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ABSTRACT
The African bonytongue (Heterotis niloticus) is an excellent candidate for fish farming because it

has outstanding biological characteristics and zootechnical performances. However, the absence
of sexual dimorphism does not favor its reproduction in captivity or the understanding of its
reproductive behavior. Moreover, no molecular data related to its reproduction is yet available.
This study therefore focuses on the structural identification of the different molecular actors of
vitellogenesis expressed in the pituitary gland, the liver and the ovary of H. niloticus. A
transcriptomic approach based on de novo RNA sequencing of the pituitary gland, ovary and
liver of females in vitellogenesis led to the creation of three transcriptomes. In silico analysis of
these transcriptomes identified the sequences of pituitary hormones such as prolactin (PRL),
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) and their ovarian receptors
(PRLR, FSHR, LHR). In the liver and ovary, estrogen receptors (ER) beta and gamma receptors,
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.

Key words: Heterotis niloticus, Reproduction, Vitellogenin, Neurohormones, Pituitary gland,

Estradiol receptors, Transcriptome, Proteome.
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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 & 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 & Fernald,
2011), gonadotropin-releasing hormones (GnRH) produced by the brain stimulate the synthesis
of neurohormones such as prolactin (PRL), luteinizing hormone (LH) and follicle stimulating
hormone (FSH) by the pituitary gland (Zohar et al., 2010). PRL participates in the regulation of
several physiological processes including growth, reproduction and osmoregulation (Bu et al.,
2015; Freeman et al., 2000; Manzon, 2002; Whittington & 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
characteristics, sexual behavior) and growth (Devlin & Nagahama, 2002; Taranger et al., 2010;
Zohar et al., 2010). These gonadotropins (GTHSs) are used in aquaculture as inducers to improve
the reproduction of certain fish species (Mehdi & Ehsan, 2013; Mylonas et al., 2010). 17p-
Estradiol (E2) is synthesized by the follicular cells of oocytes under the control of FSH (Hara et
al., 2016; Norris & Lopez, 2011); it is the main sex hormone that stimulates oogenesis and
vitellogenin (Vtg) synthesis by the liver in females (Hara et al., 2016; Erik R. Nelson & Habibi,
2013). This hormone is perceived via intracellular estrogen receptors (ERs) mainly expressed in
the liver (Nelson & Habibi, 2013; Unal et al., 2014).

Vitellogenin (Vtg) is a phospholipoglycoprotein precursor of vitelline 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 '-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 detection 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, Furtado-



75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

Neto, Mesquita, & Bezerra, 2011; Chu-Koo et al., 2009; IRD, 2008; Nuiiez, 2008). Blood-borne
Vtg is incorporated into oocytes by endocytosis mediated by VtgR receptors integrated in the
oocyte membrane (Dominguez et al., 2014; Le Menn, 1979; Maifianés et al., 2007; Nufez-
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 & 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
Osteoglossiforme species phylogenetically close to A. gigas (Betancur-R et al., 2017; Guo-Qing
& Wilson, 1996; Hilton, 2001, 2003; Lavoué, 2016; Lavoué & 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 & 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 vitellogenin was further

tested from the mucus and blood of mature individuals 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 Cote 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 & Philip, 2011). The samples were taken from
male and female individuals (whose sex was only known after dissection) during the
vitellogenesis period (May and June).

For RNA sequencing of the liver, ovary and pituitary gland, pooled samples from three females

were stored in RNAlater stabilization solution (Sigma) at 4°C. For proteomic analyses of blood
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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 IT 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-1T™
PicoGreen® dsDNA Assay Kit (Life Technologies) and the Kapa Illumina GA with Revised
Primers-SYBR Fast Universal kit (Kapa Biosystems). Average size fragment was determined

using a LabChip GX (PerkinElmer) instrument.

2.3. RNA sequencing and in silico approach

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
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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. Peptide 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 database (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 annotation of the transcriptome was carried out using the

Trinotate v.3.0.1 pipeline (http://trinotate.github.io) described by Bryant et al. (2017).

In silico analysis of the transcripts

In silico analyses of the H. niloticus liver, ovary and pituitary transcripts resulting from the
assembly were mainly performed with Peptraq software developed internally (Zatylny-Gaudin et
al., 2016). Peptraq is a software program dedicated to the analysis of sequence files in fasta or txt
formats. It translates and filters transcripts and protein precursors on the basis of annotation
using keywords or structural criteria related to the presence of particular subsequences. Peptraq
can also assign the signal peptide, cleave it from preproprotein to proprotein, carry out the
cleavages of the convertases and identify the characteristic sequence repeats of the
neuropeptides.

The transmembrane domains were predicted by TMHMM v2.0
(www.cbs.dtu.dk/servicess TMHMM). Secondary structures were obtained 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 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

Sample preparation for MS analysis
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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 minutes. The protein pellet
was resuspended in ammonium bicarbonate buffer (50 mM, pH 7). Proteins were digested
overnight at 37°C using 0.25 pg of porcine trypsin (Promega, Madison, USA). The digestates

were desalted and concentrated on an Omix ZipTip pC18 (Agilent) before analysis.

NanoLC-MS/MS

The chromatography step was performed on an ultra-high-pressure nano-chromatography system
(NanoElute, Bruker Daltonics). The peptides were concentrated on a C18 pepmap 100 (5 mm X
300 um) precolumn (Thermo Scientific) and separated at 50 °C on a Reprosil reverse phase
column (25 cm x 75 um, 1.6 um, 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 volts 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 seconds from the 2-5 load range.

Peptide sequencing and vitellogenin detection

The fragmentation spectrum was used to determine peptide sequences. 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-carbamidomethyl, K-acetylation,
oxidation and dioxidation of methionine. "Trypsin" was selected with a tolerant mode including
two missing cleavage sites (Slechtovd 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
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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 between 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 transcriptome, indicating
strong support for the transcriptome assembled by the reads. Weakly expressed transcripts
(FPKM <1) and rare isoforms (<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.

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. 1.c). 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 the end of the sequences all represented by the same AGC codon and
corresponding to the N-terminal end of the phosvitin domain (FIG. 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
impracticable 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, LvIl, f'-C and CT in
HnVigl and HnVtg2 (FIG. 2). The incomplete ovary Vtg included the Lvl and Pv domains.
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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 HnVtg1 (FIG. 3a). The Met! to Lys*® domains of
HnVtgl and HnVtg3 (corresponding to the signal peptide and Lvl of HnVtg3) were identical.

27 of the incomplete ovarian Vtg (HnVtg4) was identical to the Arg*

The Arg' domain at Ser
domain at Ser''* of N-terl 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).

Vitellogenin receptor

Teleost vitellogenin receptors (VtgR) are classified as very low-density lipoprotein receptors
(VLDLR) belonging to the low-density lipoprotein 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 precursor 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 sequences of the YWS(V)D and
FWA(T)D types. A single 23-aa transmembrane domain (Ala’®® to Trp®® for the ovarian form)

was present, and a cytoplasmic domain containing the FDNPVY sequence was found in C-

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

17B-estradiol receptors (ERs)

The nomenclature chosen for the 17B-estradiol receptors included the alpha subtype (ERa), the
beta or beta2 subtype (ERP) and the gamma or beta subtype 1 (ERy).

Using in silico analysis, we identified the transcripts of four ER 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 HnERB_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 (1,068 base pairs) and HnERRy_X2 (1,101 base pairs) in the ovary (FIG.
6).

The deduced protein sequences of HnERB_X1, HnERB_X2, HnERPB_X3, HnERP_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 & Pascual, 2001) and functions as a site of interaction with
corepressor proteins (Kumar et al., 2011), iv) the ligand-binding domain (LBD) where 17f3-
estradiol (E2) binds to amino acids to induce the second AF-2 activation function (Aranda &
Pascual, 2001; Kato et al., 1995) , and v) a C-terminal region F whose specific function is as yet
unknown in fish (Aranda & Pascual, 2001; Nelson & Habibi, 2013) .

The four forms of HnER had identical DBD and D domains (FIG. 9a). The A/B domain of
HnERP_X3a had a reduced number (32) of little conserved amino acids at its N-terminal end,
whereas the other HnERBs had an identical 163-aa A/B domain. HnERB_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_XI,
respectively. The F domain of HnERB_X4 contained 14 amino acids and differed from the other
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HnER@s, which had an identical 35-aa F domain. HnER and HnERYy shared 58 to 68% amino
acid identity and had no common domain. HnERs shared less than 48% identity with HnERRs.
The different HnERRYy 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 ERP 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: HnERB 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 HnERP was identical to that of ERB of S. formosus (XP_018583081.1) and O.
bicirrhosum (BAT68972. 1) and shared 98% identity with the EB DBD core of O. mykiss
(CAC06714), O. aureus (ACF75103) and C. carpio (BAF99814) (FIG. 9¢). The LBD of
HnERP_X1 shared 95% identity with S. formosus LBD, 93% with O. bicirrhosum 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 ERfs.

The P box involved in DNA recognition at the DBD level (Aranda & 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 & 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, Kroll, & Denslow, 2004)
were present in HnERB_X1 (Glu**, Arg®”!, Gly**®, His®!, Leu’*? and Met>®), HnERP_X2
(GIu*¥®, Arg®’!, Gly*®, His™"!, Leuw’®” and Met®®), HnERB_X3 (Glu*’, Arg*”!, Gly*®, His",
Leu’”? and Met°®) and HnERy (Glu?”?, Arg*!4, Gly*"!, His**, Leu** and Met**®) (FIG. 5 and
FIG. 9). HnERB_X2 had only two conserved amino acids involved in the binding with E2
(Glu?¥, Arg371), which were absent in HnERRs. The LBDs of HnERP_X1, HnERP_X2,
HnERPB_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*®,
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respectively. As for the LBD of HnERB_X2, it did not have helix 12, and its helix 11 was much
smaller than the helices 11 of the other HnERfs.

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
& Wilson, 2013). Expression of H. niloticus prolactin (HnPRL) in the pituitary gland was
identified from a 627 base pairs transcript encoding 209 amino acids (FIG. 10a).

The protein precursor of HnPRL had a 25-aa signal peptide (Met!-Cys?), and four major a-
helices representing 56% of the total protein, i.e., helix 1 (Phe?®-His*®), helix 2 (Glu®-Ser!!5),
helix 3 (Gln'?2-Lys!#’) and helix 4 (Asp'®-Val®’!), as well as two short o-helices between helix 1
and helix 2: helix 1' (Val®*-Lys®?) and helix 1" (Lys®!-Ser®®) (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 17 (Cys’), two in helix 4 (Cys!'®? and Cys'®) and one at the end of the sequence
(Cys®®). The alignments showed high or medium amino acid identity between HnPRL and the
PRLs of S. formosus (XP_018592416) (74%), C. carpio (CAA37063) (58%), O. mykiss
(AAA49611) (53%) and O. niloticus (AAAS53281) (49%), but the four cysteines were conserved
(FIG. 10d).

Prolactin receptor (PRLR)

The HnPRL receptor (HnPRLR) was expressed in the ovary of females 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 transmembrane domain (TM) (Ser?**-
Ile*3), and one 334-aa intracellular domain (IC) (Asn?-Tyr’®’). 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¢).

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-
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aa protein (FIG. 12a). The secondary structure showed the presence of a 24-aa signal peptide and
three a-loop domains of 25, 28 and 23 amino acids, respectively (FIG. 12b). HnGPa had ten
cysteines (Cys! to Cys!®) and o-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. 12¢).

p-subunit of the follicle-stimulating hormone (FSHf})

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

The secondary structure of HnFSHP was composed of a 19-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. 13b). The mature HnFSHP had 12 cysteines (Cys'-Cys'?). B-loop 1 was located between
Cys! and Cys*, B-loop 2 between Cys> and Cys®, B-loop 3 between Cys’ and Cys®, and the "seat-
belt" loop between Cys'® and Cys'? (FIG. 13a). A probable N-glycosylation site (NVSI) was
found in B-loop 1 between Cys' and Cys>.

A comparison of the FSHf sequences showed that HnFSHP shared a high identity with FSHf3 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%) FSHPs
(FIG. 13c¢).

Follicle-stimulating hormone receptor (FSHR)

The HnFSH receptor (HnFSHR) was expressed in the ovary of females in vitellogenesis and
corresponded to a 2,037 base pairs transcript 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 transmembrane domains of 23 amino acids
each, and four intracellular domains (IC) of 8 (IC1), 20 (IC2), 24 (IC3) and 58 (IC4) amino acids
(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).
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B-subunit of the luteinizing hormone (LHp)

The B-subunit of H. niloticus luteinizing hormone (HnLHf) 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 HnLLHp} had twelve cysteines
(Cys'-Cys!'?) and B-loop 1 was located between Cys' and Cys*, B-loop 2 between Cys’ and Cys®,
B-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 LHp
sequences showed that HnLHf was identical to A. gigas LHB (LAO68014) and that it shared
domains with O. mykiss (BAB17687) (79%), S. formosus ( KPP64307) (77%), C. carpio
(CAA42542) (74%) and O. niloticus (AAP49576) (68%) LHps (FIG. 15c¢).

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. 16¢).

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 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 coverage 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 Lvll, and 1% for B'-C. In mucus, the coverage of the detected
peptides was 18.6% for Lvl, 0.8% for Pv, 5.8% for Lvll, 4.2% for B'-C, and 2.6% for CT (FIG.
17b).
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4. DISCUSSION

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

close species, and with other phylogenetically more distant teleost species.

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 &
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 & Wilson (2013), the expression 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 & Kmie¢, 2013) and bird
(Bu et al., 2015) PRLs are made of up to 30 amino acids. The two cysteines in the N-terminal
position capable of forming a disulfide bridge in the PRLs of mammals (Bu et al., 2015; Teilum
et al., 2005), reptiles (Yasuda, Kawauchi, & Papkoff, 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) representing more than 50%
of the entire protein (Skorupski & Kmie¢, 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'®?, 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,
where immunocytochemistry showed that PRL had little affinity with Salmonid anti-PRL anti
serum (Borella et al., 2009), HnPRL shares little identity (53%) with O. mykiss PRL.
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Gonadotropins and their receptors

H. niloticus FSH and LH expressed in the pituitary gland are heterodimeric glycoproteins like all
gonadotropic hormones (GTHs), with a common oa-subunit called glycoprotein hormone o (GPa)
and specific B-subunits (Acharjee et al., 2015). A comparative analysis of the structure of H.
niloticus GTH with other members of the teleost group showed that the GPa subunit consisted of
three a loops and the B-subunits of three  loops with a "seat-belt" in the C terminal position.
HnGPa had the ten conserved cysteines believed to be involved in the formation of five disulfide
bridges, four proline residues, and two N-glycosylation sites at a loop 2 (NITS) and o loop 3
(NHTD). In catfish (Heteropneust fossilis), the N-glycosylation sites are located at loop 1 (NITS)
and loop 2 (NHTD) (Acharjee et al., 2015). Only eight cysteines are conserved in the GPa of
hagfish (Uchida et al., 2010). A. gigas GPa and LHp, described by Faria et al., (2013) and
Sevilhano et al., (2017), respectively, are identical to HnGPa and HnLLHp identified in this study,
respectively. This result again demonstrates that there is a great phylogenetic proximity between
these two species of Osteoglossomorphs previously underlined by some authors (Betancur-R et
al., 2017; Guo-Qing & Wilson, 1996; Hilton, 2001, 2003; Lavoué, 2016; Lavoué & Sullivan,
2004; Nelson, 1968, 1969). This also completes the few studies reporting phylogenetic
hypotheses based on molecular data (Kumazawa & Nishida, 2000). The present study shows that
HnGPa shares between 61 and 82% amino acid identity with certain species of
Osteoglossiformes, Salmoniformes, Perciformes and Cypriniformes. A. gigas GPa is identical to
HnGPa and shares a higher amino acid identity (87 to 89.5%) with other teleost (Anguilliformes
and Ostartiophysi) and Chondrosteans (Acipenseriformes) (Faria et al., 2013).

The position of the 12 cysteines and the only potential N-glycosylation site at LHB B-loop 1
(NXTX) observed in most vertebrates (Bousfield & Dias, 2011; So et al., 2005) is very well
conserved in H. niloticus. In catfish, the loop located between Cys!'® and Cys!! of the “seat-belt”
of LHP contains the receptor-binding sites of this hormone, whereas the loop corresponding to
Cys!! and Cys!'? of LHP stimulates FSH receptor activity (Vischer et al., 2004).

In contrast to the LH subunit, the FSHP subunit was 86% conserved between H. niloticus and
its sister species A. gigas,, and diverged more with other species of Osteoglossiformes,
Perciformes, Salmoniformes and Cypriniformes (37 % to 69%). In A. gigas, the highest identity,
based on amino acid sequences, is 61% identity with Anguilliformes for FSHP and 76% with
Cypriniformes for LHP (Sevilhano et al., 2017). HnFSHP had 12 conserved cysteines; the first
four were located in B-loop 1 (Cys! to Cys*), Cys’® and Cys® were located 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-



514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547

belt loop". In Cypriniformes and catfish such as H. fossilus, good conservation of the structure of
the FSHp subunit is observed, the only difference is that there is an additional cysteine between
the signal peptide and B-loop 1 in H. fossilus. Cys? is absent in Perciformes and so is Cys® in
Salmonidae, but an additional cysteine residue in the N-terminal position, as in 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 B-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
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 FSHp 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
transduction (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-
glycosylation of H. niloticus FSHP could therefore affect interactions among receptors
(Bousfield & Dias, 2011; Ulloa-Aguirre et al., 1999). Thus, the absence of a second
glycosylation site in the FSHP 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).

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 & Habibi, 2003; Hawkins et al., 2000; Hawkins &
Thomas, 2004; Marlatt et al., 2008; Métivier et al., 2002; Nelson & Habibi, 2013; Nelson &
Habibi, 2010; Norris & 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, ERB1)
and beta or beta 2 (ERB, ESR2b, ER[- II, ERBb, ERB2 or NR3A2) receptors.

We identified the beta subtype of the estradiol receptor (ERp) in the liver of H. niloticus females
in vitellogenesis, and the beta and gamma subtypes (ERB and ERY) in the ovary. The three ER
subtypes appeared to be differentially distributed in the tissues. The alpha subtype was not
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present in any tissue, ERy was expressed in the ovary, and ER[ in the liver and ovary.
Investigations into the functional significance of the different ER subtypes in fish and other
vertebrates showed that expression patterns differed according to sex, gametogenesis stage,
species, 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 & 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 females in early vitellogenesis,
with higher expression levels in the ovary. Of the three M. salmoides ER subtypes, ERP 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 & 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 ERf} 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 orphan 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 & 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 & Giguere, 2015). The two H. niloticus ER subtypes contained five
domains, as most nuclear receptors do (Aranda & Pascual, 2001; Nelson & Habibi, 2013; Sabo-
Attwood et al., 2004). The N-terminal region (A/B) contained the first activation function (AF-
1); the strong variation observed between HnERP and HnERy (58 to 68%) and between
HnERP_X3 and the other HnERPs contributed to a high specificity of the receptors (Aranda &
Pascual, 2001). The core of the DBDs comprised 66 amino acids and was by far the most
conserved domain across HnERs (89%) and HnERRs (> 94%), as in most nuclear receptors 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 B and y forms of ERs

share around 70% identity, and therefore the protein sequence of ERy is probably derived from
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the duplication of ERf genes (Hawkins et al., 2000; Hawkins & Thomas, 2004). In addition to
the DBD core, the C-terminal extension (CTE), composed of the first 10-30 residues following
the fully conserved VGM sequence of the DBD nucleus, is an important determinant of specific
DNA binding for many nuclear receptors (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 HnERB_X1, HnERB_X2,
HnERPB_X3 and HnERY, while HnERB_X4 possessed only two preserved sites.

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 estrogenic
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 ERB1 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 homodimer. The C-terminal end of the LBD is much shorter in the other
1soforms because of the disorientation or absence of helices 11 and 12. As a result, they cannot
form functional homodimers but rather heterodimers with the ERB1 isoform insofar as a single
functional helix 12 of the dimer is sufficient (Leung et al., 2006). Under these conditions,
HnERB_X1, HnERB_X2, HnERB_X3 and HnERY, which possess helices 11 and 12 with all the
amino acids involved in the binding with E2, can function in homodimers, while HnERp_X4,
which does not have helix 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 & Pascual, 2001) is represented by different peptides,
namely PATNQ in HnER and PANNQ isoforms in HnERY, suggesting that these two types of
ERs do not form functional heterodimers on DNA (Zechel et al., 1994).

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 categories. 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 phosphorylated serines (Pv), a
lipovitellin heavy chain (LvI), a lipovitellin light chain (LvII), a f’-C component, and a C-
terminal coding region (CT). This category of Vtg has two variants, namely VtgA and VtgB,
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which have more or less similar molecular weights. In the second category, 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 HnVitg4 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, B'-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 (> 98%) and appear to be derived from alternative
splicing of the gene encoding this protein. In O. mykiss, the genes encoding different Vtg show
98.7% similarity (Trichet et al., 2000) whereas Morse saxatilis VtgC shares less than 32%
identity with the A or B forms (Williams et al., 2014). The identification of Vtg transcripts in the
liver and ovary of H. niloticus revealed that Vtg are expressed in these two organs in this species.
Vtg is mainly expressed in the liver, but its expression 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
HnVig2 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
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presence of plasma Vtg (Bulukin et al., 2007; Chu-Koo et al., 2009; Ndiaye et al., 2006; Nufiez-
Rodriguez et al., 1989; Nunez Rodriguez et al., 1997; Roy et al., 2004) and mucus Vtg (Arukwe
& Rge, 2008; Genovese et al., 2014; Gordon et al., 1984; Meucci & Arukwe, 2005; Moncaut,
Nostro, & Maggese, 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 endocrine
disruption due to mimetic substances of natural estrogens known as xenoestrogens contained in
certain foods distributed to most farmed fish (Pelissero & Sumpter, 1992; Pelissero et al., 1989)
or in the aquatic environment (Arukwe & 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 domain (Chen et al., 2016) were identified in H.
niloticus. These were LR8 forms with eight LBRs in the LBD (Sappington & Raikhel, 1998) that
have long been considered the only VLDLR capable of binding Vtg in some oviparous species
(Reading et al., 2014). LR8+, which has an O-glycosylated domain, and LRS-, 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, 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
identified in several teleost species other than H. niloticus, such as M. saxatilis, 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 signaling 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 Cypriniformes.
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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 signature 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. niloticus (Li et al., 2003). Cysteines from the
three precursor domains of the epidermal growth factor (EGF) are also well conserved across
species. The domain predicted to form a beta helical structure (Agulleiro et al., 2007) between
EGF2 and EGF3 is composed of five 4-aa sequences 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.

CONCLUSION/OUTLOOKS

This study provides molecular data on vitellogenesis for the first time in an African
Osteoglossiforme named Heterotis niloticus. The nucleotide 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 sequences 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 molecules. 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 establish a relationship between
the Vtg concentration in mucus and the maturity stage of females (Baumann et al., 2013;
Chatakondi & 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.
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On a practical level, knowledge of the primary sequences of pituitary hormones will make it
possible to synthesize peptides to induce gametogenesis and control fry production continuously
throughout the year (Bry et al., 1978; Mehdi & Ehsan, 2013; Mylonas et al., 2010). This is an
important parameter for ensuring regular production of marketable fish.

Moreover, based on knowledge of H. niloticus pituitary neurohormones, it will be possible to
monitor the circulating levels in this species with specific quantitative tools such as ELISA or
mass spectrometry during in vivo experiments that remain to be undertaken. In the near future, it
will be necessary to characterize the whole neuropeptidome of this species and also the whole
regulatory peptidome to facilitate the interpretation of physiological studies and thus totally
master breeding. The use of molecular tools could facilitate the selection of successful breeders

(Hallerman, 2006) to develop sustainable, environment-friendly fish farming.
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I R & ¥ L L A L T L A& L & A i VQ O b5 LT P b oF oA M = K A Y M F K ¥ F
1 ATGAGAGCAGTCCTTCTTGCACTGACTCTAGCCCTTGCGGCGGGTCAACAGGACAGTTTAACACCTGACTTTGCCAATGGGAAGGCCTACATGTTCAAATATGAA
3¥A F L L G G L £ ¥ E & L & K A & ¥ K L ¥ C K ¥ L L 35 B ¥ 35 Q 4 1T ¥ L L
206 GCAGAGCTACTGGGAGGTTTGCCAGTGGAAGGTCTGGGCAAGGCTGGAGTGAAGATTGTCTGTAAAGTTCTCATCAGTCGAGTTTCACAGAACACCTATCTGCTC
71K L K E I Q L F E ¥ 5 =z L E I E b Db F K I & A K L 1T © A L A A Q L L L
211 AAGCTCAAGGAACCTCAGATCTTTGAGTACAGCGGAATACGGCCCAGAGACGATTTCAAACCTGCTGCAAAACTCACCCAGGCCTTGGCCGCTCAGCTTCTTATT
e W K o F E Y L R = ¥ ¥ &z K v F & - A& A& ¥ 5 K 1 LI L ¥4 L H E = L L N L L
21le CCAGTCAAGTTTGAATACATCAGGGGTGTGGTGGGCAAGGTGTTTGCCCCTGCCGCAGTCTCCAAAACTATTCTCAACCTCCACAGAGGAATTCTCAACATTCTC
41 H v o™ 1L K K T Q0 N oYW oY O F L 0 F & ¢ o3 0 ¢ ¥ C K T D Y A I 3 F DT K A& F
421 CATGTCAACATCAAAAAGACACAGAATGTTTACGAGTTGCAGGAGGCTGGATCCCAGGGAGTCTGCAAAACTGACTACGCAATCAGTGAGGATACCAAGGCTGAA
e H L Y ¥ Ll K 3 K D L & M C QM K LI M A D L G L A ¢ L E LT C ¥ oQ C Q M E
526 CACATCTATGTGACCAAGTCCAAGGATCTGGGGAACTGCCAGAACAGGATCATGGCAGACATTGGAATAGCTTACACAGAGACTTGTGTCCAGTGCCAGATGAGA
zZll K ¥4 L KR & A& & L Y 5 Y ¥ M K I T E 1 L oL 1 K oA T 0w o Q E ¥ H Q F 1
£31 CAAGAATCTGAGAGGAGCTGCGACCTACAGCTACGTCATGAAGCCCACCGAAACAGGTGCTCTTATCACCAAGGCCACAGTCCAGGAGGTTCATCAGTTCACT
Z4dd F H E L R ¢ & & ¢ ¥ E 1T E Q E M 1T ¢ ¥ E T Q@ N D I w Q D A& H & D ¥ WV
736 £ AGCGGGCCARGTAGAAACAAGACAAGAGATGACTTTTGTTGAAACCCAGAATGACCCAGTGCAACCTGCACACGCAGACTACGTG
1 o5 Lo Y K F oA 3 F L L Q1 L 7 L M K I T D I K T 0 I F F I L H

ACAGATTGAAGAGATCTTGAAT

\CGTGGATCCCTGCAGTATGAATTTGCATCTGAGCTTCTCCAGACACCGCTGCCTCTGATGARAATCACTGATATCAAGA
3

2le H L ¥ K ¥ ¥ M & E ¥ H E DL & I L K L g L 1T @2 L L B E & K Y E L M N
%46 CATCTGGTCAAAAACAACATGGGTGAGGTTCACGAAGATGCTCCGCTAAAATTTCTTCAGCTGACTCAACTCCTGCGTGAGGCCARATATGAGATCATGAATGGT
XZLLow T Q¥ K 3 K O F ¥ F E K W o F L b T ¥V F oA ¥ G N Q D A ¥ R F L K E K F
1051 ATTTGGACTCAAGTCAAATCAAAACCAGTATTCAGACGCTGGTTCCTGGATACGGTTCCTGCCGTTGGAAATCAAGACGCTGTGAGGTTCATCAAGGAGAAGTTT
e L A & LD L 5 A A E T A QA L L Vv A L H L L E A& 3 HMH DT ¥ N L A G L L ¥
1158 ATAGCTGGTGATATCTCTGCAGCAGAAACTGCCCAGGCTCTACTGGTTGCACTGCATCTGCTAGAAGCTAACATGGACACAGTCAACTTAGCTGGCACTCTGGTA
421 r H & K L @ 5 H M L B E LI & M L &= ¥ ¢ 5 L ¥ F K L C T K Q O N C I A
1261 TTCCACGCCAAACTTCAGTCCCACCCCATGTTACGTGARATAGCCATGCTTGGTTATGGTTCCTTGGTGTTCAAGTTGTGCACTARACAACAGAACTGCCCGGCT
4Z¢ £ ¥ L K F ¥ H D L & & E & L 3 K A& M ¥ E E L A L ¥ L K ¥ L G 4 A =z H P
13668 GAAGTCATAAAACCTGTTCACGATATTGCTGCAGAAGCAATTAGTAAGGCGAATGTGGAAGAGATTGCCCTGGTGCTGAAGGTTCTGGGAAATGCAGGCCACCCG
A 53 L K L 0M K ¥ L F & F G 5 1T A 5 5 L T v K v H ¥ D A ¥ M A L K H L
GCCAGCATCAAGCCGATCATGAAGGTCCTGCCTGGATTTGGGTCTACAGCCTCCTCACTTACAGTGAAAGTCCACGTTGATGCGGTGATGGCTTTGAGACACATT
Z¢ A K R E ¥ H K ¥ Q E ¥ A& L Q L F M ¥ E L L H I E ¥ E M ¥ A C ¥ ¥ L F E
> GCCAAAAGGGAAAACCACAAAGTCCAGGAAGTTGCCCTGCAGTTGTTCATGAACAGAGATCTCCACCCAGAAGTGCGCATGGTTGCCTGTGTTGTGCTGTTTGAG
fel o K oFoP L G L ¥ oA M L oA 5 A& L o0 ¥ E K 5 L Qv A 3 F A Y 3 H M K A& L T
1€#1 TGCAAACCTCCCATCGGTCTGGTAGCTATGATTGCAAGTGCTCTACAGAACGAGAAAAGCCTGCAAGTGGCCAGCTTTGCCTATTCTCATATGAAGGCCTTGACC
S8e R 5 1T A P E L oA Q W oA A & O M YV A L K L L 5 F K L DR L 35 Y B P 3 K 1
17066 AGGEAZCACCGCCCCAGAACTTGCCCAAGTTGCAGCTGCTTGCAATGTTGCCATCAAGATCTTGAGCCCCAAGTTAGATCGACTGAGCTATCGCTTCAGCAAAACC
€31 L H M L ¢ ¢ ¥ ¥ H L M & =z A& A A& 1T A H L L ¥ b A A 5 L L F FE A L ¥ A K
1891 ATCCACATGGACTTTTTTRACTATCACCTGATGGCTGGCGCTGCAGCTACTGCCCATTTGATCAATGACGCTGCCAGCATTTTGCCAAGAGCGCTTGTGGCCAAA

C M L = A L L% L E ¢ = ¥ R LT E = L 0O E A L L K 5 [ & JE |
CTGCATGCTTGGGGCAGCTGCAG GGAGTTTGGTGTGAGARCTGRA CTCCAGGAGGCTCTTTTGAARAGTCCAGCTGCGGATCCTAAT

012 DR LT R M oW R Y L M T L K N W K 3 L F & 3 Q ¥ A 3 A Y L K W F &
2101 GCTGACAGGCTCACCCGGATGTGGCGTGTTCTAAACACTCTGAAAAACTGGAAGTCACTACCAGCAAGCCAACCAGTGGCTTCTGCTTACTTGARATGGTTTGGE
Q0 F L & F & ¥ LI D R D LI LI E K & ¥ E F & 1T A A& A& Q0 F A L L K XN I L A
7 CAAGAAATTGCTTTTGCCAACATTGACAGGGACATCATCGAGAAAGCCGTCGAGTTCGCCACAGGAGCTGCTGCACAGCCAGCACTGTTGAAGAACATCCTGAAT
MmoM Qg 5 = L b L 9 [ A K F L M T 5 E ¥ E E L ¢ F 1T 5 M < ¢ F L E L 3 L

ATGATGCAGTCTGGTATTGATATCCAARATTGCCAAACCACTGATGACCTCTGAGGTGCGTCGCATCTTCCCCACGTCTATGGGGTTCCCCATAGAGATCAGCCTC
Y3 A A W o& B2 B2 I W K A K & I L ¥ F K P 3 D M F R L & 0O L M N T D L Q
5 TACTCAGCTGCTGTGGCTGCAGCTATAGTTAAAGCTARAGCAATTCTGAATCCAAAACCTTCCGACAACTTCAGGATTGCTCAGTTGATGAACACCGACATTCAG
L b T R ¥ ¥ P 3 L & ¥ H K ¥ & ¥ H < ¥ N T & L I 0O & & I F & K v K ¥ 0Q
TTGGACACCCGTGTTGTACCAAGCATAGCTGTACATAAATATGCAGTTATGGGAGTAAACACTGCACTCATTCAGGCTGCAATTGAGGCCAAAGTCAAAGTTCAG
7&K Vv L P L K F ¥ & R LI N L A& O © H Y K I E T ¥ F L H & Q E E LI L DI L H
7 AAAGTCCTTCCTCTCAAGTTCAACGCAAGAATAAACATCGCTCAGGGACACTACAAGATCGAGACTGTGCCTCTTCATGCTCAGGAACGCATTCTGGATTTGCAT
H o oE 1T ¥ & ¥ A R M L E M L 5 E & K L LT F ¥ L PF A R L A& 5 QO Q 3 K E T F
ATGGAGACCGTTGCCGTGGCAAGAAACATAGAGAATCTTTCTGAAGCTAAAATTACTCCTGTGCTGCCTGCCCGCCTTGCATCCCAGCAGTCTAAGGAAACATTT
oA 5 A 203 G 3 K O3 5 FE R OLOH E QR OF 5 53 3 H FM 92 H &2 W o3 2 E T D R O W
2638 : CLIETAGGATCCGGGTCAAAGTCGTCAGAAAGAATTCATGAGCAGGAAAGCAGCAGCCATCCAATGCAGCATGCAGTTTCTGCCAGAACTGACAGGCAATGG
SE1 O T L & b 0 & C A& K ¥ T 3 0 ¥ A ¢ F I R XN 3 F L Y K L L = F H
2241 TGTGTCACGGT

GCTTAGCAGATCAAGCTTGTGCTAAGGTCACCTCCCAAAATGCTGGCTTCATCAGAAACTCCCCTCTGTACAAACTGATTGGAGAACAT

10le 5 v L & VAN SR = 3 E & % D K I E L E M H ¥ ¢ = D & A& 5 K L v K T L
3048 TCAGTCATTGCTGCTGTGARACCTGTTTCCGGTGRAAGCCGTTGACAAGATAGAGATTGARATGCATGTTGGACCTGACGC ATCARARATCGTTAARACCA
WwElw v K L b N A& K E G H A& &G H 3 F ¥ ¥ L K L R E L L E 1T E K KV

2.%1 ACAGTGAAGGACGACAATGCCAAGGAGGGCCATGCAGGACACTCCCCGGTTGTATTAAAACTGCGAGAAATCCTTGAAACTGAAAAAARLCAGCATTCARGGARC
0 &2 1 T 5 5 5 5 5 5 4 &4 R OR A ¢ Q0 K 5 5 5 & 85 53 5 5 5 A A 5 5 &5 5 5 M 4
22%¢ GCCACCACCTCCAGTTCAAGCAGTTCTTCTAGCCGTCGCTCAGGCCAGAAGAGCAGTTCCTCAAGTTCTTCTTCCTCCAGCTCCTCATCCAGCTCTAGCAACAGC
17205 K R 5 K K N I kK K B 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 B R R &5 F T F N VW

33€]1 AGTAAACGTAGCAAGAAGAACATCAAGAAGAGAAGCAGCAGTAGCAGCAGCAGCAGCAGTAGTAGTAGTAGCAGCAGCAGAAGAAGAAGCAGGACCGAAAATGTC
1Ce L G & 3 5 8 3 5 3 KR 53 35 R 3 @ 1T 5 K oA A L F Q R F T 9O M H I H QO H E U
%468 TTGGGGGGAAGCAGTTCCAGCAGCAGTCGCTCTTCCAGATCCCAAACATCCAAGGCGGCCATCTTTCAGAGGTTCACACAGAATCACATTCATCAGCATGAAACC
91 R A & 53 5 9 W T A3 4 3 P 3 53 85 53 4 53 3 M &4 85 5 5 53 4 8 3 8 3 3 53 5 8
ACTAGAGCTGCCTCTTCGCAAAAGACCTCCTCCAGCCCCAGTAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
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Figure la. Nucleotide sequence and deduced protein sequence of the N-
terminal end of Vtgl identified in Heterotis niloticus liver (N-terl HnVtgl). The
start codon is in bold type. The signal peptide is underlined, lipovitellin 1 (Lvl)
is delineated by two black triangles, and partial phosvitin (Pv) is double-
underlined.
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M K & & v ¥ a L a 1, & 1 v s VW0 o w I L T P D F A & K K T Y YV Y K Y E
ATGAAAGCAGCTGTTTTTGCACTGGCTCTGGCCCTTGTGGCTGGTCAGCAAAACATCCTAACACCTGACTTTGCTGCTAAGAAGACCTATGTGTACAAGTATGAA

A& O L H & F L ¢ F F & L & K & ¢ L K I & 3 K ¥ L I 3 R & D 0 N T ¥ L L
GCACAGCTCCATAGTGAACTACCTGAGGAGGGTCTGGCCAAGGCTGGACTGAAGATTGCCAGCARAGTTCTCATCAGTCGAGCTGACCAGAACACTTATTTACTC
K L K F © @ I ¢ ¥ ¥ 5 ¢ I E P R D D F K © A & K L T 0 & L & & QO L L I
AAGCTCAAGGAACCTCAGATCTTTGAGTACAGCGGAATACGGCCCAGAGACGATTTCAAACCTGCTGCARAACTCACCCAGGCCTTGGCCGCTCAGCTTCTTATT
v K o F OE Y L R G oW YW & K v F oA oA &2 vV 35 K T I L N L H E ¢ L L N L L
CCARTCAAGTTTGAATACATCAGGGGTGTGGTGGGCAAGGTGTTTGCCCCTGCCGCAGTCTCCAAAACTATTCTCAACCTCCACAGAGGAATTCTCAACATTCTC
H v » I K K T 9 N % ¥ F L © F & ¢ 5 0@ ¢ % ¢ K T b ¥ & I 5 F D T K & F
CATGTCAACATCARARAAGACACAGAATGTTTACGAGTTGCAGGAGGCTGGATCCCAGGGAGTCTGCAAAACTGACTACGCAATCAGTGAGGATACCAAGGCTGAA
H I ¥ TOK 53 K D L oMo C Qg N R I M A D I = I ¥ 'L oE T oW o0 ©C QO M R
CACATCTA! ACCARGTCCARGGATCTGGGGAACTGCCAGAT GGATCATGGCAGACATTGGAATAGCTTACACAGAGACT TGTGTCC A CCAGATGAGA
¥ K ¥ L R ¢ &2 &2 T Y 5 Y VM M K P T F T & & L I T K B2 T W QO F H o ¢ 1T
AACAAGAATCTGAGAGGAGCTGCGACCTACAGCTACGTCATGAAGCCCACCGAAACAGGTGCTCTTATCACCAAGGCCACAGTCLAGGA TCATCAGTTCACT
S F H E L R & oA & Q@ ¥ E T K Q E M L F ¥ E T Q N D - ¥ 0O I A H A D ¥ W
CCTTTCCACGAGCTGAGAGGAGCGGGCCAAGTAGARACAAGACAAGAGATGACTTTTGTTGAAACCCAGAATGACCCAGTGCAACCTGCACACGCAGACTACGTG
A R & 5 L Q@ Y E F A& 5 E L L 1T O L 2 L M K L T D L K LT Q L E E L L A
GCACGTGGATCCCTGCAGTATGAATTTGCATCTGAGCTTCTCCAGACACCGCTGCCTCTGATGAAAATCACTGATATCAAGACACAGATTGAAGAGATCTTGAAT
H L ¥ K ¥ ¥ M < ¥ % H F D & P L K F L 0 L T © L L R ¥ & K ¥ F I M N i

- CATCTGGTCAAAAACAACATGGGTGAGGTTCACGAAGATGCTCCGCTAAAATTTCTTCAGCTGACTCAACTCCTGCGTGAGGCCAAATATGAGATCATGAATGGC
LW T Q v K 3 K ©® ¥V F E R W F L D T w P A& ¥ = M QO D &2 ¥V E F I K E K F
ATTTGGACTCAAGTCAAATCAAAACCAGTATTCAGACGCTGGTTCCTGGATACGGTTCCTGCCGTTGGARATCAAGACGCTGTGAGGTTCATCAAGGAGAAGTTT
LA ¢ b L 5 A A ¢ 1T A QO A L L ¥ A L H L L E A N M DT ¥ N L A G 1T L W
ATAGCTGGTGATATCTCTGCAGCAGAAACTGCCCAGGCTCTACTGGTTGCACTGCATCTGCTAGAAGCTAACATGGACACAGTCAACTTAGCTGGCACTCTGGTA
P H A K L Q@ 5 H - M L E E L & M L ¢ Y & 5 L v ¢ kK L C 1T K Q Qg d C I A

TTCCACGCCAAACTTCAGTCCCACCCCATGTTACGTGAAATAGCCATGCTTGGTTATGGTTCCTTGGTGTTCAAGTTGTGCACTAAACAACAGAACTGCCCGGCT

sk v L K P ¥ H D L & & E & L 53 K A N W E E L & L ¥ L K ¥ L &G M & G H I

CATABAACCTGTTCACGATATTGCTGCAGAAGCAATTAGTAAGGCGAATGTGGAAGAGATTGCCCTGGTGCTGAAGGTTCTGGGAAATGCAGGCCACCCG

3 I K P I M K % L B & ¥ < 35 T & 53 353 L T ¥ K ¥ H v D & ¥ M & L R H I
GCCAGCATCRAAGCCGATCATGAAGGTCCTGCCTGGATTTGGGTCTACAGCCTCCTCACTTACAGTGAAAGTCCACGTTGATGCGGTGATGGCTTTGAGACACATT
K B E M H K ¥ Q E ¥ & L Q L ¢ M ¥ B D L H F E ¥ R M ¥ & C fov L E
5 GCCRARRL \AAMCCACARAGTCCAGGRAGTTGCCCTGCAGTTGT TCATGARCAGAGATCTCCACCCAGRAGTGCGCATGGTTGCCTGTGTTGTGCTGTTTGAG
oK oo LG LW . M L oA 5 A L QN E K 5 L Q¥ A 35 F A Y 5 H M K Lol
TGCAAACCTCCCATCGGTCTGGTAGCTATGATTGCAAGTGCTCTACAGAACGAGAAAAGCCTGCAAGTGGCCAGCTTTGCCTATTCTCATATGRAGGCCTTGACT
c K 5 1 A P E L A Q v A A A M v A L K L L 5 P K L D E L 5 Y E F 5 K 1
7 AGGAGCACCGCCCCAGAACTTGCCCAAGTTGCAGCTGCTTGCAATGTTGCCATCAAGATCTTGAGCCCCAAGTTAGATCGACTGAGCTATCGCTTCAGCAAAACC
I H M D ¢ ¢ ¥ ¥ H L M & ¢ & &2 2 1T & H L L ¥ Db & & 5 L L 2 R & L WV & K
ATCCACATGGACTTTTTTAACTATCACCTGATGGCTGGCGCTGCAGCTACTGCCCATTTGATCAATGACGCTGCCAGCATTTTGCCAAGAGCGCTTGTGGCCAAA
Lop & C M L G & A2 A D W L E F oG W R T E & L Q E A L L K 5 P & A D PN
7 ATCCGTGCCTGCATGCTTGGGGCAGCTGCAGATGTGCTGGAGTTTGGTGTGAGAACTGAAGGACTCCAGGAGGCTCTTTTGAAAAGTCCAGCTGCGGATCCTAAT
A& DR L T K M W R ¥ L M 1T L K N W K 5 L F & 5 Q0 F ¥ oA 5 & Y L K W P G
GCTGACAGGCTCACCCGGATGTGGCGTGTTCTAAACACTCTGAAARAACTGGAAGTCACTACCAGCAAGCCAACCAGTGGCTTCTGCTTACTTGARATGGTTTGGC
s Q E L A F A N L D E DL L L E K A ¥ E F A 1T & A& A A Q F A L L K X L L A
: CAAGAAATTGCTTTTGCCAACATTGACAGGGACATCATCGAGAAAGCCGTCGAGTTCGCCACAGGAGCTGCTGCACAGCCAGCACTGTTGAAGAACATCCTGAAT
M M 0 5 ¢ I Db I QO I A K P L M T S5 F ¥ E R LI ¢ P T 3 M & F P L FE I 3 L
ATGATGCAGTCTGGTATTGATATCCAARATTGCCAAACCACTGATGACCTCTGAGGTGCGTCGCATCTTCCCCACGTCTATGGGGTTCCCCATAGAGATCAGCCTC
¥ 53 A A v oA A A LW K A K A L L M ZF K P S35 DL N F R L A O L M M T D L Q

5 TACTCAGCTGCTGTGGCTGCAGCTATAGTTAAAGCTARAGCAATTCTGAATCCAAAACCTTCCGACAACTTCAGGATTGCTCAGTTGATGAACACCGACATTCAG

L b1 B oW ¥ P o3 L A VW H K ¥ A v M & ¥ N T A L L 0 A a2 L E & K ¥V K ¥ 0Q
TTGGACACCCGTGTTGTACCAAGCATAGCTGTACATAAATATGCAGTTATGGGAGTAAACACTGCACTCATTCAGGCTGCAATTGAGGCCAAAGTCARAGTTCAG
K v L P L K F N A R I ¥ I & Qg = H ¥ K [ FE T ¥ P L H & O F E I L D L H
AAAGTCCTTCCTCTCAAGTTCAACGCAAGAATAAACATCGCTCAGGGACACTACAAGATCGAGACTGTGCCTCTTCATGCTCAGGAACGCATTCTGGATTTGCAT
M oF T ¥ A ¥ A R N I F N L & F & K LI T P ¥ L P A& K L & 5 0 QO 35 K E T F
ATGGAGACCGTTGCCGTGGCAAGAAACATAGAGAATCTTTCTGAAGCTAAAATTACTCCTGTGCTGCCTGCCCGCCTTGCATCCCAGCAGTCTAAGGAAACATTT

5 A A 0 3 6 3 K O3 3 E E LH E QO E 3 3 5 H P M Q H &2 W 3 A E T D R QW

'GCAGGATCCGGGTCAAAGTCGTCAGAAAGAATTCATGAGCAGGAAAGCAGCAGCCATCCAATGCAGCATGCAGTTTCTGCCAGAACTGACAGGCAATGG

[ T W L & D 9o & ¢ A K ¥ 1T 5 9 ¥ A ¢ F L R N 5 F L Y K L L ¢ E H
. SGCTTAGCAGATCRARGCTTGTGCTAAGGTCACCTCCCAAAATGCTGGCTTCATCAGAAACTCCCCTCTGTACAAACTGATTGGAGAACAT
K Voo - F 2 vk L F L FE M H v S 5 K L VoK T I

TCAGTCATTGCTGCTGTGARACCTGTTTCCGGTGARGCCGT TGACARGATAGAGATTGAAATGCATGT TGGACCTGACGCA
T v K D D ¥ A K E = H & ¢ H 5 © v oW L K L kR E I L E T ¢ kK KVYQO H E

ATCAAAMATCGTTARRRCCATC

ACAGTGAAGGACGACAATGCCAAGGAGGGCCATGCAGGACACTCCCCGGTTGTATTAAAACTGCGAGAAATCCTTGAAACTGAARAAAANC A

AT T A & 85 3 8 53 &4 &5 B OR A 2 0 K OS5 5 &8 4 &5 &4 3 53 3 5 &5 & 43 & 58 3 M3
GCCACCACCTCCAGTTCAAGCAGTTCTTCTAGCCGTCGCTCAGGCCAGAAGAGCAGTTCCTCAAGTTCTTCTTCCTCCAGCTCCTCATCCAGCTCTAGCAACAGC
5 K R 5 K kK N I K K E 5 5 5 35 3 5 3 5 5 5 5 &5 5 5 5 R B R 35 K T F N ¥
AGTAAACGTAGCAAGAAGAACATCAAGAAGAGAAGCAGCAGTAGCAGCAGCAGCAGCAGTAGTAGTAGTAGCAGCAGCAGAAGAAGAAGCAGGACCGAAAATGTC
L = & 5 5 5 85 5 5 K 5 3 K 5 Q@ 1 5 K oA A L F QO K F 1 O M H L H Q H E I
TTGGGGGGAAGCAGTTCCAGCAGCAGTCGCTCTTCCAGATCCCAAACATCCAAGGCGGCCATCTTTCAGAGGTTCACACAGAATCACATTCATCAGCATGAAACC
T R A a &5 3 QK T 5.5 5 Co&a 5 53 5 5 5 5 M 5 5 5 5 5 3 4 5 5 5 &4 3

ACTAGAGCTGCCTCTTCGCAAAAGACCTCCTCCAGCCCCAGTAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC

Figure 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 1 (Lvl) is
delineated by two black triangles, and partial phosvitin (Pv) is double-underlined.
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1 AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCGGTAGCAGCGCCTCAAGCTTTGAGAACATTTACAAAAAGTCTCGA
&k Lt Db T v B OB oA & oW 1 W Ro& v R G M K R R R & ¥ 0w & A Y M D KA
: TTCCTTGGAGATACCGTTCGTCCCGCTGCCGTGGTCATCGTTCGAGCCGTGAGAGGARACGAGAGGAGGCGGGGATACCAGGTTGCTGCCTACATGGACAAAGCT
Mos RoOW o0 0w 1L s A Los b5 DK oW o0 0L oo s o 1o Lo s MOH K oW oMo o&a KT
211 AATGCCAGGGTGCAGGTCATCATAAGTGCTCTTGCTGACAGTGACAAATGGCAGCTGTGCGCTGATGGTATCCAGCTCAGCATGCACAAAGTCATGGCCAAAATT
0 R W& B OCo O by RBooA v L K ooA kol G L L HoCooAa A @ L KoM W N KT
316 CGTTGGGGAGCAGAATGCCAGGACTACAGAGCAGTTATCAAAGCAGAGACTGGGCTTCTGGGTCCACATCCTGCAGCCCAACTGAAGATGTACTGGAACAAGACC
I S S S S PR S - S N NS S N SR AN S AR A S - S SR PR PR G RN - N DN R S : R . S S RN S S
421 CCTCGTGCCCTGAAGCGCTACGCTAGCATGATTTATGAATACGTCCCAGGTGTTGCACTCTTGGCTGGATTTAGTGAAGGAAGACACAGAAGCGGCGAGAGGCAG
176 1 KL 1T M & a 52 RO 1 S 1 L L BT |5 WM L7 EOL 0 1 P 12 L
& ATTAAACTCACCATGGCTGCGACTTCTGCCAGGACCATCAGTATCATCCTTAGAACGCCTTGGATGACTTTGTACAAACTGGGCCAGGTTATTCCTATTGCCCTG
Gcoo& & & A RS K W OF DT F oA ¢ B OT OH Y oM O F oW OF oA T 5 & K OC K L F M
TGGAGCCGCTGCCGCTCGTGCGGAAGTGGAGCAGACTTTCGCTGGCAGGATTCACTACATGTTTGTTGAGGCCACTTCAGCCAAGTGCARATTGGAGAAC

oL M o oR 5 COY o Q v ¥ A Q D o 1T 35 K L K F M
ATGGTCTTCAAATGCCCAGGTCCTGCTACCAAGTAGTGGCTCAGGACTGCACCTCTAAGCTCAAGTTCATGGTT

H ¥ L ¥ & L & b L b ¥ D L 1T & E H < X L Q ¥ K

: AACGGAAGGGTAGTCCCTATCACCCAGCACAATTATGAACATCCTACAGGTACCATCTCAATCAAACAAAAGGGTGCTGGAATATCACTATGTG

¢ L H E ¥ ¥ F ¥ K X L L T L Q@ % Z D W M K ¢ ¥ % O ¢ L © =& K & D ¢ D W
GGTCTACACGAAGTCTATTTTAACAAGAACATCTTGACGATTCAAGTACCAGACTGGATGARAGGAAATGTTTGTGGGCTTTGCGGAAAAGCTGATGGTGACGTT
> ROE K F QO & 5 G H H L E D & ¥ 3 F & H 5 W Vv L A A E 5 C H D & K QO C
5 AGAAGAGAATTTCAAGGGCCCAGTGGACACCACATTGAGGACGCTGTCAGTTTTGCTCATTCCTGGGTTCTTGCTGCTGAAAGCTGCCATGATGCCAAGCAGTGC
Q0 ¥ K Q E L F K L T E © ¥ L L ¥ b Qg D M K C @ 5 1T ¢ - ¥ L 5 C L I Q0
CAAGTGAAGCAAGAGTTGTTTAAGCTGACGGAGCCAGTTCTTCTGAATGACCAGGATATGAAATGCCAATCTACTTTTCCTGTGCTGTCGTGTCTTCCACAATGT
5 oM o KoT Lo W LW = b H OGOl o LoD 3 M ¥ N 3 W 3 35 L E K K Q E D L R
TCCCCAATGAAGACAACCCCTGTAACAGTAGGGTTCCACTGTATCCCCATTGATTCTAATGTCAACAGTTGGAGCAGCATCAGGAAGAAGCARGAAGACATCAGG
v olow bos H L OM o CoH G o E E ©ooas 4

GT! GTTGATGC ATCATGTGCRATTGTGGAGRAGAATGTGCTTARA

Figure 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 11
(LvIl) is in boxes, the B’-C domain is delineated by two black circles, and
followed by the C-terminal (CT) coding region.



1M K & % L L A& L T L A& L & & VWO O b 35 L T D F oA M G K A Y M F K Y OE
1 ATGAGAGCAGTCCTTCTTGCACTGACTCTAGCCCTTGCGGCGGGTCAACAGGACAGTTTAACACCTGACTTTGCCAATGGGAAGGCCTACATGTTCAAATATGAA
¥ 2 F L L ¢ G L F v E G L G K & & v K LI ¥ o K ¥ L L 3 K v 3 Q M T Y L L
Z0& GCAGAGCTACTGGGAGGTTTGCCAGTGGAAGGTCTGGGCAAGGCTGGAGTGAAGATTGTCTGTAAAGTTCTCATCAGTCGAGTTTCACAGAACACCTATCTGCTC
71k L K E 7 QO LI F E ¥ 5 & L K F B D D ¢ K F & & K L 1T Q &£ L A& & O L L L
211 AAGCTCAAGGAACCTCAGATCTTTGAGTACAGCGGAATACGGCCCAGAGACGATTTCAAACCTGCTGCAAAACTCACCCAGGCCTTGGCCGCTCAGCTTCTTATT
Y K F OE Y L R 0w ¥ G K W F A F & & ¥ 5 K T I L ¥ L H E = I L ¥ I L
5 CCAGTCAAGTTTGAATACATCAGGGGTGTGGTGGGCAAGGTGTTTGCCCCTGCCGCAGTCTCCAAAACTATTCTCAACCTCCACAGAGGAATTCTCAACATTCTC
H ¥ ® I K K T © ¥ % ¥ F L O F & = &5 0 = % C K T b ¥ & I 35 F D T K & F
CATGTCAACATCAAAAAGACACAGAATGTTTACGAGTTGCAGGAGGCTGGATCCCAGGGAGTCTGCAAAACTGACTACGCAATCAGTGAGGATACCAAGGCTGAA
H [ ¥ % 1T K & K D L © ¥ ¢ 0 ¥ r I M & D [ ¢ L[ & ¥ T E T ©C % Q © O M R
CACATCTATGTGACCAAGTCCAAGGATCTGGGGAACTGCCAGAACAGGATCATGGCAGACATTGGAATAGCTTACACAGAGACTTGTGTCCAGTGCCAGATGAGA
¥ K M L R G A & 1T ¥ 3 ¢ ¥ M K 1l E T & A L L T K A 1T ¥ 0O E ¥ H O b 1
23] AsCASGAATCTGAGAGGAGCTGCGACCTACAGCTACGTCATGAAGCCCACCGAAACAGGTGCTCTTATCACCAAGGCCACAGTCCAGGAGGTTCATCAGTTCACT
F H F L : ¥oOF T R QO FE M T F o ¥W F T O N D P oW o0 F & H & D ¥ W
G GTAGAAACAAGACAAGAGATGACTTTTGTTGAAACCCAGAATGACCCAGTGCAACCTGCACACGCAGACTACGTG
28l s R 23 L0 Y FE 5 F L L ¢ 7T ©® L F L M K L T D I K T © I F E I L A
G.

CTGATATCRAGRCACAGATTGAAGAGATCTTGRAT

GCRACGTGGATCCCTGCAGTATGAATTTGCATCTGAGCTTCTCC.
= H L v K 4 ¥ M = E ¥ H E D A 2 L K L o L T 9 L L R E A& K ¥ E L H N &
CATCTGGTCAAAAACAACATGGGTGAGGTTCACGAAGATGCTCCGCTAAAATTTCTTCAGCTGACTCAACTCCTGCGTGAGGCCARATATGAGATCATGAATGGC
L w T 9o v K & K P ¥ F E R W F L D T ¥ P & YW i N O D & ¥ R F I K F K F
ATTTGGACTCAAGTCAAATCAAAACCAGTATTCAGACGCTGGTTCCTGGATACGGTTCCTGCCGTTGGAAATCAAGACGCTGTGAGGTTCATCAAGGAGAAGTTT
r &2 e D I 5 A & F T & 0 &2 L L % & L H L L F &2 ¥ M D T % N L A& = T L WV
ATAGCTGGTGATATCTCTGCAGCAGARACTGCCCAGGCTCTACTGGTTGCACTGCATCTGCTAGAAGCTAACATGGACACAGTCAACTTAGCTGGCACTCTGGTA
F H & K L © & H ¢ M L B F I & M L ¢ ¥ ¢ 5 L ¥ F K L C T K Q o 4 0« 2 A
TTCCACGCCAAACTTCAGTCCCACCCCATGTTACGTGAAATAGCCATGCTTGGTTATGGTTCCTTGGTGTTCAAGTTGTGCACTAAACAACAGAACTGCCCGGCT
E v I K ¥ H D L & & £ & I 5 K & M ¥ E E I &2 L ¥ L K ¥ L ¢ 3 & & H P
GAAGTCATAAAACCTGTTCACGATATTGCTGCAGAAGCAATTAGTAAGGCGAATGTGGAAGAGATTGCCCTGGTGCTGAAGGTTCTGGGAAATGCAGGCCACCCG
A 3 I K P I M K ¥ L B G ¥ & 3 07T A 5 53 L T v K W H W D & ¥ M A& L R H I
GCCAGCATCAAGCCGATCATGAAGGTCCTGCCTGGATTTGGGTCTACAGCCTCCTCACTTACAGTGAAAGTCCACGTTGATGCGGTGATGGCTTTGAGACACATT
A K R F ¥ H K ¥ ¢ F ¥ & L ¢ L ¢ M ¥ R D L H = F ¥ R M ¥ 2 C ¥ ¥V L F F
GCCAAAAGGGAAAACCACAAAGTCCAGGAAGTTGCCCTGCAGTTGTTCATGAACAGAGATCTCCACCCAGAAGTGCGCATGGTTGCCTGTGTTGTGCTGTTTGAG
K oL Lo oA M LA 5 A L QN FE K 3 L O W oA 5 F A& Y 5 H HMH K A L T
ICCATCGGTCTGGTAGCTATGATTGCAAGTGCTCTACAGAACGAGARAAGCCTGCAAGTGGCCAGCTTTGCCTATTCTCATATGAAGGCCTTGACC
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SBe v oA A A C N ¥ & L K LI L 35 P2 K L b E L 35 ¥ R F 35 K I
1766 AG GTTGCAGCTGCTTGCAATGTTGCCATCAAGATCTTGAGCCCCAAGTTAGATCGACTGAGCTATCGCTTCAGCAAAACC
31 1 H M L M -oA A A T A H L I ¥ p & A 3 I L P R &2 L W A K
21 ATCCACATGG CTGATGGCTGGCGCTGCAGCTACTGCCCATTTGATCAATGACGC TGCCAGCATTTTGCCAAG, G 1Y

€6 1 R & O DYy L F F G W R T E & L O F & L L K 5 P

ATCCGTGCCTGCATGCTTGGGGCAGCTGCAGATGTGCTGGAGTTTGGTGTGAGAACTGAAGGACTCCAGGAGGCTCTTTTGAAARAGTCLCAGE

A D B L T E M W RE ¥ L XN T L K M W K 3 L Pr &2 5 Q0 P ¥ 2 35 A2 Y L K W F =
GCTGACAGGCTCACCCGGATGTGGCGTGTTCTARACACTCTGAAAAACTGGAAGTCACTACCAGCAAGCCAACCAGTGGCTTCTGCTTACTTGAAATGGTTTGGC
i Q E L A F A N L D R Db L L E K A& V¥V E F A 1T = A & A& Q I A& L L K ¥ L L A
Zz206 CAAGAAATTGCTTTTGCCAACATTGACAGGGACATCATCGAGAAAGCCGTCGAGTTCGCCACAGGAGCTGCTGCACAGCCAGCACTGTTGAAGAACATCCTGAAT
TPl MoM QO 53 6@ I D L @ I A K ® L M T 3 F ¥ K R I F = T 3 M = ¢ P I ¥ I 3 L
2311 ATGATGCAGTCTGGTATTGATATCCAAATTGCCAAACCACTGATGACCTCTGAGGTGCGTCGCATCTTCCCCACGTCTATGGGGTTCCCCATAGAGATCAGCCTC
Boe ¥y 5 &2 &2 v oA & & I v K & K A I L M P K P 35 D N F R I A O L M M T D L Q
24148 TACTCAGCTGCTGTGGCTGCAGCTATAGTTAAAGCTAAAGCAATTCTGAATCCARAACCTTCCGACAACTTCAGGATTGCTCAGTTGATGAACACCGACATTCAG
841 L D T R VW W P 5 I & ¥ H K Y & ¥ M ¢ v N T A L I QO & A& I FE A K ¥ K ¥V Q
2521 TTGGACACCCGTGTTGTACCAAGCATAGCTGTACATAAATATGCAGTTATGGGAGTAAACACTGCACTCATTCAGGCTGCAATTGAGGCCAAAGTCAAAGTTCAG
TEK ¥ L I L K F X A R L ¥ L A& Q0 =z H Y K L E T ¥ - L H & Q E K L L D LYOQ
226 AAAGTCCTTCCTCTCAAGTTCAACGCAAGAATAAACATCGCTCAGGGACACTACAAGATCGAGACTGTGCCTCTTCATGCTCAGGAACGCATTCTGGATTTGCAA
5 0 F O R K 3 E R N
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Figure 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 (Lvl) is delineated by
two black triangles, and Lvll is in boxes.



W v vV F 8 I AV HKEKTY AV HGYHTAML I QAGATI

A K
GTACHTAARTA TGO AGTTA TEGGAGTRAACAC THEAC TEAT T CAGGC TG RATT GG CRAR
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A AV EPF VY 5 G EAY DEI EIEHKY GFPF D A AS EI VY ETI K
GCTGCTGTAARRCCTG T T TCCOETGAAGCCUTTEACARGATAGAGATT GAAATGCATETTORA CC TAACGCAGCAT CARAAATCA TTARARCCATCACAGTGAAG
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Figure le. Nucleotide sequence and deduced protein sequence of the partial

ovarian vitellogenin identified in Heterotis niloticus (HnVtg4). The lipovitellin 1 (Lv1)
is delineated by two black triangles, and phosvitin (Pv) is double-underlined.



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

HnVig2 (N-ter2)
Signal peptide (15 aa)

HnVitg3
Signal peptid (15 aa)

16 aa

HnVig4

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



Hn\g1 (N-ter1)
HnVg2 (N-ter2)
Hn\g1 (N-ter1)
Hn\Vg2 (N-ter2)
HnWg1 (N-ter1)
HnVg2 (N-ter2)
Hn\g1 (N-tert)
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HAVG2 (N-ter2)
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HAVg2 (N-ter2)
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Hn\ig1 (N-tert)
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HNVg2 (N-ter2)
HnVig1 (N-tert)
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HnVg2 (N-ter2)

mA.ALILALIAGQ LTPDF“KI:'KYE“L.LPIEGL KA Kl.KVLISR NTYLLKLKEPQIFEYSGIRPRDDFK 90

ABRVEALAL ALNAGOCNIL TPDF ARKK KYEAQL LPEEGLAKAGEK IASKVL | SRABONTYLLKLKEPQIFEYSGIRPRDDFK 90

PAAKLTOALAAQLL IPVKFEYIRGVVGKVFAPAAVSKT ILNLHRGILNILHVN IKKTONVYELQEAGSQGVCKTDYAISEDTKAEH I YVT 180
PAAKLTQALAAQLL IPVKFEYIRGVVGKVFAPAAVSKT ILNLHRGILNILHVNIKKTONVYELQEAGSQGVCKTDYA ISEDTKAEH I YVT 180
KSKDLGNCONR IMAD IG I AYTETCVOQCOMRNKNLRGAATYSYVMKPTETGAL | TKATVQE VHOF TPFHELRGAGQVE TRQEMTFVETQND 270
KSKDLGNCONR IMAD IG | AYTETCVOQCOMRNKNLRGAATYSYVMKPTETGAL | TKATVQE VHOF TPFHELRGAGQVETRQEMTFVETQND 270
PVQPAHADYVARGSLQYEFASELLQTPLPLMKITDIKTQIEEILNHLVKNNMGEVHEDAPLKFLQLTQLLREAKYE I MNG IWTQVKSKPV 360
PVOPAHADYVARGSLQYEFASELLQTPLPLMK I TDIKTQIEE I LNHLVKNNMGEVHEDAPLKFLOLTQLLREAKYE IMNG IWTQVKSKPV 360
FRRWFLDTVPAVGNQDAVRF I KEKF | AGD | SAAETAQALLVALHLLEANMDTVNLAGTLVFHAKLQSHPMLRE | AMLGYGSL VFKLCTKQ 450
FRAWFLDTVPAVGNQDAVRF IKEKF | AGD | SAAETAQALLVALHLLEANMDTVNLAGTLVFHAKLQSHPMLRE | AMLGYGSLVFKLCTKQ 450
QONCPAEVIKPVHD | AAEA | SKANVEE | ALVLKVLGNAGHPAS | KP IMKVLPGFGSTASSLTVKVHVDAVMALRH | AKRENHKVQEVALQL 540
ONCPAEV I KPVHD | AAEA I SKANVEE | ALVLKVLGNAGHPAS | KP IMKVLPGFGSTASSLTVKVHVDAVMALRH | AKRENHKVQEVALQL 540
FMNRDLHPEVRMVACVVLFECKPP IGLVAMIASALONEKSLQVASFAYSHMKALTRSTAPELAQVAAACNVAIK ILSPKLDRLSYRFSKT 630
FMNRDLHPEVRMVACVVLFECKPP IGLVAMIASALONEKSLQVASFAYSHMKALTRSTAPELAQVAAACNVAIK ILSPKLDRLSYRFSKT 630
IHMDFFNYHLMAGAAATAHL INDAAS | LPRALVAK | RACMLGAAADVLEFGVRTEGLOQEALLKSPAADPNADRL TRMWRVLNTLKNWKSL 720
IHMDFFNYHLMAGAAATAHL INDAAS | LPRALVAK | RACMLGAAADVLEFGVRTEGLQEALLKSPAADPNADRL TRMWRVLNTLKNWKSL 720
PASQPVASAYLKWFGQE | AFANIDRD | IEKAVEFATGAAAQPALLKN I LNMMQSGID IQ1 AKPLMTSEVRR | FPTSMGFP IEISLYSAAV 810
PASQPVASAYLKWFGQE | AFANIDRD | IEKAVEFATGAAAQPALLKN | LNMMQSGID IQI AKPLMTSEVRR I FPTSMGFP IEISLYSAAV 810
AAAIVKAKAILNPKPSDNFR I AQLMNTD IQLDTRVVPS | AVHKYAVMGVNTAL IQAA I EAKVKVOKVLPLKFNAR IN | AQGHYK | ETVPL 900
AAAIVKAKA | LNPKPSDNFR I AQLMNTD IQLDTRVVPS | AVHKYAVMGVNTAL IQAAIEAKVKVQKVLPLKFNAR IN | AQGHYK | ETVPL 900
HAQER | LDLHMETVAVARN IENLSEAK I TPVLPARLASQQSKETFASAGSGSKSSER IHEQESSSHPMOHAVSARTDRQWCVTVASLADQ 990
HAQER | LDLHMETVAVARN |ENLSEAK I TPVLPARLASQQSKETFASAGSGSKSSER IHEQESSSHPMQHAVSARTDRQWCVTVASLADQ 990
ACAKVTSQONAGF IRNSPLYKL IGEHSV I AAVKPVSGEAVDK | E| EMHVGPDAASK | VKT | TVKDDNAKEGHAGHSPVVLKLRE | LETEKK 1080
ACAKVTSQONAGF IRNSPLYKL IGEHSV | AAVKPVSGEAVDK | E | EMHVGPDAASK | VKT | TVKDDNAKEGHAGHSPVVLKLRE | LETEKK 1080
QHSRNATTSSSSSSSSRRSGOKSSSSSSSSSSSSSSSSNSSKRSKKN I KKRSSSSSSSSSSSSSSSRRRSRTENVLGGSSSSSSRSSRSQ 1170
QHSRNATTSSSSSSSSRRSGOKSSSSSSSSSSSSSSSSNSSKRSKKN I KKRSSSSSSSSSSSSSSSRRRSRTENVLGGSSSSSSRSSRSQ 1170
TSKAA| FORFTONH |HQHETTRAASSQKTSSSPSSSSSSSNSSSSSSSSSSSS 1230
TSKAAIFORFTONH IHOHETTRAASSOKTSSSPSSSSSSSNSSSSSSSSSSSS 1223

Figure 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.



Hnvigd RVVPS | AVHKYAVMGVNTAL IQAAIEAKVKVAOKVLPLKFNARIN | AQGHYK IETVPLHAQER ILDLHMETVAVARN IENLS 81
Hn\ig1 (N-ter1) RVVPS | AVHKYAVMGVNTAL IQAAIEAKVKVQKVLPLKFNARIN I AQGHYK IETVPLHAQER I LDLHMETVAVARN | ENLS 924

HnVigd EAKITPVLPARLASQOSKETFASAGSGSKSSERIHEQESSSHPMOHAVSARTDROQWCVTVASLADQACAKVTSQONAGF IRNSPL 185
Hn\tg1 (N-terl) EAKITPVLPARLASQQSKETFASAGSGSKSSERIHEQESSSHPMQHAVSARTDRQWCVTVASLADQACAKVTSQANAGF IRNSPL 1008

HnVigd YKL IGEHSVIAAVKPVSGEAVDKIEIEMHVGPDAASK I VKT I TVKDDNAKEGHAGHSPVVLKLRE I LETEKKQHSRNATTSSSS 249
Hn\tg1 (N-terl) YKL IGEHSV I AAVKPVSGEAVDKIEIEMHVGPDAASK I VKT I TVKDDNAKEGHAGHSPVVLKLRE ILETEKKQHSRNATTSSSS 1092

Hnvig4 SSSSRRSGOKSSSSSSSSSSSSSSSSNSSKRSKKN IKKRSSSS5S5S55S T 310
Hn\tg1 (N-terl) SSSSRRSGOKSSSSSSSSSSSSSSSSNSSKRSKKN IKKRSSSSSS5SSS T 1176

Figure 3b. Alignments of protein sequences deduced from the N-terminal end (N-terl) of
hepatic Vtg (HnVtgl) and partial ovarian Vtg (HnVtg4) of Heterotis niloticus with little
conserved domains in gray.



Hn\g1 (N-ter1) AVELALTLALRAGQQOPSL TPDFANGK YEAELEGGLPNEGLBKAGVK I VBKVL I § THLLKLKEPQUEF PRDBFK 90
S\ig (N-ter) AVMLALTLALMAGQONNL TPDFAJGK YEAELQGGLPKEGLARAGVK | VEKVL I S@V THLLKLKEPQEF! PRDEFS 90
Hn\ig1 (N-terl) PAAKLTQALAAQEE I PVKFEY VVGKMFAPABRVSKT | LNEHRGILN I LHMN IKKTONVYELQEAGSQGVCKTDYH | SEDTKAEH | 180
SMg (N-ter) PAAKLTQALAAQER ! PVKFEY! VVGKEFAPAEVSET I LNHRGILN I L@EN IKKTONVYELQEAGSQGVCKTDYM | SEDTKAE 180

Hn\g1 (N-terl)) KSKDLGNCQNRJEIMAD IGBIAYTETCVQC KNLRGAATYSYVMKP TEEGAL | VQENHQFTPFHELRG RQEMTFVEIQND 270
SMg (N-ter) KSKDLGNCQKRMMAD IGMAYTETCVQC KNLRGAATYSYVMKP GAL | VQEEHQFTPFHELJG MTFVEBQND 270

HnVig1 (N-ter1) PVQPABAD YMARGSLQYEFASELLQTPER LMK T! QIEE | LNHLVKNNMGE VHEDAPLKF L QL LREAK YEJNING | WQ VK] KP 360
St\g (N-ter) PVOPMBAD YEARGSLQYEFASELLQTPRALUKNT QIEE | LNHLVKNN GEVHEDAPLKF QL LRMAK YETENK | WAQVK 360
Hn\Vig1 (N-ter) FRRWFLDTVPA A RF IKEKFIA ETAQALLNALHLEEANMDTVNL QSHP LRE | AMLGYGSLVFK CT 450
SMg (N-ter) FRRWFLDTVPA RFIKEKFEA ETAQALLALHLMEANEDTVNL AK QSHPUILRE | AMLGYGSL VFK 450
Hn\Vig1 (N-ter1) @NCPAEV I KP HD AAEAISKANV E1ALMEKVLGNAGHPAS IKP IMKNLPGFGSTASEL VDAVMALRH | AKRE v ALQL 540
SMg (N-ter) RNCPABV | KP AAEA | SKANVAE | ALAMK VLGNAGHPAS I KP IMKELPGFGST VDAVMALRH | AKRE ALQL 540

Hn\Vig1 (N-ter1) FMNRDLHPE R ACVVLF KP 1GL I AL EKSLQVASFAYSHMKALTRSTAPELAQVAAACNVAIKILSPK DRLSVRFSK 630
SMg (N-ter) FEBRDLHPE ACVVLF 1GL EKSLQVASFEYSHMKALTRSTAPBLAQVAAACNVAIKILSPKEDRLSYRFSKA 630
LMAGAA

Hn\ig1 (N-ter1) |HIDFF INDAAS | LPRABVAK R:‘ GAAADmEIvaansALIK.AAD.ADR.R:‘RILNILINWK L 720
SMg (N-ter) |HEDFF LMAGAA INDAAR | LPRAMVAK GAAAD GVRTEGHQEALMKERAADAGADRIESAMARILNALTNWKEL 720

Hn\ig1 (N-ter1) PlSOPISIYLKlFGOEIAFANIDIDI IEI“ATGAAA’L"(.LN sg KlL TSEVRR I FPTSMGFPHEMISL YSAAV 810
SMg (N-ter) PSQP YLKEFGQE I AFANIDKD | I E ATGAAAI

LETSEVRRIFPTSMGFPMEESLYSAAV 810

Hn\g1 (N-terl) AAAIIVKAKA L NFREAQLMNTD 1QL PS I AVHKNAVMGVNTAE | QAA | EAKNK VLPLKFNARIN | AQGHNK | ERMPL 900
Sfvig (N-ter) AAARVKAKA P P AQLENTD IQL PS | AVHKIIAVMGVNT Al IQAA | VLPLKFNARMH | AQGHEK | EAEPL 900

Hn\ig1 (N-ter1) lA.:lLDL .RN ENLSEAK I TPVLP| nLﬂaslzl IS-AGS sxssemlsls-v VSARIDmgVT 983
Stig (N-ter) @A LDL@VEAVAMSRNMENLSBAK I TPVLP) AGSGHSKSSER | MENVS VSARMD VT 990
Hn\ig1 (N-ter1) IAILIgACAKITSQNAGFIRNSPLYKLIGEIS“VKPVS EAxIKlEle.vaAAsmvx 17! Knou.mapvvuu_ 1073
Sfig (N-ter) MANL ACAKIITSONAGFMRNSPLYKL | GENS VKPVS KIEIE AASK | VKR | THIKDDN PVVLKLKK 1080
Hn\ig1 (N-ter1) ILETE ;‘ R sSSSSSSSRRSG_SSSSSSSSSSSSSSS. lS. I IRIS.SSSSSSSS SR_ 1159
Sfvig (N-ter) | LETERTQ SSSSSSSSRRSG SSSSSSSSSSSSSSS N SSSSSSSS) 1167

Hn\Vig1 (N-ter1) ISISSISSI .SKA F I IHQH.RuSl lSSS SS| SSSSSSESSSSSSSSSSSS 1230
Stig (N-ter) RSMSSSSSESRENSKA RFT. HQH SSS SS S SSSSSSKSSSSSSSSSSSS 1238

Figure 3c. Alignment of the protein sequences deduced from the N-terminal end (N-terl) of
the Vtgl of Heterotis niloticus (HnVtgl) and the N-terminal end -N-ter) of the Vtg of S.
formosus (SfVtg) with little conserved domains in gray.
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Figure 3d. Alignment of the protein sequences deduced from the C-terminal end (C-ter) of the

Vtgl of Heterotis niloticus (HnVtgl) and of the Vtg of S. formosus (SfVtg) with little
conserved domains in gray.
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Figure 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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Figure 3f. Alignment between the VtgC of Heterotis niloticus (HnVtg3) and the VtgC of O.
mykiss (OmVtgC) and O. niloticus (OnVtgC) with little conserved domains in gray.
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Figure 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.
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Figure 4b. Linear constructions of the different Heterotis niloticus Vtg receptor
domains. The numbers of amino acids (aa) are indicated.
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HNVLDLR 1 PvFWKCPpGEKD[QpNGEDE : SQNF 176
ObVLDLR | PVEBWKCPGEKDICIDNGEDE p SQONF 176
SMLDLR | PVFWKCPGEKDCDNGEDE : SQNF 176
OmVLDLR | PVFWKCPGEKDCIDHGEDE p siEnF 176
CeVLDLR | PVFWKCPGEKDCDNGEDE A SANF 176
OaVLDLR | PVFWKCPGEKDCDNGEDE p SANF 178

HNWVLDLR GSDE DQSDESPQ PTPP AK DGD A 265
ObVLDLR GSDE A DQSDESPQ PTPP AK DGE A 265
SMNLDLR A DQSDESPQ PTPP AK DGD A 265

OmVLDLR A NAT[C|I P DQSDESPQ PTPPAK DGD 265
CcVLDLR A cli PRS DQSDESP PTPPAK DGD 265
0aVLDLR A cli PAlsw DQSDESP PTPPAK pGD 267
HNVLDLR N GPDKFKCRSGHC]I EMSK DWSDEP 354
ObVLDLR NL PDKFKCRSGHC|I EMSK DWSDEP 354
SMLDLR NEIT PDKFKCRSGE|C| EMSK DWSDEP 354
OmVLDLR NLTOICNGPDK FKCR S GE[C| EMSK DWSDEP 354
CeVLDLR NLT GPEIFC SGE[C|I EMSK DWSDEP 354
0aVLDLR NHITQCNGPEK FKICR S GE[C|I EMSK DWSDEP 356
HnvLDLR [CleannGdClsH i[Conil i GyECD|ClTPGLAL 1 DRKTCED INECLNPG IEBQI[T i NLKGGY NGYQMDPTTGVOKAVGKE 443
ObVLDLR [CLQNNGHCISH I[Cl@DNV I GYECD|C|T PGLQL I DRKT|CIED INECLNPG I[CBQ IfC{I NLKGGY NGYOMDETG K AVGKE FTNR 443
SMLOLR [C|L QNNGECISH I|CJBDNV | GYECDC|TPGLQL | DRKTICJED | NECLNPG I[CEQI[C]I NLKGGY NGYQMDSETGVCOKAVGKE FTNR 443
omLDLR [ClL BNNGECISH I|CRDMY | GEECHC|TPGLQL I DRKTICIED | NE[CHINPG I[CBQ IC]i NLKGGY NEYQMDPTTGWCKAVGKEPCIL | FTNR 443
CeVLDLR [CJL INNGGCISH I[CIEDLT 1 GY EGLOL IDRK DIHC NPGI[CEQ I[C]INLKGGY NGYQMDPTTGWCK AVGKEPLCIL | FTNR 443
oaVLDLR [ClL ENNGECISH 1[cloMV 1 GYECDiCTPGLOL | DRKTICIED | BECHINPG 1RO I/ NLKGGY NGBQMDPTTGMCOKAVGKEPEIL | FTNR 445

LERREYTQIVEQLRNTVALDADFTQ
LEHHEYTQIVEQLHNTVALDADFIQ
Q

HnVLDLR RDIRKL
ObVLDLR RDIRKL

| FWADLGQKA | FSMSLDKR - DEGS TKV IESVQTPVG I AVDWI YKN | YWSDLGTK 531
| FWADLGQKA | FSMSMEKR - D TKVIDNVHTPVG | AVDWI YKNEYWSDLGTK 531

SVLDLR RDIRKLTLERREYTQIVEQLRNTVALDADF | FWADLGQOKA I FSTSL TKVIDNVHTPVG | AVDWI YKN | YWSDLGTK 531
OmVLDLR RD IRKLELERREYTQIVEQLRNTVALDADFTQQR | FWADLECRA | FSTNMLDKRED KVIDNVETPVG I AVDW I YHIN | YWSDLGTK 531
CcVLDLR RD IRKLELERREYTQIVEQLRNTVANDADFMQQT | FWADLGQKA | FSTMLDKE - KV IDN PVGIAVDWI YKN | YWSDLGEK 530
OavLDOLR RD IRFALGELERKEYTQI VEQERNEVALDAD FBQQT | FWADLGQKA IHS TIHL DKRED KVIDNVQTPVG | AVDWI YKNIYWSDLGTK 534

HMVLDLR TISVANFNGTKEKMILFSSGLKEPAS | AVDPLSGFL YWSDWGEP AR | EKSGMNGVDRQVLVETD IQWPNG I TLDL | KSRLYWVDSKLHML 620
ObVLDLR TISVANFNGTKSKVLFHSGLKEPAS | AVDPLSGFLYWSDWGEP AK | EKSGMNGIIDRQVLVETD IQWPNG I TLDL | KSRLYWVDSKLHML 620
SMLDLR TISVANFNGTKEKVLFSSGLKEPAS I AVDPLSGFLYWSDWGEPAK | EKSGMNGVDRQVLVBTD IQWPNGITLDL | KSRLYWVDSKLHML 620
OmVLDLR T IEVANFNGTKRKVLFSSGLKEPAS | AVDPLSGFL YWSDWGEP A | EKSGMNGVDRQVLVETD | QWPNG | TLDL | KSRL YWVDSKLHML 520
CevLDLR B I AVANFNGTKRKVLFNSGLKEPAS | AVDPLSGFL YWSDWGEP AK | EKSGMNGIIDRQVLVETD IQWPNG I TLDL | KBRL YWVDSKLHML 618
OaVLDLR TI1SVABFNGTKEBKVLF LKEPAD I AVDPLSGFL YWSDWGEP AK | EKSGMNGVDRQVL VIlTD IQWPNG I TLDL | KGRL YWVDSKLHML 623

HnLDLR [CJSVDLNGDNRRKVLQSPDYLAHPFALTVFEDRVFWTDGENEA | YGANKFTGSDVIIMLASNLNEPQD | | VYHEL IQLSGTN KGENG 708
ObVLDLR |C|SVDLNGDNRRKVLQSPDYLAHPFALTVFEDRVFWTDMENKA | YGANKFTGSDVVMLASNLNEPQD | | VYHEL IQLSGTN KGANG 708
SMLDLR |C|SVDLNGDNRRKVLQSPDYLAHPFALTVFEDRVFWTDGENEA | YGANKFTGSDVVMLASNLNEPQD | | VYHEL IQLSGTN KGANG 708
OmVLDLR [C|SVDLNGDNRRKVLQSPDYLAHPFALTVFEDRVFWTDGENEA | YGANKFTGSD LASNLNEPQD | | VYHEL IQLSGTN KGLNG 708
CcVLDLR [CISVDLNGDNRRKVLQSPDYLAHPFALTVFEDRVFWTDGENEA | YGANKN TGSE LASNLNEPQD | | VYHEL IQLSGTN KEENG 708
OaVLDLR |CJSVDLNGDNRMKVLQSBEYLAHPFALTVFEDRVFWTDGEKEA | YGANKFTGSDVVIELASNLNBPQD | | VYHEL IQLSGTN KGENG 712
HNVLDLR FEClLrAPQINKHSPK Y TCHCISCGMEL AADGLNCR P EGNHISTS IHEVNSSAKGSAAAWA I LPVLLL 797
ObVLDLR FMCILPAPQINKHSPKYT|C - -EGNVSTS IHEVNSSAKGSAAAWAILPVLLL 777
SHWLDLR FMCILPAPQINKHSPKYT|C EGNVSTS IHEVNSSAKGSAAAWAILPVLLL 797
OmVLOLR LPAPQINKNSPKYTICJECIPQ - - -EANBSTS IHEVNETABGSHAAWA I LPVLLL 777
CcVLDLR FMC|LPAPQENKHSPKETIC ! STSIHEVNSSAKGSAAAWA ILPVLLL 797
OaVLDLR LPAPI!NKHSPI! i - -EBANVSTS IBG@VNSEARGSAAAWA I LPVLLL 779
HMLDLR AMAWMAGGYLMWRNWQLKNKKSMNFDNPVYLKTTEEDLN ID | SRHEBASVGHTYPAISVVNTEDDL - - - - - - 861
ObVLDLR AMAMAGGYLMWRNWQL KIKKSMNFDNPVYLKTTEEDLN ID | SRHSSSVGHTYPAISVVNTEDDL - - - - - - 841
SMVLDLR AMAAAGGYLMWRNWQLKNKKSMNFDNPVYLKTTEEDLN ID | SRHSSSVGHTYPAISVVNTEDDL - - - - - - 861
OmVLDLR AMAAAGGYLMWRNWOLKNKKSMNFDNPVYLKTTEEDLNID ISRH GHTYPAISVVNTEDD 847
CcVLDLR AMAAAGGYLMWRNWQEIKNKKSMNFDNPVYLKTTEEDLN IN | SRHSSVGHTYPAISVVNTEDDL - - - - - 862
OaVLDLR AMAAAGGYLMWRNWQLKNBKSMNFDNPVYLKTTEEDLN 1D IfERH VGHTYPA I SHVETEDDL - - - - - 844

Figure 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 cysteines conserved across
species are in boxes, the highly conserved SDE, EDE, YWS(V)D, FWA(T)D and FDNPVY
sequences are underlined, the O-glycosylation domain is double-underlined, the little conserved
domains are in gray.
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M A S s Pp G S DL P L L QF Q EV G S s KT GDI R S s P G P L s G V Y
ATGGCTAGTTCCCCAGGAAGTGACCTGCCACTTCTGCAGTTCCAGGAAGTGGGCTCCAGCARGACAGGGGACCGCAGCTCCCCAGGACCCCTCTCTGGTGTCTAC
A G PV P GLAMESRA AV CTI PSP Y ADS S HDYTTTLGVF Y N P
GCTGGTCCTGTGCCAGGTCTAGCCATGGAGAGCCGAGCAGTGTGCATCCCCTCGCCCTATGCAGATAGCAGCCACGACTACACCACTCTTGGCTTCTATAATCCC
s M L 6 Y P G SV ?PD S P SV RU?PPIL S PATI Y WS P QS H P s Q L P
TCCATGCTGGGGTACCCGGGCTCTGTCCCTGACAGCCCCTCTGTGCGGCCACCCCTAAGCCCTGCTATCTACTGGTCACCACAGAGCCATCCTAGCCAGCTGCCC
p L T L HCOQOQU®PL MY GE?PTIRTPWV E P KA AOQQUDUHNTLV E S S K
CCGCTCACCTTGCATTGTCAGCAGCCCTTGATGTATGGTGAGCCCACTCGGACCCCATGGGTGGAGCCCAAGGCCCAGGACCACAACTTGGTTGAGAGCAGTARA
L A GRURU©PULUEGDEA ATLS S S AACULTAIZ KSGIDMHTFCA AUV CHDY
CTGGCGGGGCGACGGCCACTAGAAGGAGATGAGGCACTCAGCTCTTCTGCAGCCTGCTTAACGGCARAGGGCGATATGCATTTCTGCGCTGTCTGCCACGACTAT
A S G Y HY GV W S CEG C KAV FVF KU RS I QGHNUDY I C P A T N O
GCCTCAGGTTATCACTATGGTGTCTGGTCTTGCGAGGGCTGCAAGGCCTTCTTTAAGAGGAGCATTCAAGGGCACAATGACTACATTTGCCCAGCGACCAACCAG
¢c T 1 DK NRIRIK S CQATCURILURI KT ECYZ EVGMMIE KTECGV RRE R C S
TGCACCATCGACAAGAACCGTCGCAAGAGCTGCCAGGCCTGCCGCCTGCGAAAGTGCTACGAAGTGGGCATGATGAAGTGCGGAGTGAGACGTGAGCGCTGCAGC
Yy R G V R H R RV POQTIIREUVMIULSGS GG S RTQRIRILE S S L P P T K
TACCGTGGGGTGCGACACCGGCGTGTACCACAGATCCGAGAAGTGATGTTGGGGTCAGGCTCTAGGACCCAGAGGCGACTGGAGAGCAGCCTCCCCCCAACGAAG
s F Q s L A L T PE QL VL RTITIEAEU?PZ®PETIY L MZKDMMIE KK P FT
AGTTTCCAGTCCCTGGCGCTGACCCCTGAACAGCTGGTGTTGCGCATCATTGAGGCAGAACCCCCAGAGATCTACTTGATGAAGGACATGAAGAAGCCATTTACC
E s s MMM s L T NLADIKETLV L M I S WAI K KTIU®PGFVETLNTL S
GAGAGCAGCATGATGATGTCTCTTACTAACCTGGCAGACAAGGAGTTGGTCCTCATGATCAGCTGGGCCAAAAAGATCCCAGGGTTTGTGGAGCTCAACCTGTCA
D Q VHLILE CCCWT LEUVLMULGILM®W®R SV DHU?P G KL I F S P DL
GATCAAGTGCACCTGCTGGAGTGTTGCTGGCTGGAGGTGTTGATGCTGGGCCTGATGTGGAGGTCTGTTGACCATCCTGGGAAGCTTATCTTCTCCCCTGACCTC
K L NR D E G S CVE GIMETIF DMTILIL AATA AR FRETLZKTL QR E
AAGCTTAACAGGGATGAGGGCAGCTGTGTGGAGGGGATCATGGAGATCTTTGACATGTTGCTGGCAGCTACCGCCCGATTCCGCGAACTGAAGCTGCAGAGGGAA
E Yy v ¢ L KA L I L LN SNMTCVN S PETUPETETLUIESURAIZ KTILTLTRTIL
GAGTATGTCTGTCTCAAGGCGCTGATCCTGCTCAACTCCAACATGTGTGTGAACTCTCCAGAGACACCTGAGGAGCTGGAGAGTCGGGCCAAGCTGCTGCGGCTG
L DAV TDATLVWATIT S REKGLTF Q Q Q S A R L A H L L ML L S H
CTGGACGCCGTCACAGACGCACTGGTGTGGGCCATCTCCAGGAAGGGCCTCACCTTTCAGCAACAGTCAGCTCGCCTCGCTCATCTACTGATGCTGCTGTCACAC
I R HL S NKGMZEHUL S NMEKMIEKNVV?PL Y DL L L EMTLTDA ANT
ATCCGCCATCTCAGTAACAAAGGAATGGAGCACCTCTCCAACATGAAGATGAAGAATGTCGTGCCGCTGTACGATCTGCTCCTGGAGATGCTGGACGCAAACACC
M H S S R V HQ R P P P GDINUPQE S S S HHTA AZENZ KP L Q Q *
ATGCACAGCTCCCGTGTGCATCAGCGCCCCCCACCAGGGGACATCAATCCCCAGGAGTCCTCGTCACACCACACAGCAGAAAACAAGCCCCTGCAGCAGTAG

Figure 5a. Nucleotide sequence and deduced protein sequence of Heterotis
niloticus (Hn) estrogen receptors beta (ERB_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.



(ERB_X2)
1M A S S P G S D L P L L Q F Q E V G S S K T G D R S S P G P L S G V Y
ATGGCTAGTTCCCCAGGAAGTGACCTGCCACTTCTGCAGTTCCAGGAAGTGGGCTCCAGCAAGACAGGGGACCGCAGCTCCCCAGGACCCCTCTCTGGTGTCTAC
36 A G P V P G L A M E S R A V C I P S P Y A D S S H DY T T L G F Y N P
106 GCTGGTCCTGTGCCAGGTCTAGCCATGGAGAGCCGAGCAGTGTGCATCCCCTCGCCCTATGCAGATAGCAGCCACGACTACACCACTCTTGGCTTCTATAATCCC
7@$.s M L G Y P G S VvV P D S P S V R P P L S P A I Y W S P Q S H P S Q L P
211 TCCATGCTGGGGTACCCGGGCTCTGTCCCTGACAGCCCCTCTGTGCGGCCACCCCTAAGCCCTGCTATCTACTGGTCACCACAGAGCCATCCTAGCCAGCTGCCC
06 P L T L HCOQQ P L MY G E P TRTPWV E P KA QDHNTL V E S S K
316 CCGCTCACCTTGCATTGTCAGCAGCCCTTGATGTATGGTGAGCCCACTCGGACCCCATGGGTGGAGCCCAAGGCCCAGGACCACAACTTGGTTGAGAGCAGTAAA
141 L A G R R P L E G D E A L S S S A A C L T A K |G D M HF CA V CH D Y
421 CTGGCGGGGCGACGGCCACTAGAAGGAGATGAGGCACTCAGCTCTTCTGCAGCCTGCTTAACGGCARAGGGCGATATGCATTTCTGCGCTGTCTGCCACGACTAT
176 A S G Y H Y G V W S C E G C K A F F K R S I Q G H N D Y I C P A T N O
526 GCCTCAGGTTATCACTATGGTGTCTGGTCTTGCGAGGGCTGCAAGGCCTTCTTTAAGAGGAGCATTCAAGGGCACAATGACTACATTTGCCCAGCGACCAACCAG
211 Cc T I D K N R R K S c Qg A CRULURI KT CYEV GGMMI KCGV R R E R C s
631 TGCACCATCGACAAGAACCGTCGCAAGAGCTGCCAGGCCTGCCGCCTGCGAAAGTGCTACGAAGTGGGCATGATGAAGTGCGGAGTGAGACGTGAGCGCTGCAGC
246 Y R G V R H R RV P 9 I R E VM L G S G S R T QIR RULE S S L P P T K
736 TACCGTGGGGTGCGACACCGGCGTGTACCACAGATCCGAGAAGTGATGTTGGGGTCAGGCTCTAGGACCCAGAGGCGACTGGAGAGCAGCCTCCCCCCAACGAAG
281 s ¥F 9 S L A L T P E Q L VvV L R I I E A E P P E I Y L M K D M K K P F T
841 AGTTTCCAGTCCCTGGCGCTGACCCCTGAACAGCTGGTGTTGCGCATCATTGAGGCAGAACCCCCAGAGATCTACTTGATGAAGGACATGAAGAAGCCATTTACC
3166 E S s M M M S L T N L A D K () L v L M I s WA KK I P G F V E L N L 8
946 GAGAGCAGCATGATGATGTCTCTTACTAACCTGGCAGACAAGGAGTTGGTCCTCATGATCAGCTGGGCCAAARAGATCCCAGGGTTTGTGGAGCTCAACCTGTCA
31 D Q V H L L E C C W L E V L M L G L M W (:) S v D H P G K L I F s P D L
1051 GATCAAGTGCACCTGCTGGAGTGTTGCTGGCTGGAGGTGTTGATGCTGGGCCTGATGTGGAGGTCTGTTGACCATCCTGGGAAGCTTATCTTCTCCCCTGACCTC
3836 K L,. N R D E G S C V E G I M E I F D M L L A A T A R F R E L K L Q R E
1156 AAGCTTAACAGGGATGAGGGCAGCTGTGTGGAGGGGATCATGGAGATCTTTGACATGTTGCTGGCAGCTACCGCCCGATTCCGCGAACTGAAGCTGCAGAGGGAA
421 E Y Vv C L K A L I L L N S K T P E E L E S R A K L L R L L. D A V T D A
1261 GAGTATGTCTGTCTCAAGGCGCTGATCCTGCTCAACTCCAAGACACCTGAGGAGCTGGAGAGTCGGGCCAAGCTGCTGCGGCTGCTGGACGCCGTCACAGACGCA
456 L VvV W A I S R K G L T F 9 0 9 S A R L A H L L M L L S H I R H L S N K
1366 CTGGTGTGGGCCATCTCCAGGAAGGGCCTCACCTTTCAGCAACAGTCAGCTCGCCTCGCTCATCTACTGATGCTGCTGTCACACATCCGCCATCTCAGTAACARA
491 M E S N K M K N VvV VvV P L Y D L L L E M L D A N T M H S S R V H
1471 GGAATGGAGCACCTCTCCAACATGAAGATGAAGAATGTCGTGCCGCTGTACGATCTGCTCCTGGAGATGCTGGACGCARACACCATGCACAGCTCCCGTGTGCAT
526 Q R P P P G D I N P Q E S S S H H T A E N K P L Q Q *
1576 CAGCGCCCCCCACCAGGGGACATCAATCCCCAGGAGTCCTCGTCACACCACACAGCAGAAAACAAGCCCCTGCAGCAGTAG

-

(ERB_X3)
1M H A S L C P S K L A G R R P L E G D E A L S S S A A C L T A K|G D M
ATGCATGCTTCCCTGTGTCCCAGTARAACTGGCGGGGCGACGGCCACTAGAAGGAGATGAGGCACTCAGCTCTTCTGCAGCCTGCTTAACGGCARAGGGCGATATG
36 H F C A V C H D Y A S G Y H Y G V W S C E G C K A F F K R S I Q G H N
106 CATTTCTGCGCTGTCTGCCACGACTATGCCTCAGGTTATCACTATGGTGTCTGGTCTTGCGAGGGCTGCAAGGCCTTCTTTAAGAGGAGCATTCAAGGGCACAAT
71 D Y I C P A T N O C T I D K N R R K S c ¢ A CRULLURIKCY E V G M M K
211 GACTACATTTGCCCAGCGACCAACCAGTGCACCATCGACAAGAACCGTCGCAAGAGCTGCCAGGCCTGCCGCCTGCGARAGTGCTACGAAGTGGGCATGATGAAG
106 C G VvV R R E R C S Y R G V R H R R V P Q I R E VvV M L G S G S R T Q R R
316 TGCGGAGTGAGACGTGAGCGCTGCAGCTACCGTGGGGTGCGACACCGGCGTGTACCACAGATCCGAGAAGTGATGTTGGGGTCAGGCTCTAGGACCCAGAGGCGA
141 L E S S L P P T K S F Q s L A L T P E Q L V L R I I E A E P P E I Y L
421 CTGGAGAGCAGCCTCCCCCCAACGAAGAGTTTCCAGTCCCTGGCGCTGACCCCTGAACAGCTGGTGTTGCGCATCATTGAGGCAGAACCCCCAGAGATCTACTTG
176 M K D M K K P F T E S s M M M S L T N L A D K E L v L M T S W A K K I
526 ATGAAGGACATGAAGAAGCCATTTACCGAGAGCAGCATGATGATGTCTCTTACTAACCTGGCAGACAAGGAGTTGGTCCTCATGATCAGCTGGGCCAAAAAGATC
211 P G F V E L N L S D Q VH L L E CCW L EV L M L G L MW R S V D H P
631 CCAGGGTTTGTGGAGCTCAACCTGTCAGATCAAGTGCACCTGCTGGAGTGTTGCTGGCTGGAGGTGTTGATGCTGGGCCTGATGTGGAGGTCTGTTGACCATCCT
246 G K L I F s P DL K L N R DE G S CcCV E G I ME I F DML L A A T A R
736 GGGAAGCTTATCTTCTCCCCTGACCTCAAGCTTAACAGGGATGAGGGCAGCTGTGTGGAGGGGATCATGGAGATCTTTGACATGTTGCTGGCAGCTACCGCCCGA
28l ¥ R E L K L Q R E E Y Vv ¢ L K A L I L L NS NM CV N S P E T P E E L
841 TTCCGCGAACTGAAGCTGCAGAGGGAAGAGTATGTCTGTCTCAAGGCGCTGATCCTGCTCAACTCCAACATGTGTGTGAACTCTCCAGAGACACCTGAGGAGCTG
36 E S R A K L L R L L. b AV T DA AILV WATI S RIKGILTF Q Q Q S A R L
946 GAGAGTCGGGCCAAGCTGCTGCGGCTGCTGGACGCCGTCACAGACGCACTGGTGTGGGCCATCTCCAGGAAGGGCCTCACCTTTCAGCAACAGTCAGCTCGCCTC
351 A H L L M L L S H I R H L S NK GGME H L S N M KM KN V V P L Y D L
1051 GCTCATCTACTGATGCTGCTGTCACACATCCGCCATCTCAGTAACAAAGGAATGGAGCACCTCTCCAACATGAAGATGAAGAATGTCGTGCCGCTGTACGATCTG
386 L L E M L D A N T M H S S R V H Q R P P P G D I N P Q E S S S H H T A
1156 CTCCTGGAGATGCTGGACGCAAACACCATGCACAGCTCCCGTGTGCATCAGCGCCCCCCACCAGGGGACATCAATCCCCAGGAGTCCTCGTCACACCACACAGCA
421 E N K P L Q Q ~*
1261 GAAAACAAGCCCCTGCAGCAGTAG

-

Figure 5b. Nucleotide sequences and deduced protein sequences of Heterotis
niloticus (Hn) estrogen receptors beta (ERB_X2 and ERB_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.



(ERB_X4)
1M A S s P G S DL PLUL QF QE V G S SsS KT GDI RS S P G P L S G V Y
ATGGCTAGTTCCCCAGGAAGTGACCTGCCACTTCTGCAGTTCCAGGAAGTGGGCTCCAGCAAGACAGGGGACCGCAGCTCCCCAGGACCCCTCTCTGGTGTCTAC
36A G P VP GLAMESU RAVYV CTIUPSPYADS S HDYTTTULGF Y NP
106 GCTGGTCCTGTGCCAGGTCTAGCCATGGAGAGCCGAGCAGTGTGCATCCCCTCGCCCTATGCAGATAGCAGCCACGACTACACCACTCTTGGCTTCTATAATCCC
77%s M L G Y P G SV P D S P SV RUPUPILS PAI Y WS P QS H P S QL P
211 TCCATGCTGGGGTACCCGGGCTCTGTCCCTGACAGCCCCTCTGTGCGGCCACCCCTAAGCCCTGCTATCTACTGGTCACCACAGAGCCATCCTAGCCAGCTGCCC
06 P L T L H CQ QP L MY G EPTIRTUPWV E?PZ KA QIDHNTILV E S S K
316 CCGCTCACCTTGCATTGTCAGCAGCCCTTGATGTATGGTGAGCCCACTCGGACCCCATGGGTGGAGCCCAAGGCCCAGGACCACAACTTGGTTGAGAGCAGTAAA
141 L A G R R P L E G DEAIL S S S AACLTAIZ K G DMHFCA AUV CHDY
421 CTGGCGGGGCGACGGCCACTAGAAGGAGATGAGGCACTCAGCTCTTCTGCAGCCTGCTTAACGGCAAAGGGCGATATGCATTTCTGCGCTGTCTGCCACGACTAT
176 A S G Y H Y GV WS CEGCKATFUVFZ K RS I QGHNDY I C P A TN O
526 GCCTCAGGTTATCACTATGGTGTCTGGTCTTGCGAGGGCTGCAAGGCCTTCTTTAAGAGGAGCATTCAAGGGCACAATGACTACATTTGCCCAGCGACCAACCAG
211 ¢ T I D K N R R K S C Q A CURULRIEKCYEV GMMIE KTCGV RRE R C §
631 TGCACCATCGACAAGAACCGTCGCAAGAGCTGCCAGGCCTGCCGCCTGCGAAAGTGCTACGAAGTGGGCATGATGAAGTGCGGAGTGAGACGTGAGCGCTGCAGC
246 Y R G V R H R R V P Q I R EVMILGS G S RTOQURIRILE S S L P P T K
736 TACCGTGGGGTGCGACACCGGCGTGTACCACAGATCCGAGAAGTGATGTTGGGGTCAGGCTCTAGGACCCAGAGGCGACTGGAGAGCAGCCTCCCCCCARCGRAG
28ls F Q S L A L T P E Q L V L R I I EA E P P E I Y L M K DMIEKZ K P F T
841 AGTTTCCAGTCCCTGGCGCTGACCCCTGAACAGCTGGTGTTGCGCATCATTGAGGCAGAACCCCCAGAGATCTACTTGATGAAGGACATGAAGAAGCCATTTACC
36 E §$s s M M M § L T N L A DK EUL VL M I S WA KIKTIUZPGUFV ETLNTL §
946 GAGAGCAGCATGATGATGTCTCTTACTAACCTGGCAGACAAGGAGTTGGTCCTCATGATCAGCTGGGCCAAAAAGATCCCAGGGTTTGTGGAGCTCAACCTGTCA
351 b Q V H L L E C C W L EV L ML GL MW R S VDHU&PGIKTULTIF S P DL
1051 GATCAAGTGCACCTGCTGGAGTGTTGCTGGCTGGAGGTGTTGATGCTGGGCCTGATGTGGAGGTCTGTTGACCATCCTGGGAAGCTTATCTTCTCCCCTGACCTC
386 K L N R D E G S CV E G I METIF DMTLTILAA AT ATRTEFRETLIKTLQRE
1156 AAGCTTAACAGGGATGAGGGCAGCTGTGTGGAGGGGATCATGGAGATCTTTGACATGTTGCTGGCAGCTACCGCCCGATTCCGCGAACTGAAGCTGCAGAGGGAA
421 E Y Vv ¢ L K A L I L L N S N M C UV NS PETPUEZ ETLZESRAIZKTILTLTRL
1261 GAGTATGTCTGTCTCAAGGCGCTGATCCTGCTCAACTCCAACATGTGTGTGAACTCTCCAGAGACACCTGAGGAGCTGGAGAGTCGGGCCAAGCTGCTGCGGCTG
456 L. D A V T D A L V W A I S R K G L T F Q0 0 0 s A R L A H L L M L L S H
1366 CTGGACGCCGTCACAGACGCACTGGTGTGGGCCATCTCCAGGAAGGGCCTCACCTTTCAGCAACAGTCAGCTCGCCTCGCTCATCTACTGATGCTGCTGTCACAC
491 I R H L R V P V V W E F P V F P G H *
1471 ATCCGCCATCTCAGGGTTCCGGTGGTCTGGGAATTTCCTGTATTCCCTGGGCACTAA

-

(ERY)

1M . L $ L vY s s aATU®PINTIU®P S PLMUDNTCO QDY s V Q QY A C P G
ATGTTGCTGTCCCTGGTCTACAGCTCTGCTACGCCTATCAACATCCCATCTCCATTAATGGACAACTGCCAAGATTACTCAGTACAGCAATATGCTTGCCCTGGT
36¢L s bs s F L DP?PFDWI KU®PD SN F L s I V KI KTIT?PZP S S P L A E
106 CTCAGTGATTCCAGCTTTTTGGACCCACCGTTTGATTGGAAACCCGACAGCAATTTCTTGTCAATAGTCAAGAAAATTACACCACCCAGCAGTCCTCTGGCTGAG
79 E P Q S L F S T D K Q Q Q R RKWIRI KTNS GMT CIRUV K S L QP F P G D
211 CCTGAGCCCCAAAGTCTTTTCTCTACTGATAAACAGCAGCAGAGAAGAAAGAGGAAAACGAATGGCATGTGCAGAGTGAAATCACTGCAGCCTTTCCCAGGGGAT
106 E T E K R L ¢C F v C K DY A S G Y HY S VW S CE G CEKAUVFF KR S I
316 GAGACAGAAAAACGCTTGTGTTTTGTGTGCAAGGACTATGCTTCAGGGTACCACTACAGTGTGTGGTCCTGTGAGGGCTGCAAGGCCTTTTTTAAGAGGAGCATC
1419 G p T D Y I C p_A N N O C T I DK S R R K S C Q A CR L R K C Y E V
421 CAAGGGCCTACTGATTATATCTGTCCAGCAAACAACCAGTGCACCATTGACAAGAGCCGCCGCAAAAGCTGCCAGGCTTGTCGTCTTCGCAAGTGCTATGAAGTG
176 G M V X N G V R R E R R P S Q E V Q G I RMC QH L S VMG EE A S L
526 GGCATGGTCAAGAATGGTGTCCGAAGAGAACGTCGTCCCTCCCAGGAGGTGCAAGGCATACGTATGTGCCAGCACCTTTCAGTAATGGGGGAAGAAGCCAGTCTT
211 L s Q E K $ H' L S A S L EE T Q Q L L F s P K Q L I s R F L E V E P P
631 CTCTCACAAGAGAAGTCCCACCTTTCTGCATCTTTGGAGGAGACCCAACAACTGTTGTTCAGCCCAARAGCAGCTCATTTCTCGCTTTCTGGAGGTAGAACCTCCA
246 D I Y L M W D L K K P F T E V S M M T s L T H L A D K E L F Y M I S§ W
736 GACATTTACTTGATGTGGGACCTGAAAAAACCCTTTACAGAGGTCAGCATGATGACATCACTCACTCACCTGGCAGACAAAGAGCTCTTTTACATGATCAGCTGG
281A K K I P G F T ELGUL S D Q V HLULDT CT CWTILEUVILMILGTILTIWR §
841 GCTAAAAAGATCCCAGGCTTCACTGAGCTCGGCCTATCAGACCAGGTACACTTACTAGACTGTTGCTGGCTGGAGGTGCTAATGCTGGGCTTGATCTGGAGGTCT
36 v D H P G KL I F 9P DUL I L S RDZEGS S CIEGTILETIZFDMTLUL A
946 GTGGACCACCCTGGAAAGCTGATCTTCTCCCCTGACCTCATCCTTAGCAGGGATGAGGGCAGCTGCATTGAGGGGATTCTGGAGATCTTTGACATGCTGCTTGCA
331A T S R F R E L R L Q K E E Y Vv C L KA LV L LN S S I Y L Y T PN G
1051 GCAACTTCTCGCTTCCGGGAGCTGCGGCTACAAAAGGAGGAATATGTCTGCCTGAAGGCCCTGGTTCTCCTCAACTCTAGCATATACCTCTATACCCCAAATGGT
386 G Y E H 9 S R A KL Q Q L L NAV T DA ATLTIWV I A KILGTIL S F Q Q 9Q
1156 GGGTATGAGCATCAGAGCAGGGCCAAGCTACAACAGCTGCTGAATGCTGTGACTGATGCACTTATATGGGTTATCGCTAAGCTGGGACTGAGCTTCCAGCAGCAG
421 s A R L A H L I M L L S§ H I R H V S N K G M D H L HCMIKMZ KK V V P
1261 TCCGCCCGACTGGCCCATCTCATCATGCTGTTGTCACACATCCGCCATGTCAGTAACAAAGGAATGGACCACCTGCACTGCATGAAGATGAAGAAAGTAGTGCCA
456 ¥ Y D L L L E M L D A H V M H N S R I L S P E P S G *
1366 TTCTATGATCTCCTCTTGGAAATGCTGGACGCCCATGTTATGCACAACAGCCGCATTCTCAGTCCTGAGCCTTCAGGATGA

-

Figure 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.



(ERRa)

1M $s S R DRRVFNTIT Y I KA EU?PS S PEGGIRDGU RT S P G G A S s D
ATGTCTTCCCGGGATCGACGCTTCAATATTTACATTAAGGCTGAGCCCAGCAGTCCAGAGGGAGGAAGAGATGGGAGAACCAGCCCTGGAGGGGCATCCTCCGAT
36 S S H S AV GV NG GRS TEWRY S P PULCT®PTTILUHTCUZPTFI KEE G D
106 TCGTCCCACAGTGCTGTGGGGGTAAATGGAGGCAGGAGCACAGAGCGGTACTCCCCTCCCCTCTGCACACCAACCCTGCATTGCCCTTTT. GAGGAGGGCGAT
7176 E E G S A G S G GG G R C K Y A L S |T L P K R L C L Vv C G D V A S G Y
211 GGAGAGGAGGGATCTGCAGGCAGCGGAGGCGGCAGGTGCAAGTACGCCCTTAGCACACTCCCCAAGCGCCTGTGTCTCGTGTGTGGGGATGTGGCATCAGGCTAC
106 H Y G V A S C E A C KA F F KR T I Q G N I E Y S C P A S N F CE I T
316 CACTACGGCGTGGCCTCCTGTGAGGCCTGCAAGGCCTTCTTCAAGAGGACCATTCAAGGGAACATTGAATACAGCTGCCCAGCATCCAACGAGTGCGAAATCACC
141 K R R R K A C Q A CRF T K CUL KV GM L KE GV R L DI RV R G G R Q
421 AAGCGGCGCAGGAAGGCCTGCCAAGCTTGTCGCTTCACCAAGTGCCTCAAAGTGGGAATGCTGAAAGAGGGTGTTCGTCTGGATCGAGTGAGAGGAGGAAGACAG
176 K Y K R R P E V E S |T T Yy Q s p T N Q P S G K E V D K G P S N V I V 8
526 AAGTACAAAAGACGGCCAGAGGTGGAGAGCACCACATACCAAAGTCCTACGAATCAGCCTTCAGGAAAGGAAGTTGATARAGGTCCCTCCAATGTCATTGTCTCC
211H L. L V A E P E KL F A M P D PUL O S DT T LR T L T T L C DL A DR
631 CATCTGCTGGTGGCTGAGCCAGAGAAGCTGTTTGCCATGCCAGACCCCCTGCAGTCAGACACCACCCTGCGCACCCTCACCACCCTTTGTGACTTGGCTGATCGC
246 E L VvV Vv I I G W A K H I P G F L § L S L A D QM s V L Q S V W L E V L
736 GAGCTTGTTGTCATCATTGGCTGGGCTAAACACATTCCCGGCTTCCTGTCCTTGTCTCTGGCGGACCAGATGTCAGTGTTGCAGTCCGTGTGGCTGGAGGTGCTC
281v L G V A F R S L S CEDEVV F A EDF VL DU EZETLSRTIAGTL G E
841 GTACTCGGTGTTGCCTTCCGGTCTCTGAGCTGCGAGGACGAGGTGGTGTTTGCCGAGGACTTTGTTCTGGATGAGGAGCTGTCCCGTATTGCTGGGCTGGGCGAG
36 L. S A A I §$ Q L A RRYRAL QLD QEEZFVMTILIEKA ATIA ATLTN S D s
946 TTAAGTGCAGCCATTAGCCAACTGGCCCGCCGATACCGTGCCCTTCAACTAGACCAGGAGGAGTTTGTCATGTTGAAGGCTATTGCACTCACAAACTCTGATTCT
351v. Yy I E DM EAV Q KL RDUIL L HQATULULUETLUE S Q RRPEDZP R R A
1051 GTGTACATTGAGGACATGGAGGCTGTGCAGAAGCTACGAGACCTCCTACACCAGGCCCTGCTAGAGCTGGARAGCCAGCGTAGGCCAGAAGACCCCCGGAGGGCA
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 T R G G V P M H K L
1156 GGCCGGCTCCTGCTCACCCTGCCCCTGCTCAGGCAGACTGCCAGCCGTGCCCTTTCCACCTTCTACAACATCAAGACCCGTGGTGGTGTGCCCATGCACAAACTC
421 F L. E M L E A M M D S P *
1261 TTTCTCGAGATGCTGGAGGCCATGATGGACTCGCCGTAA

-

(ERRy_X1)

1M A A DDWRUHLUP S S C G s Y I K TEUPS S P S S VI DTV S HH S P
ATGGCTGCAGATGACCGGCACCTGCCCTCCAGCTGTGGGTCCTACATCAAGACGGAGCCATCGAGCCCCTCATCGGTCATCGACACAGTCAGCCACCATAGCCCC
36s G N S DAS G GY VS AMNDNSHSNGTLDS P PMTFT?P S G L G G G
106 AGTGGCAACTCGGACGCCAGCGGTGGCTACGTCAGCGCCATGAACAGCCACTCCAATGGCCTGGACTCGCCACCCATGLIC CAGTGCECTTEEAGGCEER
717A C R K R Y DDC s s T TIMEU DS P I K CE Y ML NS T P K R L C L V
211 GCCTGCCGCAAGCGCTATGATGACTGCTCCAGCACCATTATGGAGGACT CCATTAAGTGCGAATATATGTTGAACTCCATCCCCAAGAGGCTGTGCCTAGTC
106 C G D I A S G Y H Y GV A S C E A C KA F F KR T I 9 GN I E Y S C P
316 IGTGGAGACATTGCCTCAGGAT TACGGAGTGGCCTCCTGTGAGGCCTGC GCCTTTTTT GGACAATACAAGGCAACATCGAGTACAGCTGTCCC
141 A T N E C E I T K R R R K s C 9 A C R F M K C L KV G M L K E G V R L
421 GCTAC CCACTGTCEAGATCAC GCEAAGCCGCAAGTCCTECCAGECCTECCGCTTCATGAAGTGTCTCAAAGTGGGGATGCTGAAGGAAGGTGTGCGTCTG
176 D _R V R G G R K Y K R R M D A E N A Y L G L T L P P P A K K P L T
526 GACCGTGTGCGTGGCGGCCGGCAGAAGTACAAGAGGAGGATGGATGCCG CAACGCCTATCTTGGCCTCACACTACCGCCCCCTGCCAAAAAGCCATTGACA
211K I v 8§ H L L V A E P E K I Y A M P D P TMU&PE S DI KATLTTL C D
631 AAGATTGTGTCCCACTTGCTGGTGGCAGAGCCAGAGAAGATCTACGCCATGCCAGACCCCACCATGCCTGAGAGTGACATCAAGGCCCTAACCACTTTGTGCGAC
246 L. A D R E L VvV Vv I I G WA K HTIT P GVF s s§ 5L 8L GD QM s L L Q S A W
736 TTGGCTGACCGAGAGCTGGTTGTCATCATCGGCTGGGCCAAGCATATCCCAGGCTTCTCCAGTCTGTCTTTAGGAGACCAGATGAGTCTACTGCAGAGCGCTTGG
281l M E I L I L R V V Y R S§ L P F E D K L V Y A E D Y I M D E D Q S K L A
841 ATGGAGATCTTGATCTTGCGGGTGGTGTACCGATCATTGCCCTTCGAGGACAAGCTGGTGTATGCTGAGGACTACATCATGGACGAGGACCAGTCGAAACTCGCC
36 G L L D L N N A I L Q9 L V K K Y K S M K L EZ KE S L S P S K QL R S Q
946 GGTCTGCTGGACCTCAACAATGCCATCCTGCAGCTGGTGAAGAAATACAAGAGCATGAAGTTGGAGAAGGAGAGTTTGTCACCCTCAAAGCAATTGCGCTCGCAA
3511 9 T P C T *
1051 ATTCAGACTCCATGCACATAG

-

(ERRy_X2)

i1 b 5 v E L 5 L P E F F 3 F H 3 E 0 E L L C E M 3 5 K E R R L E 3 35 C
1 ATGGATTCTGTAGAACTTTCCCTGCCTGAGTTCTTCTCCTTTCACTCTGAACAAGAGCTGCTCTGCAGGATGTCAAGCAAGGAGCGGCGCATTGAGTCCAGTTGC
36 ¢ 3 e 1 BT E o5 3 oA 5 LA D5 ¥ N H H 3 e CH = T oDoa 5 = 5 b4 54
CCCTCATACATCAAGACAGAACCGTCCAGTCCTGCCTCCCTCGCTGACAGCGTGAACCACCACAGCCCCGGTGGGTCTTCAGACGCCAGTGGCAGCTACAGCTCA
A T N ¢ H PN =z L D 5 2 T L Y & Q & ¢ 5 L = P N ¥ A = & T K R Y FE D C
GCCACAAACGGGCACCCCAACGGCCTAGACTCCCCCACGCTGTATGGTCAGGCAGGCAGCCTAGGCCCCAATGTGGCCGGGGCCACCAAGCGCTACGAGGACTGC
5 05 1T M oA F DA QL K O F YO OM LN |:i Mo oF K R L C L v C < D W A& 5 = ¥ H
5 TCTAGCACCATGGCTGAAGACTCACAGATCAAGTGCGAGTACATGCTCAACTCCATGCCCAAGCGTCTGTGCCTGGTGTGTGGCCGATGTGGCATCTGGCTACCAC
Yy ¢ v A 5 ¢ E & C K & F F K E T L @Q ¢ N L E Y 5 C p_& 1 N F C E L 1T K
TACGGAGTGGCGTCTTGTGAAGCCTGCAAGGCCTTCTTCAAGCGGACCATCCAAGG, CATCGAGTACAGCTGCCCGGCCACCAACGAGTGTGAGATCACTAAG
E FE E kK 5 © @9 A& ©C K F O Vo= M L E F - %W K L D E ¥ R = - K O K
AGGAGACGGAAGTCCTGCCAGGCGTGCCGCTTCATGAAGTGTCTTACTGTGGGAATGCTGCGGGAAGGTGTCCGGCTCGACAGAGTGCGTGGCGGCCGGCAGAAG
Y L ¥ P Q0 L & L B P K K P2 Y N K ¥ ¥ 53 H L L ¥ A
iCCGGATAGACGCGGAGAACAGCCCCTACCTGAACCCACAGCTGGCCCTGCCACCTAAAAAACCATACAACAARAGTGGTGTCCCACCTCCTGGTGGCA
ToW B b s b1 K oA LT T Lo b L& bR OF L oYW N

ACTGTTCCCGACAGCGACATCAAGGCGCTGACCACACTCTGCGACCTGGCTGACCGCGAGCTGGTGGTCAAC
zal L L o 5 1 L E K oA w oL 5 2w L H L
441 A C! TGAGAAAG! “CC ATCT CTAT

216 M R H W 5 M 5 = 1 WV K LW VoA L LCoxY E 1 L W Lk Lk Lo 1 G5 L H
AACAGACACTGGTCTAACAGTGGCATAGTAAAGCTGGTTGTGGCCTTGTTGTGCTACAGGATTCTCGTCTTATTTCTTTTTAATCTCTGCATTTCTTTACATGTC
E I ¢ © R C LY 1 N L= / ‘

TRG

@

Figure 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.



DBED

A/B C D E F

163 aa 82aa 41 aa 237 aa 35aa
DBD

A/B C D E F

163 aa 82aa 4l aa 230 aa 35aa

DBD
A/B C D E F
32aa 82aa 4l aa 237 aa 35 aa
DBD
A/B C D E F
163 aa 82aa 4l aa 208 aa 14 aa
DBD
A/B C D E F
107aa 80aa 43 aa 237 aa 14 aa

Figure 7. Secondary structure of Heterotis niloticus estrogen receptors beta (ERB_X1, ERB_X2,
ERB_X3 and ERP_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, ERB_X3 and ERy, while H11 is reduced and H12 is
absent in ERB_X4.



(ERRw

AB C D E F
88 aa 97Taa 22aa 220 aa 3

(ERRy_X1)

AB C ] E F
96 aa 97aa I8 aa I128aa 17 aa

(ERRy X2

A/B C D E F

122 aa 97aa 18aa 32aa T8 aa

Figure 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).
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HRERE_XI MASSPGSDLPLLQFQEVGSSKTGDRSSPGPLSGVYAGPVPGLAMESRAVC IPSPYADSSHDYTTLGFYNPSMLGYPGSVPDSPSVRPPLSPATY 94
HRERE_X2 MASSPGSDLPLLQFQEVGSSKTGDRSSPGPLSGVYAGPVPGLAMESRAVC PSPYADSSHDYTTLGFYNPSMLGYPGSVPDSPSVRPPLSPAIY 94
HRERE 3 M A e
HRERE_X4 MASSPGSDLPLLQFQEVGSSKTGDRSSPGPLSGVYAGPVPGLAMESRAVC IPSPYADSSHDYTTLGFYNPSMLGYPGSVPDSPSVRPPLSPAIY 94

HNERE_X1 WSPQSHPSQLPPLTLHCQOPLMYGEPTRTPWVEPKAQDHNLVESSKLAGRRPLEGDEALSSSAACL TAKGDMHACAVCHDYASGYHYGVWSCEG 188
HNERE_X2 WSPQSHPSQLPPLTLHCQOPLMYGEPTRTPWVEPKAQDHNLVESSKLAGRRPLEGDEALSSSAACL TAKGDMHFACAVCHDYASGYHYGVWSCEG 188
HnERE_x: [EEEEEHES IE r e e S K L AGRRPLEGDEALSS55AACL TAKGDMHACAVCHD YASGYHYGVWSCEG |57
HNERE_X4 WSPQSHPSQLPPLTLHCQOPLMYGEPTRTPWVEPKAQDHNLVESSKL AGRRPLEGDEALSSSAACL TAKGDMHFACAVCHD YASGYHYGVWSCEG 188

HnERE_X1 | CKAFFKRS IQGHNDY ICPATNQCT IDKNRRKSCQACRLRKCYEVGMMKCGVRRERCS YRGVRHRRVPQ | REVMLGSGSRTAQRRLESSLPPTKSF 282
HnERE_X2 | CKAFFKRS IQGHNDY ICPATNQCT IDKNRRKSCQACRLRKCYEVGMMKCGVYRRERCS YRGVRHRRVPQ | REVMLGSGSRTAQRRLESSLPPTKSF 282
HnERE_X3 | CKAFFKRS IQGHNDY ICPATNQCT IDKNRRKSCQACRLRKCYEVGMMKCGVYRRERCS YRGVRHRRVPQ | REVMLGSGSRTAQRRLESSLPPTKSF 151
HnERB_X4 | CKAFFKRS IQGHNDY ICPATNQCT IDKNRRKSCQACRI RKCYEVGMMKECGVYRRERCS YRGVRHRRVPQ | REVMLGSGSRTAQRRLESSLPPTKSF 282

HnERB_X! QSLALTPEQLVLRI| IEAEPPEIYLMKDMKKPFTESSMMMSLTNLADKELVLMISWAKKIPGFVELNLSDOQVHLLECCWLEVLMLGLMWRSVDHP 376
HnERB_X2 QSLALTPEQLVLRI IEAEPPEIYLMKDMKKPFTESSMMMSLTNLADKELVLMISWAKKIPGFVELNLSDOQVHLLECCWLEVLMLGLMWRSVDHP 376
HNERB_X3 QSLALTPEQLVLRIIEAEPPEIYLMKDMKKPFTESSMMMSLTNLADKELVLMISWAKK IPGFVELNLSDAQVHLLECCWLEVLMLGLMWRSVDHP 245
HnERB_X4 QSLALTPEQLVLRI|IEAEPPEIYLMKDMKKPFTESSMMMSLTNLADKELVLMISWAKKIPGFVELNLSDQVHLLECCWLEVLMLGLMWRSVDHP 376

HNERE_X1 GKL IFSPDLKLNRDEGSCVEG IME | FOMLLAATARFRELKLQREEYVCLKAL | LLNSNMCVNSPETPEELESRAKLLRLLDAVTDAL VWA | SRK 470
HRERP_X2 GKL IFSPDLKLNRDEGSCVEGIME | FDMLLAATARFRELKLOREEYVCLKAL ILLNSES S K TPEELESRAKLLRLLDAVTDAL VWA | SRK 463
HNERE_X3 GKL IFSPDLKLNRDEGSCVEG IME | FOMLLAATARFRELKLQREEYVCLKAL | LLNSNMCVNSPETPEELESRAKLLRLLDAVTDAL VWA | SRK 339
HNERE_X4 GKL IFSPDLKLNRDEGSCVEGIME | FOMLLAATABFRELKLOREEYVCLKAL ILLNSNMCWYNSPETPEELESRAKLLRLLDAVTDAL VWA | SRK 470

HAERS_X! GLTFQQQSARLAHLLMLLSH I RHLSNKGMENL.SNVKMKNVVPLYDLLLEMLDANTMHSSRVHQRPP - PGD INPQESSSHHTAENKPLQQ 556
HNERB_X2 GLTFQQQSARLAHLLMLLSHIRHLSNKGMEHLSNMKMKNVVPLYDLLLEMLDANTMHSSRVHQAPP - PGD INPQESSSHHTAENKPLQQ 551
HNERB_X3 GLTFQQQSARLAHLLMLLSHIRHLSNKGMEHLSNMKMKNVVPLYDLLLEMLDANTMHSSRVHQRPP - PGD INPQESSSHHTAENKPLQQ 427
HNERB X4 GLTFQQQSARLAHLLMLLSH IRHL REEE SRR v P Ve VIVER P VE  GEEEEEE s 508

(b)

HnERRa ASGYHYGVASCEACKAFFKRTIQGNIEYSCPAINECEITKHRHKICQACHF L KEGVRLDRVRGGROKYKRR 185
HnERRy_X1 ASGYHYGVASCEACKAFFKRT IQGN IEYSCPATNECE I TKRRRKSCQACRF . KEGVRLDRVRGGROKYKRR| 3
HNERRy_x2 ASGYHYGVASCEACKAFFKRTIQGN IEYSCPATNECE | TKRRRKSCQACRF 219

HNERB_X1

HNERy

ASGYHYGVIISCEBCKAFFKRE 1 Q CPATNECH |BKNRRKSCQACH ” 187
ASGYHYBVWSCEBCKAFFKRE 1 O CPANNACT | BKERRKSCQACR . 243

Figure 9. Alignment of the deduced protein sequences of Heterotis niloticus estrogen receptors
(ER) beta (a), and DNA-binding domains (DBD) of ERs and ERRs (HNERB_X1, HnERB_ X2,
HnERB_X3, HNERP_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 8
estradiol are indicated by black triangles. The little conserved domains are in gray.



HnERE_X1
SIERR
COBERR
OmERP
CaERp
CcERpP

HRERE_X1
SERR
ObERR
OmERP
CaERR
CcERR
HRERE_X1
SERP
ObERR
OmERR

SP--GEDLP-LLOBQEVGSSKTGDR - SRAVCIPSPYEDSSHOY[l- - - - TLEFYNPSMLGYPGS D 81
SP--GGDLP-L| cllvGsHKTGDR - SRAVC IPSPYRDSSHD YA - -TLSFYNF‘ﬂL.YF‘GS D B2

P—— GDLF‘ LLOLQEVGSSKTGDR - RAVC IESPYMDSSHD YA - -TLSFYNPIEML G 18D 82

LLOL CIPSPYTDNSHD FYNPSMLG PI15SD &7
LLOL E VCIPSPYTDSHHD FYBPSMLE D 87
LLOLQE CIPSPYTDEGHDET- - - - TLRFYSPHELL G SD 78
SPS-VRPPLSP LTLHCOQPLMYGEP - RTPWVEPKAQDHNL VESS - - - - - - DE-ALSSSAACLTH 162

SPS-VAPPLSP LTLHCOQPLVYGEP - BRTPWVEPKAQDHALVESS - - - - - - DE-ALSSSAACLTG 163
LTLHCOQPLEYGEP - PRTPWVEPKAQDHAL VESS - - - - - - DE- ALSSSAACLTG 163
172
G 174

------ LRG 153

AVCHDYASGYHYGVWSCEGCKAFFKRS | QGHNDY ICPATNOCT | DKNRAKSCOACALRKCYEVGMMKCGVARERCSY - - RGHIR 250
AVCHDYASGYHYGVWSCEGCKAFFKRS | QGHNDY ICPATNQCT IDKNRRKSCQACRLRKCYEVGMMKCGYRRERCSY - - RGMR 251
AVCHDYASGYHYGVWSCEGCKAFFKRS | QGHNDY ICPATNQCT | DKNRRKSCQACRLRKCYEVGMMKCGVRRERENY - - RGMR 251
AVCHDYASGYHYGVWSCEGCKAFFKRS | QGHNDY ICPATNQCT IDKNRRKSCQACRLRKCYEVGMMKCGYRRERCSY - - RGAR 260

CaERp AVCHDYASGYHYGVWSCEGCKAFFKAS | GEHNDY ICPATNQCT | DKNRRKSCOACRLRKCYEVGMMKCGYRRERCEER - - AGAR 262
CcERR AVCEBDYASGYHYGVWSCEGCKAFFKRS | QGHNDY ICPATNQCT | DKNRRKSCOACRLRKCYEVGMMKCGERRERES RGAR 243
HRERE_X1 HRAV-PQIRENM- - -B- - - GBGERWQRRLE- - - - - - AEPPE | YLMKDMKKPFTEESMMMSL TN 325
SERE HRRAV-PQIRDTA- - -M- - - GPEPRACRRLE- - - - - - AEPPE | YLMKDTKKPFTESTMMMSL TN 326
CObERE HRRV-PQIRDTA---M---GPEPRTCRRLE--- - - - AEPPE | YLMKDTKKPFTESTMMMSL TN 326
OmERR - MRLE- - - - - - AEPPE | YLMEDEKKPFTEASMMMSLTN 338
CaERpE AEPPE | YLMEDEKKPF TEASMMMEIL TN 352
ccErp O AEPPE | YLMNDMKKPFTE MMSLTN 319
HRERE_X1 L.l\DKEL\l'LMISWAI(KIPGFVELlLSDQ\l‘HLLECCWLEVLMLGLMWRSVDHFGI(LIFEPDLKLNFI EGSCVEGIME | FOMLLAATHRFREL 415

SERR
ObERR
OmERB
OaERR
CcERP
HNERE_XI
SIERR
ObERR
omERB
OaERp
CeERB

HnERE_X1
SIERp
ObERR
OmERR
0aERP
GeERP

HNERE_X1
SERR
ObERR
OmERp
QaERR
CoERR

L.ﬂDKEL\l‘LMISWAI(KIPGFVELSLSDQ\I‘HLLECCWLEVLMLGLNWFISVDHFGI(LIFEPDLKINFI EGHCVEGIME I FOMLLAATARFREL 416
LADKELVLMISWAKK IPGFVELSLSDOVHLLECCWLEVLMLGLMWRSVDHPGKL | FSPDLKIINRDEGSCVEGIME | FOMLLAATMRFREL 416
LADKELVLMISWAKK IPGFVELSLDQVHLLECCWLEVLMLGLMWRSVDHPGKL I FSPDLKLNREEGNCVEGIME I FOMLLAATSRFREL 428
L.I\DKELVLMISWAI(KIPGFVELSLIDC.HLLlGCWLElLMLGLMWFIS'\.’DHPGI(LIFEPD.ELNFI EGIGVEGIMEIFDMLLA.T RFAREL 442
LADKELVEMI SWAKK | PGFVELSLEDQVHLLECCWLEVLMLGLMWRSVHPGKL | FsPDLELEBRBEGSCVBGENE | FOMLLAST REL 409
KLOREEYVCLKAMILLNSNMCVESPETPEELESRAKLLALLDEVTDAL VWA | SEKGLEIFQOQSARL AHLLMLLSH I RHLSNKGMEHL SEM 505
KLQREEYVCLKALILLNSNMCVSEPETPEELESRAKLLRLLDAVTDAL VWA | BRKGLTFOOQSARLAHLLMLLSH IRHLSNKGMEHL S TM 506
KLQREEYVCLKALILLNSNMCESSPET E LESRAKLLRLLDAVTDAL vl | ARKGL[TFQQQSARLAHLLMLLSH | RHLSNKGMEHL S TM 506
BLOREEYVCLK ILLNEN SPE LEEFl KLLRLLDEVTDAL vWA | SKRGLEFaoas RL#HLLMLLSHIRH swaﬂms'msm
oﬁsl

KLQREEYVCLK ILLNEN S5P TPEELEEF! KELRLLOSVEDAL vwWaA | SKEGLSTOO ALBHLEMLLSH I RHMSNKGMBHL STM 532
KLOREEYVCLKAMILLNSNMCESSEE EEL.EF! KLLELLDEVTDAL vWA I SKEGLEFQ HLEEM 499
KMKNVVPLYDLLLEMLDANTMHSSR)
KMKNVVPLYDLLLEMLDANTMHSSR
KMENVVPLYDLLLEMLDANTMHESR
K

K

KEKNVVIELYDLLLEMLDANTIRHS SR
NV YDOLLLEMLDAN 55

RLAHLLMLLSHIRHLSNKGI

K
KMEEMVPLYDLLLEMLD MHSSR

Figure 9c. Alignment of the deduced protein sequences of Heterotis niloticus estrogen receptors
(ER) beta (HnERP_X1) with ERp of Scleropages formosus (SfERp), Osteoglossum bicirrhosum
(ObERB), Oncorhynchus mykiss (OmERB and OmERY), Oreochromis aureus (OaERp and
OaERYy) and Cyprinus carpio (CcERP and CcERYy). The core of the DNA-binding domain (DBD)
is in boxes, and the amino acids implied in the binding with 17 f estradiol are indicated by black
triangles. The little conserved domains are in gray.



HnERy | PSPEMONB@ONSEE - - - - - - - 27
OaERy IASPYTDLGHDFTTL - - - - - - - 62
OmERy IPSPYTDIGHDENPL - - - - - - - 84
CcERy SPLHGGEISH 68
HnERy 93
OaERy - - FYSP---T ) - - --RSQ 137
OmERYy FYSP---T LSYAGP LS SLSPSLFWPP ) - - -RSQ 163
CcERy YSPMBSTVLEYEHP L S Pl FwP P A 155
HnERy .VC.DYASGYHYIVWSCEGCKAFFKHSIQ(‘.DYICPA.NQCTIDK RRKSCQACRLRKCYEVG 183
OaERy - AVCHDYASGYHYGVWSCEGCKAFFKRS IQGHNDY ICPATNQCT I DKNRRKSCQACRLRKC YE VGM| 226
OmERy CAVCHDYASGYHYGVWSCEGCKAFFKRS IQGHNDY ICPATNQCT IDKNRRKSCQACRLRKC YEVGM 252
CeERy CAVCHDYASGYHYGVWSCEGCKAFFKRS IQGHNNY ICPATNQCT | DKERRKSCQACRLRKCYEVG 247
HnERy RERAPSEEVCEIRMCOHL SWMGEEAS - - "L SOEKSHLSASLEET------------ RELENMEPFPD | ¥LMANDLK 260
OaERy KERGNYRNSCQARRLTR - L SSQGKTAEPKGITGPAEGS LNKPEKPH - - - - - - - - - - - - - LITPEQL IER | LEAEPPE | YLMKDEKRPLTEA 301
omERy RBRSS YRGHKPRRVGR - FETRGTASGPKEVL)- |AEGSE-EPIKELE- - - - - - - - - - - - LITPEQL IGR | MBAEPPE I[EL@KD PLTEA 327
CeERy LGLSPEQL ILEAEPP@EI YL KKPMTEA 338

HNERy S.M.S LTHLADKELE¥MI SWAKK | PGFEELELSDQVHL LBCCWLEVLMLGLEWRSVDHPGKL | FSPDLILBRBEGSCHEGILE | FOMLLAAT 352
OaERy SMMMEL TNLADKEL VHMI SWAKK | PGFVELSL DQVHLLECCWLEVLN.GLNMRSVDHPGKLIFlPDLSL REEGSCV@GEVE | FOMLIAAT 393
OmERy MMSLTNLADKEL VHMI SWAKK | PGFVBLEL DQVHLLECCWLEVLMLGLWHSVDHPGIL|FSPDLSL REEGSC G | FDMLLAAT 419
CcERy SMMMSLTNLADKELVEMI SWAKK | PGFVEL LSDQVHLLECCWL.LMLGLM‘WRSVDHPGKLIFSPDL.L REEGNC

EIFDML!A'i 428
HnERy SRFRELELQEEEYVCLKAEWL LNSEIYL¥T QSREKLEALLNAVTDAL IAK.GLSFQQOSARLAHL.MLLSHIRHVSNK MDH 444
OaERy MRNMRELKLQREEYVCLKAMILLNSNMCLSSSDGSEDLQSRSKLLHLLDANMTDALVEAIBKTGLIMFRQOMMRLAHLLMLLSH IRHVSNKGMDH 485
OmERy SRFRELKLQREEYVCLKAMILLNSNMCLSSSEGSEELOSRSKLLRLLDAVTDAL VWA I AKTGLSFQQQSARLAHLLMLLSH | RHVSNKGMDH 511

CcERy SRFRELKLOQEBEEYVCLKAMILLNSNNCESE E SR.K.LRLLDIVTDALW\.I.TGLS.(‘OSIRLAHLLMLLSHIRH.SNKG-H 520
HnERy LHCMKMKEVVPEYDLLLEMLDAHMMHNSRIESFEE- - - - -B--B- - - - B - - - SE 481
OaERy LHCMKMKNEIVPLYDLLLEMLDAH IMHSSEIL PPQODSKDQSEAPAPLHSSAGGPSNTWTPSSA- - - - - - - - - - - - sd s57
OmERy LHCMKMKNMVPLYDLLLEMLDAH IMHSBRL=-PHQ- - - - -|4- -- - - - - - - - ANSAGPCPEWSPR- - - - - - - - - - - - - - 560

CcERy LEMMKEKNVVELYDLLLEMLDANTSASSRE H

Figure 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 B estradiol are indicated by black triangles.
The little conserved domains are in gray.
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526 TTCCACTTCCTGCTGTCCTGCTTCAGGAGGGACTCGCACARAATCGACAATTTCCTCAARATTCTCCGCTGCAGGGTCCACARACARARACTGGATGTGTGCTGA
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HnPRL M- MR DLMBRAMQLSDKLHELSNS LENDLDSHFPAEV IBPRESECHTSSLAT 77
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OnPRL MRERR - LFERASOHSDKLHSLSETL TAELDSHFPPIGRV IMPRPEAMCHTSSLQT 77
HNPRL PMDKIgIL ESELLSL SLLLML.LSSEHSSLPH 1 SfEK KIL SLETGLEFL AHKMGSSSPHSH 156
SPRL PMDK LELSESELLSLMASLLL DALLLLSSEASSLPHPSEST I@VKAKGOL LGTGLSRL AHKMGSSS|- S| 155
CcPRL PNDKDQAL EDELLSLARSLLLAWSDPLBLLSSEASSLAHP TIDSKTKEL SLGAGL 156
OmPRL PKDKEQALKVMSENELWSLARSLLLAWNDPLLLLSSE LPHPS ISSKIREL SKSLGBGL 156
OnPRL PIIDKDQALRVSESBLMSLARSLLEAWSDPLEMLSSEASTLPHP T IENKIQERM SKSLEBGL 157
HnPRL PLY SLGEDBNSRLAGFHFLLS FHHDSHKIDIFLKIL HHK 209
SPRL S¥IPLAY SLGEDDDSRLMNFHFLLSCIFRRDSHK IDNF LK LACRANK 211
CcPRL SSLPF-YTS-SLGADKTSRLMNFHFLLSECIFRRDSHK IDSFLKVLRCRAAK 210
OmPRL SS|I|PF - -BLGNDKTSRLINFHFLMSECIFRRDSHK IDSFLKVLACRARK 210
OnPRL MSEPH- LGHOKITRLEINFNF L L SCERRDSHK IDSFLKVLRGRAAK 212

c)
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Figure 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.
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CCAGCAGAGCACCTGCAAGTCCCTGTGGCTCCAGAAACACGCCTGACACTGAATGGCTATGTGGACACAGCCACCATGTTATCATACTAA
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Signal peptide T™M Domain

EC Domain 1C Domain

25 aa 207 aa 23 aa 334 aa

Figure 11. Nucleotide sequences and deduced protein sequences of (a) Heterotis niloticus
prolactin receptor (HnPRLR), and box modeling with the different domains (b). In figure
(@), the start codon and the stop codon are in bold type, the signal peptide is underlined, the
transmembrane domain (TM) in a box located between the extracellular domain (EC) in the
N-terminal region and the intracellular domain (IC) in the C-terminal region.
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106 _GAGTGTGGAAAATGCATCACCATCACCACGACCTCGTGCACCGGCTGGTGTTTCACCCAGGATCCCGTATACAAGAGCTCCCTGGCCCCGTATATTCAGCACACG
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211 TGCAACTTCAAGGAGGTGACGCATGAATCAGCTGTCCTGCCAGGCTGCCCCGAAGGAGTGGACCCCCATTTCAGCTACCCGGTGGCCCTGAGTTGCGAGTGCAGC
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316 CGCTGCAATACGGACACAACGGACTGCGGTGCGCTCAACGAAGACGTTTCGGGCTGTCTGGGGCTCTAA
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HnFSHE TQDPVYKSSLAPY I QH FKE ESA 81

AgFSHB
CcFSHB
OmFSHR
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Figure 13. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of Heterotis
niloticus follicle-stimulating hormone (HnFSHp), box modeling of HnFSHB with the different
domains (b), and alignment (c) with Arapaima gigas FSHP (Ag HnFSHp), Oncorhynchus mykiss
FSHB (Om HnFSHp), Oreochromis niloticus FSHB (On HnFSHP) and Cyprinus carpio FSHp (Cc
HnFSHP). 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.
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106 _GAGTGTGGAAAATGCATCACCATCACCACGACCTCGTGCACCGGCTGGTGTTTCACCCAGGATCCCGTATACAAGAGCTCCCTGGCCCCGTATATTCAGCACACG
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211 TGCAACTTCAAGGAGGTGACGCATGAATCAGCTGTCCTGCCAGGCTGCCCCGAAGGAGTGGACCCCCATTTCAGCTACCCGGTGGCCCTGAGTTGCGAGTGCAGC
06O N T pTT1Tp@oc a1t NEDUVSc@uL e =

316 CGCTGCAATACGGACACAACGGACTGCGGTGCGCTCAACGAAGACGTTTCGGGCTGTCTGGGGCTCTAA
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Figure 13. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of
Heterotis niloticus follicle-stimulating hormone (HnFSHp), box modeling of HnFSHP with the
different domains (b), and alignment (c) with Arapaima gigas FSHp (Ag HnFSHf), Oncorhynchus
mykiss FSHB (Om HnFSHp), Oreochromis niloticus FSHB (On HnFSHP) and Cyprinus carpio
FSHp (Cc HnFSHB). 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.
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Figure 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.
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M MLLEELGEL - L HEC Ngilc FFCL | HBMPET | PN T EilLT REFPEKAFWNG 87
ML LGWL - MSHXEGML VGSHFCSFENGSTCNFFCLGNSWHEMPKH | PENTTFVENKLTE IRVFHR 79
MLLEMLG S@AE s GTT CMGNT I FHVPTH | PKNTTDLEFKETH I RVFPREAFTN 74
LFEMSR I ML SENGELEE I GPEAFFNLERLVE I TI TKSKHL VM IHKDAFBBLPKLEYLT IMNTGLKELPDFSKINSA FLLDLODNMH | 177
LHELKR | VEISENGALER IEPFAFSNLTELQE I TITKSKNL KDAFWSLPKLRYLTISNTGLKALPDFSKINSAALEFLEDLQDN/IH | 168
LOGLTA vLFENGMLES | GAFAFANLPRLTE I TITKSKHL VI I HHGAFIGLPKLSHLT IGNTGLRVMLPNFSH IHSAALTFLLDLODNMH | 164

DM I PENAFLGL TIKELRLTKNG IEVESHAFNGTKMEK LB LMGNCQELRE IHRHAFMGAEGP | VLD I SRTAVSTLPENMLREMIKLLTA 267
DKIPRNAFLGLTSAT ITELRLTKNGI ESHAFNGTH IEKLFLMGNQQLSH IBR AFKGAEGPIVLDIS.T:iIiLPENMLR KLLTA 258
1P TENT I EV

NAFLGL ELRLTKNGI ESHAFNGTK | HKLFLMGNEQL SHEMH FKGAEGPEBELD | SRTAEUSEL PEBNL LEA 254

ilv LKELPRLELFTELWMEANLTYPSHCCAFENSRKNMS VE - NSMCBIEP EPHFFEDHCIND VEK VBCEPKPDAFNPCED | MGF T 356
SVNSLKRLPNLELFTELTQANLTYPSHCCAFKNFTKHKS VK - NGMC G -EPNFFEDHCKD VK VIC¥PIPDAFNPCED | MGF TIF 346
VSVESLEALPRLELFTKLRQANLTYPSHCCAF N SHCFKPGACN - NEHFFMDEC CSPAPDAFNPCED | MG 343
LRVL IWMISVLAIEGNEEYVLEVL L SSHYKLTVPRFLMCHLAFADLCMG I YLLE 1 Al|VvDFERTRSHY YNHG | TGPGCATAGFFTVFASE 448
LRVL IWE I SILA I MGNEWVLLVLESSRYKLTVPRFLMCHLAFADLCMGI YLL{IlI DIIETESR Y YNEG | TGPGCHMAGFFTVFESE 436
LRVLI SVLA NEAVLLVLLESREAKMT VPRFLMCHLEFADLCMGE Y LMW 1 A VDMR TRBL Y YNHE | TGHGCDIAGFFTVFASE 433

LSVYTLTA.TLEHWHTITIALRIDR“HLRHACAIM GWLF LAAIiPVVGVSSYSKVSICLPMDVET QvyVVELLLLNVEAFLHE 536
LSVYTLTAITLERWHT | THA ROMRLRHACA I MABGWL FALLFALMP VIEGVSS YEKES ICLPMDVE TMISQBYVVLLLLLNVAAFLI 526
LSVETLTAITLEREBHT | THALREDRKELRLRHAC ANMATGWAFSEL AALLPMVGVSSYSKVS ICLPMDVESERSQVEVMELL LLNVMAFLE 523

VEVCYLRIYLTVRNPNFVPASADM-RWAKRMAVL | FTDFLCMAP ISFFAISAALKLPLITVSHAKVLLVLFYP INSCSNPFLYAFFTKTF 625
VCVCY.iIYLTV.NP FVPANADM-RIAKRMAVL | FTDFLCMAP ISFFAISAALKLPL ITVSHAKVLLVLFYPINSCSNPFLYAFFTKTF 615

VCVCYLE I YLEVRN PASAETSRMABRMANL | FTDFLCMAP ISFFAESAALKLPL ITVSESKELLVLEYP INSCEANPFLYBEGTRTF 613
KRDFF ILASRFGCFKERAQMYRTEFSSVAN P-MHKTSDETLYSL 679
KRDFF I LWSEFGCFKTRABIYRTEISSEONGAKVP - SPKTSDGTLYSL 669
BRDFFEL ABRNMGEFETHAQMYRTE V@A A SPKNSHGTL 659

Figure 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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HnLHB TYHIVHYETIHLPD VDPHVTYPVALS| - -FDY 141
AgLHB TYRBVRYET IRLFD VDPHVTYPVALS --FDY 141
SILHB TYRDVRYET IRLPD - -[B]Y 141
OmLHE TYRDVRYET IRLPD VDPHVTYPVALS] 142
CeLHE TYHDVHYETELPD VDPiITYPVALS Y 144
OnLHE TYRDEN YK TEELFD VDPHIVTYPVALS FXY 145
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Figure 15. Nucleotide sequences and deduced protein sequences of (a) the beta subunit of
Heterotis niloticus luteinizing hormone (HnLHP), box modeling of HNLHP with the different
domains (b) and alignment (c) with Arapaima gigas LHB (AgLHp), Scleropages formosus LHp
(SfLHp), Oncorhynchus mykiss LHB (OmLHp), Oreochromis niloticus LHB (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.
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Figure 16. Nucleotide sequences and deduced protein sequences (a) of Heterotis niloticus
luteinizing hormone receptor (HnLHR), and box modeling (b) with the different
extracellular domains (EC1 to EC4), transmembrane domains (T1 to T7) and intracellular
domains (IC1 to IC4) of HnLHR. In figure (a), the start codon and the stop codon are in
bold type, the signal peptide is underlined, T domains are in boxes, IC domains are double-
underlined, and EC domains are delineated by black triangles.
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Figure 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.



N-terl HnVtgl (Blood)

MRAVLLALTLALAAGQQODSLTPDFANGKAYMFKYEAELLGGLPVEGLGKAGVKIVCKVLISRVSONTYLLKLKEPQIFEYSGIRPRDDFKPAAKLTQALAAQLLIPV
KFEYIRGVVGKVFAPAAVSKTILNLHRGILNILHVNIKKTONVYELQEAGSQGVCKTDYAISEDTKAEHIYVTKSKDLGNCQNRIMADIGIAYTETCVQCOMRNKNL
RGAATYSYVMKPTETGALITKATVQEVHQFTPFHELRGAGQVETRQEMTFVETQONDPVQPAHADYVARGSLQYEFASELLQTPLPLMKITDIKTQIEEILNHLVKNN
MGEVHEDAPLKFLOLTQLLREAKYEIMNGIWTQVKSKPVFRRWELDTVPAVGNQDAVRFIKEKFIAGDISAAETAQALLVALHLLEANMDTVNLAGTLVFHAKLQSH
PMLREIAMLGYGSLVFKLCTKQONCPAEVIKPVHDIAAEAISKANVEETALVLKVLGNAGHPASTKPIMKVLPGFGSTASSLTVKVHVDAVMALRHIAKRENHKVQE
VALQLFMNRDLHPEVRMVACVVLFECKPPIGLVAMIASALONEKSLQVASFAYSHMKALTRSTAPELAQVAAACNVAIKILSPKLDRLSYRFSKTIHMDFEFNYHLMA
GAAATAHLINDAASILPRALVAKIRACMLGAAADVLEFGVRTEGLQEALLKSPAADPNADRLTRMWRVLNTLKNWKSLPASQPVASAYLKWFGQEIAFANIDRDIIE
KAVEFATGAAAQPALLKNILNMMQSGIDIQIAKPLMTSEVRRIFPTSMGFPIEISLYSAAVAAAIVKAKAILNPKPSDNFRIAQLMNTDIQLDTRVVPSIAVHKYAV
MGVNTALIQAAIEAKVKVQKVLPLKFNARINIAQGHYKIETVPLHAQERILDLHMETVAVARNIENLSEAKITPVLPARLASQQSKETFASAGSGSKSSERIHEQES
SSHPMQHAVSARTDRQWCVTVASLADQACAKVTSQONAGFIRNSPLYKLIGEHSVIAAVKPVSGEAVDKIEIEMHVGPDAASKIVKTITVKDDNAKEGHAGHSPVVLK
LREILETEKKQHSRNATTSSSSSSSSRRSGQKSSSSSSSSSSSSSSSSNSSKRSKKNIKKRSSSSSSSSSSSSSSSRRRSRTENVLGGSSSSSSRSSRSQTSKAAILFR
QRFTONHIHQHETTRAASSQKTSSSPSSSSSSSNSSSSSSSSSSSSSSSSSSS

N-terl HnVtgl (Mucus)

MRAVLLALTLALAAGQQODSLTPDFANGKAYMFKYEAELLGGLPVEGLGKAGVKIVCKVLISRVSONTYLLKLKEPQIFEYSGIRPRDDFKPAAKLTQALAAQLLIPV
KFEYIRGVVGKVFAPAAVSKTILNLHRGILNILHVNIKKTONVYELQEAGSQGVCKTDYAISEDTKAEHIYVTKSKDLGNCQNRIMADIGIAYTETCVQCQOMRNKNL
RGAATYSYVMKPTETGALITKATVQEVHQFTPFHELRGAGQVETRQEMTFVETQNDPVQPAHADYVARGSLOQYEFASELLOQTPLPLMKITDIKTQIEEILNHLVKNN
MGEVHEDAPLKFLOLTQLLREAKYEIMNGIWTQVKSKPVFRRWFLDTVPAVGNQDAVRFIKEKFIAGDISAAETAQALLVALHLLEANMDTVNLAGTLVFHAKLQSH
PMLREIAMLGYGSLVFKLCTKQONCPAEVIKPVHDIAAEAISKANVEEIALVLKVLGNAGHPASIKPIMKVLPGFGSTASSLTVKVHVDAVMALRHIAKRENHKVQE
VALQLFMNRDLHPEVRMVACVVLFECKPPIGLVAMIASALQNEKSLQVASFAYSHMKALTRSTAPELAQVAAACNVAIKILSPKLDRLSYRFSKTIHMDFEFNYHLMA
GAAATAHLINDAASILPRALVAKIRACMLGAAADVLEFGVRTEGLOQEALLKSPAADPNADRLTRMWRVLNTLKNWKSLPASQPVASAYLKWFGQETIAFANIDRDIIE
KAVEFATGAAAQPALLKNILNMMQSGIDIQIAKPLMTSEVRRIFPTSMGFPIEISLYSAAVAAATIVKAKAILNPKPSDNFRIAQILMNTDIQLDTRVVPSIAVHKYAV
MGVNTALIQAAIEAKVKVQKVLPLKFNARINIAQGHYKIETVPLHAQERILDLHMETVAVARNIENLSEAKITPVLPARLASQQSKETFASAGSGSKSSERIHEQES
SSHPMQHAVSARTDRQWCVTVASLADQACAKVTSQNAGFIRNSPLYKLIGEHSVIAAVKPVSGEAVDKIEIEMHVGPDAASKIVKTITVKDDNAKEGHAGHSPVVLK
LREILETEKKQHSRNATTSSSSSSSSRRSGQKSSSSSSSSSSSSSSSSNSSKRSKKNIKKRSSSSSSSSSSSSSSSRRRSRTENVLGGSSSSSSRSSRSQTSKAAILFR
QRFTONHIHQHETTRAASSQKTSSSPSSSSSSSNSSSSSSSSSSSSSSSSSSS

C-ter HnVtgl (Blood)

SSSSSSSSSSSSSSSSSSSSGSSASSFENIYKKSRFLGDTVRPAAVVIVRAVRGNERRRGYQVAAYMDKANARVQVIISALADSDKWQLCADGIQLSMHKVMAKIRW
GAECQDYRAVIKAETGLLGPHPAAQLKMYWNKTPRALKRYASMIYEYVPGVALLAGFSEGRHRSGERQIKLTMAATSARTISIILRTPWMTLYKLGQVIPIALPIGA
AAARAEVEQTFAGRIHYMFVEATSAKCKLENSTVTTENNRRYGLOMPRSCYQVVAQDCTSKLKFMVLRKGDERSEESHVIVKIADIDVDLTAEHGNIQVKVNGRVVP
ITQHNYEHPTGTISIKQKGAGISLCAPSHGLHEVYFNKNILTIQVPDWMKGNVCGLCGKADGDVRREFQGPSGHHIEDAVSFAHSWVLAAESCHDAKQCQVKQELFK
LTEPVLLNDQDMKCQSTFPVLSCLPQCSPMKTTPVTVGFHCIPIDSNVNSWSSIRKKQEDIRVTVDAHIMCNCGEECA

C-ter HnVtgl (Mucus)

SSSSSSSSSSSSSSSSSSSSGSSASSFENIYKKSRELGDTVRPAAVVIVRAVRGNERRRGYQVAAYMDKANARVQVITISALADSDKWQLCADGIQLSMHKVMAKIRW
GAECQODYRAVIKAETGLLGPHPAAQLKMYWNKTPRALKRYASMIYEYVPGVALLAGFSEGRHRSGERQIKLTMAATSARTISIILRTPWMTLYKLGQVIPIALPIGA
AAARAEVEQTFAGRIHYMFVEATSAKCKLENSTVTTENNRRYGLOMPRSCYQVVAQDCTSKLKFMVLRKGDERSEESHVIVKIADIDVDLTAEHGNIQVKVNGRVVP
ITOHNYEHPTGTISIKQKGAGISLCAPSHGLHEVYFNKNILTIQVPDWMKGNVCGLCGKADGDVRREFQGPSGHHIEDAVSFAHSWVLAAESCHDAKQCQVKQELEFK
LTEPVLLNDQDMKCQSTFPVLSCLPQCSPMKTTPVTVGFHCIPIDSNVNSWSSIRKKQEDIRVTVDAHIMCNCGEECA
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Figure 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 HnVtgl peptides detected in the blood and mucus compared to the whole
protein (N-ter1+C-ter) and the different domains. Only Vtgl was detected in mucus.





