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Identification and stable expression of vitellogenin receptor
through vitellogenesis in the European eel
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In teleosts, vitellogenin (Vtg) is a phospholipoglycoprotein synthesized by the liver, released into the blood circulation and
incorporated into the oocytes via endocytosis mediated by the Vtg receptor (VTGR) to form the yolk granules. The VTGR is crucial
for oocyte growth in egg-laying animals but is also present in non-oviparous vertebrates, such as human. The VTGR belongs to
the low-density lipoprotein receptor superfamily (LDLR) and is also named very-low-density lipoprotein receptor (VLDLR). In this
study, we identified and phylogenetically positioned the VTGR of a basal teleost, the European eel, Anguilla anguilla. We
developed quantitative real-time PCR (QRT-PCR) and investigated the tissue distribution of vtgr transcripts. We compared by
gRT-PCR the ovarian expression levels of vtgr in juvenile yellow eels and pre-pubertal silver eels. We also analyzed the requlation
of ovarian vtgr expression throughout vitellogenesis in experimentally matured eels. The Vtg plasma level was measured by
homologous ELISA experimental maturation. Our in silico search and phylogenetical analysis revealed a single vtgr in the
European eel, orthologous to other vertebrate vigr. The gRT-PCR studies revealed that vtgr is mainly expressed in the ovary and
also detected in various other tissues such as brain, pituitary, gill, fat, heart, and testis, suggesting some extra-ovarian functions
of VIGR. We showed that vigr is expressed in ovaries of juvenile yellow eels with no higher expression in pre-pubertal silver eels
nor in experimentally matured eels. This suggests that vtgr transcription already occurs during early pre-vitellogenesis of
immature eels and is not further activated in vitellogenic oocytes. European eel Vtg plasma level increased throughout
experimental maturation in agreement with previous studies. Taken together, these results suggest that vtgr transcript levels may
not be a limiting step for the uptake of Vtg by the oocyte in the European eel.
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Implications The European eel is a catadromous species, with a complex life
cycle. The planktonic eel larvae are transported to the coastal
waters of Europe and Northern Africa. They undergo their
growth period in continental waters to become yellow eels,
prior to physiological and morphological changes called silver-
ing into the silver eel stage. Silvering is a puberty-related event
that marks the beginning of the reproductive oceanic migration
(Dufour et al, 2003). European silver eels are still sexually
immature when they start their reproductive migration. In cap-
tivity, long-term hormonal treatments (fish pituitary extracts for
females; human chorionic gonadotropin (hCG) for males) are
required to induce sexual maturation in silver eels, but after
Introduction these treatments, the egg quality and the survival rate of
hatched larvae are still low (Pérez et al, 2000 and 2012).
From an evolutionary point of view, Anguilla species are
members of the elopomorpha superorder, a diverse group of
predominantly marine teleost fishes comprising about 1000
t E-mail: jfastu@dca.upv.es species (Chen et al., 2014). Due their phylogenetical position,

This study brings new insight about the involvement of the
vitellogenin system on the control of eel reproduction in cap-
tivity. The understanding of the mechanisms that control eel
reproduction is crucial to improve gamete quality and to suc-
ceed in closing the eel life cycle in captivity. Eel aquaculture
worldwide still relies on wild glass eels. Achieving a commer-
cial production of glass eels is imperative to reduce the pres-
sure on the wild population and to preserve the wild stock.

Due to its unique life cycle, the European eel (Anguilla anguilla
L., 1758) is a particularly interesting model for the investigation
of the regulatory mechanisms of reproductive physiology.
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branching at the base of the teleosts, studies on elopomor-
pha such as eels may provide insights into ancestral regula-
tory functions in teleosts, the largest group of vertebrates
(Henkel et al., 2012a).

Teleost eggs contain a substantial yolk mass, whose con-
stituents are subsequently used by the embryos and larvae
during early development. Large portion of the yolk mass
is derived from the phospholipoglycoprotein vitellogenin
(Vtg) which is synthesized by the liver, released to the blood
circulation, and incorporated into the oocytes via Vtg-receptor
(VTGR)-mediated endocytosis. Once in the oocyte, Vig is
processed into yolk proteins that serve as a nutrient source
for developing fish embryos and larvae.

The synthesis of Vitg in hepatocytes has been extensively
studied and is well demonstrated to be under the control of
17p-estradiol (E2) through estrogen receptors (Lafont et al.,
2016). In oviparous vertebrates, it has been established that
VTGR mediates the entrance of Vtg into oocytes, though in
birds and amphibians this receptor may also play a role in
incorporation into the oocytes of very-low-density lipoprotein
(VLDL) (Prat et al., 1998). This notion has been adopted for fish
(Hiramatsu et al., 2015). The VTGR belongs to the low-density
lipoprotein receptor (LDLR) superfamily, and has been also
named very-low-density lipoprotein receptor (VLDLR), or lipo-
protein receptor 8 (LR8), due to the presence of eight ligand-
binding repeats (Bujo et al, 1994; Hiramatsu et al, 2013).
Members of the LDLR family bind various ligands and are
involved in lipid metabolism in both vertebrates and inverte-
brates. In vertebrates, VIGR has been described in non-
oviparous species such as in mouse, Mus musculus, or in human,
Homo sapiens (Ali et al., 2012). In teleosts, the VTGR has been
previously reported in various species including, for example,
rainbow trout, Oncorhynchus mykiss (Prat et al,, 1998), white
perch, Morone americana (Hiramatsu et al, 2013), cutthroat
trout, Oncorhynchus clarkii (Mizuta et al, 2013) or in eels.
In short-finned eels (Anguilla australis) no changes were
observed in vigr expression between yellow and silver eel. In
the European eel (Anguilla anguilla), a decreased vigr expres-
sion between yellow and silver eels has been demonstrated,
suggesting that VTGR is recycled to the oocyte surface during
vitellogenic oocyte growth (Jéhannet et al., 2019).

In the present study, we characterized a single vtgrgenein
the European eel and performed a phylogenetic analysis. We
developed specific quantitative real-time PCR (qRT-PCR) for
eel vtgrin order to study its transcript tissue distribution and
ovarian profiles during the maturation process. As the oogen-
esis is blocked until the experimental maturation in captivity,
knowledge on the regulatory mechanisms involved in the
vitellogenesis may improve the control of eel reproduction
in captivity.

Material and methods

Identification of eel vitellogenin receptor sequence
The vtgr sequences of vertebrate species were retrieved from
NCBI (http://www.ncbi.nlm.nih.gov/) databases. The TBLASTN
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algorithm of the CLC DNA Workbench software (CLC bio,
Aarhus, Denmark) was used to retrieve the genomic
sequence coding for vtgr from Japanese eel genome
(Henkel et al,, 2012b). Japanese eel vtgr sequence was then
used to retrieve the genomic sequence coding for vtgr from
European eel genome (Henkel et al,, 2012a). The exons and
splicing junctions were predicted using the empirical nucle-
otidic splicing signatures, that is, intron begins with ‘GT" and
ends with ‘AG".

Phylogenetic analysis

Phylogenetic analysis was performed on VIGR amino acid
sequences of five sarcopterygians. The human, representa-
tive of mammalians; the anole lizard (Anolis carolinensis)
and the chicken (Gallus gallus) representative of sauropsids;
the frog (Xenopus tropicalis) representative of amphibians;
the coelacanth (Latimeria chalumnae), a representative of
early sarcopterygians; 1 non-teleost actinopterygian the spot-
ted gar (Lepisosteus oculatus) and 11 teleost species; the
European and Japanese eels, members of an early group
of teleosts (elopomorphs), and 9 members of other teleost
groups, whose amino-acid sequences were retrieved from
NCBI (www.ncbi.nIm.nih.gov) or Ensembl (http://www.
ensembl.org/index.html) databases, first aligned using
ClustalW (Thompson et al, 1994) and then manually
adjusted (Supplementary Figure S1).

The Jones, Taylor and Thornton (JTT) protein substitution
matrix of the resulting alignment was determined using
ProtTest software (Abascal et al,, 2005). Phylogenetic analy-
sis of the resulting alignment was performed using the maxi-
mum likelihood method (RaxML software Stamatakis, 2014;
www.phylo.org), with 1000 bootstrap replicates. Human,
frog, Xenopus tropicalis, and tilapia LDL receptor-related pro-
tein 8 (LRP8) were used as out-group.

The RNA samples for vitellogenin receptor transcript tissue
distribution

Tissue distribution of vtgr transcripts was performed using
the total RNA samples previously obtained (Pasquier et al.,
2012) and stored at —80°C in a RNA storage solution
(Ambion Inc., Austin, TX, USA.). Total RNA samples of eight
female silver eels were used for the following tissues
(Pasquier et al., 2012): ovary, brain parts (olfactory bulb,
telencephalon, di- and mes-encephalon, cerebellum and
medulla oblongata), pituitary, eye, liver, gill, spleen,
intestine, fat, muscle, heart and kidney. Total RNA samples
of testis from four male silver eels were also used (Pasquier
et al, 2012).

Ovarian samples for comparison of vitellogenin receptor
transcript levels between yellow and silver stages

To compare the ovarian vtgr expression between yellow and
silver stages, we used samples of ovaries stored in RNAlater
(Ambion Inc.) at —20°C, which had been previously collected
from wild yellow and silver female eels caught by Prof. E.
Feunteun and co-workers, MNHN, Dinard in the river
Fremur, France. Ovarian samples from eight female yellow
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eels (body weight 84.9+15.5¢g; gonadosomatic index
(GSI = (gonad weight/total body weight) x 100 (Pankhurst,
1982); 0.29 +0.01) and from eight female silver eels (body
weight 252.8+16.9g, GSI 2.27 +£0.19) were used. Total
RNA was extracted using Trizol reagent according to the
manufacturer’s instructions.

Induction of female eel artificial sexual maturation
Fifty-four wild female silver European eels (mean body
weight 847 +28g) were caught in the Albufera Lagoon
(Valencia; East Coast of Spain) by local anglers and trans-
ferred to the Aquaculture Laboratory in the Universitat
Politécnica de Valéncia. They were randomly distributed
and kept in freshwater at 18°C, in two 1500 | tanks and were
gradually acclimated (over 10 days) to seawater (37 + 0.3%o
of salinity) and moved to three 500-| tanks equipped with
separated recirculation systems, thermostats and coolers
(to maintain 18°C temperature) and covered to maintain a
constant shadow and reduce fish stress.

Groups of 6-8 eels were sacrificed by overanesthesia with
benzocaine and decapitated during the first 24 h upon arrival
to serve as initial freshwater controls (C), and in seawater
conditions (1 week after seawater acclimation; WO0), and
each 4 weeks through the hormonal treatment until week
12 (W4, W8 and W12).

The hormonal treatment consisted of weekly intra-perito-
neal injections of carp pituitary extract (CPE; Catvis, Ltd., the
Netherlands) at a dose of 20 mg/kg to induce the sexual
maturation.

Blood was sampled from the caudal vasculature and cen-
trifuged (3000 rpm, 15 min), and blood plasma was stored at
—80°C until immunoassay analyses to determine Vtg plasma
levels). Ovaries were sampled and weighted for GSI determi-
nation; for histological analysis, ovarian pieces were fixed in
10% formalin buffered to pH 7.4 with phosphate buffer;
ovarian pieces were also stored in RNAlater (Ambion-Inc.,
Austin, TX, USA) and kept frozen at —20°C until RNA
extraction.

For all tissues, total RNA was isolated using Trizol
reagent (Life Technologies, Inc., Carlsbad, CA) and RNA
concentration, 280/260 and 280/230 ratios were evalu-
ated by using a NanoDrop 2000C Spectrophotometer
(Fisher Scientific SL, Spain). The RNA was treated with
DNase | of NucleoSpin RNA XS kit (Macherey-Nagel,
Diiren, Germany) following the manufacturer’s instructions.
First-strand complementary DNA (cDNA) was synthesized
from 500 ng of total RNA, using a gScript cDNA synthesis
kit (Quanta Bioscience, MD, USA) with a mix of random
hexamer and oligo (dT) primers.

Oogenesis stages during experimental maturation

To determine the maturation stage of the ovary in response
to the experimental maturation, formalin-fixed samples were
dehydrated in ethanol, embedded in paraffin and cutinto 5 to
10 pm thick sections with a Shandon Hypercut manual micro-
tome (Shandon, Southern Products Ltd., England). The slides
were stained with hematoxylin and eosin and observed
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through a Nikon Eclipse E-400 microscope equipped with
a Nikon DS-5M camera (Tokyo, Japan).

Immunoenzymatic assay of eel vitellogenin

The Vtg plasma levels were assayed using a homologous
ELISA previously developed for the European eel (Mazzeo
et al., 2014).

Quantitative real-time PCR

Primers. European eel vigr-specific qPCR primers were designed
based on European eel coding sequences using Primer3
Software (Whitehead Institute/Massachusetts Institute of
Technology, Boston, MA, USA). Primers were designed on
two different exons, in order to avoid amplification of potential
genomic contamination; primers were tested on genomic DNA
and RNA to confirm that only cDNA was amplified. The follow-
ing primers were used Vtgr fw: GCTCATAGACCGCAAGACC,
Vtgr rv: GCCTTACACACGCCAGAAGT (Table 1).

Acidic ribosomal phosphoprotein PO (ARP) was used as a
reference gene as previously used for eel ovary (Morini et al.,
2015). The previously designed primers were ARP fw: GTG
CCA GCT CAG AAC ACTG; ARP rv: ACA TCG CTC AAG
ACT TCA ATG G) (Weltzien et al,, 2005) (Table 1).

Primers were purchased from Integrate DNA Technology,
Inc. (IDT, Coralville, I1A).

SYBR green assay. For all the samples, qPCR of eel vigr
messenger RNAs (mRNAs) were performed using the model
7500 unit (Applied Biosystems, Foster City, CA, USA) with
Maxima SYBR Green/ROX gPCR Master Mix (Thermo
Fischer Scientific, Waltham, USA). The total volume for
PCR was 20 pl, performed with 5 pl of 1/20 diluted DNA tem-
plate, forward and reverse primers (250 nM each), and SYBR
Green/ROX Master Mix (12 ul). The gPCRs were performed as
follows: after an initial activation of Taq polymerase at 95°C
for 10 min, 40 PCR cycles were performed at the following
cycling conditions: 95°C for 10s and 60°C for 30s. Each
gPCR run contained a non-template control (cCDNA was sub-
stituted by water) to confirm that reagents were not conta-
minated. The efficiency was 1.92 for vtgr and 2.05 for arp.
The specificity of each reaction was assessed by melting
curve analysis to ensure the presence of only one product.
Individual tissue samples were then analyzed in duplicate
by gPCR. Serial dilutions of cDNA pool of ovary tissues were
run in duplicate and used as a common standard curve.

Table 1 Quantitative PCR primer sequences for the reference gene
acidic ribosomal phosphoprotein PO (ARP) and the vitellogenin
receptor (Vtgr) of the European eel

Length/

Name Sequence (5’ to 3’) Orientation efficiency

ARP fw GTG CCA GCT CAG AAC ACG Forward 107

ARP rv ACA TCG CTC AAG ACT TCA ATG G Reverse ~ E=105%
Vtgr fw GCTCATAGACCGCAAGACC Forward 147
Vitgr rv. GCCTTACACACGCCAGAAGT Reverse E=92%
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One of these dilutions was included in each run of the cor-
responding gene as a calibrator. Normalization of data
was performed using total RNA levels for tissue distribution
or ARP mRNA levels for comparing vigr expression between
ovarian stages.

Statistical analysis. Results are presented as mean + SEM.
Statistical analyses were performed to compare vitgr tran-
script levels and also Vtg plasma levels. Data were first
checked for normality and homogeneity of variance of was
checked by Bartlett. Due to the heteroscedasticity of variance
and the small number of samples, means were compared by
the non-parametric Mann-Whitney U test for the statistical
analysis between yellow and silver stages and by the non-
parametric Kruskal-Wallis for the statistical analysis during
experimental maturation. Differences were considered sig-
nificant when P < 0.05. All statistical procedures were per-
formed using Statgraphics Plus 5.1 (Statistical Graphics
Corp., Rockville, MO, USA).

Results

Characterization and phylogenetic analyses of the eel
vitellogenin receptor
The search in European and Japanese eel genomes (Henkel
et al, 2012a and 2012b) revealed a single eel vigr gene
orthologous to the other vertebrate vigr.

Phylogenetic analysis of amino acid VTGR sequences from
17 osteichthyes species of key phylogenetical positions was
performed (Figure 1). Phylogenetic analysis revealed that
actinopterygian and sarcopterygian VTGR clustered in two
monophyletic groups. The VTGR sequence of an actinistian,
the coelacanth, branched at the basis of the sarcopterygian

clade, in agreement with the phylogenetical position of this
species. Similarly, the VTGR sequence of the non-teleost acti-
nopterygian, a holostean, the spotted gar, branched at the
basis of the actinopterygian clade. Both Japanese and
European eel VTGR sequences branched at the basis of the
other teleost sequences, in agreement with the phylogenet-
ical basal position of elopomorpha among teleosts.

Tissue distribution of vitellogenin receptor transcripts

The Vtgr mRNA expression was compared in various tissues
of eight female silver eels (Figure 2). The ovary was the pre-
dominant site of expression of vtgr mRNA. The Vtgr expres-
sion was also found in all brain parts (olfactory bulb,
telencephalon, mes-/di-encephalon, cerebellum and medulla
oblongata) as well as in the pituitary, and in some peripheral
tissues such as gill, fat and heart it being between 35- and
13-fold lower than in ovaries. Very low expression of vtgrwas
detected in other tissues such as eye, liver, spleen, intestine,
muscle, and kidney (from 160-fold in the muscle to 3000-fold
lower in liver than in ovaries). The Vigr mRNA was also mea-
sured in the testis of male silver eels, showing a low but
detectable expression, being about 200-fold lower than in
ovaries of female silver eels.

Ovarian vitellogenin receptor mRNA expression in yellow
and silver eels and during induced maturation

The CPE treatment induced vitellogenesis. The stages
observed among control and treated eels were the pre-vitel-
logenic stage (PV, showing peri-nucleolar and lipid droplet
stages); early vitellogenic oocytes (EV, with small yolk glob-
ules restricted to the periphery of the oocyte), mid-vitello-
genic oocytes (MV, with oocytes having abundant yolk
vesicles) and late vitellogenic oocytes (LV, showing more
abundant yolk vesicles than lipid droplets) (Figure 3).
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Figure 1 Consensus phylogenetic tree of vertebrate vitellogenin receptor (VTGR/VLDLR). The phylogenetic tree was constructed based on the amino acid
sequences of VTGR using the maximum likelihood method with 1000 bootstrap replicates. The number shown at each branch node indicates the bootstrap
value (%). The LDL receptor-related protein 8 (LRP8) was used as the out-group. For references of sequences see Table 1, for sequence alignment see
Supplementary Figure S1. VLDLR = very-low-density lipoprotein; LDL = low-density lipoprotein.
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Figure 2 Tissue distribution of vitellogenin receptor mRNA in silver European eel, as analyzed by qPCR. Data are normalized to the amount of total RNA. Values
are means + SEM; n= 8 female silver eels for OB = olfactory bulb; Tel = telencephalon; Mes/Di = mes/diencephalon; Pit = pituitary; Cer = cerebellum; Med
Ob = medulla oblongata; Ov = ovary; Gi = gill; Li = liver; Sp = spleen; Int = intestine; Mu = muscle; He = heart; Ki = kidney; n= 4 male silver eels for testis;
mRNA = messenger RNA; qPCR = quantitative PCR. Data are normalized to total RNA.
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Figure 3 (colour online) Ovarian developmental stages in the European eel. (a) Pre-vitellogenic, perinucleolar stage; (b) pre-vitellogenic, lipid droplet stage;
(c) early vitellogenic stage; (d) mid-vitellogenic stage; (e) late vitellogenic stage; (f) nuclear migration stage. Scale Bar: a, b, d: 100 pm; c: 50 pm; e, f: 200 pm.
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Figure 4 Vitellogenin receptor (vtgr) mRNA expression in the ovary of yel-
low and silver female European eels, as measured by quantitative PCR
(9PCR). Data are normalized to eel acidic ribosomal phosphoprotein PO
(ARP) and results are shown as means + SEM (n= 8 yellow eels; n=10
silver eels). Different letters indicate significant differences (P < 0.05).

The Vtgr mRNA was already expressed in the ovary of juve-
nile yellow eels (GSI 0.29 +0.01; primary oocytes) and its
relative expression decreased in silver eels (GSI 2.27 +0.19;
PV or EV) (Figure 4).

Regarding the vtgr mRNA expression during the ooge-
nesis induced by hormonal treatment, vigr expression appe-
ared relatively stable. No significant variations were observed
between the experimental groups from initial freshwater con-
trols (GSI 1.28 £ 0.20), seawater controls (GSI 0.83 £ 0.11),
to 4 weeks (GSI 2.19 +0.34), 8 weeks (GSI 4.52 +1.05)
and 12 weeks (GSI 18.21 +3.65) of hormonal treatment
(Figure 5a). When analyzed by oocyte stage from PV (GSI
1.04 +£0.10), EV (GSI 3.01 £0.32), MV (GSI 6.60 + 1.47)
to LV (GSI 17.26 + 1.42), and no significant variation in vtgr
relative expression was observed (Figure 5b).

Vitellogenin plasma levels in female European eel during
induced maturation

Plasma Vtg levels increased progressively during the exper-
imental maturation from PV to LV stage, that is, it was 650-,
1222.5- and 3 125-fold higher, respectively, in EV, MV and LV
vitellogenesis compared to the PV stage (Figure 6, P< 0.05).

Discussion

A single vitellogenin receptor gene in the eel

In teleosts, as in other oviparous vertebrates, Vtg is syn-
thesized by the liver, released into the blood circulation
and incorporated into the oocytes. In the European eel,
two Vtg genes were previously described (Palstra et al,
2010). The Vtg endocytosis in the oocyte is mediated by
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Figure 5 Vitellogenin receptor (vtgr) mRNA expression in the ovary of
female European eels during experimental maturation, as measured by
quantitative PCR (gPCR). (a) Ovarian vitellogenin receptor mRNA levels
in each experimental group (n=5 to 7 eels/group). C: freshwater control;
WO: seawater control (week 0); W4: week 4 of carp pituitary extract (CPE)
treatment; W8: week 8 of CPE treatment; W12: week 12 of CPE treatment.
(b) Ovarian vitellogenin receptor mRNA levels according to oocyte stages.
PV = pre-vitellogenic stage; EV = early vitellogenic stage; MV = mid-vitel-
logenic stage; LV = late vitellogenic stage. See main text for description of
gonad developmental stages (n =4 to 16 eels/stage). Data are normalized
to eel acidic ribosomal phosphoprotein PO (ARP) and results are shown as
means + SEM. No significant differences between groups were observed.

VTGR. Our in silico analysis revealed the presence of a single
vtgr gene in the European eel as in most other vertebrates.

The presence of a single vtgr gene in the eel and other
teleost species investigated as well as in non-teleost actino-
pterygian and in sarcopterygians, reveals no impact of the
teleost-specific whole genome duplication (TWGD also
named 3R for third whole genome duplication) on teleost
vtgr gene number. This suggests that one of the two vigr
paralog would have been lost early after the TWGD in the
teleost lineage. Two paralogs (vtgr? and vtgr2) were identi-
fied in the rainbow trout (Oncorhynchus mykiss; Prat et al.,
1998) and Atlantic salmon (Salmo salar, Andersen et al.,
2017), which likely result from the additional genome dupli-
cation event (4R) that occurred specifically in the salmonid
lineage. Surprisingly, two vtgr paralogs were also reported
in a chondrichthyan, the elephant shark (Callorhinchus milii)
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Figure 6 Vitellogenin (Vtg) levels in blood plasma in female European eel
during experimental maturation, as measured by ELISA. Results are pre-
sented according to the oocyte stages (see legend of Figure 4).
PV = pre-vitellogenic stage; EV = early vitellogenic stage; MV = mid-vitel-
logenic stage; LV =late vitellogenic stage. Results are shown as
means + SEM (n=4 to 17 eels/stage). Different letters indicate significant
differences (P < 0.05).

(Andersen et al., 2017), the origin of which would deserve
further investigation.

Phylogeny analysis placed eel VTGR on the basis of the
teleost VTGR clade, in agreement with the basal position
of elopomorphs among teleosts. All teleost VTGR sequences,
including the eel VTGR, clustered into a monophyletic clade
supporting the early loss of the other 3R-paralog, before the
emergence of the elopomorphs.

Extra-ovarian vitellogenin receptor expression in

European eel

The gPCR analysis of vigr transcript tissue distribution
showed the highest expression in the ovary, in agreement
with the major role of VTGR in oogenesis in the eel as in
all oviparous vertebrates. Our study also revealed moderate
vtgrexpression in various somatic tissues such as brain, pitui-
tary, gill, fat and heart. A few studies also reported extra-
ovarian expression of vtgr in some other teleosts: in heart
and brain of cutthroat trout (Mizuta et al., 2013); in heart,
liver and brain of Atlantic salmon (Andersen et al., 2017)
and in liver and muscle of white perch (Morone americana)
(Hiramatsu et al., 2013). In oviparous tetrapods, contrasting
results were reported in amphibians and birds. In frog, high
vtgr expression was found in heart (Okabayashi et al., 1996),
while in chicken vigr expression is restricted to the oocyte
where it is involved in VLDL and Vtg uptake into the oocyte
(Bujo et al., 1994). In non-oviparous mammals, vigr is pre-
dominantly expressed in the heart, brain and adipose tissues
(Takahashi et al., 1992), which is similar to the extra-ovarian
expression of vigr found in the eel. This suggests that extra-
ovarian functions may represent ancient properties of VIGR
largely conserved throughout vertebrate evolution.

Various studies in mammals proposed a signaling role
of VIGR in brain and its implication in neurodevelopment.
This is consistent with our finding of the expression vigr in
different parts of the eel brain (olfactory bulbs, telecephalon,

Vitellogenin receptor in the European eel

mes- and di-encephalon, cerebellum and medulla oblongata).
In human, VTGR expression has been shown in several brain
cell types during early development, and VTGR may function as
signal transducer for the reelin, a secreted glycoprotein that
regulates neuronal positioning in laminated structures of
the developing brain (Herz and Bock, 2002). Consistent
with this, VTGR-knockout mice exhibit neurodevelopm-
ental defects in laminated structures of the central nerv-
ous system (Trommsdorff et al., 1999). Genetic studies of
human VTGR mutations strongly support the role of VTGR
in neuronal function (Ali et al.,, 2012).

Recently, Nader et al. (2018) described a novel function
for VTGR, as chaperone-trafficking function for membrane
progesterone receptor beta (mPR@) in frog. The authors
showed that the VTGR is required for the transit of mPRp
from the endoplasmic reticulum to the Golgi. Such a mecha-
nism may be hypothesized in other vertebrates, including in
the eel, in which we previously described five mPRs (mPRa,
mPRAL1, mPRAL2, mPRy and mPR3) with a large tissue dis-
tribution (Morini et al.,, 2017).

We found vtgrexpression in eel testis, as also reported
in mammals (Takahashi et al, 1992) and amphibians
(Okabayashi et al., 1996). Low levels of vtgr transcripts
have been detected in the testis of a non-teleost actino-
pterygian, the white sturgeon (Acipenser transmontanus),
and in some teleosts, zebrafish (Danio rerio), and tilapia
(Oreochromis mossambicus) (Bidwell and Carlson, 1995).
It was hypothesized that vtgr may be involved in nutrient
transport, uptake of hormones, vitamins, and other bio-
molecules for white sturgeon spermatocytes (Bidwell
and Carlson, 1995).

Early expression of vitellogenin receptor during oogenesis
in the eel

In the European eel, we showed that vtgris already expressed
in the ovary of the juvenile yellow eel and no further increase in
the relative expression was observed in the pre-pubertal
silver eel (Jéhannet et al., 2019) nor throughout the experi-
mental maturation. These observations suggest that vigr
transcription already occurs during early PV of immature fish
and is not further activated in vitellogenic oocytes. Similarly,
no increase in vigr mRNA expression associated with oocyte
growth has been shown in white perch, largemouth bass
(Micropterus salmoides), cutthroat trout and Atlantic salmon,
with vtgrhighly expressed in ovaries during PV and gradually
decreased during vitellogenesis (Hiramatsu et al, 2013;
Mizuta et al, 2013; Andersen et al., 2017). This suggests a sim-
ilar expression pattern for all teleosts including the eels.

Vitellogenin receptor mRNA expression is not a limiting
step for oocyte incorporation of vitellogenin in the eel
Previous studies in European eel led to the conclusion that
immature ovaries were not able to incorporate Vtg (Dufour
et al.,, 1988). Treating the pre-pubertal female silver eel with
E2 stimulates Vtg synthesis and release by the liver leading to
high Vtg plasma levels but does not induce Vtg incorporation
in yolk granules in the oocyte. Treatment with exogenous
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gonadotropin (Burzawa-Gerard and Dumas-Vidal, 1991) or
stimulation of endogenous gonadotropin release (Dufour
et al, 1988) is necessary to induce Vtg incorporation into
the oocyte. In the rainbow trout, unilateral ovariectomy dur-
ing EV lead to an increase in plasma FSH which may mediate
vitellogenic development (Tyler et al., 1997). Remarkably,
however, in the present study we demonstrated that vigr
transcripts were already expressed in immature yellow and
silver eels. Furthermore, European eel Vtg plasma level
increased throughout experimental maturation, while ovar-
ian vigr expression remained relatively stable. These results
suggest that oocyte Vigr expression may not be a limiting
step for the uptake of Vtg by the oocyte in the European
eel. They also indicate that ovarian vigr expression is not
under the regulation of pituitary gonadotropins.

Nonetheless, our analyses are based on vtgr gene expres-
sion and data about the regulation of the VTGR protein are
lacking. In the cutthroat trout, VTGR proteins seem to be syn-
thesized and stored in the ooplasm before the onset of vitel-
logenesis. During the vitellogenesis, the Vitg-VTGR complex is
internalized and VTGR is recycled back to the surface of the
oolemma (Mizuta et al,, 2013). Further analyses of VTGR pro-
tein levels are needed to clarify the molecular mechanisms
underlying the ovarian uptake of Vtg during vitellogenesis
in the eel.

Other potential key actors in vitellogenin incorporation in
the eel
Among the LDLR family members, other possible lipoprotein
receptors are involved in the endocytosis of lipoproteins and
thus in fish ovarian growth and yolk formation process. Both
very low-density lipoprotein (VLDL) and low-density lipopro-
tein (LDL) have been considered to be candidate transporters
of neutral lipids as triacylglycerides and cholesterol into the
oocytes (Hiramatsu et al., 2013). The LDLR has been exten-
sively studied for its ligand-binding properties in mammals
and may be involved in binding and endocytosis of LDL in
chicken (Hummel et al, 2003). In the short-finned eel
(Anguilla australis), the authors suggested that LDLR is a
major player implicated in the accumulation of ovarian fatty
acid (Damsteegt et al., 2015). Furthermore, according to
Reading et al. (2014), the LDLR-related protein 13 (named
Lrp13), also member of the LDLR superfamily, appears to
function as a VTGR and may be an important mediator of yolk
formation in fish. In addition, Lrp13 was shown to bind the
Vtg in perch and tilapia and was implicated as an important
mediator of yolk deposition in other oviparous vertebrates
(Hiramatsu et al,, 2015; Andersen et al., 2017). Regarding
the LR7-type LDLR, functional similarities with the classical
VTGR in terms of ovarian yolk formation via receptor-medi-
ated endocytosis of lipoproteins was found in the cutthroat
trout (Mizuta et al,, 2013). In the European eel, new candi-
dates such as LDLR, LDLR-related protein 13 or LR7-type
LDLR may also be involved and have to be explored.
Membrane-associated components may also be involved
in the endocytosis of Vtg. Mizuta et al. (2013) proposed a
model for Vtg uptake mediated by VTGR in salmonids, where
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the Vtg-VTGR complex is internalized through clathrin-
coated pits. Clathrin seems to be a good candidate as cltc-al
and vtgr transcript levels were significantly correlated in
cutthroat trout (Mizuta et al, 2017). Other molecules may
be involved in the endocytosis of Vtg, as tight junction
(TJ) which regulates the passage of ions and small molecules
between cells, and adherent junctions, physically linked
to the TJ. In zebrafish, according to Clelland and Kelly
(2010), exogenous E2 had little effect on TJ machinery in
PV follicles but reduced the abundance of two transcripts
of claudin orthologs in mid- to late-stage vitellogenic fol-
licles. They proposed the possibility that E2 may alter T)
integrity, thereby regulating the access of Vig to the oocyte
and the follicle development (Clelland and Kelly, 2010). In the
European eel, up-regulation of Vtg under estradiol treatment
was observed in eel in vivo (Burzawa-Gérard and Dumas-
Vidal, 1991) as well as in vitro by hepatocyte primary cultures
(Lafont et al., 2016). Nevertheless, ovaries from E2-treated
eels are not able to incorporate Vtg (Dufour et al., 1988),
and CPE treatment is necessary to induce ovarian vitellogen-
esis (Mazzeo et al., 2014). We suggest that the gonadotropic
treatment modulates the expression of TJ proteins, which
may represent a limiting factor for the incorporation of Vtg
in the oocytes, through a stable expression of VTIGR. This
regulatory pathway deserves further investigation.

In conclusion, we characterized the European eel single
vtgr and investigated the regulation of its transcript levels
in the ovary between yellow and silver stages as well as dur-
ing hormonal induction of vitellogenesis by gonadotropic
treatment. Interestingly, vtgr mRNA was already expressed
at the PV stage in yellow eel, and its expression did not
increase at silvering nor during induced vitellogenesis,
whereas Vtg plasma level increases through oocyte develop-
ment. This suggests that ovarian vitellogenesis is not medi-
ated through increased levels of vtgr expression, so that the
vtgr expression may not be a limiting step for the uptake of
Vitg by the oocyte in the European eel. This study also
revealed extra-ovarian expression of vtgr, such as in the brain
or in the testis, which may reflect ancestral functions of
VTGR, independent of vitellogenesis, and conserved among
oviparous and non-oviparous vertebrates.
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