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Abstract: Heterotis niloticus is an African species of Osteoglossiformes that presents biological pecu-
liarities and zootechnical performances favorable for fish farming. However, the absence of a sexual
dimorphism hinders the optimization of its reproduction in captivity and limits the understanding
of its reproductive behavior. This study is aimed at developing a minimally invasive and reliable
sexing method to detect vitellogenin (Vtg) in female plasma. A commercial sexing kit (Acobium,
Montpellier, France) for Arapaima gigas—a phylogenetically sister species of H. niloticus—successfully
identified only 20% of mature H. niloticus females. Enzyme-linked immunosorbent assays (ELISA)
were carried out using three Vtg antibodies. The A. gigas Vtg1 antibody cross-reacted significantly
with plasma dilutions of female H. niloticus ranging from 1:1000 to 1:10,000, but with relatively low
intensity. The Vtg antibody from Osteoglossum bicirrhosum, another species of Osteoglossiformes,
showed non-specific binding with the Vtg of H. niloticus female plasma. Finally, an antibody for
H. niloticus Vtg developed in this study allowed us to differentiate the two sexes with plasma coating
dilutions ranging from 1:1000 to 1:10,000. The results of the assay were validated by a proteomic
approach showing that Vtg-targeted mass spectrometry analysis of H. niloticus blood protein extracts
could be used to accurately determine the presence of Vtg in the plasma of mature females. The final
validation of the ELISA technique using the H. niloticus Vtg antibody was confirmed by visual sexing
of a significant number of blood-sampled fish gonads; 100% of the fish were correctly sexed by the
ELISA method.

Keywords: Heterotis niloticus; vitellogenin; antibodies; ELISA; proteomics; sexing

1. Introduction

Heterotis niloticus belongs to the order Osteoglossiformes and is of great economic and
socio-cultural importance in many African countries [1–3]. Its natural area of distribution
is limited to the river basins of tropical Africa [4–7]. However, H. niloticus has been
overexploited in the last decades, and wild populations have declined [8,9]. Breeding
has been initiated in earthen ponds to cope with this decline in the natural environment,
and attempts have been made to reintroduce it into its traditional habitat [10,11], but also
in lakes and dams. The annual H. niloticus aquaculture production in Africa has been
almost constant since 2012, reaching 6300 t. In Ivory Coast, production was estimated to be
400 t in 2019, which is second highest after tilapia Oreochromis niloticus with 3000 t annual
production [12].

One of the difficulties encountered in captivity is the low reproduction rate of H. niloticus,
mainly due to its complex behavior [7,13,14]. The anatomical features of its reproductive
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system such as Arapaima gigas (gymnovarium, lack of oviduct connected to urogenital
papilla) [15–17] impair artificial reproductive techniques such as hypophysation or hor-
monal treatments used to induce oocyte maturation and spawning in other species. Re-
production can occur spontaneously following the formation of mating pairs in earthen
ponds with low water depth and grassy edges from a stock of 10 or more potential breeders.
The breeders of a pair build a circular nest with grass and mud, with only one entrance
in the direction of open water [14]. Spawning and hatching take place in this nest, and a
few days later the fry start moving in the open water under constant parent supervision
because they are vulnerable to predators such as birds or other fish present in the ponds.
As H. niloticus is devoid of an external sexual dimorphism [9,18], it is impossible to select
male and female individuals to optimize the number of potential mating pairs introduced
in each reproduction pond. Managing the number of males and females in captivity for re-
production requires prior sex determination of the breeders, but no reliable sexing method
is currently available for H. niloticus [9].

Sex determination in fish that do not present external morphological characters has
been approached by various invasive or non-invasive macroscopic methods, among which
the most common are biopsy and ultrasonography [19–23]. Even if these techniques gave
satisfactory results in most cases, ultrasonography is an expensive technique and sexing
by cannulation biopsy requires a urogenital papilla connected to the ovary by an oviduct
allowing the guidance of a catheter to the ovarian tissue. Unfortunately, in H. niloticus
the ovary is not directly connected to the urogenital papilla (gymnovarium) and therefore
biopsy by cannulation is not possible. Furthermore H. niloticus is an obligatory air-breathing
species and the use of anesthesia for manipulation is very dangerous because of the high
risk of non-recovering the airbreathing reflex. This prevents the use of sexing methods
requiring the immobilization of the fish for several minutes, such as endoscopy or surgery.

This situation has also been reported for two other species devoid of a sexual dimorph-
ism—Osteoglossum bicirrhosum and Arapaima gigas—two Amazonian phylogenetic sister
species of the African bonytongue [24–31]. For A. gigas, a sexing kit on nitrocellulose
membranes is now available (Acobium, Montpellier, France). This kit is based on a specific
vitellogenin (Vtg) antibody developed by our team, previously tested by direct ELISA on
individuals undergoing vitellogenesis [17,32]. Vtg is a phospholipoglycoprotein precur-
sor of the yolk proteins that is deposited in oocytes during vitellogenesis in the majority
of oviparous species such as teleost fish, amphibians, reptiles, birds, and most inverte-
brates [33,34]. Vtg is mainly synthesized and secreted by the liver under the control of
17β-estradiol and is transported by the blood where its concentration can reach tens of
mg/mL [17,35]. In addition to the ovary [36–38], significant amounts of Vtg are also
found in body mucus [39–43], and in the heart, kidney, spleen, skin, muscles, gills, eyes,
brain, and fins [44]. The comparison of the Vtg sequences of these three closely related
species shows great similarity (74.62% between H. niloticus and A. gigas (unpublished
results), 70.2% between H. niloticus and O. bicirrhosum, and 71.17% between A. gigas and
O. bicirrhosum, GenBank: AVI01406.1 [27], and is in accordance with phylogenetic relation-
ship of the family Osteoglossidae [45]. As A. gigas and H. niloticus are the only two members
of the Arapaiminae subfamily, they display the highest percentage of Vtg similarity. As a
consequence, we hypothesized that Vtg molecules from these two closely related species
would cross-react with their heterologous antibodies.

The aim of the present work is (i) develop a reliable and minimally invasive sexing
method for H. niloticus based on a specific H. niloticus Vtg antibody, and (ii) assess a
commercial A. gigas sexing kit (Acobium, Montpellier, France) and the O. bicirrhosum Vtg
antibody (previously developed by our team) for sexing mature H. niloticus individuals.

We have also tested the feasibility of a mass spectrometry and proteomic approach
based on the detection of plasma-Vtg-derived peptides as a laboratory control method of
animals sexed by ELISA. The final step of this work is the validation of the ELISA technique
by direct observation of a significant number of H. niloticus gonads.
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2. Materials and Methods
2.1. Testing of the Arapaima Sexing Kit

The commercial Arapaima sexing kit (Acobium, Montpellier, France) is based on the
ability of a Vtg antibody to specifically bind to the Vtg present in maturing females, e.g.,
females undergoing vitellogenesis. The test can detect low concentrations of Vtg in the
blood plasma (0.04 mg/mL). We have tested this kit on 24 mature H. niloticus individuals
weighing more than 1.5 kg and at least 50 cm in length (sexual maturity is reported to be
reached from around 0.8 to 1 kg body weight [14] during the breeding season (November).
The fish raised in ponds came from four fish farms in central and western Ivory Coast
(Yamoussoukro: 5◦08.71′ W; 6◦50.93′ N, Daloa: 6◦26.67′ W; 6◦49.79′ N, Gnanangonfla:
6◦17.45′ W; 7◦ 07.12′ N, Oupohio: 5◦58.96′ W; 5◦ 50.23′ N). The tests were carried out
on-site at ambient temperature. The entire procedure lasted about 2 h and 30 min on each
location.

Net-captured fish were size-selected, immobilized in a wet tissue bag, and a 0.5 mL
blood sample was taken from the caudal vein of each fish with a 2.5 mL syringe and a
23 gauge × L size needle. Each sample was stored in a tube containing 10 µL of heparin.
When sacrificed for direct sex determination, fish were deeply anesthetized with eugenol
(0.1 mL/L) according to the procedure described for rainbow trout [46], and then decapi-
tated. The whole blood sampling process took less than one minute, and the non-sacrificed
fish were immediately returned to the pond. No mortality was observed in the following
days after this short handling time. For the A. gigas sexing kit, we followed the manufac-
turer’s manual. Briefly, the working sample was prepared by adding 20 µL of the blood
sample to 10 mL of dilution buffer and placed in a 15 mL tube, then 1 mL of diluted blood
was deposited on a 15 × 15 mm Mini Array nitrocellulose membrane (Whatman BA85)
placed carefully in a microplate well using plastic forceps. The microplates were incubated
and shaken manually every 10 min for 1 h at ambient temperature (30 ± 2 ◦C). Two series
of membrane washes were carried out with 2 mL of washing buffer. To reveal Vtg, 1 mL of
revealing antibody solution was added to the membrane, followed by a second incubation
under the same conditions as the first one. The revelation antibody solution was removed,
and the membrane was washed twice as explained above, and the washing buffer was
removed. Vtg was detected by colorimetry with 1 mL of the revelation solution deposited
in each well for 5 to 10 min depending on the color development speed, and then 1 mL
of stop buffer was added when color development was clearly visible in the control spot.
The appearance of color in the test spot revealed the presence of Vtg in the corresponding
sample. Only the control spot was revealed in the male samples.

2.2. Induction of Heterotis Vtg by 17β-Estradiol Treatment in Immature Individuals and
Purification
2.2.1. Vtg Induction in Immature Fish with 17β-Estradiol

Twelve immature H. niloticus individuals weighing 600 ± 20 g each were placed in a
4 m3 tanks and induced with a mixture of 2 mg/mL of 17β-estradiol (Sigma) in 20 mM PBS
(phosphate buffer saline) emulsified with 1% peanut oil. Each fish was identified using a
1.5 × 12 mm passive integrated transponder tag (PIT-Tag) inserted in the dorsal anterior
part of the dorsal musculature with a specific syringe. Each fish received a cumulated dose
of 2 mg of 17β-Estradiol divided in 7 injections (285 µL of the emulsified 17β-estradiol
mixture/injection) given in the medio-dorsal musculature at 48 h intervals. Two mL of
blood were taken from each fish before induction (control) and 48 h after the 7th injection.
The blood was collected in tubes containing 25 µL of heparin and 20 µL of 10 mM PMSF
(phenylmethylsulfonyl fluoride), and centrifuged at 3000× g at room temperature (25 ◦C)
for 3 min. One hundred µL aliquots were stored at −20 ◦C.
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2.2.2. Vtg Purification

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed with the 12 estradiol-induced fish plasmas on 0.75-mm thick gels, with 0.1% SDS
and 12% polyacrylamide at 80 V for 100 min.

To check the identity of the proteins, the major band corresponding to the MW (molec-
ular weight) of Heterotis Vtg (142 kDa) was cut out and submitted to digestion at 37 ◦C
overnight using 0.25 µg of porcine trypsin (Promega, Madison, WI, USA). The digestate
was desalted and concentrated on a ZipTip µC18 Omix (Agilent, Santa Clara, CA, USA)
before analysis by MALDI-TOF/TOF.

Once the identification of Heterotis Vtg was confirmed, all bands corresponding to
Vtg were cut out in the remaining migration lanes, homogenized with a piston potter and
stored at −80 ◦C in 100 µg aliquots. Vtg quantification was performed according to the
method described by Bradford [47].

2.3. Development of a Heterotis Vtg Antibody

H. niloticus Vtg antibodies were produced in the facilities of PROVETSUR laboratory,
Universidad Autónoma Gabriel René Moreno (UAGRM), Bolivia during a collaborative
research program between IRD and UAGRM.

Two rabbits were immunized with emulsified solutions of SDS-PAGE-purified Vtg
(50% Vtg at 200 mg·mL−1 in 9% NaCl, 50% complete Freund’s adjuvant (Sigma, Saint Louis,
MO, USA)) according to the procedure described for A. gigas Vtg [17]. Each rabbit received
one injection per week for 4 weeks, followed by 2 injections of Vtg solutions and Freund’s
incomplete adjuvant every 2 weeks after 2 resting weeks from the 4th injection. One week
after each injection, 1 mL of blood was taken before immunization for antibody production
tests. One week after the last injection, both serums obtained after 6 h of blood coagulation
at 20 ◦C were tested by direct ELISA. One hundred µL aliquots of these H. niloticus Vtg
antibodies were stored at −20 ◦C.

2.4. Arapaima, Osteoglossum, and Heterotis Vtg Antibody Tests

Plasmas of mature male and female H. niloticus and A. gigas sampled during the breed-
ing season were used to test Vtg1 antibodies from A. gigas, O. bicirrhosum and H. niloticus
using direct ELISA. A gigas and O. bicirrhosum antibodies were developed earlier by our
team [17,48]. The steps described for A. gigas [17] and O. niloticus [35] Vtg were carried out
with some minor modifications as follows:

1. Antigen coating: a series of 100 µL plasma dilutions (1:1000, 1:2000, 1:4000, 1:8000,
1:16,000, 1:32,000 and 1:64,000) in carbonate buffer (0.05 M; pH 9.6) were distributed
in a 96-well plate and incubated at 4 ◦C overnight.

2. Saturation: 100 µL of phosphate buffer saline with 1% Tween 20 (Sigma) and 2% nor-
mal pig serum (PBS-T-NPS) were added to each well, and the plate was incubated at
37 ◦C for 30 min. The contents of the wells were emptied, and each well was rinsed
three times with 100 µL of PBS-T.

3. First incubation of the Vtg antibody: 100 µL of 1:10,000 diluted Vtg antibody in PBS-T-
NPS was added to each well. Then, the plate was incubated at 37 ◦C for 90 min or at
room temperature (25 ± 2 ◦C) for 4 h, its contents were discarded, and each well was
rinsed 3 times with 100 µL of PBS-T.

4. Second incubation of the anti-rabbit IgG-peroxidase complex: 100 µL of anti-rabbit
IgG labeled with peroxidase (Sigma) and diluted 1:3000 in PBS-T-NPS was added to
each well, and the plate was incubated at 37 ◦C for 1 h. Then, each well was rinsed
3 times with 100 µL of PBS-T.

5. Color development: peroxidase activity was revealed in the dark by adding 100 µL of a
solution containing 20 mL of citrate buffer (0.2 M; pH 5.0) + 10 mg of o-phenylenedia-
mine + 30 µL of 30% H2O2 (Sigma) to each well. The reaction was stopped after 30 min
by adding 50 µL of 4 M H2SO4 to each well.
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6. The absorbance of each well was measured using a microplate reader at 490 nm. A
blank well was added to aggregate the plate + reagents background; it contained all
reagents except those of the coating step. The blank values were deduced from male
plasma ODs to determine non-specific binding for a given antibody dilution.

Statistical analyses of OD values were performed with R [49], and the rstatix package
(https://rpkgs.datanovia.com/rstatix, accessed on 15 November 2021).

2.5. Proteomic Approach

Samples for mass spectrometry protein analysis were prepared from 1 mL of frozen
H. niloticus plasma submitted to an extraction medium composed of 200 mM PBS, 0.1 mM
EDTA (ethylenediaminetetraacetic acid, Sigma), 1 mM DTT (dithiothreitol, Sigma), and
400 mM PMSF. The samples were stored at −80 ◦C until extraction.

For proteomic analysis, the samples were first thawed in cold water (5 ± 1 ◦C) and
centrifuged at 20,000× g for 5 min. The supernatants containing solubilized proteins were
precipitated by adding 80 µL of refrigerated (5 ◦C) acetone, and evaporated to 20 µL of
sample. After one night at −20 ◦C, the samples were centrifuged at 20,000× g for 20 min
and completely evaporated, and then the protein pellets were resuspended in 150 µL of
ammonium bicarbonate buffer (50 mM, pH 7.0). Protein yield was 30 µg × 100 mL−1 for
plasma. The proteins were digested at 37 ◦C overnight using 0.25 µg/mL porcine trypsin
(Promega, Madison, WI, USA) in 25 µL of bicarbonate buffer. The digestates were desalted
and concentrated on a ZipTip µC18 Omix (Agilent) before analysis.

2.5.1. NanoLC-MS/MS

The chromatography step was carried out on an ultra-high-pressure nano-chromatography
system (NanoElute, Bruker Daltonics, Billerica, MA, USA). Peptides were concentrated on
a C18 pepmap 100 (5 mm × 300 µm) precolumn (Thermo Scientific, Waltham, MA, USA)
and separated at 50 ◦C on a Reprosil reverse phase column (25 cm × 75 µm, 1.6 µm, C18)
(Ionopticks, Fitzroy, VIC, Australia). The mobile phases consisted of 0.1% formic acid in
99.9% water (v/v) (A) and 0.1% formic acid in 99.9% acetonitrile (v/v) (B). The flow rate was
set at 400 nL/min, and the gradient profile was as follows: 2 to 15% B in 60 min, followed
by an increase to 25% B in 30 min and then to 37% B in 10 min, followed by a 95% B wash
step and 2% B rebalance.

MS analyses were carried out on a TIMS-TOF mass spectrometer (Bruker Daltonics)
with a modified nano electrospray ion source (CaptiveSpray, Bruker Daltonics). The system
was calibrated weekly, and the accuracy of mass measurements was better than 1 ppm.
A capillary voltage of 1400 volts was used for ionization. MS spectra were acquired in
positive mode in the 100–1700 m/z mass range. The mass spectrometer was in parallel
accumulation-serial fragmentation (PASEF) mode. Single-charged peptides were excluded.
Ten PASEF MS/MS scans were performed in 1.25 s from the 2–5 charge range.

2.5.2. Peptide Sequencing and Protein Identification

Two local H. niloticus databases were used: an ovarian protein database (437,476 en-
tries) and a liver protein database (244,234 entries), both constructed from the corresponding
transcriptomes [27]. The fragmentation spectrum was used to determine the peptide se-
quences. The database search was performed using the Mascot 2.6.1 program (Matrix
Science). The Mascot score for a protein is the total score of individual peptides, i.e.,
the peptide masses and ion masses of the peptide fragments for each of the peptides
corresponding to a given protein. The Mascot score (http://www.matrixscience.com/,
accessed on 17 March 2021) must be above the 95% confidence level for positive protein
identification, and the 95% confidence level corresponds to a score of ~90 for a search in the
NCBI non-redundant protein database [50–52].

The following modifications of the variables were allowed: C-carbamidomethyl,
K-acetylation, oxidation and di-oxidation of methionine. Mass accuracy was set at 30 ppm
and 0.05 Da for the MS and MS/MS modes, respectively. Mascot data were transferred

https://rpkgs.datanovia.com/rstatix
http://www.matrixscience.com/
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to the Proline validation software program (http://www.profiproteomics.fr/proline/,
accessed on 17 March 2021) for data filtering according to a significance level ≤ 0.05 and to
eliminate redundant proteins.

We have used this ~90 threshold as a criterion for determining a successful Vtg-peptide
detection score among the sampled individuals. Samples with a Mascot score >90 were
considered as females, and those with scores <90 were considered as males. All blood-
sampled sexually mature test fish (59 individuals) were sacrificed to compare MS/MS and
ELISA results with those of visual macroscopic sexing of fish gonads (Figure 1).
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3. Results
3.1. Sexing of H. niloticus with the A. gigas Sexing Kit

Twenty-four mature H. niloticus individuals in their reproductive period (November)
were used to test the efficiency of the sexing kit developed for A. gigas. Vtg was only
detected in two spots, with weaker staining than in the control spot (Figure 2a,b). After
all 24 fish were sacrificed to be sexed visually, the batch turned out to include 10 females.
Therefore, the success rate of the kit was 20%. We concluded that it was not sensitive
enough for the sexing of H. niloticus mature females.
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3.2. Sexing of H. niloticus with Heterologous Vtg Antibodies by Direct ELISA
3.2.1. A. gigas Vtg1 Antibodies

The A. gigas Vtg1 antibody diluted (1:10,000) was tested on H. niloticus and A. gigas
plasma samples taken from mature male and female individuals in their reproductive
period (Figure 3). Samples from males of both species displayed a maximum OD of 0.206
for the lowest 1:1000 plasma coating dilution, while the plate + buffer blank had an average
OD of 0.123. Samples from H. niloticus and A. gigas females showed maximum ODs of 0.449
and 1.433 for plasma dilution coatings of 1:1000, respectively. ANOVA of female vs. male
OD values over dilution range (1:1000 to 1:32,000) indicated significant differences between
the sexes of A. gigas plasmas (p = 0.003), while differences between the two sexes were not
significant for the same coating dilutions range of H. niloticus plasmas (p = 0.87).
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(p = 0.87), Tukey HSD with p adjust. Ag_F: Arapaima gigas female; Ag_m: Arapaima gigas male; Hn_F:
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3.2.2. O. bicirrhosum Vtg Antibody

The maximum OD value reached only 0.09 and 0.140 for 1:1000-diluted A. gigas and
H. niloticus female plasma samples, respectively, similar to that of males from both species
(0.078 for A. gigas; 0.098 for H. niloticus) (results not shown), indicating a total lack of
immunological cross-reactivity.

3.3. Purification of H. niloticus Vtg

The treatment of immature H. niloticus with 17β-estradiol induced the secretion of a
blood protein observed by 12% SDS-PAGE (Figure 4). This major 142 kDa band was present
in two “induced” fish plasmas and absent from two “uninduced” ones. This band was
used to produce the H. niloticus Vtg antibody.

3.4. Sexing of H. niloticus with the Developed H. niloticus Vtg Antibody

After 8 weeks, the H. niloticus Vtg antibody produced by one of the two rabbits was
selected because it showed the best reactions with plasma Vtg and weaker non-specific
binding with the plasma of male individuals (results not shown).
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Figure 4. SDS-PAGE of two African bonytongues, Heterotis niloticus, plasma samples before induction
(BI) and after 17-β Estradiol treatment (I). One major band at 142 kDa molecular mass indicates the
presence of Vtg in the treated plasmas.

The H. niloticus Vtg antibody diluted (1:80,000) was tested on male and female plasmas
of mature H. niloticus and A. gigas sampled during the breeding season. The absorbance
measurements of each well (Figure 5) showed that female H. niloticus reached a maximum
OD of 0.565. Female A. gigas showed a maximum OD of 0.205, with a plate + buffer blank
of 0.075. The OD values for H. niloticus plasma with H. niloticus Vtg antibody were above
the values obtained with the A. gigas Vtg1 antibody within the same dilution range, and a
significant difference was observed for the OD values of H. niloticus male vs. female plasma
coating dilutions ranging from 1:1000 to 1:32,000 (p = 0.024).
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Blank (plate + reagents background) received all reagents except the coating one (a). Box plots of
Statistical analysis of ODs by ANOVA, rstatix (b). * indicates significant statistical differences between
male and female coating dilutions range (p = 0.024); ns indicates non-significant difference (p = 0.93),
Tukey HSD with p adjust. Ag_F: A. gigas female; Ag_m: Arapaima gigas male; Hn_F: Heterotis niloticus
female; Hn_M: Heterotis niloticus male.

3.5. Mass Spectrometry Analysis Results

To test the sexing capabilities of mass spectrometry analysis of mature H. niloticus
individuals, tryptic peptides of Vtg or their cleavage products (Vtg-p) were investigated in
protein extracts from male and female plasma samples. Vtg-p were detected in the plasma
of 44 fish out of 59 (Figure 6), and Vtg Mascot scores ranged from 0 to 11,610 (Figure 7).
Based on these results, 21 fish were considered as males (mascot score < 90) and 38 as
females (mascot score > 90). Mascot scores ranged from 0 to 50 in putative males, and from
96 to 11,610 in putative females. The number of Vtg-p was always ≥2 in females, while it
never exceeded 1 in males (6 males), and 15 males out of 21 had zero Vtg-p, hence also a
Mascot score of 0. Thus, the Vtg-p Mascot scores for males never reached the threshold
value of 90. The 100% correspondence of sex identification (i) by Vtg-p and their mascot
scores by MS/MS, (ii) by direct Vtg ELISA and (iii) by macroscopic sexing after fish sacrifice,
was confirmed for all 59 sampled fish.
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Figure 6. Detection of Vtg and Vtg cleavage products by mass spectrometry from plasma of sexually
mature African bonytongue, Heterotis niloticus, (log-scale Y-axis). The fish with a number of Vtg-
specific peptides ≥2 were considered as females (gray vertical bars), those with a number of Vtg-
specific peptides = 0 (indicated by * for 15 out of 21 fish) or 1 (solid vertical bars for 6 out of 21 fish)
were considered as males (bold IDs on X-axis). The male/female threshold value is represented as a
blue line at number of Vtg tryptic peptides = 1.
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Figure 7. Vtg and Vtg cleavage products Mascot scores determined by mass spectrometry from
plasma of sexually mature African bonytongue, Heterotis niloticus, (same individuals as in Figure 6).
The fish with a Vtg Mascot score >90 were considered as females (gray vertical bars), those with a
Vtg Mascot score ranging from 0 to 90 were considered as males (black vertical bars and * with bold
IDs on the X-axis). The male/female threshold value is represented as a blue line at Mascot score = 90
(log-scale Y-axis).

4. Discussion

We have tested minimally invasive sexing methods based on the detection of Vtg in
mature African bonytongue (H. niloticus) individuals. Vtg had previously been used as
a female-sex marker in a few species such as Siberian sturgeon [53], yellowfin tuna [54],
and sea trout [55]. The sex of mature individuals is generally identifiable from external
characters in most species, but no external characteristic is available to distinguish sexes
in H. niloticus. In some cases, biopsy or endoscopy on anesthetized animals allowed sex
identification, even outside the breeding season or in immature fish [18,56–58]. The African
bonytongue runs a very high risk of mortality during anesthesia because it is an obligate
air breather. Bare and exposed ovarian lamellae in their body cavity do not allow easy sex
determination by cannulation because H. niloticus females do not have an oviduct that could
guide the cannula, as other species do [3,9,14,16,17,59]. In addition, a sexing technique
based on morphometric data has given unreliable results [9]. The long evolutionary
history of A. gigas and H. niloticus (±100 My) has led to a significant divergence of their
chromosomal formula [60] with 2n = 56 for A. gigas and 2n = 40 for H. niloticus. However,
owing to their phylogenetic proximity and relatively high percentages of Vtg sequence
homology (>70%), we hypothesized that the Vtgs of the two species would cross-react with
their heterologous Vtg antibodies.

Despite a high percentage of Vtg sequence conservation between A. gigas and H. niloticus,
the A. gigas sexing kit used on H. niloticus females gave only 20% of positive sex determina-
tion. When the A. gigas Vtg antibody was used for H. niloticus sexing by direct ELISA, it con-
sistently showed an OD < 0.25 for males regardless of the plasma coating dilution, whereas
only dilutions lower than 1:10,000 allowed reliable sexing of H. niloticus females (OD > 0.25).
However, for H. niloticus females the maximum OD values (OD range 0.268–0.449) obtained
with the A. gigas Vtg antibody were lower than those obtained with equivalent dilutions
of A. gigas female plasma in this study (OD range 0.383–1.43) and a previous study [17]
with 1:10,000-diluted plasma and 1:80,000-diluted antibodies (OD range 1.4–2.95). These
results show a noticeable affinity of H. niloticus Vtg for the A. gigas Vtg antibody, probably
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due to the phylogenetic closeness of these two species [24–31,61]. The direct ELISA test
with A. gigas Vtg antibodies appeared to be more sensitive than the A. gigas sexing kit.
Similar observations have been reported in yellowfin tuna (Thunnus albacares) [54] and sole
(Solea vulgaris) [62], where immuno-diffusion detection techniques were also less sensitive
than direct ELISA to detect Vtg. However, taking our results with the A. gigas Vtg antibody
into account, direct ELISA still remains insufficient for the sexing of mature H. niloticus
individuals: the OD signal obtained at the lowest plasma dilution (1:1000) was too weak,
and could lead to false negative results in females with low Vtg levels. Lower plasma
dilutions are not recommended because they tend to increase non-specific binding signifi-
cantly (results not shown). Vtg antibodies from O. bicirrhosum, another Osteoglossiformes
species, provided OD values similar to non-specific binding (OD < 0.141) for H. niloticus
and A. gigas male and female plasmas. Therefore, we can also hypothesize that given the
greater phylogenetic distance between A. gigas and O. bicirrhosum [45], their Vtg molecules
are more dissimilar, and H. niloticus and A. gigas Vtg are not recognized by O. bicirrhosum
Vtg antibodies. The H. niloticus Vtg antibody developed in this study showed non-specific
binding (OD < 0.21) with plasmas from male H. niloticus and A. gigas individuals. We
expected a positive reaction of this antibody with the plasma of A. gigas females, such as the
reaction of the A. gigas Vtg antibody with the plasma of H. niloticus females, but the result
was similar to that of male individuals (OD < 0.205), i.e., non-specific. The lack of specificity
of the H. niloticus Vtg antibody for A. gigas Vtg is surprising. However, we used polyclonal
antibodies, so we can hypothesize a difference in Vtg epitope selection for H. niloticus and
A. gigas during immunization, as reported for other closely related fish species [63].

For H. niloticus females, OD values in response to the H. niloticus Vtg antibody were
greater than 0.25 with 1:1000, 1:5000, and 1:10,000 plasma coating dilutions: they ranged
between 0.336 and 0.565, indicating positive results with an OD threshold >0.25 as described
for A. gigas [17]. Therefore, the antibody developed in this work is specific to H. niloticus
Vtg, and can be used for sex determination of mature individuals of this species. This
specificity is attested by the 100% correspondence of the results obtained by direct sex
determination on 59 fish gonads and blood samples of the same fish tested by direct ELISA.

Mass spectrometry analysis of protein extracts from the plasma of mature H. niloticus
females gave Mascot scores greater than 90, while the Mascot scores of males were less
than 90. This Vtg identification threshold [50] was used to confirm the presence of Vtg-
peptides in H. niloticus breeders (59 animals). The sacrifice of all 59 fish confirmed 100%
of the sexing results of the Mascot score threshold. Proteomic analyses are increasingly
used to identify proteins or peptides of interest [64,65] involved in various processes. For
example, a similar procedure was applied to Epinephelus lanceolatus blood samples and was
also found effective for sex determination [66]. The reproductive status and the degree of
sexual maturation of several oviparous species have also been evaluated through proteomic
studies as a function of the plasma Vtg levels [67]. Mascot scores could also be used to
detect variations likely to reflect the degree of maturation of sexed females, as Vtg levels
are correlated with the oocyte development stages during the reproductive cycle [35,62,68].
Nevertheless, the correlation between Mascot scores and Vtg plasma levels has not been
evaluated yet in H. niloticus.

5. Conclusions

Minimally invasive methods—from small blood samples—based on the detection of
plasma Vtg are now available to sex mature H. niloticus. The existing A. gigas sexing kit
gave mixed results with H. niloticus samples, and the O. bicirrhosum Vtg antibody was
not effective to sex H. niloticus or A. gigas. The A. gigas Vtg antibody sexed only 20% of
H. niloticus individuals, but ELISA tests using the H. niloticus Vtg antibody developed in
this study and a proteomic approach (Mascot scores) successfully sexed sexually mature
H. niloticus. Direct ELISA is cheap and could be easily implemented in African research
centers involved in H. niloticus aquaculture development plans. Depending on local
demand, a field sexing kit could be developed, as it is for A. gigas in South America.
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