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Abstract: To induce oocyte development, eels are weekly injected with salmon or carp pituitary
extract (CPE). The weekly handling and hormone peaks result in inferior oocyte quality; therefore,
alternative treatments that improve oocyte quality and reproductive success require investigation.
The enhancement of early sexual maturation by a single injection with human chorionic gonadotropin
(hCG), administered prior to CPE treatment, was investigated. Fifty feminized eels were subjected
to simulated migration, after which eels received either a hCG or a sham injection. After two
months, the hCG-treated eels showed an increase in eye size, gonadosomatic index (GSI), and plasma
11-ketotestosterone concentration, when compared with the sham-injected controls. The hCG-treated
eels showed increases in oocyte diameter and lipid area, and in ovarian expression of aromatase
(cyp19), follicle stimulating hormone receptor (fshr) and lipoprotein lipase (lpl). Yolk was present
in the oocytes of the hCG-treated eels, not yet in the oocytes of the controls. The hCG-induced
deposition of yolk may relate to early-life treatment with 17β-estradiol during feminization. hCG-
treated eels required four CPE injections less to mature than the controls. hCG treatment may benefit
reproductive success in feminized eels by initiating vitellogenesis and reducing the hypophysation
period, although larvae were obtained from most females in both groups.

Keywords: aquaculture; eel reproduction; propagation; feminization; oocyte quality; egg yolk; lipid
deposition; 11-ketotestosterone; 17β-estradiol; ultrasound

Key Contribution: This study quantified the many and diverse stimulatory effects of a single injection
with human chorionic gonadotropin on the early sexual maturation of feminized European eels,
which included the induced deposition of yolk in the oocytes. When administered prior to the regular
protocol of induced maturation by weekly injections of pituitary extract, hCG injection shortened the
hypophysation period significantly, which may benefit reproductive success.

1. Introduction

Chorionic gonadotropin is produced by the placenta of pregnant mammals and be-
longs, together with the gonadotropins follicle-stimulating hormone Fsh and luteinizing
hormone Lh, to the family of glycoprotein hormones [1]. Fsh and Lh are essential in the
regulation of sexual maturation in vertebrates [2], including the European eel. Fsh induces
vitellogenesis in females and spermatogenesis in males; Lh plays a major role in oocyte mat-
uration in females and spermiation in males (e.g., [3,4]). Human chorionic gonadotropin
(hCG) is an Lh-analog and binds and activates the luteinizing hormone receptor (Lhr) [5–7].
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11-Ketotestosterone (11KT) plays a major role during previtellogenesis in female
eels [8]. This non-aromatizable androgen acts during the migratory silver stage of the
eels and is referred to as the main puberty initiating androgen [9]. 11KT is responsible for
ovarian lipid accumulation in eels, since elevated lipoprotein lipase (Lpl) levels were found
after an increase in 11KT [10]. Lipid quantity and composition are key determinants of egg
quality in marine fishes [11]. 11KT also induces the expression of the ovarian fshr [8] and
stimulates the production of the phospholipoglycoprotein vitellogenin (Vtg; [12]).

Fsh controls the synthesis of 17β-estradiol (E2) by increasing ovarian aromatase (cyp19)
activity during vitellogenesis [13]. Cyp19 is an enzyme that converts testosterone (T) into
E2. When released into the blood circulation of the eel, E2 will bind to its hepatic nuclear
estrogen receptor (Esr-1) and therewith induces the synthesis of Vtg by hepatocytes [14].
When released into the circulation, Vtg binds to its ovarian vitellogenin receptor (Vtgr) [15]
and is cleaved into yolk protein in the vitellogenic oocytes [16]. Yolk is the main nutrient
for developing embryos and is essential for early larval survival and development [17].

To induce the sexual maturation of eels in captivity, hypophysation is the most prac-
ticed way. Recently, also eel specific recombinant gonadotropins have successfully been
applied to mature eels and produce larvae [18]. Hypophysation involves weekly injections
with common carp (Cyprinus carpio) or Atlantic salmon (Salmo salar) pituitary extracts
(CPE and SPE, respectively) leading to weekly handling of the eels and peaking hormone
levels. Weekly handling causes stress in the animals and increases their susceptibility to dis-
eases [19,20]. The weekly peaks in hormone levels are associated with oocyte developmen-
tal abnormalities [21]. Therefore, alternatives for hypophysation are under investigation,
such as steroid implants [22] and human chorionic gonadotropin (hCG).

hCG is generally used to mature male eels. Fontaine [23] discovered that urine of
pregnant women could be used to mature male eels, and later, it was shown that hCG
was the active compound causing the effects. hCG has a longer half-life compared to
other gonadotropins because it contains four glycosylated serine residues [24]. Therefore,
hCG does not have to be injected weekly, in contrast to pituitary extract. In the study
of Nguyen et al. [25], the effects of hCG were tested on ovarian morphology, sex steroid
levels and messenger ribonucleic acid (mRNA) levels of genes expressed in the pituitary, in
the short-finned eel A. australis. The study suggested the involvement of the Fsh receptor
(Fshr) in the regulation of previtellogenic oocyte development. Eels that were treated with
hCG (20, 100 or 500 IU kg−1 BW) showed significant increases in ovarian fshr mRNA and
plasma levels of 11KT and E2. The study concluded that hCG stimulates oocyte growth and
development during previtellogenesis; yolk deposition, however, was not observed [25].

In this study, we aimed to determine the effects of an hCG injection on the early
maturation in feminized European eels and to assess the consequences for reproductive
success. Effects of an hCG injection, administered before the regular protocol of CPE
injections to mature European eels, and specifically feminized eels, have not been studied
before. The controlled production of larvae enabled us to assess the potential consequences
for reproductive success. Specifically, effects were investigated by analyses of the changes in
external body appearance and biometry; of the gonadosomatic index (GSI) as determined
by ultrasound; of the plasma 11 KT levels as determined by ELISA; of the expression
patterns of key hepatic and ovarian genes in vitellogenesis; of oocyte histology, and of the
relation with indicators of reproductive success.

2. Materials and Methods
2.1. Experimental Setup

Young elvers were transferred from eel farm Palingkwekerij Koolen (Bergeijk, The
Netherlands) to the animal experimental facilities of Wageningen University & Research
(CARUS, Wageningen, The Netherlands) and feminized by feeding them with E2-coated
pellets over a 7 month period [26,27]. The feminizing treatment does not only realize female
eels but also accelerates the oocyte development before the vitellogenic stage and shortens
the generation time to 2 years from the glass-eel stage [28]. After an additional 6 months
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of feeding with a custom-made broodstock diet (protein 525 g kg−1, fat 98 g kg−1 and ash
76 g kg−1), 50 eels were transferred to seawater (Tropic Marine, 36 ppt) and fed no longer
for a period of 7 weeks.

After this period, the 50 eels were anesthetized (phenoxy ethanol 0.2 mL L−1), portrait
pictures were taken, and biometric data were collected. Eels were then subjected to a
simulated migration (based on [29]) and swam for 83 days in a swim gutter against a flow
of 0.5 m s−1 equaling a distance of 3514 km. Eels were swimming in the dark at daily
alternating temperatures from 10 ◦C to 15 ◦C.

After this simulated migration, all 50 eels were anesthetized again, portrait pics were
taken, and biometric data were collected. Eels were now also tagged with passive integrated
transponders (PITs) and randomly divided into two groups (pre-treatment groups). One
group of eels received an hCG injection (3000 IU kg−1; hCG-treated group; N = 25) and the
other group received a physiological salt solution injection of the same volume (control
or C group; N = 25). After 8 weeks, again all eels were anesthetized, portrait pics taken,
biometric data were collected, and also blood samples were extracted (post-treatment
groups). N = 10 eels from each group were dissected, and gonad weight (GW), liver
weight (LW), gastrointestinal tract weight (GITW) and swim bladder weight (SBW) were
determined. Tissue samples were taken from the liver and ovary and stored in RNAlater
stabilization solution (Ambion) at −20 ◦C for RT-PCR. A second ovary sample was fixed in
4% Paraformaldehyde overnight at 4 ◦C and then stored in 70% ethanol before histological
analysis. The remaining N = 15 eels from each group were used for hypophysation to
sexually mature the eels and determine reproductive success (described in Section 2.7).

2.2. Biometrical Parameters

Portrait pics were taken of each eel three times (pre-migration; pre-treatment and post-
treatment), and the images were scaled and aligned using ImageJ to visualize morphological
changes. Eels were measured for biometrical parameters body length (BL), body weight
(BW), body girth (BG), horizontal eye diameter (EDh) and vertical eye diameter (EDv). From
these measurements, the Fulton’s condition factor (K; [30]), body girth index (BGI; [31])
and the eye index (EI; [32]) were calculated.

2.3. Blood Collection and 11KT Plasma Measurements

Blood samples (0.5 mL) were extracted post treatment from the caudal artery with
a heparin-flushed syringe and then immediately put on ice. Plasma was separated by
centrifugation (10,000 rpm, 5 min, 4 ◦C) and stored at −80 ◦C. Plasma 11KT concentrations
in pg mL−1 were determined in N = 17 samples from the hCG-treated and control groups,
as duplicates using the 11KT ELISA kit (Item No. 582751) from the Cayman Chemical
Company (Ann Arbor, Michigan, Unites States) according to the manufacturer’s proto-
col. Three outliers (N = 1 of the control group, N = 2 of the hCG-treated group) with
values > 2* SD were not considered in the analysis.

2.4. Tissue Indices and Ultrasound

Gonad weight, liver weight, gastrointestinal tract weight and swim bladder weight
were used to calculate the GSI, the hepatosomatic Index (HSI), the gastrointestinal tract
index (GITI) and the swim-bladder index (SBI), respectively, by dividing the tissue weights
(g) by total body weight (g) and multiplying the outcome times 100.

GSI was also determined non-invasively by ultrasonography (MyLabFiveTMVet with
a LA435 probe, Esaote, Genoa, Italy) for all eels at pre-migration, pre-treatment and post-
treatment timepoints following the methodology developed by Bureau du
Colombier et al. [33] and further validated by Palstra et al. [22]. The ultrasound videos
were analyzed using ImageJ to determine the surface area of the gonads. The GSI was
calculated according to the following formula [33]:

GSI = BW/(eˆ(3.02753 + 1.32056 × LN ((A1 + A2 + A3)/3))) × 100
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BW: body weight (g); A1: area measurement 1 (cm2); A2: area measurement 2 (cm2);
A3: area measurement 3 (cm2).

The GSI values as calculated on the basis of ultrasound videos of dissected eels were
compared with their real GSI values. GSI values of two eels in the hCG-treated group were
not considered as weights were wrongly determined, leaving N = 8 for the hCG group.

2.5. Histology

Gonadal samples were embedded in paraffin wax and cut into 5 µm sections us-
ing a motorized rotary microtome (HM350 Microm). Per sample, two slides containing
6 sections, each at least 30 µm apart, were stained for nuclei and cytoplasm using Mayer’s
hematoxylin–eosin staining method. Sections were imaged using a Leica DM6b upright
microscope. For each sample, the 10 largest oocytes with a visible central nucleus were
selected. These oocytes were measured for their diameter using the image-processing
software ImageJ [34]. The lipid area and the lipid area relative to the oocyte area were also
determined using ImageJ.

2.6. RT-PCR

Total RNA of liver and ovary tissue was isolated and purified using an RNeasy
Plus Universal Mini Kit (Qiagen) according to the manufacturer’s instructions. RNA
quantity (>500 ng mL−1) and quality (>2.0 260/280 ratio) were determined by Nanodrop.
Total RNA was reverse transcribed (Applied BiosystemsTM High-Capacity cDNA Reverse
Transcription Kit) according to the manufacturer’s instructions, and the resulting cDNA
was diluted to a concentration of 1/50 ng cDNA µL−1 in MilliQ (250 ng RNA µL−1 solution
was used to transcribe into 4 µL cDNA, or RNA-equivalent, that was diluted in 196 µL
MilliQ). mRNA levels were quantified using the Quantstudio 5 Real-Time RT-PCR system
(ThermoFisher Scientific). RT-PCR was performed on a 20 µL mixture containing cDNA
(5 µL, 1/50 ng µL−1), primers (1 µL, 5µM each), SensiFAST SYBR Lo-Rox Kit (10 µL;
Bioline, Luckenwalde, Germany) and Milli-Q (4 µL). RT-PCR assays were run using a
temperature profile starting at the hold stage (95 ◦C, 2 min), followed by 30 to 40 cycles of
denaturation (95 ◦C, 15 s) and annealing/extension (◦C depending on the selected target
gene or housekeeping gene—HKG, 30 s and 72 ◦C, 5 s) and ending with the melt curve
stage (95 ◦C, 1 s followed by 60 ◦C, 20 s) gradually heating (0.1 ◦C s−1) to 95 ◦C. The melting
curves were analyzed for reaction specificity and the presence of primer cross-reaction.
Primer efficiencies were determined using a series of dilutions to generate the standard
curves. The choices for the selected target genes and HKGs were based on recent literature
([18,35–38]; Table 1).

Table 1. Primers for each of the target genes or housekeeping genes. Abv = gene abbreviation;
Accession number: the Genbank accession number for A. anguilla; G: sequence obtained from the A.
anguilla genome by Jéhannet et al. [35] or Setiawan and Lokman [37]; size: the Amplicon size, the
PCR product size in base pairs (bp) of nucleotides; temp: annealing temperature in ◦C of target genes
or housekeeping genes, and references. Abbreviations: FW = Forward primer; RV = Reverse primer.

Abv. Gene Accession
Number Primer Sequence (5′-3′) Size

(bp)
Temp
◦C Ref.

18S 18 s ribosomal RNA FM946133 FW: GTACACACGGCCGGTACAGT
RV: GGTAGGCGCAGAAAGTACCA 302 60 [37]

cyp19 Aromatase cytochrome P450 KF990052 FW: CGCACCTACTTTGCTAAAGCTC
RV: AGGTTGAGGATGTCCACCTG 137 62 [35]

elf-1 Elongation factor 1 EU407825 FW: CCCCTGCAGGATGTCTACAA
RV: AGGGACTCATGG TGCATTTC 152 64 [37]

esr-1 Estrogen receptor 1 LN879034 FW: GGCATGGCCGAGATTTTC
RV: GCACCGGAGTTGAGCAGTAT 116 62 [35]

fshr Follicle-stimulating
hormone receptor LN831181 FW: CCTGGTCGAGATAACAATCACC

RV: CCTGAAGGTCAAACAGAAAGTCC 173 63 [38]

l36 60 s ribosomal protein l36 G FW: CCTGACCAAGCAGACCAAGT
RV: TCTCTTTGCACGGATGTGAG 160 62 [37]
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Table 1. Cont.

Abv. Gene Accession
Number Primer Sequence (5′-3′) Size

(bp)
Temp
◦C Ref.

lhr-1 Luteinizing hormone 1 LN831182 FW: GCGGAAACACAGGGAGAAC
RV: GGTTGAGGTACTGGAAATCGAAG 155 60 [36]

lhr-2 Luteinizing hormone 2 LN831183 FW: TCAACAACCTCACCAATCTCTCT
RV: GCAGTGAAGAAATAGCCGACA 162 62 [18]

lpl lipoprotein lipase XM035416270 FW: TGATGCTGATTGCTACTTCTGG
RV: ATGCTCTCCTGCTGCTTCTT 115 62 This study

vtgr Vitellogenin receptor G FW: TCTGAACGAACCCCAGGA
RV: TTTGGGGAGTGCTTGTTGA 140 59 [35]

Estrogen receptor-1 (esr-1) was selected as target gene in the liver. Ribosomal protein
L36 (l36) was used as HKG to normalize esr-1 expression by calculating the relative fold
change (fc) using the 2-∆∆Ct method.

For the ovary, six target genes were selected. These target genes were Aromatase
(cyp19), Follicle-stimulating hormone receptor (fshr), Luteinizing hormone receptor-1 (lhr-1),
Luteinizing hormone receptor-2 (lhr-2), Lipoprotein lipase (lpl) and Vitellogenin receptor
(vtgr). The primers of Lpl and Lhr-2 were tested for their efficiencies, since the Lpl primer
was newly designed, and Lhr-2 had an overall low expression. The efficiency of Lpl was
tested to be 93%, and the efficiency of Lhr-2 was 106%; thus, both primers had efficiencies
within the desired range (90–110%) and were used for further analysis. As HKGs, 18 s
ribosomal RNA (18s), Elongation factor-1 (elf-1) and l36 were used to normalize the target
genes by calculating the relative fc values using the 2-∆∆Ct method. The BestKeeper
tool [39] was used to determine Ct values from 18S, elf-1 and l36 combined, so no significant
differences were found between the Ct values of the hCG group and the C group.

2.7. Reproduction

The eels used for propagation (N = 15 for each of the groups) were fully matured
by hypophysation. Eels received multiple weekly CPE injections until a BWI threshold
value of 110 was crossed and eels received an extra booster CPE injection. Final ovulation
was then induced by 17,20β-dihydroxy-4-pregnen-3-one (DHP) injection [40–42]. For each
group, N = 3 eels died before egg release. From the remaining eels (N = 12 from each
group), the days to reach a BWI of 110, the number of CPE injections to reach a BWI of
110, the hours after the final DHP injection until egg release, the percentage of floating
eggs, the number of batches of eggs that were obtained and the number of batches that
gave embryos and larvae, and the average survival days post-hatch (dph) and the maximal
survival dph, were determined.

2.8. Data Analysis

Data analyses were performed using R-studio (version 4.1.1). To test for normal
distribution of data, the Shapiro test was performed. If the data were normally distributed
(p ≥ 0.05), Welch two sample t-tests were performed. If data were not normally distributed
(p≤ 0.05), Wilcoxon rank sum tests were performed. Data were compared using paired tests
on the same eels between pre- and post-treatment values, and unpaired when comparing
eels of the hCG-treated group with eels of the control group. GSI values as calculated on the
basis of ultrasound data were compared with the GSI values as determined by dissection,
on the same eels post-treatment, by paired two sample t-tests. Data were considered
significantly different when p ≤ 0.05.

3. Results
3.1. Simulated Migration

All experimental eels managed to complete the simulated migration and were included
for comparison of post-migration vs. pre-migration biometrical measurements. Significant
decreases were apparent for BW, K and BGI (p < 0.001). BW decreased by 57 g, from
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398 ± 48 g to 341 ± 42 g. K decreased from 0.204 ± 0.015 g to 0.175 ± 0.013, and BGI
decreased from 0.200 ± 0.008 g to 0.179 ± 0.008. EI was 7.43 ± 0.17 after migration and not
significantly higher than the average value of 7.32 ± 0.16 before migration.

3.2. Portrait Pictures and Biometry

The portrait images of the experimental eels indicated changes in head morphology
that were associated with hCG treatment (Figure 1). In eels of the hCG-treated group, eye
enlargement was observed that was not observed in the controls. Eels from the hCG-treated
group also showed darkening of the pectoral fins and on the dorsal side of the body, in
contrast to the controls. The head shape of the hCG-treated eels was less acute than the
head shape of the controls. EI (p < 0.001; Table 2) was considerably higher in eels of the
hCG-treated group as compared to the controls. Additionally, K (p < 0.01; Table 2) and BGI
(p < 0.001; Table 2) values were higher in eels of the hCG-treated group.
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Figure 1. Portrait pics of (a) a representative eel of the control group and (b) a representative eel of
the human chorionic gonadotropin (hCG) treated group. Each eel is shown at three moments from
left to right: before migration, pre-treatment and post-treatment. Morphological differences such as
eye enlargement, darkening of the pectoral fin and a less acute head were observed in the eels after
hCG treatment in comparison with the controls.

Table 2. Paired biometric data (AV ± SD) for eels of the control (C) group and the human chorionic
gonadotropin (hCG) treated group, pre- and post-treatment. Significant differences between either
the C group post-treatment vs. pre-treatment, or for the hCG-treated group post-treatment vs. pre-
treatment are indicated by (−) when post-treatment values were significantly smaller (p < 0.001)
than pre-treatment values, or by (+) when post-treatment values were significantly larger (p < 0.001)
than pre-treatment values. Abbreviations: BL = body length; BW = body weight; K = Fulton’s
condition factor; BGI = body girth index; EI = eye index; C = control group; hCG = human chorionic
gonadotropin-treated group.

BL
(cm)

BW
(g) K BGI EI

C pre-treatment 58 ± 3 347 ± 47 0.17 ± 0.00 0.18 ± 0.00 7.26 ± 1.27
C post-treatment 58 ± 3 323 ± 45 (−) 0.16 ± 0.00 (−) 0.17 ± 0.00 (−) 7.04 ± 1.26

hCG pre-treatment 58 ± 3 336 ± 37 0.18 ± 0.00 0.18 + 0.00 7.59 ± 1.10
hCG post-treatment 58 ± 3 329 ± 37 (−) 0.17 ± 0.00 (−) 0.18 ± 0.00 9.11 ± 0.92 (+)

3.3. Blood Plasma 11-Ketotestosterone

Significantly higher circulatory 11KT levels were found when comparing hCG-treated
eels with the controls: 146 ± 64 vs. 46 ± 26 pg mL−1, respectively (p < 0.001; Figure 2).
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Figure 2. Post-treatment 11-ketotestosterone concentrations (11KT in pg mL−1) as determined by
enzyme-linked immunosorbent assay (ELISA) in the blood plasma of eels from the control group
(C; N = 16) and from the human chorionic gonadotropin-treated group (hCG; N = 15). The asterisks
indicate a significant difference between both groups (p < 0.001).

3.4. Ultrasound and Dissection

Ultrasound GSI calculations were validated by GSI determinations on the dissected
eels of the hCG-treated and control groups. For eels of the control group (N = 10), GSI
as calculated from ultrasound images was 1.34 ± 0.08 and very similar to the GSI of
1.38 ± 0.10 as determined on the dissected eels. For eels of the hCG-treated group (N = 8),
GSI as calculated from ultrasound images was 2.82 ± 0.54 and also very similar to the GSI
of 2.91 ± 0.55 as determined on the dissected eels. Ultrasound GSI data could, therefore,
be used for further analyses. GSI values for hCG-treated eels (N = 25) were 2.88 ± 0.57
and significantly higher (p = 6.422 × 10−15) than before treatment (1.14 ± 0.204; Figure 3).
Eels of the control group (N = 25) showed only slightly higher GSI values: 1.16 ± 0.22 vs.
1.06 ± 0.15 (p = 0.0159; Figure 3). hCG-treated eels had a significantly higher GSI value
than the eels of the control group (p < 0.001).
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Figure 3. Gonadosomatic index (GSI; AV ± SD) values, calculated from ultrasound images, for eels
pre-treatment and post-treatment of (a) the control group (N = 25) and (b) the human chorionic
gonadotropin (hCG) treated group (N = 25). The asterisks indicate significant differences of * p < 0.05
and *** p < 0.001.

Eels of the hCG-treated group showed significantly higher HSI values (1.04 ± 0.16
vs. 0.77 ± 0.14; p < 0.01), lower GITI values (0.53 ± 0.08 g vs. 1.18 ± 0.37 g; p < 0.001) and
higher SBI values (0.29 ± 0.05 g vs. 0.20 ± 0.04 g; p = 0.015) as compared to eels of the
control group.
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3.5. Oocyte Histology

Oocytes from the hCG-treated eels were larger (196 ± 23 µm) than the oocytes from
eels of the control group (117 ± 12 µm; p < 0.001; Figure 4). Yolk was present in the oocytes
from the hCG-treated group but absent in the oocytes of the control eels (Figure 5).
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The lipid area was much higher in the oocytes from the hCG-treated eels (9414± 2034 µm2)
than in oocytes from eels of the control group (3978 ± 694 µm2; p < 0.001). The lipid area
relative to the oocyte area was not different between eels from both groups (32 ± 2% vs.
31 ± 2%, hCG group vs. C group, respectively; p > 0.05).

3.6. RT-PCR

No significant differences were observed between Ct values of l36 expression in liver
tissue from eels of the hCG-treated group and in liver tissue from the controls (p > 0.05).
Using Ct values of housekeeping gene l36 for normalizing, esr-1 expression was higher in
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livers of eels of the hCG-treated group than in the controls (p ≤ 0.05). The relative fold
change (fc) between esr-1 expression in hCG-treated eels and in controls was 2.33 ± 1.13
(Figure 6).
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Figure 6. Relative fold change expression of estrogen-1 (esr-1) in the liver using Ribosomal Protein L36
(L36) as housekeeping gene for normalization. Abbreviations: fc = fold change; C = control group;
hCG = human chorionic gonadotropin-treated group. The asterisks indicate a significant difference
of *** p < 0.001.

No significant differences were found between BestKeeper Ct values, of elf-1, l36 and
18s combined, in ovary tissue from eels of the hCG-treated group and in ovary tissue from
the controls (p > 0.05). Significantly higher expression was found for cyp19, fshr and lpl
with relative fold changes of 2.53 ± 0.93; 6.14 ± 2.13 and 15.75 ± 6.79, respectively, when
comparing hCG-treated eels with the controls (p < 0.001; Figure 7a–c). Lower expression
was found for vtgr with a relative fold change of 0.36 ± 0.13 (p ≤ 0.05; Figure 7d) when
comparing hCG-treated eels with the controls. No significant differences were found in
the expression of lhr-1 and lhr-2 with relative fold changes of 0.89 ± 0.55 and 0.73 ± 0.49,
respectively (p > 0.05; Figure 7e,f) when comparing hCG-treated eels with the controls.

3.7. Reproduction Parameters

When BWI exceeded the threshold of 110, eels were given a booster CPE injection and
then a DHP injection to induce ovulation. For eels of the control group, this was on average
after 90 days and 14 CPE injections. Eels ovulated on average 12 h after DHP injection. The
percentage of floating eggs was on average 33± 24%. For eels of the hCG group, the BWI of
110 was reached after just 64 days and only 10 CPE injections, on average 4 CPE injections
less than eels of the control group (Figure 8). Eels of the hCG-treated group also ovu-
lated on average 12 h after DHP injection. The percentage of floating eggs was on average
39 ± 26% (Table 3), slightly higher but not significantly different from eels of the
control group.
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Figure 7. Relative fold change expression of (a) aromatase (cyp19), (b) follicle-stimulating hormone
receptor (fshr), (c) lipoprotein lipase (lpl), (d) vitellogenin receptor (vtgr), (e) luteinizing hormone
receptor-1 (lhr-1) and (f) luteinizing hormone receptor-2 (lhr-2) expression in the ovary using elon-
gation factor-1 (elf-1), ribosomal protein l36 (l36) and 18S ribosomal RNAs (18S) as housekeeping
genes for normalization. Abbreviations: fc = fold change; C = control group; hCG = human chori-
onic gonadotropin-treated group. The asterisks indicate significant differences of * p < 0.05 and
*** p < 0.001.
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Figure 8. Body weight index evolution of the maturing feminized eels, that released eggs that could
be fertilized, versus the number of weekly common carp pituitary extract (CPE) injections for eels
from (a) the control group and (b) the human chorionic gonadotropin-treated group (N = 15 per
group). Each experimental eel is represented by PITtag code and colored line connecting the weekly
BWI values. Abbreviations: BWI = body weight index; CPE = common carp pituitary extract.

Table 3. Reproduction parameters (AV ± SD) after hypophysation of hCG-treated eels (N = 15) and
control eels (N = 15). “Days to reach BWI 110” is the number of days of weekly CPE injections to
reach a BWI of 110; “CPE injections mature” is the number of CPE injections to reach final maturation,
“Hours after final DHP injection” is the number of hours after DHP injection until egg release and
“% Floating eggs” is the average percentage of floating eggs. Abbreviations: BWI = body weight
index; CPE = common carp pituitary extract; DHP = 17,20β-dihydroxy-4-pregnen-3-one; C = control;
hCG = human chorionic gonadotropin.

Days to Reach
BWI 110

CPE Injections
Mature

Hours after
Final DHP
Injection

% Floating Eggs

C group 90 ± 11 14 ± 2 12 ± 1 33 ± 24
hCG group 65 ± 9 10 ± 1 12 ± 1 39 ± 26
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Egg batches were obtained from N = 12 hCG-treated eels and from N = 12 eels of
the control group. From nine eels of the control group, larvae batches were obtained. On
average, larvae survived for 5 dph, with a maximum survival time of 9 dph. From 11 eels
of the hCG-treated group, larvae batches were obtained that had an average survival time
of 5 dph and a maximum survival time of 11 dph (Table 4).

Table 4. Reproduction results for hCG-treated and control eels (each group N = 15 eels). “Eggs”
is the number of eels that released eggs, “Embryos” is the number of eels that had eggs with
developing embryos, “Larvae” is the number of eels from which hatched larvae were produced,
and under the header “larval longevity” are shown “average (dph)”, which is the average number
of days post hatching that the larvae survived, and “max (dph)”, which is the maximal number of
days post hatching that the larvae survived. Abbreviations: dph= days post hatching; C = control;
hCG = human chorionic gonadotropin.

Larval Longevity

Eggs Embryos Larvae Average (dph) Max (dph)

C group 12 9 9 5 9
hCG group 12 11 11 5 11

4. Discussion

This study aimed to investigate the effects of a single human chorionic gonadotropin
(hCG) injection on silvering, vitellogenesis and reproductive success of feminized European
eels. Here, we will discuss these effects separately.

4.1. hCG Induction of Silvering

When eels become silver, multiple morphological changes occur, such as a significant
eye enlargement [32] and darkening of the pectoral fin [43]. After the treatment period,
significant eye enlargement was observed when comparing eels from the hCG-treated
group with the control eels. Darkening of the pectoral fin was more advanced for the eels
treated with hCG than for the controls. Silvering also includes thickening of the swim
bladder wall [44], an organ that is of crucial importance for buoyancy control during the
daily vertical migrations of the silver eels in the ocean [45]. We observed a higher swim
bladder weight in the eels treated with hCG. During silvering, the gastrointestinal tract
(GIT) regresses [46], which is in agreement with the lower GIT weight in hCG-treated
eels in our study. In yellow eels or “pre-migrant” silver eels, 11KT concentrations are
significantly lower than in migrant eels [47]. In the eels treated with hCG, plasma 11KT
concentrations were significantly higher than in plasma from eels of the control group.
Silvering is primarily under 11KT control [48], and the observed eye enlargement during
silvering may be 11KT-mediated [49].

4.2. hCG Induction of Vitellogenesis

In the eels treated with hCG, several vitellogenic changes occurred as compared to the
control eels. A significant increase was found in GSI and HSI of the eels treated with hCG.
The oocytes in eels treated with hCG were significantly larger than the oocytes in the control eels.
In the study of Adachi et al. [21] on A. japonica, it was shown that vitellogenesis commenced
when the oocytes were about 250 µm in diameter, and Cottrill et al. [50] considered oocytes
from A. rostrata vitellogenic at 200 µm. The average diameter of oocytes in the feminized
eels treated with hCG in this study was 196 ± 23 µm. The higher lipid area and the much
higher lpl expression in the oocytes of the hCG-treated eels suggests that hCG successfully
induced lipid deposition in the oocytes. This is in line with the study of Nguyen et al. [25],
where shortfin eels (A. australis) were treated with hCG and also showed lipid deposition
and upregulated lpl expression, relative to the hCG dose. The most outstanding finding
with the hCG treatment in our study was the yolk deposition that had occurred in the
oocytes, as this has not yet been observed before in eels treated with hCG. The hCG-treated
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shortfin eels in the study of Nguyen et al. [25] had a significant up-regulation of ovarian
fshr when increasing the dose of hCG. The eels that received the highest dose of hCG in
their study showed advanced oocyte development in the ovaries. The authors concluded
that Fsh signaling is essential for previtellogenic oocyte development in shortfin eels. This
is in line with the findings of our study where an increase in ovarian fshr expression was
observed in the eels that were treated with hCG. In the study of Nguyen et al. [25], the
treatment with hCG did not affect cyp19 expression, while increases in plasma E2 and 11KT
were observed. In our study, a significant increase in cyp19 expression was observed after
hCG treatment. Cyp19 is a crucial enzyme for vitellogenesis and yolk deposition, since it
converts T into E2 in the ovary [13].

Feminization may have had an epigenetic effect, explaining the observed differences
in yolk deposition and cyp19 expression. To feminize eels, the eels were given pellets coated
with E2 during a crucial early life period for sex determination. Besides feminization, this
procedure may sensitize the eels in their response to hormonal stimulation later in life that
may be directed by Cyp19. Additionally, Tzchori et al. [51] found higher cyp19 expression
in the gonads of feminized European eels in comparison with non-feminized individuals.

In eels, hCG binds to the Lhr [5–7]. In our study, no significant differences were
found in lhr-1 or lhr-2 expression after hCG treatment, similarly to findings in the study of
Nguyen et al. [25]. As the Fshr may well be promiscuous and could bind Lh [52,53], also in
Japanese eel [54], the question would be if hCG binds to the Fshr. Kazeto et al. [6] concluded
that this is not the case for Japanese eel. The increases in fshr and cyp19 expressions mark
the start of vitellogenesis. E2 synthesis is moderated by cyp19 activity, and E2 binds to the
hepatic nuclear receptor Esr-1 and induces the synthesis of Vtg by the hepatocytes [14].
Vtgs are then released in the circulation of the eels. 11KT does not only induce Vtg and
lipid synthesis; it has been suggested that it also plays an important role in Vtg and lipid
transport and absorption [55]. The Vtgs are transported to the oocytes, bind to the Vtgrs
and are absorbed and reconstructed into yolk protein [16]. In our study, we found a lower
vtgr expression in hCG-treated eels. This supports the suggestion that the Vtgr is recycled
to the oocyte surface during vitellogenic oocyte growth [56].

4.3. hCG Effects on Reproductive Success

The eels treated with hCG were in an advanced stage of maturation in comparison
with the controls, which resulted in 4 CPE injections less to mature than the controls.
They reached the BWI of 110 threshold 25 days faster than the controls. The presence of
yolk and the higher lipid area in the oocytes of the eels treated with hCG may have had
consequences for the egg quality. Still, in both groups, 12 out of 15 eels gave batches of
larvae that survived on average 5 dph, so an apparent difference in reproductive success
was absent.

5. Conclusions

In feminized European eels, pre-treatment with hCG induced silvering, vitellogenic
hepatic and ovarian gene expression and lipid and yolk deposition in the oocytes. Yolk
deposition and aromatase activation are specific for hCG induction in feminized eels,
providing supporting evidence for the view that E2 treatment in early life may sensitize
eels to hormonal stimulation later in life. Future research should aim to elucidate the
epigenetic effects of early-life E2 treatment on the vitellogenic pathway. hCG also decreased
the hypophysation period and could, therefore, be useful as pre-treatment in artificial
reproduction protocols.
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