N-tert)
Hn\ig2 (N-ter2)
HAVig1 (N-tert )
HNWIg2 (N-ter2)

’:.AL Lnln%gltwormmneuL.L:IEGLlu K1 VL 1 SR TYLLKLKEPQIFEYSGIRPRDDFK %0
ALBLALNA LTPDF KYEABL LPEEGLAKAGEK | BBk VL 1SR TYLLKLKEPQIFEYSGIRPRDDFK 80
PAAKLTOALAAQLL IPVKFEY IRGVVGKVFAPAAVSKT | LNLHRGILNILHVN I KKTONVYELQEAGSOGVCKTDYA ISEDTKAEH | YVT 180
PAAKLTOALAAQLL IPVKFEY IRGVVGKVFAPAAVSKT | LNLHRGILNILHVN IKKTONVYELQEAGSQOGVCKTDYA | SEDTKAEH | YVT 180
KSKDLGNCONR IMAD |G | AYTETCVOCOMANKNLRGAATYSYVMKPTETGAL | TKATVOE VHOF TPFHE LRGAGQVE TROEMTFVETOND 270
KSKDLGNCONR I MAD |G| AYTETCVOCOMANKNLRGAATYSYVMKPTETGAL | TKAT VOE VHOF TP FHE LRGAGQVE TROQEMTF VETOND 270
PVOPAHADYVARGSLOYEFASELLOTPLPLMK | TDIKTOIEE | LNHLVKNNMGEVHEDAPLKFLOLTOLLREAKYE | MNG IWTOVKSKPV 360
PVOPAHADYVARGSLOYEFASELLOTPLPLMK | TDIKTQIEE | LNHLVKNNMGEVHEDAPLKFLOLTOLLREAKYE | MNG IWTQVKSKPV 360
FRAWFLDTVPAVGNCGDAVRF | KEKF | AGD | SAAETAQALLVALHLLEANMDTVNLAGTLVFHAKLOSHPMLRE | AMLGYGSLVFKLCTKQ 450
FRARWFLDTVPAVGNODAVRF IKEKF | AGD | SAAETAOALL VALHLLEANMDTVNLAGTL VFHAKLOSHPMLRE | AMLGYGSLVFKLCTKO 450
ONCPAEVIKPVHD | AAEAISKANVEE | ALVLKVLGNAGHPAS | KP IMKVLPGFGSTASSLTVKVHVDAVMALRH | AKRENHKVOEVALQL 540
ONCPAEVIKPVHD | AAEA I SKANVEE | ALVLKVLGNAGHPAS | KP IMKVLPGFGSTASSLTVKVHVDAVMALRH | AKRENHKVOEVALOL 540
FMNRDLHPEVRAMVACVVLFECKPP IGLVAMIASALONEKSLOVASFAYSHMKALTRSTAPELAQVAAACNVAIKILSPKLDRLSYRFSKT 830
FMNRDLHPEVRAMVACVVLFECKPP IGLVAMIASALONEKSLOVASFAYSHMKALTRSTAPELAQVAAACNVAIK ILSPKLDRLSYRFSKT 630
IHMDFFNYHLMAGAAATAHL INDAAS | LPRALVAK | RACMLGAAADVLEFGVRATEGLOEALLKSPAADPNADRL TRMWRVLNTLENWKSL 720
IHMDFFNYHLMAGAAATAHL INDAAS | LPRALVAK IRACMLGAAADVLEFGVRTEGLOEALLKSPAADPNADRL TRMWRVLNTLKNWKSL 720
PASOPVASAYLKWFGOE | AFAN IDRD | IEKAVEFATGAAAQPALLKN | LNMMOSGID 101 AKPLMTSEVRR | FPTSMGFP IEISLYSAAV 810
PASOPVASAYLKWFGQE | AFAN IDRD | IEKAVEFATGAAAQPALLKN | LNMMOSGIDI1Q1 AKPLMTSEVRR | FPTSMGFP IEISLYSAAV 810
AAA | VKAKA I LNPKPSDNFR | AGLMNTD IOLDTRVVPS | AVHKYAVMGVNTAL 1QAAIEAKVKVOKVLPLKFNAR IN | AQGHYK | ETVPL 900
AAAIVKAKAILNPKPSDNFR | AGLMNTD IQLDTRVVPS | AVHKYAVMGVNTAL IQAAIEAKVKVOKVLPLKFNARIN | AQGHYK | ETVPL 900
HAQER | LOLHME TVAVARN | ENLSEAK | TPVLPARLASOOSKETFASAGSGSKSSER IHEQESSSHPMOHAVSARTDROWCVTVASL ADO 990
HAQER I LOLHME TVAVARN | ENLSEAK | TPVLPARLASOOSKETFASAGSGSKSSER IHEOESSSHPMOHAVSARTOROWCVTVASL ADO 860
ACAKVTSONAGF IRNSPLYKL IGEHSY | AAVKPVSGEAVDK | E | EMHVGPDAASK | VKT | TVKDDONAKEGHAGHSPVVLKLRE | LETEKK 1080
ACAKVTSONAGF IRNSPLYKL IGEHSY | AAVKPVSGEAVDK | E | EMHVGPDAASK | VKT | TVKDONAKEGHAGHSPYVLKLRE | LETEKK 1080
OHSRANATTSSSSS5SSARSGOKSSSSSS5S555555SSNSSKRSKKN | KKRSSSSS5555S5S5SSAARSATENVLGGSSSSSSASSASA 1170
OHSANATTSS555555ARSGOKSS55555555555555NSSKASKKN | KKASS5555555555555RAASATENVLGGSSSSSSASSASO 1170

HnVig1 (N-ler1) TSKAAIFORFTONH IHOHETTRAASSOKTSSSPS555555NS55555558888 1230
HnVig2 (N-1er2) TSKAAIFORFTONH IHOHETTRAASSOKTSS5PSS558555N555555555888

1223

Fig. 3a. Alignments of protein sequences deduced from the N-terminal end (N-terl and N-ter2) of the hepatic Vtg of Heterotis niloticus (HnVtgl and HnVtg2) with

little conserved domains in gray.

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 (HnVtgl and HnVtg2)
are represented by two transcripts for the N-terminal end of 3,690 base

pairs (N-terl, 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-terl (1,230 amino acids)
and N-ter2 (1,223 amino acids) respectively have 19 and 12 serines at
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Hn\vig4 RVVPS | AVHKYAVMGVNTAL IQAAIEAKVKVOKVLPLKFNARIN | AGGHYK IETVPLHAQER ILDLHMETVAVARN | ENLS 81
Hn\ig1 (N-ter1) AVVPS | AVHKYAVMGVYNTAL IQAAIEAKVKVOKVLPLKFNARINI AQGHYK IETVPLHAQER | LDLHMETVAVARN | ENLS 924

HnVigd EAKITPVLPARLASQQSKETFASAGSGSKSSERIHEQESSSHPMOHAVSARTDROWCVTVASLADQACAKVTSAONAGF | RNSPL 165
Hn\ig1 (N-ter1) EAKITPVLPARLASQOSKETFASAGSGSKSSERIHEQESSSHPMOQHAVSARTDROWCVTVASLADQACAKVTSONAGF IRNSPL 1008

HnVigd YKL IGEHSVIAAVKPVSGEAVDKIEIEMHVGPDAASK I VKT | TVKDDONAKEGHAGHSPVVLKLREILETEKKQHSRNATTSSSS 248
HNVig1 (N-ter1) YKL IGEHSV I AAVKPVSGEAVDK | EIEMHVGPDAASK I VKT I TVKDDNAKEGHAGHSPVVLKLRE | LETEKKQHSRNATTSSSS 1092

Hnvigd SSSSRASGOKSSSSSS5S555555SSNSSKASKKN IKKHSSSSSSSS__ 310
Hn\ig1 (N-terl) SSSSRRSGOKSSSSS55S55S5SSSSSNSSKRSKKNIKKRSSSSSS5S 1176
Fig. 3b. Alignments of protein sequences deduced from the N-terminal end (N-ter1) of hepatic Vtg (HnVtgl) and partial ovarian Vtg (HnVtg4) of Heterotis niloticus
with little conserved domains in gray.

HnVig1 (N-ter1) Av |.ALTLAL'AGgg.LTPnF:lsa:.VEaLIgGL EGL Acvxxtlu:w.lslnrlunLuEPasl:ﬂ:RglFlae
Stig (N-ter) LALTLALMAG LTPDFARG! YEANLBGGLPREGLBRAGVK | VBKVL IS THLLELKEPORF RDEFE 90
HnVig1 (N-tert) PAAKLTO!L!A 1 PVKFEYJIGVVGK FAPjVS TILNEHRG I LN | LN | KK TONVYELOEAGSQGVCKTD ISEDTKAEIII“ 180
St (N-ter) PAAKLTOALAA IPVKFEYMBGVVGKEF AP TILNEHRG I LN LN | KK TONVYELOEAGSOGVCKTDYM | SEDTKAE 180

HnMVig1 (N-ter1 ) xsml.cucgnn;lmglnremvocmmmsnrvs\wmn Gaulavoe HOFTPFHELE“R*TFVE D 270
SMyg (Ner) KSKDLGNC AD IGMAYTETCVOQC KNLRGAATYSYVMKP AL VOERHOF TPFHEL ROEMT F VEROND 270

HnVig1 (N-er1) PVOP lDYIARGSLQYEFASEL LO!‘:'I.':I 01EE ILNHLvKN:'GEVHEDaPLxF.ngL Lanxvemlmvﬂ«;lm
SMg (N-ter) PVOPMBADYEARGSLOYEFASELLOTPREIL Q1 EE | LNHL VKNNRGE VHEDAPLKF, LLRMAKYE | vilkPE 360
Hrvigl (N-ter1) FRAWFLDTVPA

ANRAF | KEKFRAG ETACALLRALHL TVNL LAE | AMLGYGSLVF C
SMg (N-ter) FRAWFLDTVPA| ARRF | KEKFEAG ETAQALLALHL DTVNL LRE I AMLGYGSLVFK

Havigt (N-ter1) BNCPABV | KPRIHD) aAEmsnuvIEML nvLGnacnpnsmpm LPGFGST’L' um. Amumxns.vmum 540

Shag (N-ter) CPARV I KP AAEA | SKANVNE | AL KVLGN!GHP&SIKPIHK LPGFGST VDAVEALRAH | AKRE ALOL 540
HnVig1 (N-erl) F ULHPEE:A{:VUL F. IIGL I EKSLOVASFEYSHMKALTRSTAPELAQVAAACNVAIKILSPKEDRLSYRFSKH 630
Shag (N-ler) FEBIRDLHPE ACVVLF I1GL IL EKSLOVASFEYSHMKALTRSTAPELAOVAAACNVAIKILSPKEDALSYRFSKN 630

Hn\ig1 (N-ter1) | HMIDF FRIEEIL MAGAARRT INDAAR | LPRABVAKR GAAAD GVRTEGHQEAL| AADBNADREER LNEL L 720
SN (N-ter) IHBFF Luaculr:.mm:llwn VAK ’ GAAAD FE-IGFHTEggEitlmlnnllnmﬂmL:lllmL 720
Hvig1 (N-tert) PRSCPEIRSEYLKWFGOE I AFANIDED I | ATGAAACEELE<NEL ] Q1 LETSEVARR | FPTSHGFPEISL YSAAV 810
SMyg (N-ter) PISOPISI\'LK FGQE | AFAN 1D IrE"ATGaM:L“Lmsaglo||:IL“ssvnR|FP*rs'gF:lEISLVSAAv 810
HMig1 (N-ter1) M:I\mu:l I I:m .Aor.nmlm-rsmvuzlwmvm roullax K:.VLFLKFNA“I!OGHI PL 900
SMg (Ner) AAARIVKAK AQLENTD 1 OL| PS I AVHKIAVMGYNT Alll 1 OAA | HAKEK VBN VL PLKFNARME | AQGHEK | ERBPL 800
HnVig1 (N-ter1) LDL VANNRNENL SEAK | TPVLPHRL AGSGHSKSSER | JE] VSAR VT 983
S 00 BAMGHL oL Bt NV AMBRNMENCSBAX | 75 vL PR L ANORSHE - HSMABABACS QS SSEn | NERMSBERRHONB S ARMORIVG VT 0%
HrVig1 (N-tart) LI macm TSONAGF NSPL?KLIGEIS'UKP\'?I |<IElslvsnsmvunlmnmwuml 1073
SV (N-ter) L ACAKITSONAGFERNSPLYKL | GE VKPV KIEIE AASKIV KDD PVVLKL 1080
HVig1 (N-tert ) |L51em-ssssssssnnsmssssssssssssss sglg.u:la 5555588 -1150
SMg (N-4er) ILETE SS5S55SSSRARS S55555555555555 S55555SS@S 1167
Hn\Vig1 (N-lert) ISISS'?S'S.gK:.Fn h l‘g:. :ls. ISS Sgl g 58555SHS55555555558 1230
SMyg (N-ler) BSMSSESS K F S55555K555555555555 1238
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.

Hnvig! (Caer) SSS558S SsEssshss SASSFEN!I YRKSAFL PAAVV INRAVR YORAAYMODK RvOVIEAL 90
S (C-ter) sssssssﬂgsslsss SSHSSASSFE |vxxsnnga:'rnw|Invng':gvauvmx nvow.nmn»
HAViG! (C-wer} ADG 1 OL SMHKVMAK | COooYlv | RAE TGLLGEHP vn KRY ul evEPGEALBAGFSEGRH RO I xL T 180
SMg (C-er) ADG | OL SMHK VMAK | ECOD YRRV I BAE TGLLGEHP KRY EVEPGEALMAGFSEGRM ROIKLTH 1419
HVAg 1 (C-ter) TSART g i TRvxL 1PIAL AAAARAEVE * wv E TVTTFNNRR AQ 270
Mg (C-er) ABTSART ILETPRMT YL IPIAL AAAARAEVE LY TVITENNRR AQ 1509
Hnvigt (Cwr) DCTRERLKFRVL ERSE I VK 10V K TGR B SL LHEVY
o o G TR KF nliﬁdielllmlil.mﬁl-wli-uilﬁ LI 5 5 e e A
Howgt (Cer) 1L vCGLCGrADGEVRRERCHP S IERAVE FRHSWYLAAESCHD € PVEL STREPVL
SMg (C-ter) u.llmavcmccumamlsvs IMBAVSF uS\menEsa w .Ll m “ EIS? PVL
RED R TR
Shg (Cor) CLP PEXTTPVTVGFHC v A 1748
Fig. 3d. Alignment of the protein sequences deduced from the C-terminal end (C-ter) of the Vtgl of Heterotis niloticus (HnVtg1) and of the Vtg of S. formosus (SfVtg)
with little conserved domains in.

E mum maumm mummﬂmmmmmnm IKEKFLAG
EVTVIETAQALLAALHLVEANLDOTVNLAASVVLNAKTOSHP I LRETAMLGYGSLVFKFUTEERNC PADVIKPTHOF AAEAT SKANVAET ALAMEV LG
NACHPASTKPIMKL LPGFGS TAAALPVKVOVIAVVA LRHTAKRECQRRVODTA LOLFLORD LHPELRMAACVVLFKTKPS IGLVS TIARA LOKEKS LO
VASFTY SEMKALTRSTAPDLAQVAAANVA TKT LSPKFTIRLSYRFSKATHIDFFHNR LMAGAA TTAYF TNDAATT LPRAVVAKVRAYMVGAARATIVEE
IGVRTEGIQEAI MKFRAANAGATRT SRMRR TINALTNWEPLPTSOPLGSVYLKIF GOETAFAN TDEDT TERATOLA TCGAAACHE LIWKTVINT LOSGR
DFQI SKSLLTSEVRRTF PTSVGFPMELS LY SAAVAA ATVEAKAT LTPPPRENFULADI KNTDTQLOAH TAPST AVHKTAVMGVNTAT TOQAATVAKAK

m mmsssssmssssssss SSS55555 5G5 55 SSSRNN SKNRKSKR TS 5SS S55 SCSRKVAGEW
SHCGRSVSSSS5S SRISKAHVFGRF TENHMECHDINRAT SORKIS 555 SSKSSNS5 S5 885 SK5 S8 558 555 55 555 555 55 S5ASS5AS SSRSSSAS
SASSFEATYEKSRFLGDSVP PARVVITRAVRATDER QG YOI ARYMDE ADVRVOVIMA ATA ENDNWEMCADG IQLSMHKVMAKIRWCE ECCDOYATVIQ
AETCLLGSHEPAVHMELNWEE TP RAVERY ARMISEYT PCRAALMAC FSE CREEN SERQIKLTVAS TS ART LSV ILKT PEMIMY FIAQAT PIATP FGA LA
ARREVEQNIANR IY YMFAEANTARC IVADDTVI TENNRRYS PEVESS CHOVLAQDCT TELFFVVIMREDET SEKPH T IVEVADT DVDWS ADDNGLEM
EVNERDVPTVELPYERS TES 11 IRONGDEL S LY ARGOC L EE VY Y DEN ILR TE VEDWM VO LC A DCEVROEY QR SECROT MR VE FEH SWULA
AESCRDASE CRLROESVMLDEPVTLHCOASECY STE IV LOCLPE CKPVE TT PVIVEFHOV PAC SRVNN LVEMWEET EDLEDTLDARV SCRCTENCA

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 HnVtgl.
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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.

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. le). 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, LvI, $'-C and CT in HnVtgl and HnVtg2 (Fig. 2). The
incomplete ovary Vtg included the LvI and Pv domains.

Alignments showed that the divergence between N-terl and N-ter2
was at the beginning of the sequence, with a more complete Pv domain
in HnVtgl (Fig. 3a). The Met! to Lys®°® domains of HnVtgl and HnVtg3
(corresponding to the signal peptide and LvI of HnVtg3) were identical.
The Arg' domain at Ser®” of the incomplete ovarian Vtg (HnVtg4) was
identical to the Arg®** domain at Ser''*° 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-terl (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
(Met*-Arg?®) 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 Ala’*® and Ser”®’; 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 (Cys>*>-Cys®*°), EGF2 (Cys>*>-Cys**®) and EGF3 (Cys’°*
Cys’*®) 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 (Ala”®® 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)
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1M vV T 583 1 L& FL ILU PICLOQOQCARAMTYV VERSES3QMLETCDT?PZS3OQEPEPOQTC
1 ATGETCACETCTATT CTEEEC TTTCT TATOCT GCCAA TATETC TTCAG CAGTE TEOCTA TETEE 6EEATC CCAGE OGGAR TETGAT CCCTC TCAGTT CCAGTE T
36 ¢ ¥ ¢ R C I P B VYV ¥ Q CD E DE DC SSDE3 DE NT CVERETTCGCHRLMETW
106 GeAAATEECCECTET ATTCCOC TCACT ETGECA CTETE ACGETE ATGAR GACTE TTCTEA TeECAC TEATCA ARACA CCTCTE TEAGE AAGAC CTGOGC AGARET &
71D F VC R N & QCV P ERV¥HCDGETPDCETDGZIDES I QVCHM
211 GACTTTIETCTGECCEC AATEEL CACTE TETCCC CARAGA BETEET ACTET GATEE CoAGTC CEATTE TEARGRE OEaET COGACE ARRAGC TOCCR AGTCTE CCACAT G
106 R T C R M N EF S C66 A TTOQCTIUPYV FWKCDGET KTDT CDU ENSGTED
216 CeGACCTET CeTATE AACEAE TTCAL CTETEE GECAC ETACA ACCCAG TECAT COCACT TTTCTG GAAAT GORATE GAGAG AAGEA CTGOGA CAACEE GEAGEAT
141 E VYV ¥ C 6 §F I T C A P L E F T CRXRASZ 6 R CYV 3 Q FNF VCHEGETDT DTGCSE®G
421 GAGETTARCTETEEC AACATCACCTE CeOCCCCTTEE AGTICA OCTET GCAAG CGeACG CTETET GTCTCAGAATT TTGTG TGCAAT GGOGA GeACGA CTGCGE T
176 D ¢ § D E L D CE P 5 53 C & PS5 QF QCGNRXTCTIUPDSW¥FV CDTUDTD
526 EATGECACCGACERG CTAGAT TETEAGOCCTC ATCCT eCEEAC CCAGT CAGTT CCAGTE TEECAR TECCAC CTETA TOCCT GACAGC TEGET ATGTGA TGATGAT
211vy D ¢ QD Q 2. DE S PQRCGREPTZPPAKCT?PSSEMUBCSGSESGTE
€31 ETEEACTECCAGEAC CAGTCA GATER ETCACT ACAEC ECTETE E00Er CACCC TACAOT TOOOEC CRAAETE COCTT CCAGOE AGRTE CECTE TEECTC EEECEAE
246 C I H R K W R C D €D 2D CEDGS DEDUNOCEPEPVRTCERUPDOQTEFI KHTC
736 TECATCCACOECARG TEEOEE TEOGR TEEOGA TEOGE ACTETA AGGAT GECAG TGACGR GEACAR CTGOOC TETOC GAACTT GCAGA CCAGA CCAGTT CARGTE T
2818 D € 3 C I H &€ 8 R Q C N &€& MR DCS3DGeEZ DELDNTCEKDNTYVTSEOQTCSGEC
B41 AATGATGET AGCTECATCCAT GECAC COGECA GTECA ATGEER TECET GACTG CTCAGR TEECAG TEATEA GCTCA ACTGCA ARRAT GTETC CCAATG CRAETEEC
316 P D K F KE C R 38 € EC I EM 3 KVCHNIEKUTYVRERIDCSDUVW ¥ 3 D EUPILIKTETC
S48 CCAGATARRTTCARE TEOCET ACCEE CeACTE CAT O REATCA GCAR R CTETC CARCRA CETOCC GEACTC CTCAG ACT A COCAT GAECC CCTCAR AGRETEC
251l L N E C L Q N N &€& C 3 HICERDV NITIG YYETCDT CTZ P®PGLOGQLTITD
1051 AATCTGAATGAATGCCTTCRAGARCAR TEETEE CTECT CCCACA TCTET OGGGEA CAACAT CATTGE TTACGA ATECE ACTECA CTCCA GECTT CCAGCT CATTGAC
6B K T C &€ DI NECLUNPGEGEICSQICTIU NILIEKSGS®YKCET CH HDNGS?Y
1156 CECR AGACCTETEETCATATT AR TCA CTEOCT AR A CT A TCTET AGCC A CATCTC CATCA R CTTEAR CEEEE CETACR ACTCT GACTE TCACAR TREETAC
421Q M D P T T & VCEKZAZAYVGEEKEETPTCLTITFTUNZ RDBRIDIDTIZBRIETLTTLTEHSERTRETE
1261 CAGATEGAT CCTACCACAGEC ETETE CARAGC AGTGE GCAAGE AGCCA TEOCT GATCTT CACCAR CC6E0E TGACA TCCRCA AGCTG ACCCT GeAGTE GOGEEAG
46 T T ¢ I VE Q L B F TV AL DADFTOQOQMNTITEFEUWATDILSGOQEK ZLZTITESS
1366 TACRCOCAGATTETGGACCRAG TTCOECARCAC TETEE COCTAGATECAGACTT CACCTR AMCAGAT GATCT TCTEGG CTGAT CTAGE TCAARR GECART CTTCAGC
431 M 5 L. D KE R DEG 8 I TEKVYTIE G SYVQTU®PVV G6IAVDVWFITYHIEKTENTIILE
1471 ATETCACTTGACRRAGCGEEACGARGE CACTAT CACAR AACTEA TTEAG AGTET GCAGRC TCCTET CEGGA TTECAG TRGAC TEEAT TTACAR GRAATAT ATACTE G
9263 D L ¢ T KT I S VA NTFNGTUETUETITLTFEF S SS GGLIEKTETPHUAWLSITIATVD
1576 TCAGATITGGGETACCARNGACGATATC TETAGC ARRCT TCARTEG GCACGARGAC CARRAT TTTETT CAGCAG TEEEL TRAARG GARCC GECCTC CATTEC TETGEAT
1P L 5 6 F L L J§ S D W @ EUPAUBRBRIEIEKZS3IGMUENEOGVVDIDERQVILIVETT DI
1681 CCTCTCTCT GEETTT CTETAT TEETC AGACTE GEETEAGOCAG CCAGE ATTGA GARETC TEECAT GAATEE TETAG ATCEGE AGETT CTGET TEAGAC GEACATT
556 Q ¥ P N € I T L D L I K S B L Y ¥ VD 38 EL # M LCS3VDIDLUNGT DI NHT-ER
17868 CRETGECCT AATEEE ATCACT CTAGR CTTGAT TAARR GCAGEC TCTACTEGET GeACTC CAARCT ACACAT 6CTCT GCAGCE TEEAT CTGAR CEEGER TARCORG
62l1R K VvV L Q¢ 3 P D Y L A HP F A LTV PFETDRVYZ ESRTIDDGEUNTEA LZTITYSG
1851 CGEAARGTT CTOCAGTCTOCT GACTATCTCEC GCATC CTTTTE CTCTC ACGET TTITEA GEATC AETETT CTECA CAGATE GEEAR ARCEA GEOCAT CTATGET
666A B K F T &€ S D V I M L A §8 NL NEPQDITIVTYHRETLTIUGQLS SGEGTH
1556 GOCAACRR R TTCACT GEETCA GATET GATTAT GCTTE CCASCA AOCTE AR TR GOCACR GEACAT CATTET TTATC ATEAGC TCATC CAGCT ATCOGE AACCAR T
701%" C T DEKEGD NG 6C AFLCLUPAMPQTIUNIEK SR STPETTUCTICS QG
2101 TeCTGCACT GACARA GECEAC AATEE AGECTE TEOCT TOCTET &CTTE CCAGC ACCACA GATCAA CAAGCA CTCTC CAAAGT ACACC TECAT TTECTCACAGEE &
726 M E L A A D € L N CBR PATTIS AHZPOGD GG KTLTI H®PTHARAZMTGSETEGH
2208 ATEGAGCTTGCTECCGATEEC TTGAR CTECAG ACCAG CCACCA TTTCT GCACA COCRGE AGATEE AAAGAC ACTAR TACACC CCACT CATEC TTCAGA GEGGAR T
771I 8 T 8 I HE VN S S5 AK G S8 A AAVFWATILUP2P2VYVLLLAMNAMYVALAGT G?Y
2311 ATTAGTACC TCCATC CATGERGGTGAA CTOCTC AGOCA RAGEET CAGTT GCTGC ATGEEC CATOCT OCCTET CTTEC TECTEE CCATE GUTET GECAGE AGECTAT
B06L M W R ¥ W 0 L K FEKS M FFDE PV Y LETTETET DTLUENTIT DI S SHEBE
2416 CTARTETGECECRRACTEECRAGCTEAR GRAACAR ARRGA GCATE ARCTTT GACAR TOCTET CTATCT GARGAC CACCE ACGAG GACCTCARCAT CEACAT CACCCE G
8413 €6 A 3 V € H T YT P A I 3 V V N TETUDUDTL?#®

2521 CACEETECATCTETEGECCAC ACETACOCTEC TATAT CAGT TG TGAAT ACAGAAGRATGACTIGTAG

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.

EGFI1 EGF2
5
Signal (35 aa) (35 an)
peptide LBD (324 aa)
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O -glycosylation domain
(20 aa)

Transmembrane domain
EGF3 (23 aa)
(44 an)
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(53 an)

R T EEE—————. o
YWSIVID and FWA(T)D
Domains

Fig. 4b. Linear constructions of the different Heterotis niloticus Vtg receptor domains. The numbers of amino acids (aa) are indicated.

(88%), C. carpio (XP_018935318) (87%) and O. aureus (AAO27569)
(85%) (Fig. 4c).

3.1.3. 17B-estradiol receptors (ERs)

The nomenclature chosen for the 173-estradiol receptors included
the alpha subtype (ERa), the beta or beta2 subtype (ERP) and the
gamma or beta subtype 1 (ERy).

10

Using in silico analysis, we identified the transcripts of four ER[3 and
one ERy: HnERP X1 (1,674 base pairs) in the liver and the ovary
(Fig. 5a), HnERB X2 (1,653 base pairs) and HnERP X3 (1,281 base
pairs) only in the liver (Fig. 5b), and HnERP_X4 (1,524 base pairs) and
HnERy (1,443 base pairs) only in the ovary (Fig. 5c). No ERa was
identified. Three receptors linked to the estrogen receptors (ERRs) were
also identified: HnERRa (1,296 base pairs) in the liver, and HnERRy_X1
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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.

(1,068 base pairs) and HnERRy X2 (1,101 base pairs) in the ovary
(Fig. 6).

The deduced protein sequences of HnERP X1, HnERP_X2,
HnERB_X3, HnERB_X4, HnERy, HnERRa, HnERRy_X1 and HnERRy_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 17f-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 HnERB had identical DBD and D domains
(Fig. 9a). The A/B domain of HnERB_X3 had a reduced number (32) of
little conserved amino acids at its N-terminal end, whereas the other
HnERPBs had an identical 163-aa A/B domain. HnERP X1 and

HnERP_X3 had identical LBDs, whereas the LBDs of HnERB_X2 and
HnERP_X4 did not contain the sequence NMCVNSPE and the sequence
located between Ser*** and Ala®>® of HnERB_X1, respectively. The F
domain of HnERB_X4 contained 14 amino acids and differed from the
other HnERfs, which had an identical 35-aa F domain. HnERf and
HnERy shared 58 to 68% amino acid identity and had no common
domain. HnERs shared less than 48% identity with HnERRs. The dif-
ferent HnERRy shared 78% identity with one another and less than 59%
identity with ERRa. However, the cores of the DBDs of the different
receptors shared greater identity (Fig. 9b): 89% between ERf and ERy,
68 to 70% between ERs and ERRs, 97% between ERRy_X1 and
ERRy_X2, and 94% between ERRy and ERRa. 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 (HnERy) to 25 (all ERRs) amino acids. The LBD was
much more variable than the DBD core: HnERf and HnERy shared 76 to
77% identity, while HnERs shared less than 33% identity with HnERRs.

A comparison of H. niloticus ERP with those of other teleost species
showed that the core of the DBD of HnERf} was identical to that of ERB
of S. formosus (XP_018583081.1) and O. bicirrhosum (BAT68972. 1) and
shared 98% identity with the EB3 DBD core of O. mykiss (CAC06714),
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M A S s P G S DL P L L QF Q E V GS S KT GDU R S S P G P L S G V Y
ATGGCTAGTTCCCCAGGAAGTGACCTGCCACTTCTGCAGTTCCAGGAAGTGGGCTCCAGCAAGACAGGGGACCGCAGCTCCCCAGGACCCCTCTCTGGTGTCTAC
A G PV P GLAMESU RAV CTI P S PYADS S HDY T T L G F Y N P
GCTGGTCCTGTGCCAGGTCTAGCCATGGAGAGCCGAGCAGTGTGCATCCCCTCGCCCTATGCAGATAGCAGCCACGACTACACCACTCTTGGCTTCTATAATCCC
s M L G Y P G SV P D S P SV R?PPIL S PATI Y W S P Q S HP S QL P
TCCATGCTGGGGTACCCGGGCTCTGTCCCTGACAGCCCCTCTGTGCGGCCACCCCTAAGCCCTGCTATCTACTGGTCACCACAGAGCCATCCTAGCCAGCTGCCC
Q 9 P L MY G E P TR TP WV E P KAQDHNTL V E S S K
CCGCTCACCTTGCATTGTCAGCAGCCCTTGATGTATGGTGAGCCCACTCGGACCCCATGGGTGGAGCCCAAGGCCCAGGACCACAACTTGGTTGAGAGCAGTAAA
L A GRRU©PULEGDEA AL S S SAACULTA AI KSGI DMMHZFCA AV CH DY
CTGGCGGGGCGACGGCCACTAGAAGGAGATGAGGCACTCAGCTCTTCTGCAGCCTGCTTAACGGCAAAGGGCGATATGCATTTCTGCGCTGTCTGCCACGACTAT
A S G Y HY GV WS CEGCKAUVFF K RS I Q G HND Y I C P_A T N O
GCCTCAGGTTATCACTATGGTGTCTGGTCTTGCGAGGGCTGCAAGGCCTTCTTTAAGAGGAGCATTCAAGGGCACAATGACTACATTTGCCCAGCGACCAACCAG
¢c T I D KN RIRK S CQACURILIRI KT CYEV GGMMI KTCGV R RE R C S
TGCACCATCGACAAGAACCGTCGCAAGAGCTGCCAGGCCTGCCGCCTGCGAAAGTGCTACGAAGTGGGCATGATGAAGTGCGGAGTGAGACGTGAGCGCTGCAGC
R G VR HR RV P QIR EVMLGS G S RT QR RULE S S L P P T K
TACCGTGGGGTGCGACACCGGCGTGTACCACAGATCCGAGAAGTGATGTTGGGGTCAGGCTCTAGGACCCAGAGGCGACTGGAGAGCAGCCTCCCCCCAACGAAG
s ¥F 0 S L A L TP E OQUL VL R I I EAUE?PPETI Y L M K DM KK P F T
AGTTTCCAGTCCCTGGCGCTGACCCCTGAACAGCTGGTGTTGCGCATCATTGAGGCAGAACCCCCAGAGATCTACTTGATGAAGGACATGAAGAAGCCATTTACC
M M M s L T NL A DX E L VL M I S WA KK I P G F V E L N L S
GAGAGCAGCATGATGATGTCTCTTACTAACCTGGCAGACAAGGAGTTGGTCCTCATGATCAGCTGGGCCAAAAAGATCCCAGGGTTTGTGGAGCTCAACCTGTCA
b Qg VvVdH L L ECCWILEV L ML GIL MWR S V D HP G K L I F S P D L
GATCAAGTGCACCTGCTGGAGTGTTGCTGGCTGGAGGTGTTGATGCTGGGCCTGATGTGGAGGTCTGTTGACCATCCTGGGAAGCTTATCTTCTCCCCTGACCTC
N R D E G S CVE G I ME I F DML L A A TAIRF R EL KL Q R E
AAGCTTAACAGGGATGAGGGCAGCTGTGTGGAGGGGATCATGGAGATCTTTGACATGTTGCTGGCAGCTACCGCCCGATTCCGCGAACTGAAGCTGCAGAGGGAA
E Yy v ¢ L KA L I L L NS NMTCV N S P ETPEETLE S RAIKTIL L R L
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Fig. 5a. Nucleotide sequence and deduced protein sequence of Heterotis niloticus (Hn) estrogen receptors beta (ER(_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.

O. aureus (ACF75103) and C. carpio (BAF99814) (Fig. 9c). The LBD of
HnERP 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 HnERy DBD/LBD sequences with the ERys 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) ERy DBDs/LBDs (Fig. 9d). Amino acid identities across
ERys were lower than across ERps.

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 (HnER(), PANNQ (HnERy), PASNE
(HnERRa), and PATNE (HnERRY).

The six amino acids involved in the binding with E2 (Sabo-Attwood
et al., 2004) were present in HnERB_X1 (Glu®*°, Arg®”?, Gly*°®, His*"?,
Leu®*? and Met>°®), HnERB_X2 (Glu®**°, Arg®”?, Gly*®8, His®*!, Leu®%?
and Met®°%), HnERB_X3 (Glu®%®, Arg®”!, Gly**®, His*®!, Leu®*? and
Met>°®) and HnERy (Glu?”3, Arg®'*, Gly**', His***, Leu**® and Met**®)
(Fig. 5 and Fig. 9). HnERP_X2 had only two conserved amino acids
involved in the binding with E2 (Glu®3°, Arg®""), which were absent in
HnERRs. The LBDs of HnERB_X1, HnERP X2, HnERP X3 and HnERy
(Fig. 7) had a tertiary structure composed of 12 a-helices, with helix 12
located between Leu®'® and Leu®?!, Leu®®® and Leu®'®, Leu®®? and
Leu®®, and Tyr**” and Asp*®®, respectively. As for the LBD of
HnERP_X2, it did not have helix 12, and its helix 11 was much smaller
than the helices 11 of the other HnERfs.

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).
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The protein precursor of HnPRL had a 25-aa signal peptide (Met'-
Cys®), and four major a-helices representing 56% of the total protein,
i.e., helix 1 (Phe®®-His®®), helix 2 (Glu®®-Ser''®), helix 3 (GIn'?%-Lys'*?)
and helix 4 (Asp*®°-val®!), as well as two short a-helices between helix
1 and helix 2: helix 1/ (ValGO-Lys62) and helix 17 (LysSl-SerSG) (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” (Cys’®), two in helix 4 (Cys*®? and Cys'°°) and one
at the end of the sequence (Cyszog). 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 (Met'-Leu?®) followed by three domains (Fig. 11b),
one 207-aa extracellular domain (EC) (Ser®°-Arg®*?), one 23-aa trans-
membrane domain (TM) (Ser?**-11e?*®), and one 334-aa intracellular
domain (IC) (Asn?®®-Tyr>®9). 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 (GPa)

An a-subunit of the glycoprotein hormone (GPa) 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 HnGPa 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 a-loop domains of 25,
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Fig. 5b. Nucleotide sequences and deduced protein sequences of Heterotis niloticus (Hn) estrogen receptors beta (ERB_X2 and ERP_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.

28 and 23 amino acids, respectively (Fig. 12b). HnGPa had ten cy-
steines (Cys® to Cys'®) and a-loop 1 was located between Cys' and Cys*,
a-loop 2 between Cys® and Cys®, and a-loop3 between Cys’ and Cys®
(Fig. 12a). Two N-glycosylation sites were predicted, one in a-loop 2
(NITS) and the other in a-loop 3 (NHTD).

Sequence comparison showed that HnGPa was identical to A. gigas
GPa (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) GPa (61%) (Fig. 12c).
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3.1.7. B-subunit of the follicle-stimulating hormone (FSHf3)

The B-subunit transcript of H. niloticus follicle-stimulating hormone
(HnFSHP) had a 381 base pairs sequence encoding a 127-aa protein
(Fig. 13a).

The secondary structure of HnFSHf} was composed of a 19-aa signal
peptide, three 3-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
HnFSHP had 12 cysteines (Cys'-Cys'2). p-loop 1 was located between
Cys' and Cys*, B-loop 2 between Cys® and Cys®, B-loop 3 between Cys’
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Fig. 5c. Nucleotide sequences and deduced protein sequences of Heterotis niloticus (Hn) estrogen receptors beta (ERB_X4) and gamma (ERy) 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.

and Cys®, and the “seat-belt” loop between Cys'® and Cys'? (Fig. 13a). A
probable N-glycosylation site (NVSI) was found in f-loop 1 between
Cys! and Cys>

A comparison of the FSHf} sequences showed that HnFSHp shared a
high identity with FSHf of A. gigas (AIA09918) (86%), but much less
with S. formosus (KPP62167) (69%), C. carpio (013050) (51%), O.
mykiss (BAB17686) (44%) and O. niloticus (AAP49575) (37%) FSHfs
(Fig. 13c).

14

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 (Met! - Ala®") 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
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(ERR0)

1M s s R DR RVFNTI Y I KAEUPS S PEGSGU RUDSGU RT S P G G A S S D
ATGTCTTCCCGGGATCGACGCTTCAATATTTACATTAAGGCTGAGCCCAGCAGTCCAGAGGGAGGAAGAGATGGGAGAACCAGCCCTGGAGGGGCATCCTCCGAT
36s s H S AV GV NG GRS TEUZRY S P PLCT®PTTILUHTCU®PT FEKEE G D
106 TCGTCCCACAGTGCTGTGGGGGTAAATGGAGGCAGGAGCACAGAGCGGTACTCCCCTCCCCTCTGCACACCAACCCTGCATTGCCCTTTTAAAGAGGAGGGCGAT
7176 E E G S A G S G G G R C K Y A L s |T L P K R L C L Vv C G D V A S G Y
211 GGAGAGGAGGGATCTGCAGGCAGCGGAGGCGGCAGGTGCAAGTACGCCCTTAGCACACTCCCCAAGCGCCTGTGTCTCGTGTGTGGGGATGTGGCATCAGGCTAC
106 H Y G V A S C EA C KA F F KR T I Q G NI E Y S C P A S N E CE I T
316 CACTACGGCGTGGCCTCCTGTGAGGCCTGCAAGGCCTTCTTCAAGAGGACCATTCAAGGGAACATTGAATACAGCTGCCCAGCATCCAACGAGTGCGARATCACC
141K R R R KA C QA CURFTZ X CULI KV GMULIKUE GV RULDI RV R G G R Q
421 AAGCGGCGCAGGAAGGCCTGCCAAGCTTGTCGCTTCACCAAGTGCCTCAAAGTGGGAATGCTGARAGAGGGTGTTCGTCTGGATCGAGTGAGAGGAGGAAGACAG
176 K Y K R R P E V E S |T T Yy Q s p T N Q P S G K E V D K G P S N V I V S
526 AAGTACAAAAGACGGCCAGAGGTGGAGAGCACCACATACCAAAGTCCTACGAATCAGCCTTCAGGAAAGGAAGTTGATAAAGGTCCCTCCAATGTCATTGTCTCC
211H L. L. VA E P E KL F AMUPD?PL Qs DT TULRTTILTTTILCUDTILA DR
631 CATCTGCTGGTGGCTGAGCCAGAGAAGCTGTTTGCCATGCCAGACCCCCTGCAGTCAGACACCACCCTGCGCACCCTCACCACCCTTTGTGACTTGGCTGATCGC
246 E L Vv v I I G W A K H I P G F L §$ L s L A D Q M S V L Q S§ V W L E V L
736 GAGCTTGTTGTCATCATTGGCTGGGCTAAACACATTCCCGGCTTCCTGTCCTTGTCTCTGGCGGACCAGATGTCAGTGTTGCAGTCCGTGTGGCTGGAGGTGCTC
28l v L G VvV A F R S L S CEDZEV V FAEU DT FV L DU EZETLSI RTIASGTIL G E
841 GTACTCGGTGTTGCCTTCCGGTCTCTGAGCTGCGAGGACGAGGTGGTGTTTGCCGAGGACTTTGTTCTGGATGAGGAGCTGTCCCGTATTGCTGGGCTGGGCGAG
36 L. s A A I S 9 L A RRYRAL QLD QEEFVMILEKA ATIA ATLTNS D S
946 TTAAGTGCAGCCATTAGCCAACTGGCCCGCCGATACCGTGCCCTTCAACTAGACCAGGAGGAGTTTGTCATGTTGAAGGCTATTGCACTCACAAACTCTGATTCT
351 v Yy I E D MEAV Q KL R DIL L HQATULTLZETLUE S Q RRPEUDZPRRA
1051 GTGTACATTGAGGACATGGAGGCTGTGCAGAAGCTACGAGACCTCCTACACCAGGCCCTGCTAGAGCTGGAAAGCCAGCGTAGGCCAGAAGACCCCCGGAGGGCA
386 6 R L L L T L P L L R Q T A S R A L S T F Y N I K TR G G V P M H K L
1156 GGCCGGCTCCTGCTCACCCTGCCCCTGCTCAGGCAGACTGCCAGCCGTGCCCTTTCCACCTTCTACAACATCAAGACCCGTGGTGGTGTGCCCATGCACARACTC
421 F L. E M L E A M M D S P *
1261 TTTCTCGAGATGCTGGAGGCCATGATGGACTCGCCGTAA

-

(ERRy_X1)

1M A A DDUZRUHILU?PsSs s C G s Yy I K TEU®PS S P S S VI DTV S HH S P
ATGGCTGCAGATGACCGGCACCTGCCCTCCAGCTGTGGGTCCTACATCAAGACGGAGCCATCGAGCCCCTCATCGGTCATCGACACAGTCAGCCACCATAGCCCC
365 G N S DASGGY VS AMNSHSNGTLUDS?PPMT FTUP S G L G G G
106 AGTGGCAACTCGGACGCCAGCGGTGGCTACGTCAGCGCCATGAACAGCCACTCCAATGGCCTGGACTCGCCACCCATGIICACGCCCAGTGEGCTTGGAGGCGGE
7%7.A. ¢ R K R Y DD C S s T I MU EU DS ?P I KCEYMTUILNI|S I P K R L C L V
211 GCCTGCCGCAAGCGCTATGATGACTGCTCCAGCACCATTATGGAGGACTCGCCCATTAAGTGCGAATATATGTTGAACTCCATCCCCAAGAGGCTGTGCCTAGTC
06 C G D I A S G Y H Y G V A 8§ C E A C K A F F KR T I Q9 G N I E Y S C P
316 IGTGGAGACATTGCCTCAGGATACCACTACGGAGTGGCCTCCTGTGAGGCCTGCAAAGCCTTTTTT GGACAATACAAGGCAACATCGAGTACAGCTGTCCC
141 A T N FE C E I T K R R R K 8§ C Q A C R F M K C L K V G M L K E G V R L
421 GCTAC CCAGTCETGAGATCACCAAGCGAACCCGCAAGTCCTGCCAGGCCTGCCGCTTCATGAAGTGTCTCAAAGTGGGGATGCTGAAGGAAGGTGTGCGTCTG
176 D R V R G G R O K Y K R R M D A E N A 'Y L 6 L T L P P P A KK P L T
526 GACCGTGTGCGTGGCGGCCGGCAGAAGTACAAGAGGAGGATGGATGCCGAAAACAACGCCTATCTTGGCCTCACACTACCGCCCCCTGCCAAAAAGCCATTGACA
211 K I v S H L L VvV A E P E K I ¥ A M P D P TMU&PESDTIEKA ATLTTTILCD
631 AAGATTGTGTCCCACTTGCTGGTGGCAGAGCCAGAGAAGATCTACGCCATGCCAGACCCCACCATGCCTGAGAGTGACATCAAGGCCCTAACCACTTTGTGCGAC
246 L. A D R E L Vv Vv I I G W A K H I P G F s s L S L G D QM S L L Q S A W
736 TTGGCTGACCGAGAGCTGGTTGTCATCATCGGCTGGGCCAAGCATATCCCAGGCTTCTCCAGTCTGTCTTTAGGAGACCAGATGAGTCTACTGCAGAGCGCTTGG
281lM E I L I L RV V Y R § L P F E D K L V Y A E D Y I M DED Q S K L A
841 ATGGAGATCTTGATCTTGCGGGTGGTGTACCGATCATTGCCCTTCGAGGACAAGCTGGTGTATGCTGAGGACTACATCATGGACGAGGACCAGTCGAAACTCGCC
36 G L L D L N N A I L 9 L Vv K K Y K S M K L EKE S L S P S K Q L R S Q
946 GGTCTGCTGGACCTCAACAATGCCATCCTGCAGCTGGTGAAGAAATACAAGAGCATGAAGTTGGAGAAGGAGAGTTTGTCACCCTCAAAGCAATTGCGCTCGCAA
351 1T Q9 T P C T *
1051 ATTCAGACTCCATGCACATAG

-

(ERRy_X2)

H I 8 Vv I & L k I 3 8 F H &8 & Q B . MK R M 3 8 K B R R E -5 .5
L ATGGATTCTGTAGAACTTTCCCTGCCTGAGTTCTTCTCCTTTCACTCTGAACAAGAGCTGCTCTGCAGGATGTCAAGCAAGEAGCGGCGCATTGAGTCCAGTTGE
L S Y L KT E 23 B 2 A F L ADSE VN HHES PFG6GSIS S LAIGES Y RS
(in CCCTCATACATCAAGACAGARACCGTCCAGTCCTGCCTCCCTCGCTGACAGCGTGAACCACCACAGCCCCGGTGGETCTTCAGACGCCAGTGGCAGCTACAGCTCA
TN 4 N &G B 2 ¥ & B3 201 L ¥ B Q A ES LG 2 XAV A G AT KR ¥ B DG
Ol GLCACARACGGECAC AR CGECCTAGAC T LA G T e T AT GG T AGGCAGGCAGEC TAGGCCCCAATETEECCEEGECCACCAAGCGOTACGAGGACTED
& S 1T B A E D S g L KRG K Y R L N B ML E R 4 1 Lo ¥ © & I N A 8§ G ¥ H
TCTAGCACCATGGCTGAAGACTCACAGATCAAGTGCGAGTACATGCTCAACTCCATGCCCARGCETCTGTGCCTGEIGTGTGECEATGTGGCATCTGGCTACCAT

e ¥ A B G CE A C K A F F KR T D @ &G N & E ¥ § G 8 A S 4 B £ E L T K

E M K £ 5L I ¥ = H L R E 6 ¥ R L DR V¥V E € R O K

E_ K B K CoQ [
CGCTTCATGAAGTGTCTTACTGTGEGAATGCTECGEEAAGETGTCCGECTCGACAGAGTGCGTEGCEGECCGGCAGARG

§ 2 Y L N OB QoL A W F F KK P Y N KN W SE W L LW oA
CGEATAGACGCGGAGARCAGCCCCTACCTGAACCCACAGCTGGCCCTGCCACCTARARARCCATACAACARAGTGETETCCCACCTCCTGETGGCA

I 'Y & 4 Vo 20D 8§ D0 L K RL T W Ok G D LA D R E LYW N

CTGTTCCCGACAGCGACATCARGGCGCTGACCACACTCTGCGACCTGGCTGACCGCGAGCTGGTGGTCAMC
S - L B K A ¥ D 5 2. ! H L 1 3 - = »

N B H W5 - 5 S K 1, ¥ YoORE L L G YR O LY O hF N OF N L6
S AACAGACACTGGTCTARCAGTGECATAGT ARG TGETTCTGGCCTTGT TG TGUTACAGGATTCTCETCTTATTTCTTTTTAATCTOT!
Il | ' R
AGAATTTITT

Fig. 6. Nucleotide sequences and deduced protein sequences of the receptors related to Heterotis niloticus estrogen receptors alpha (HnERRa) and gamma (ERRY)
(HnERRy_X1 and HnERy_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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DBD
A/B C D E
163 aa 82aa 4l aa 237 aa
DBD ! ERp_X2
A/B C D E ]
163 aa 82aa 4laa 230 aa 35aa
DBD ERP_X3
A/B C D E F
3222 82aa 4laa 237 aa 35aa
ERp_X4
A/B C D E F
163 aa 82aa 4laa 208 aa 14 aa
DBD
A/B C D E F
107aa 80aa 43 aa 237 aa 14 aa

Fig. 7. Secondary structure of Heterotis niloticus estrogen receptors beta (ERB_X1, ERB_X2, ERB_X3 and ERB_X4) and gamma (ERy), with the five characteristic
domains and the corresponding numbers of amino acids (aa). The a-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 ERB_X1, ERB_X2, ER(_X3 and ERy, while H11 is reduced and H12 is absent in ER(_X4.

(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. B-subunit of the luteinizing hormone (LHB)

The B-subunit of H. niloticus luteinizing hormone (HnLHp) 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 B-loop domains 1, 2 and 3 of 26, 20 and 17 amino acids,
respectively, and one 18-aa seat-belt loop (Fig. 15b). Like HnFSHp, the
mature HnLHP had twelve cysteines (Cys'-Cys'?) and B-loop 1 was
located between Cys' and Cys*, B-loop 2 between Cys® and Cys®, p-loop
3 between Cys’ and Cys®, and the “seat-belt loop“ between Cys'® and
Cys'? (Fig. 15a). A probable N-glycosylation site (NQTI) was located
between Cys' and Cys?. A comparison of LHB sequences showed that
HnLHP was identical to A. gigas LHP (LAO68014) and that it shared
domains with O. mykiss (BAB17687) (79%), S. formosus (KPP64307)

16

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

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 (Met!-His?®)
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¢).
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DBD - (ERRy_X1)

F

128aa 17 aa
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Fig. 8. Secondary structure of the receptors related to Heterotis niloticus estrogen receptors (ERRa, ERRy_X1 et ERy_X2), with the five characteristic domains and the

corresponding numbers of amino acids (aa).

()

DBD —-— (ERRy_X2)

F

HNERP_X1 MASSPGSDLPLLOFQEVGSSKTGDRSSPGPLSGVYAGPVPGLAMESRAVC IPSPYADSSHDYTTLGFYNPSMLGYPGSVPDSPSVRPPLSPA|Y 84
HNERP_X2 MASSPGSDLPLLOFQEVGSSKTGDRSSPGPLSGVYAGPVPGLAMESRAVC IPSPYADSSHDYTTLGFYNPSMLGYPGSVPDSPSVRPPLSPA LY 84

HNERP_X3

i e R SR S e S e R 2 S e S s S B S e e e S R S e R R
HNERP_X4 MASSPGSDLPLLOFOEVGSSKTGDASSPGPLSGVYAGPVPGLAMESRAVC |PSPYADSSHDYTTLGFYNPSMLGYPGSVPDSPSVRPPLSPA|Y 94

1

HNERP_X1 WSPOSHPSOLPPLTLHCOOPLMYGEPTRTPWVEPKAQDHNLVESSKLAGRRPLEGDEALSSSAACLTAKGDMHACAVCHDYASGYHYGVWSCEG 188

HnERS_ X2 WSPQOSHPSOLPPLTLHCOQPLMYGEPTRTPWVEPKAQDHNL VESSKLAGRRPLEGDEALSSSAACLTAKGDMHACAVCHD YASGYHYGVWSCEG 188
G R N S < L AGRRP LEGDEALSSSAACL TAKGDMHACAVCHDYASGYHYGVWSCEG 57

HNERP_X4 WSPOSHPSOLPPLTLHCOOQPLMYGEPTRTPWVEPKACDHNL VESSKLAGARPLEGDEALSSSAACL TAKGDMHACAVCHDYASGYHYGVWSCEG 188

HnERP_X3 [ NS

HnERP_X1 CKAFFKRS IQGHNDY ICPATNQCT IDKNRRKSCOQACRLRKC YEVGM
HNERP_X2 CKAFFKRS IQGHNDY ICPATNQCT IDKNRAKSCQACRLRKCYEVGM
HNERP_X3 CKAFFKRS IQGHNDY ICPATNQCT IDKNRRKSCOACRLRKCYEVGM

HnERP_¥4 CKAFFKRS IQGHNDY ICPAT TIDKNRRK A RKCY

MKCGVRRERCSYRGVRHRAVPQO |IREVMLGSGSRTORRLESSLPPTKSF 282
MKCGVRRERCS YRAGVRHARVPOQ IREVMLGSGSATORRLESSLPPTKSF 282
MKCGVRRERCSYRGVRHRARVPOIREVMLGSGSATORRLESSLPPTKSF 151

CGVRRERCSYRGVRHRAVPO IREVMLGSGSRTORRLESSLEPTKSF 282

HNERP_X1 QSLALTPEQLVLAIIEAEPPEI YLMKDMKKPFTESSMMMSL TNLADKEL VLMI SWAKK I PGFVELNLSDOVHLLECCWLEVLMLGL SVDHP 376
HnERB_ X2 OSLALTPEQLVLRIIEAEPPEIYLMKDMKKPFTESSMMMSLTNLADKELVLMISWAKK IPGFVELNLSDOVHLLECCWLEVLMLGLMWRSVDHP 376
HNERP_X3 QSLALTPEQLVLRIIEAEPPE|YLMKDMKKPFTESSMMMSL TNLADKELVLMISWAKK IPGFVELNLSDOVHLLECCWLEVLMLGLMWRSVDHP 245
HNERP_X¢ QSLALTPEQLVLRI IEAEPPEIYLMKDMKKPFTESSMMMSLTNLADKELVLMISWAKK IPGFVELNLSDOVHLLECCWLEVLMLGLMWRSVDHP 376

HNERP_X! GKL | FSPDLKLNRDEGSCVEGIME | FOMLLAATARFRELKLOREEYVCLKAL ILLNSNMCVNSPETPEELESRAKLLRLLDAVTDAL VWA | SRK 470
HnERE_X2 GKL | FSPDLKLNRDEGSCVEG IME | FOMLLAATARFRELKLOREEYVCLKAL I LLNSESEESEEN TFEELESRAKLLALLDAVTDAL VWA | SRK 463
HNERP_X3 GKLIFSPDLKLNRDEGSCVEGIME | FDMLLAATARFRELKLOREEYVCLKAL ILLNSNMCVNSPETPEELESRAKLLRLLDAVTDALVWA | SRK 338
HnERP ¥4 GKL IFSPDLKLNADEGSCVEGIME | FOMLLAATARFRELKLOREEYVCLKAL ILLNSNMCVNSPETPEELESRAKLLALLDAVTDALVWA | SRK 470
HnERP_X1 GLTFOQQSARLAHLLMLLSHIRHLSNKGMEHLSNMKMKNVVPLYDLLLEMLDANTMHSSRVHORPP - PGD INPOQESSSHHTAENKPLQQ 558
HnERP X2 GLTFOOOSARLAHLLMLLSHIRHLSNKGMEHLSNMKMKNVVPLYDLLLEMLDANTMHSSRVHORPP - PGD INPOESSSHHTAENKPLOO 551
HNERP_X3 GLTFOQOQSARLAHLLMLLSHIRHLSNKGMEHLSNMKMKNVVPLYDLLLEMLDANTMHSSRVHQRPP - PGD INPOESSSHHTAENKPLQQ 427

HNERf_ X4 GLTFQQOSARLAHLLMLLSH | RHL i I v

(b)

PEEPCERIESHE IR e 08

HnERRa
HNERRy_X1
HnERRy_x2

HnERB_X1
HnERy

ASGYHYGVASCEACKAFFKAT IOGN | EYSCP ABNECE | TKRRAKACOACR
ASGYHYGVASCEACKAFFKAT IQGN | EYSCPATNECE | TKRRRKSCOACRF]
ASGYMYGVASCEACKAFFKRT IQGNIEYSCPATNECE | TKRRRKSCOACRF]
ASGYHYGVIMSCEBCKAFFK ngqCPIT
ASGYHYBVNSCEBCKAFFKRE 10 CP AR

ng'll“HHK SCQACR
N I RRAKSCQACR

KEGVRLDRVRGGROKYKRR
KEGVALDRVAGGRAKYKAR 193
BEGVALDAVAGGROK YKAR 1T
KIG\I'H A 187
Ki

I8R5

GvRAERER ; 248

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
(HnERP_X1, HnERB_X2, HnERP_X3, HnERB_X4, HnERy, HnERRa, HnERRy_X1 and HnERRy_X2) (b). The core of the DNA-binding domain (DBD) is in boxes, and the
amino acids implied in the binding with 17 B estradiol are indicated by black triangles. The little conserved domains are in gray.

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 Lvl domain specific to HnVtgl and

17

HnVtg2 were detected in female blood samples, while only HnVtgl
peptides were detected in mucus samples (Fig. 17a). Mapping tryptic
peptides from the N and C-terminal HnVtgl 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 LvIIl, and
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HRERA_X1 -GEDLP - LLOFQEVGSSKTGDR - S5P SRAVC IPSPYBDSSHDYJl- - - - TLEF YNPSMLGYPGSENED 81

SP--GGDLP-L| ORVGSHKTGDR - SRAVC IPSPYRDSSHDYW- - - - TLSFYNPSHLBYPGS D 82

ObERf P— - GDI.P LLoLoEuassnaun- RAVC IBSPYMDSSHDYM®- - - - TLSFYN LGY@GSS S0 82
OmERP

S CIPSPYTD HD LEFYNPSMLG PISD 87
SHMVC IPSPYTDS) FYBPSMLE PIED 87

OaERp

CeER GD CIPSPYT - -TLAFYEPEELG SD 78
HRERB_X1 SPS-V'HPPLSP LTLHCOOPLMYGEP - [RTPWVEPKAQD - DE - ALSSSAACLTH 162

SERp SPS-VAPPLSP) LTLHCQOPLVYGEP - BRTPWVEPKAQD - DE-ALSSSAACLTG 183

OBERP LTLHCQOPLMYGEP - BRTPWVEPKAQDHML VESS - - - - - - DE-ALSSSAACLTG 163

OmERP LEBs i 172

G 174
CeERp -VAEEL spSERWRPHSHESSUSSUN | HECOTRESONHPTEGEWAETPHO HSEEFNE - - - - - ] - LAG 153

HRERB_X1 AVCHDYASGYHYGVWSCEGCKAFFKAS | QGHNDY ICPATNQCT IDKNRRKSCOQACRLRKCYEVGMMKCGVRRERCSY - - AGHA 250
SIERR AVCHDYASGYHYGVWSCEGCKAFFKRS | QGHNDY ICPATNQCT | DKNRRKSCOACRLRKCYEVGMMKCGVRRERCSY - - RGMR 251
ObERA AVCHDYASGYHYGVWSCEGCKAFFKRS | QGHNDY ICPATNQCT IDKNRRKSCQACRLRKCYEVG! %= R 251

OmERP AVCHDYASGYHYGVWSCEGCKAFFKRS |QGHNDY ICPATNQCT IDKNRRKSCOQACRLRKCYE VG R 260
OaERp AVCHDYASGYHYGVWSCEGCKAFFKAS | GEHNDY ICPATNGCT IDKNRRKSCOACRLRKCYEVGM RGAR 262
CcERp AVC DYASGYH\"G\"WSCEG_GKAFFKHS |OGHNDY ICPATNOCT I DKNRRKSCOACRLRKCYEVGI KCGERRERE AGHR 243

HAERA_X1 HRAV-

REWM - ---88LPP- - - AEPPE | YLMKDMKKPF TEESMMMSL TN 325

SERP HRAV-PQIRDTA- - - ----SSLEP--- AEPPE | YLMKDJKKPF TESIMMMSL TN 326

ObERp HRAV-PQIRDTA- - -M- - -GPEPANORALE - - - - - LPP- - - AEPPE | YLMKDEKKPFTESEMMMSL TN 326
OmERB .p - - GRGERBOMALE - - - - - P- .- AEPPE I YL KKPFTENSMMMSLTN 338
OaERp AEPPE | YLMEDEKKPF TENSMMMEIL TN 352
CcERp AEPPE | YL KKPFT MMSLTN 319

LADKELVLMISWAKK I PGFVELHNLSDOVHLLECCWLEVLMLGLMWRSVDHPGKL | FSPDLKLNRJJEGSCVEG | ME | FOMLLAA
SIERP LADKELVLMISWAKK | PGFVELSLSDQVHLLECCWLEVLMLGLMWRS VDHPGKL | FSPDLKENREEGECVEG I ME | FOMLLAAT
ObERp LADKELVLMISWAKKIPGFVELSLSDOVHLLECCWLEVLMLGLMWRSVDHPGKL | FSPDLKUINRBEGSCVEG | ME | FOMLLAAT
OmERP LADKELVLMISWAKK |PGFVELSLEDOVHLLECCWLEVLMLGLMWRSVDHPGKL | FSPDLKLNREEGHCVEG IME | FOMLLAAT
OaERp LADKELVLMISWAKKIPGFVELSL (IHLLICC\HI.E'LHLGLW'RSVDHPGKLIFSPD'EI.NF‘I E VEGIMEIFouLul
CcERBP LADKEL VM| SWAKK | PGFVELSLEDOVHLLECCWLEVLMLGLMVRS VIIHPGKL | FSPDLELERBEGSC VEIGENE | FOMLL RE}, 408

HRERP_X! KLOREEYVCLKANILLNSNMCVISPETPEELESRAKLLALLDEVTDAL VWA | SPKGLJJFOO0SARLAHLLMLLSH IRHLSNK MEH SHM 505
SER} KLOREEYVCLK iLLNSNMC\'S.PETPEELESRRKLLRLL VTDAL VWA | BRKGLEFQQOSARLAHLLMLLSH I RHLSNKGMEHL STM 506
ObERp KLOREEYVCLKABILLNSN SSPE LESH&KLLHLL VTDAL VAW | BRKGLEIFOOOSARLAHLLMLLSH I RHLSNKGMEHL S TM 506
OmER} MLOREEYVCLKAMILLNSN SPE LESFl KLLALLDEVTDAL VWA | SRRGLSFQQOSERLAHLLMLLSH | RHEISNKGMBHL SEM 518
OaERp KLOREEYVCLKAMILLNSN SSP TPEELESH KELALLDSVEDAL VWA | SREGL RLEHLEMLLSH I RHESNKGMBHL STM 532
CcERp KLQREEYVCLKAMILLNSN EELISH KLLELLDSVTDAL VWA | SKEGLSF RLAHLLMLLSH I RHLSNKGMEHLEEM 409

HAERA_X1 KMKNVVPLYDLLLEMLDANTMHSSH GEEEPOER- - - -« -------crermrm e
SERP KMKNVVPLYDLLLEMLDANTMHSSR
ObERp KMENVVPLYDLLLEMLDANTMHESR
omERp KEKNV LYDLLLEMLD?SSH
OsERp KBKNV YDLLLEMLDAN
CcERp KMKEEMVPLYDLLLEMLD MH

HAERP_X1
SIERB

ObERp

OmERE

OsERB

CcERp
Fig. 9c. Alignment of the deduced protein sequences of Heterotis niloticus estrogen receptors (ER) beta (HnERB _X1) with ER(B of Scleropages formosus (SfERp),
Osteoglossum bicirrhosum (ObERP), Oncorhynchus mykiss (OmER and OmERY), Oreochromis aureus (OaERP and OaERy) and Cyprinus carpio (CcER( and CcERy). The
core of the DNA-binding domain (DBD) is in boxes, and the amino acids implied in the binding with 17 B estradiol are indicated by black triangles. The little
conserved domains are in gray.
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OsERy - -
OmERy -

---RASQ 137
- -RSO 183

CeERy 155
HnERy EVCEDYASGYHYBVWSCEGCKAFFKRS |QGBDY | CPANNQCT 1 DK AAKSCOACALAKCYEVG KHGVR 183
OaERy AVCHDYASGYHYGVWSCEGCKAFFKAS IQGHNDY ICPATNOCT | DKNRRKSCQACRLAKCYEVG R 226
OmERy i RAKSCOACRLRAKCYEVG R 252
CeERy ] SARKSCOACRLAKCYEVGMIKCGVR 247
HRERy nEn L L LY - e RELENMEPPE | ¥LM~D PETEN 2850
OaER\f YR - A PK E LNKFPE«PE- - - - - - RILEAEPPE | YLMKDEKRPLTEA 301
BmER\r SYRG RR RG PK vL G PR - - - - - --- LEPEQLIBR IMBAEPPE IELAKOMBRPLTEA 327
CcERy FlEFI SYRG PL| ILEAEPP@ I YL KEPETEA 336
HnERy S“SL THL RDKE L-vu swmml PGF.EL.LSUQVHL LECCWLEVLMLGLEWRS vOHPGKL | FSPOLILUBRBEGSCIEGHEME | FOMLLAAT 352
0aERy SHMMEIL TNLADKEL VHMI SWAKK | PGFVEL§L| DOVHLLECCWLEVLI.GLIM\'RSVDHPGKLIF.PDLSL REEGSC VE | FOMLEIAAT 303
omERy MEMMSL TNLADKEL VHMI SWAKK | PGFVEILEL DQVHL LECCWLEVLMLGLMWRS VOHPGHL | FSPOLSLNREEGSC | FOMLLAAT 419
CcERy SMMMSL TNLADKEL VM| SWAKK | PGFVEL LSDQVHLLECCWL.LMLGLW‘HSUDHPGKLIFSPDL.L REEGHC

E| FDML A.i 428
HnERy SAFRELELOEEEYVCLKABNIL LNSEINL N SH.KL LLNAVTDAL IAKIGLSFQOQS&RLJ\HL.MLLSHIFIHVSNKgMB 444
OaERy MRBRELKLOREEYVCLKAMILLNSNMCLSSBBGSERLOQSASKLL] LLDA'TDAL AIBKTGLEFECONMALAHLLMLLSH | RHVSNKGMDH 485
OmERy SHFRELKLQHEEYVCLKAMILLNSNMCLSS GSEELOSRSKLLALLDAVTDAL VWA I AKTGLSFOOQSARLAHLLMLLSH I RHVSNKGMDH 511

CcERy SRFRELKLOBEEYVCLKAMILLNSNEC SRlKlLRLLDIVTDAL\M.I.TGLS.(‘OS[RLJ\HLLMLLSHIFIHlSNK(-H 520
HnERy LHCMKMKEVVPEYDLLLEMLDAHEMHESREESFER - - - - -B- -B-------- SH 481
OaERy LHCMKMKNJJVPLYDLLLEMLDAH IMHSS : P SH 557
OmERy LHCMKMKN VPLYDLLLEMLDAHIMHS'RL ............. 560
CcERy LEMIMKEKNVVELYDLLLEMLD ANIBEIS SR P 606

Fig. 9d. Alignment of the deduced protein sequences of Heterotis niloticus estrogen receptors (ER) gamma (HnERy) with ERy of Oncorhynchus mykiss (OmERY),
Oreochromis aureus (OaERY) et Cyprinus carpio (CcERy). The core of the DNA-binding domain (DBD) is in boxes, and the amino acids implied in the binding with 17 3
estradiol are indicated by black triangles. The little conserved domains are in gray.

1% for 3'-C. In mucus, the coverage of the detected peptides was 18.6% 4. Discussion
for Lvl, 0.8% for Pv, 5.8% for LvII, 4.2% for (-C, and 2.6% for CT
(Fig. 17b). 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
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HnPRL -VLLEL HEBlV DLMBRANQLSDKLHELSNSLEBDLDSHFPRYV IBPRES TSSLAT 77
SPRL GS -VLLSLEVHCHEV DLMBRANMOLSDKNHELSTSLKSD LDNHEPAV | EPHES TSELKT 77
CcPRL GS VEVLMCEEVS VGENDLEERASQLSDKLHSLSTSLTNDLDSHFPPVGRVEMPRPS TSSLOM 76
OmPRL M‘RR G| V-ILCL VSCH DLMERASQRSDKLHSLSTSLTKDLDSHFPPMGR VMMPRPS TSSLQAT 76
OnPRL MREBRR V-EELC v LEERASOHSDKLHSLSENL TAELDSHFPPUGRY I MPRPH TSSLQT 77
HnPRL PMDK IL ESELLSLE@SLLL LEMLSSEASSLPH ISEKAxEL SLEMGLSWL AHKMGSSSBSH 156
SPRL PMDK LEESESELLSLMASLLL DALLLLSSEASSLPHPSTST IBVMKEL LGEGLSRL AHKMGSSSESH 155
CcPRL PNDKDQAL EBELLSLARSLLLAWSDPLELLSSEASSLHHP TIBSKEKEL SLGAGL KMGSSS| 156
OomPRL PRDKEQALKMSENELWSLARSLLLAWNDPLLLLSSE LPHPS ISSKIRE L SKSLGBGL KMGESS| 156
OnPRL PEDKDOALEMSESHLMSLARSLLEAWSDPLENLSSBASTLPHPHEQS T I ENKIQE SKSLEDGLDVLSSKMGS 157
HnPRL PR-Y SLGEDPNSRLEBFHFLLSCIFRRDSHK I DNFL KL K 209
SIPRL PERY SLGEBDDDSRLMNFHFLLSCIFRRDSHK | DNF L Kl L AR ANK 21
CcPRL PF-YES-SLGADKTSALMNFHFLLSCIFRRDSHK IDSFLKVL AAK 210
OmPRL PF- LGNDKTSRLENFHFLMSCIFRRDSHK IDSFLKVL Al 210
OnPRL P - LGHDOKIKL N FNFLLSCIRRDSHK IDSFLKVL AAK 212
Helice 1'
Helice 1

Helice 2

Helice 3
Helice 1" Helixce

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 a-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.

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 Kmie¢,
2013) and bird (Bu et al., 2015) PRLs are made of up to 30 amino acids.

19

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 a-helices (helices 1 to 4) re-
presenting more than 50% of the entire protein (Skorupski and Kmiec,
2013), and two short a-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 Cys”°
and Cys'®2, and the other at the C-terminal level of the protein between
Cys'®® and Cys®®°. Similarly to the PRL of its sister species A. gigas,
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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.

where immunocytochemistry showed that PRL had little affinity with Qing and Wilson, 1996; Hilton, 2001, 2003; Lavoué, 2016; Lavoué and
Salmonid anti-PRL anti serum (Borella et al., 2009), HnPRL shares little Sullivan, 2004; Nelson, 1968, 1969). This also completes the few stu-
identity (53%) with O. mykiss PRL. dies reporting phylogenetic hypotheses based on molecular data
(Kumazawa and Nishida, 2000). The present study shows that HnGPa

shares between 61 and 82% amino acid identity with certain species of

4.2. Gonadotropins and their receptors Osteoglossiformes, Salmoniformes, Perciformes and Cypriniformes. A.
gigas GPa is identical to HnGPa and shares a higher amino acid identity

H. niloticus FSH and LH expressed in the pituitary gland are het- (87 to 89.5%) with other teleost (Anguilliformes and Ostartiophysi) and

erodimeric glycoproteins like all gonadotropic hormones (GTHs), with Chondrosteans (Acipenseriformes) (Faria et al., 2013).

a common a-subunit called glycoprotein hormone o (GPa) and specific The position of the 12 cysteines and the only potential N-glycosy-
p-subunits (Acharjee et al., 2015). A comparative analysis of the lation site at LHB B-loop 1 (NXTX) observed in most vertebrates
structure of H. niloticus GTH with other members of the teleost group (Bousfield and Dias, 2011; So et al., 2005) is very well conserved in H.
showed that the GPa subunit consisted of three a loops and the (- niloticus. In catfish, the loop located between Cys'® and Cys!! of the
subunits of three 3 loops with a “seat-belt” in the C terminal position. “seat-belt” of LHB contains the receptor-binding sites of this hormone,
HnGPa had the ten conserved cysteines believed to be involved in the whereas the loop corresponding to Cys'! and Cys'? of LHp stimulates
formation of five disulfide bridges, four proline residues, and two N- FSH receptor activity (Vischer et al., 2004).

glycosylation sites at a loop 2 (NITS) and a loop 3 (NHTD). In catfish In contrast to the LHB subunit, the FSHB subunit was 86% con-
(Heteropneust fossilis), the N-glycosylation sites are located at loop 1 served between H. niloticus and its sister species A. gigas, and diverged

(NITS) and loop 2 (NHTD) (Acharjee et al., 2015). Only eight cysteines more with other species of Osteoglossiformes, Perciformes,
are conserved in the GPa of hagfish (Uchida et al., 2010). A. gigas GPa Salmoniformes and Cypriniformes (37% to 69%). In A. gigas, the
and LHp, described by Faria et al., (2013) and Sevilhano et al., (2017), highest identity, based on amino acid sequences, is 61% identity with
respectively, are identical to HnGPa and HnLHp identified in this study, Anguilliformes for FSHB and 76% with Cypriniformes for LHp
respectively. This result again demonstrates that there is a great phy- (Sevilhano et al., 2017). HnFSHp had 12 conserved cysteines; the first

logenetic proximity between these two species of Osteoglossomorphs four were located in (3-loop 1 (Cysl to Cys4), Cys5 and Cy56 were located
previously underlined by some authors (Betancur-R et al., 2017; Guo-
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Fig. 12. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of Heterotis niloticus follicle-stimulating hormone (HnFSHf), box modeling of
HnFSHP with the different domains (b), and alignment (c) with Arapaima gigas FSHB (Ag HnFSH[3), Oncorhynchus mykiss FSHB (Om HnFSHp), Oreochromis niloticus
FSH[ (On HnFSHP) and Cyprinus carpio FSHf (Cc HnFSHP). In figure (a), the start codon and the stop codon are in bold type, the signal peptide is underlined, -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. 13. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of Heterotis niloticus follicle-stimulating hormone (HnFSHf), box modeling of
HnFSHP with the different domains (b), and alignment (c) with Arapaima gigas FSH (Ag HnFSH[), Oncorhynchus mykiss FSHB (Om HnFSHP), Oreochromis niloticus
FSH[ (On HnFSHP) and Cyprinus carpio FSHf (Cc HnFSHP). In figure (a), the start codon and the stop codon are in bold type, the signal peptide is underlined, -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.

in B-loop 2, Cys” and Cys® in B-loop 3, Cys® between B-loop 3 and the
“seat-belt loop”, and Cys'® to Cys'? in the “seat-belt loop”. In Cyprini-
formes and catfish such as H. fossilus, good conservation of the structure
of the FSHf} subunit is observed, the only difference is that there is an
additional cysteine between the signal peptide and f3-loop 1 in H. fos-
silus. Cys? is absent in Perciformes and so is Cys® in Salmonidae, but an
additional cysteine residue in the N-terminal position, as in

21

Cypriniformes and catfish, gives 12 cysteines in total. In zebrafish,
Cys'® and Cys'?, thought to be the decisive loop of the FSHp “seat-belt”
(Vischer et al., 2004) are absent, and two additional cysteines exist in
the N-terminal position before 3-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 FSHP subunits among fish species may result in
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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.

HRFSHR LG L- c FFC [ E LT R.F A 87
CcFSHR K c FF CLG H] N KLTEIRVF] 7
OmFSHR LL NT EFK.T IRVFPREAFTN 74

HAFSHR L[JE I'LSENG !GP.AF EITITKSKHL IHKDA LPKL] YLTI LPDFSKINSA FLLDLODN H I 177
CcFSHR LHELKR | VESENGAL PFAF L |. EITITKSKHL KEMF LPKLEAYLTI NTGL LPDFSKINSAALEFLEDLQDNMH | 188
OomFSHR L @@L IVL'ENG FAFANLBRLEE | T1 TKSKHL LPKLSHLT IBNTGLENL PHFSH IHSAALEFLLDLOQDNMH | 164

HnFsHR DM I PBNAFLGL ELHLTKNGI EVESHAFNGT KL.LMGN(‘L-IH AFMGAEGP I VLD ISRTAVSTLPENMLABIKLLTA 267
CoFSHR D IP AFLGLT ELRLTKNG I ESHAFNGTH | EKLFLMGNQOLSH | AFKGAEGP I VLD ISHTA TLPENMLR KLLTA 258
OmFSHR AFLGLT ELALTKNG | BEVESHAFNGTK I KLFLMGN'QLSH. FKGAEGP-LDISHT SHLPEENL| LEA 254

HnFSHR LELFT LBEANLTYPSHCCA -NSMC EPHF PDAFNPCED | MGF 356
CcFSHR LELFT L ANLTYPSHCCA PDAFNPCED | MGF 346
OmFSHR VSV L.LFT ANLTYPSHCCA HF PDAFNPCED | 343

HNFSHR LHVLI S\I'Lﬁ VL.VLLSS.YKLTVPRFLMCHL&FADLCMGIYL FIT Y\‘NHGI TGPGC AGFFTVFASE 446
CcFSHR LRVL IWEISHiLAI VLLVLESSRYKLTVPRFLMCHLAFADLCMG I YL L | D YYN TGPGCHWAGFFTVFESE 436
OmFSHR LRVL | SVLA VLLVLLESREKETVPRFLMCHLEFADLCMGE YL VDMRT YYNH TGEGCBAGFFTVFASE 433

HAFSHR LSV\'TLT&.TLERWHTHI& E HLRHRCAIMH LF:ILA»I.PWGVSSMFSKVS|CLPMDVET va LLLLNVBAFLIE 536
CcFSHR LSVYTLTAITLERWHT I THA LRHACA IMARGWLFARLE PVEGVSSYRKES 1 CLPMDVETMSOBYVVELLLLNVAAFLN 526
OmFSHR stlTLTn|TLERIHT1Tlm.ﬂlnnll.nLnHACAlMAIGmIF-LnALLPlVG\rSSVSKvs|CLPMDVE_SQV|V-LLLLNVIAFLI 523
HoFSHR VEVCYLR I YLTVANPHFVPASADM- REAKRMAVL | FTDFLCMAP ISFFAISAALKLPL I TVSHAKVLLVLFYP INSCSNPFLYAFFTKTF 625
CeFSHR VCVCYMR I YLTVENP PA.ADM REAKRMAVL | FTDFLCMAP ISFFAISAALKLPL I TVSHAKVLLVLFYP INSCSNPFLYAFFTKTF 615
OmFSHR VCVCYLE I YLEVRN| PASAERSRMABRMANIL | FTDOFLCMAP ISFFABSAALKLPL I TVSEEKELLVLEYP INSCENPFLYBERTHETF 613

HnFSHR KRDFF I LASRFGCFKERAQMYRTEFSSVON P-ElxTSOETLYSL 679
CeFSHR KROFF | LIISEFGCFKTRABEYRTERSSEONGARMP - SPKTSDGTLYSL 669
omrFsHR BRADFFELANREGEFETEACMYRTE VOl SPrMSHGTL 559

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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HnLHE MSPEVPABTLLTFL-------- SLCHLLAPEFWNAVYLQP
AgLHB SLCHLLAPEWAVYLQ
SILHB -SLCHLLAPA AVYLOP
OmLHp
CcLHB
OnLHB e
HnLHB TYREBVRYET IRLPD| VDPHVTYPVALS
AgLHB TYRBVRYET IRLPD VDPHVTYPVALS
SLHB TYRDVRYET IRLPD VDOPHVTYPVALRKE
OmLHB TYRDVRYET IRLPD VDPHUTYPVALS!
CcLHB TYRDVRYETNMRLPD VDPHITYPVALso
OnLHB TYRDE¥YETEEL PD| VDPIVTYPVALS

SGH
SGH
SGH
SGH
SGH
SGH
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I TKBPVEKEPFS
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Fig. 15. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of Heterotis niloticus luteinizing hormone (HnLHf), box modeling of HnLHf with
the different domains (b) and alignment (c¢) with Arapaima gigas LHB (AgLHp), Scleropages formosus LHP (SfLHP), Oncorhynchus mykiss LHB (OmLH), Oreochromis
niloticus LHPB (OnLHp) and Cyprinus carpio LHB (CcLHP). In figure (a), the start codon and the stop codon are in bold type, the signal peptide is underlined, B-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.

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 B-loop 1 of their FSHf 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 FSHP3 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 FSHB 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 B-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 (ERa, ESR1, ER, ESR, ESRA, Era or
NR3A1), gamma or beta 1 (ERy, ESR2a, ERB-I, ERBa, ER1) and beta
or beta 2 (ERP, ESR2b, ER(- II, ERf3b, ER(32 or NR3A2) receptors.

We identified the beta subtype of the estradiol receptor (ERf}) in the
liver of H. niloticus females in vitellogenesis, and the beta and gamma
subtypes (ERP and ERy) in the ovary. The three ER subtypes appeared
to be differentially distributed in the tissues. The alpha subtype was not
present in any tissue, ERy was expressed in the ovary, and ER( in the
liver and ovary. Investigations into the functional significance of the
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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, ERB had the highest level of
expression in the ovary and liver. ERy was more expressed in the ovary
than ERa, 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 ER[}
and ERy 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 (ERRa and ERRy)
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 Giguere, 2015; Giguere, 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 (Giguere,
1999). As a result, ERRs do not participate directly in conventional
estrogen signaling pathways or biological processes (Audet-Walsh and
Giguere, 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 HnERP and HnERy (58 to 68%) and between
HnERP_X3 and the other HnERf3s contributed to a high specificity of the
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GTGGCTCAGTAGCTGCCAAGRAGAGCTCGCACGTGACACTCARMACAGT
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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.

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 3 and y forms of ERs share around
70% identity, and therefore the protein sequence of ERy is probably
derived from the duplication of ERB 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 HnERPB_X1, HnERP_X2, HnERP_X3 and HnERy,
while HnERP_X4 possessed only two preserved sites.
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The analysis of the predicted amino acid sequences revealed that the
four forms of HnERp had identical domains, and only diverged at the
level of the A/B or LBD domains. These were four HnERP isoforms
resulting from alternative splicing of the gene coding for these estro-
genic receptors. In humans five isoforms of ERf have been identified
and their divergence is located at the C-terminus of the LBD and F
domain (Leung et al., 2006). The human ERP1 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 ERB1 isoform insofar as a single functional helix 12
of the dimer is sufficient (Leung et al., 2006). Under these conditions,
HnERP_X1, HnERP_X2, HnERPB_X3 and HnERYy, which possess helices 11
and 12 with all the amino acids involved in the binding with E2, can
function in homodimers, while HnER[_X4, which does not have helix
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HnLHR LPNF ----HFVCPGICECSEBET IRC TERSiP KRL HLSLSE IBSHEFBGLSGVE 78
SILHR LPMF ----HFVCPGICECS TIHC TERS P KRLTLEHLSLS SHSFDGLSG
OmLHR FVCPGIC cs TIRC ALMLEHLENST | ASHEFDGLERVQ 81
OnLHR P FvCPR! I RC] ALELMHLSLEN 1 BSHSFEGLEGvVa 77
HnLHR LV.I .AFN.LPKLRYLSISNTGI SISSLE- - -SEF@ILD I CONLH 162
SMLHR LVHI RAFNNLP.LHYLS.SNTGIT F'D SI SLE---SMFELD ICDNLH 182
OmLHR LVHI FNNLPKLRYLS ISNTGITVIEP SLE FMLDICONL] 168
OnLHR LEH | BRBAFNNLPKLRYLS ISNTGINVEPD S.SSLE -SEFNLD I CONJIE 136
HnLHR LW PENAFAGESNE YREMELNBNG lﬂlYnFNGTKIHKL LENNEELAN | HKDAFKGANGPGELDVSWTALENLPSQGLOSERL 249
SLHR LES | PANEFAGESNERTTMEL NG EllDMFNG‘rllHKL LKNNEHLRN | HKDAFKGAVGPGMLDVS TALE LPS GLQS RL 249
OmLHR LLS|PMNAF EYTH L EIQDYAFNGTK I LKNNANLRYV | HEEAFKGAVGPRILDVS LPS 255
OnLHR LLE I PENAF SKEYNT NG IHEHAFNETK I(L LEKNNANLRV IHKDAFRGANGPGHLDVS TAL LPSQGL 223
HnLHR LVAHGAY| LK.LPPLGALGSLOEA LTYBESHCCALL RDSSED E 328
SLHR LVARGHEYSLKSLPPLGALESLQEABL TYESHCCAL RDS| T 328
OmLHR LVARAY| LK.LFP LGHLOEA LTY SHCCALL THRDSHE | - - - -BsEDES L E33?
OnlHR LEABSAYELKSLPPL LISLIEA SHCCALL THRDES 1 STD SEL
HnLHR -FEE ----- E_VDFOY-D. C(.RILICTPEnDAFNPGEDMGFIFLHVMWF!MLMTGNLI\:LLV.J\SHIKLI 408
SILHR VDFIYP R CTPEADAFNPCED | AGFBFLRVA IWF INMILA I TGNLEVLL ASREBKLT 409
OmLHR - - EDE VDFQYP QT CTPEADAFNPCED | AGFSFLAVAIWFINILAIHGNLEVLL SREKLT 421
OnLHR EDE vlFlYP -COT| FITL CTPEADAFNPCED I AGFEFLRVAIWF INBLA I TGNLEVLLY SANKLT 380
HnLHR VPRFLMCHLAFADLCIG \"LL]I.MVD RTEGSYSQHA | AWQTGPGCEAAGFLSVFGGELSVYTLIM | TLEAWHT IBHALQPERRLG 496
SALHR VPRFLMCHLAFADLCIG YLLMIAIVDERTRGSYSQHA | AWQTGPGCAAGFLSVFGEELSVYTLIN | TLERWHT IBHALQPERRLG 496
OmLHR VPRFLMCHLAFADEC IGVYLLMI ABRVOEHTRGH YSEHA | TGHGCSAAGFLSVFGGELSVYTLSE | TLERWHT I THALQBERRLG 508
OnLHR VPRFLMCHLAHDLCIG\WLLMM VDERTRGSYSQHAI TGPGCSnAGFLSvFGGELSWTL ITLERWHTITI ERHLN 477
HnLHR AG.NL ALLPLVGVSSYRKVS CLPMDI.TPLADAFVILLLLLN AFL v AVFIN FRGRSAD 533
SILHR LG ALLPLVGVSSYRKV CLPMDFETPLAOAFVILLL AFL FRGREAD
OmLHR IMAGGWL LG ABMLPLVGVSSY)| lvs CLPMD-TPLAOAF-LLL NVGAFL vcu(:v WHNP F RSAD 595
OnLHR | MABIGWL LF'LIGVSSY KVSMCLPMD IETPLAQAFV IlILLLNVGAFLVCVCY AVENP]

HnLHR |AKHMAVL!FTDFLGMAPISFFMSMF-PLITVTNSKtLLvLF PINSCANPFLYAIBTKAF ALASTL CCE KASWHT 670
SLHR | AKRMAVL | FTDFLCMAP ISFFAISAAFKVPLITVTNSKILLVLFYP INSCANPFLYAIBTKAFR D ALASTL CCESKASVYRT 670
OmLHR | AKRMAVL | FTDELCMAP ISFFAISAAFKVPLITVTNSKILLVLFEP INSCANPFLYAIETKAFRKD 5 GCCENKANMYRN 682
OnLHR | ABIRMAVL I FTDFLCMAP ISFFAISAAFKEPL I TVINSKILLVLFEP INSCANPFLYAIETKAFRKD GCCENK 651
HnLHR LPNE 708

SALHR lirlE 708

OmLHR L 727

OnLHR 652

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.

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
HnERPs. The D-box involved in receptor dimerization (Aranda and
Pascual, 2001) is represented by different peptides, namely PATNQ in
HnERp and PANNQ isoforms in HnERy, 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 (Lvl), a lipovitellin
light chain (LvII), a ’-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). HnVtgl, 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,
p'-C and CT domains. Alignments made with the variants of Vtg A or B
of other fish species made it possible to classify HnVtgl 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
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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-terl, N-ter2 and C-ter transcripts characteristic of HnVtgl
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-terl 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 HnVtgl 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; Nunez-Rodriguez et al., 1989; Nunez Rodriguez et al., 1997; Roy
et al., 2004) and mucus Vtg (Arukwe and Rge, 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
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N-terl HnVtgl (Blood)

MRAVLLALTLALAAGQQDSLTPDFANGKAYMFKYEAELLGGLPVEGLGKAGVKIVCKVLISRVSONTYLLKLKEPQIFEYSGIRPRDDFKPAAKLTQALAAQLLIPV
KFEYIRGVVGKVFAPAAVSKTILNLHRGILNILHVNIKKTQONVYELQEAGSQGVCKTDYAISEDTKAEHIYVTKSKDLGNCQNRIMADIGIAYTETCVQCOMRNKNL
RGAATYSYVMKPTETGALITKATVQEVHQFTPFHELRGAGQVETRQEMTFVETONDPVQPAHADYVARGSLOYEFASELLQTPLPLMKITDIKTQIEEILNHLVKNN
MGEVHEDAPLKFLQLTQLLREAKYEIMNGIWTQVKSKPVFRRWFLDTVPAVGNQDAVRFIKEKFIAGDISAAETAQALLVALHLLEANMDTVNLAGTLVFHAKLQSH
PMLREIAMLGYGSLVFKLCTKQONCPAEVIKPVHDIAAEAISKANVEEIALVLKVLGNAGHPASIKPIMKVLPGFGSTASSLTVKVHVDAVMALRHIAKRENHKVQE
VALQLFMNRDLHPEVRMVACVVLFECKPPIGLVAMIASALONEKSLQVASFAYSHMKALTRSTAPELAQVAAACNVAIKILSPKLDRLSYRFSKTIHMDFFNYHLMA
GAAATAHLINDAASILPRALVAKIRACMLGAAADVLEFGVRTEGLQEALLKSPAADPNADRLTRMWRVLNTLKNWKSLPASQPVASAYLKWFGQETAFANIDRDIIE
KAVEFATGAAAQPALLKNILNMMQSGIDIQIAKPLMTSEVRRIFPTSMGFPIEISLYSAAVAAAIVKAKATILNPKPSDNFRIAQLMNTDIQLDTRVVPSIAVHKYAV
MGVNTALIQAATEAKVKVQKVLPLKFNARINIAQGHYKIETVPLHAQERILDLHMETVAVARNIENLSEAKITPVLPARLASQQSKETFASAGSGSKSSERIHEQES
SSHPMQHAVSARTDRQWCVTVASLADQACAKVTSONAGFIRNSPLYKLIGEHSVIAAVKPVSGEAVDKIEIEMHVGPDAASKIVKTITVKDDNAKEGHAGHSPVVLK
LREILETEKKQHSRNATTSSSSSSSSRRSGQKSSSSSSSSSSSSSSSSNSSKRSKKNIKKRSSSSSSSSSSSSSSSRRRSRTENVLGGSSSSSSRSSRSQTSKAAILFR
QREFTONHIHQHETTRAASSQKTSSSPSSSSSSSNSSSSSSSSSSSSSSSSSSS

N-terl HnVtgl (Mucus)

MRAVLLALTLALAAGQQDSLTPDFANGKAYMFKYEAELLGGLPVEGLGKAGVKIVCKVLISRVSONTYLLKLKEPQIFEYSGIRPRDDFKPAAKLTQALAAQLLIPV
KFEYIRGVVGKVFAPAAVSKTILNLHRGILNILHVNIKKTONVYELQEAGSQGVCKTDYAISEDTKAEHIYVTKSKDLGNCQNRIMADIGIAYTETCVQCQMRNKNL
RGAATYSYVMKPTETGALITKATVQEVHQFTPFHELRGAGQVETRQEMTFVETQNDPVQPAHADYVARGSLOYEFASELLOTPLPLMKITDIKTQIEETILNHLVKNN
MGEVHEDAPLKFLOLTQLLREAKYEIMNGIWTQVKSKPVFRRWFLDTVPAVGNQDAVRFIKEKFIAGDISAAETAQALLVALHLLEANMDTVNLAGTLVFHAKLQSH
PMLREIAMLGYGSLVFKLCTKQONCPAEVIKPVHDIAAEAISKANVEETALVLKVLGNAGHPASIKPIMKVLPGFGSTASSLTVKVHVDAVMALRHIAKRENHKVQE
VALQLFMNRDLHPEVRMVACVVLFECKPPIGLVAMIASALONEKSLQVASFAYSHMKALTRSTAPELAQVAAACNVAIKILSPKLDRLSYRFSKTIHMDFFNYHLMA
GAAATAHLINDAASILPRALVAKIRACMLGAAADVLEFGVRTEGLQEALLKSPAADPNADRLTRMWRVLNTLKNWKSLPASQPVASAYLKWEFGQETIAFANIDRDIIE
KAVEFATGAAAQPALLKNILNMMQSGIDIQIAKPLMTSEVRRIFPTSMGFPIEISLYSAAVAAAIVKAKAILNPKPSDNFRIAQLMNTDIQLDTRVVPSIAVHKYAV
MGVNTALIQAAIEAKVKVQKVLPLKFNARINIAQGHYKIETVPLHAQERILDLHMETVAVARNIENLSEAKITPVLPARLASQQSKETFASAGSGSKSSERIHEQES
SSHPMQHAVSARTDRQWCVTVASLADQACAKVTSONAGFIRNSPLYKLIGEHSVIAAVKPVSGEAVDKIEIEMHVGPDAASKIVKTITVKDDNAKEGHAGHSPVVLK
LREILETEKKQHSRNATTSSSSSSSSRRSGQKSSSSSSSSSSSSSSSSNSSKRSKKNIKKRSSSSSSSSSSSSSSSRRRSRTENVLGGSSSSSSRSSRSQTSKAALFR
QRFTONHTHQHETTRAASSQKTSSSPSSSSSSSNSSSSSSSSSSSSSSSSSSS

C-ter HnVtgl (Blood)

SSS5SSSSSSSSSSSSSSSSSGSSASSFENIYKKSREFLGDTVRPAAVVIVRAVRGNERRRGYQVAAYMDKANARVQVITISALADSDKWQLCADGIQLSMHKVMAKIRW
GAECQDYRAVIKAETGLLGPHPAAQLKMYWNKTPRALKRYASMIYEYVPGVALLAGFSEGRHRSGERQIKLTMAATSARTISIILRTPWMTLYKLGQVIPIALPIGA
AAARAEVEQTFAGRIHYMFVEATSAKCKLENSTVTTENNRRYGLOMPRSCYQVVAQDCTSKLKFMVLRKGDERSEESHVIVKIADIDVDLTAEHGNIQVKVNGRVVP
ITQHNYEHPTGTISIKQKGAGISLCAPSHGLHEVYFNKNILTIQVPDWMKGNVCGLCGKADGDVRREFQGPSGHHIEDAVSFAHSWVLAAESCHDAKQCQVKQELFK
LTEPVLLNDQDMKCQSTFPVLSCLPQCSPMKTTPVTVGFHCIPIDSNVNSWSSIRKKQEDIRVTVDAHIMCNCGEECA

C-ter HnVtgl (Mucus)

SSSSSSSSSSSSSSSSSSSSGSSASSFENIYKKSRELGDTVRPAAVVIVRAVRGNERRRGYQVAAYMDKANARVQVIISALADSDKWQLCADGIQLSMHKVMAKIRW
GAECQODYRAVIKAETGLLGPHPAAQLKMYWNKTPRALKRYASMIYEYVPGVALLAGFSEGRHRSGERQIKLTMAATSARTISIILRTPWMTLYKLGOQVIPIALPIGA
AAARAEVEQTFAGRIHYMFVEATSAKCKLENSTVTTENNRRYGLOMPRSCYQVVAQDCTSKLKFMVLRKGDERSEESHVIVKIADIDVDLTAEHGNIQVKVNGRVVP
ITOHNYEHPTGTISIKQKGAGISLCAPSHGLHEVYFNKNILTIQVPDWMKGNVCGLCGKADGDVRREFQGPSGHHIEDAVSFAHSWVLAAESCHDAKQCQVKQELFK
LTEPVLLNDQDMKCQSTFPVLSCLPQCSPMKTTPVTVGFHCIPIDSNVNSWSSIRKKQEDIRVTVDAHIMCNCGEECA

(@
HnVtgl MRAVLLALTLALAAGQQDSLTPDFANGKAYMFKYEAELLGGLPVEGLGKAGVKIVCKVLISRVSQONTYLLKLK 73
HnVtg2 MKAAVFALALALVAGQONILTPDFAAKKTYVYKYEAQLHSELPEEGLAKAGLKIASKVLISRADONTYLLKLK 73
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Fig. 17. Coverage of the HnVtgl N-ter and C-ter peptides detected in Heterotis niloticus blood and mucus by mass spectrometry. (a) Peptides specific to HnVtgl 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-terl + C-ter) and the different domains.

Only Vtgl was detected in mucus.

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 Rge, 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
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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 4+, 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,
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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 ERa 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.
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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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