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Shark populations are constantly decreasing owing to environmental destruction and
overfishing; thus, sharks are now at a risk of extinction, with 27.9% of shark species
classified as endangered on the International Union for Conservation of Nature’s Red
List. Sharks are apex predators and a keystone species in balancing the marine
food chain; their extinction will create an imbalance of the entire marine ecosystem.
Assisted reproductive technology is the last resort for protecting animals facing severe
extinction. Here, as a proactive effort toward building a hormone-induced artificial
insemination protocol for endangered wild sharks, we identified the possibility of germ
cell maturation by administration of Ovaprim R©, a commercially produced synthetic
salmon gonadotropin-releasing hormone, and calculated its optimum dosage and
injection timing. The experiment was conducted on two shark species—Triakis scyllium
and Triaenodon obesus. We found that intramuscular injections of 0.2 mL/kg of
Ovaprim R© for male T. scyllium and T. obesus, 0.2 mL/kg + 0.5 mL/kg at a 24 h
interval for female T. scyllium, and 0.2 mL/kg + 0.2 mL/kg or 0.2 mL/kg + 0.3 mL/kg
at a 24 h interval for female T. obesus were optimal dose protocols. These doses
effectively induced the maturation and ovulation of oocytes and the release of semen.
Our results confirm that Ovaprim R© is a suitable tool for shark hormone-induced
artificial insemination and indicate that this method may enable the conservation of the
endangered shark species.

Keywords: Triakis scyllium, Triaenodon obesus, synthetic salmon GnRH, Ovaprim, hormone-induced artificial
insemination

INTRODUCTION

Shark populations have been severely threatened by indiscriminate hunting over the last 40–
50 years (Lack and Sant, 2011). Of the species identified on the International Union for
Conservation of Nature’s (IUCN) Red List, 27.9% of shark species are listed as “vulnerable,”
“endangered,” or “critically endangered1.” Sharks are apex predators and keystone species of the

1IUCN Red List of Threatened Species 2019. http://www.iucnredlist.org (accessed September 10, 2020).
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ocean food chain. If their populations are excessively reduced or
become extinct, there will be a rapid imbalance in the marine
ecosystem (Ferretti et al., 2010) and the quantity of marine
food sources will also drop sharply. Protecting endangered
shark species is imperative for humanity and for nature
(Myers et al., 2007).

However, sharks have very slow reproduction rate owing
to their long gestation period, slow sexual maturation, and
small litter size (Ferretti et al., 2010). Introduction of assisted
reproductive technology is necessary for securing genetic
diversity and to accelerate breeding rates (Comizzoli et al.,
2000). Artificial insemination, one of the most important
techniques of assisted reproductive technology, is a method
of mixing spermatozoa and oocytes by artificial means. In
animals that undergo internal fertilization, it entails direct
injection of spermatozoa into the vagina/uterus at the time
of ovulation. Artificial insemination has been conducted on
various endangered species, ranging from terrestrial animals
such as whooping crane (Grus americana), Przewalski’s
horses (Equus ferus), Asian elephants (Elephas maximus), and
northern white rhinoceros (Ceratotherium simum cottoni)
to aquatic animals including lake sturgeon (Acipenser
fulvescens), Mahseer, Osteobrama belangeri, Padba (Ompok
pabo), Tangra (Mystus guillo), etc. (Ogale, 1997; Mijkherjee
et al., 2002; Ogale, 2002; Hermes et al., 2007; Hildebrandt et al.,
2007; Blanco et al., 2009; Devi et al., 2009; Thongtip et al.,
2009).

Thus far, only two papers have been published on shark
artificial insemination in the white-spotted bamboo shark
(Chiloscyllium plagiosum) and cloudy catshark (Scyliorhinus
torazame) (Masuda et al., 2003, 2005). These sharks are
mesopredators of the marine food web as they regulate
populations of mollusks, crustaceans, and bony fishes and serve
as suitable prey for larger elasmobranchs meeting their metabolic
requirements (Taniuchi, 1988; Ferretti et al., 2010; Tambling et al.,
2018). As these species have small body sizes and can store
spermatozoa in the female reproductive tracts, their artificial
insemination strategies can be simplistic (Masuda et al., 2003,
2005). Some artificial insemination studies, which have not
been officially reported in the academic literature, have been
performed in aquariums using large apex predator sharks. They
used the shark’s natural hormonal cycle, for which blood is
collected and the hormone concentration changes are tracked
periodically for at least 1 year. The biggest drawback of this
strategy is that it can only be carried out on shark species that
are safe and accessible to humans. Most endangered sharks in the
wild may have very limited access to human beings either owing
to their numbers or temper and applying the existing method to
them is simply not possible.

Hormone-induced artificial insemination is a method of
increasing the number of germ cells sampled by inducing gamete
maturation and controlling the timing of fertilization through
artificial hormone administration. The biggest advantage of
hormone-induced artificial insemination is that the timing of
reproduction can be artificially adjusted; it has been commonly
used in teleost owing to its commercial efficiency as it effectively
increases the productivity of a fish farm (Hill et al., 2009;

Karami et al., 2011; Hoga et al., 2018). If the hormone-
induced artificial insemination method can be established in
sharks, it would minimize shark-human contact by inducing
reproduction at the desired timepoint. This advantage could
significantly increase the chances of artificial insemination
success in endangered shark species.

For hormone-induced artificial insemination, we used the
hypothalamus-pituitary-gonadal axis that has been used in
Osteichthyes (Rottmann et al., 1991; Cardinaletti et al., 2010;
Genz et al., 2014; Yom-Din et al., 2016; Shanthanagouda
and Khairnar, 2018). The hypothalamus secretes gonadotropin-
releasing hormone (GnRH), the pituitary secretes gonadotropic
hormones, and the gonads secrete gonadal steroids. This results
in the maturation and release of germ cells in both males and
females. Ovaprim R© is one of the most popular agents that induces
reproduction using the hypothalamus-pituitary-gonadal axis in
fish. It has been used successfully for various species, proving its
effectiveness and safety on fish, which are important criteria in
hormone-induced artificial insemination (Yanong et al., 2009).

Ovaprim R© is composed of a salmon gonadotropin-releasing
hormone analog (20 µg/mL) and domperidone (10 mg/mL)2.
The salmon gonadotropin-releasing hormone analog elicits the
release of gonadotropins from the pituitary and domperidone
acts as a Dopamine D2 receptor antagonist, negating other
mechanisms of GnRH release inhibition (Yanong et al., 2009).
Ovaprim R© facilitates gonadotropin release and eventually induces
maturation and release of germ cells, which is conducive
to artificial insemination. However, since there is no official
record of Ovaprim R© application to elasmobranchs yet, it is not
known whether Ovaprim R© will work on sharks. To confirm
whether it works, experiments using two shark species: the
banded houndshark (Triakis scyllium) and the whitetip reef shark
(Triaenodon obesus) were performed.

Triakis scyllium and T. obesus belong to the order
Carcharhiniformes (the former to the family Triakidae and
the latter, to Carcharhinidae). Triakis scyllium inhabits the
Northwest Pacific Ocean and shows aplacental viviparity with
internal fertilization (Compagno, 1984). They are relatively easier
to handle by aquarists when bred in aquariums, thanks to their
small body size (less than 1.5 m). Triakis scyllium is classified
into the group of “least concern” by the IUCN Red List3 and is
one of the most accessible shark species in the Republic of Korea.
However, T. obesus lives in the warm waters of the Indo-Pacific
Ocean. This species also fertilizes its gametes internally but shows
placental viviparity. Although the IUCN Red List classifies this
species into the “critically endangered” group4 and the species
is actually facing extinction, it is also a species commonly seen
in various aquariums where indoor breeding methods are well
set-up. We chose these two species owing to their accessibility,

2U.S.FDA. FOI Summary Ovaprim. https://www.fda.gov/animal-veterinary/
minor-useminor-species/foi-summary-ovaprim (Accessed September 9, 2020).
3IUCN Red List of Threatened Species 2019. Banded houndshark (Triakis
scyllium). https://www.iucnredlist.org/species/161395/5413845 (Accessed March
16, 2020).
4IUCN Red List of Threatened Species 2019. Oceanic whitetip reef shark
(Triaenodon obesus). https://www.iucnredlist.org/species/39374/2911619
(Accessed March 16, 2020).
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abundance in the aquarium, and their smaller size in which
both are thought to be sexually mature if the body length is
longer than∼1 m. Another important reason is that both show a
synchronous reproduction strategy, which makes it meaningful
to induce reproduction at the desired time point. A group of
sharks showing reproductive synchrony have same stage of the
reproduction cycle at a time, manifesting seasonal breeding
(Castro, 2009).

Herein, to the best of our knowledge, we administered
Ovaprim R© for the first time to T. scyllium and T. obesus,
confirming its effect on oocyte maturation, ovulation, and
semen production. Based on this, a platform where artificial
insemination in endangered sharks becomes practically possible,
was constructed.

MATERIALS AND METHODS

Sharks for the Experiment
As a result of selecting sharks with a total body length of
approximately 90 centimeters or more, a total of five male
and seven female T. scyllium, and three male and three female
T. obesus individuals were collected from Hanwha Aqua Planet
Jeju, Jeju-do, Republic of Korea. We searched for more adult
sharks in large aquariums and fish markets in Korea for a
sufficiently large experimental population. There were many
immature sharks, but fully grown ones were not available. In
other words, the sharks used in this experiment were virtually the
best cohort available in the country. Triakis scyllium males were
named M001–M005 and T. obesus WM001–WM003. Females
were named F001–F007 and WF001–WF003, respectively. For
identification, punch biopsy (Kai Medical, Japan) was done at the
tip of the left pectoral fin of the sharks using a binary numbering
system.

Body length and body weight were measured in all sharks
and clasper calcification, elongation, bending, and rhipidion
formation were checked in male sharks to judge sexual maturity
and suitability for experimentation (Clark and Von Schmidt,
1965; Fujinami and Tanaka, 2013; Supplementary Table S1). As
all males met the standards, all were utilized for experimentation.

Abdominal ultrasonography of the uterus and ovaries was
performed on all female sharks to judge sexual maturity and
for pregnancy detection using an Aloka ProSound 2 (Hitachi-
Aloka Medical Ltd., Tokyo, Japan) with a convex probe set to a
frequency of 26 MHz (Madigan et al., 2015; Swider et al., 2017;
Anderson et al., 2018). Only F003 among the female T. scyllium
displayed an ovarian follicle during ultrasonography and F001
and F002 were confirmed as pregnant. Blood sampling was
carried out to check the hormone level baseline of the pregnant
sharks, and they were excluded from the rest of the experiments.
Ultrasounds conducted for over a month confirmed that the
other individuals were not pregnant and showed differences
in their blood hormone levels compared to those that were
obviously pregnant (F001 and F002) (Table 1). Since the other
females (F004–F007) did not show any follicle in their ovaries,
it was highly likely that they were sexually immature. Despite
this, we wanted to confirm the possibility of an Ovaprim R©

TABLE 1 | Hormone concentrations of Triakis scyllium and Triaenodon obesus
prior to Ovaprim R© administration.

Species Sex Hormone Concentration
(M ± SE)

T. scyllium Male (n = 5) Estradiol (pg/mL) 12.68 ± 3.31

Progesterone (ng/mL) 1.37 ± 0.30

Testosterone (ng/mL) 70.03 ± 8.23

Female,
non-pregnant
(n = 5)

Estradiol (pg/mL) 1018.68 ± 477.61

Progesterone (ng/mL) 0.38 ± 0.08

Testosterone (ng/mL) 0.93 ± 0.53

Female, pregnant
(n = 2)

Estradiol (pg/mL) 9159.80 ± 424.10
Progesterone (ng/mL) 0.85 ± 0.12

Testosterone (ng/mL) 2.78 ± 0.11

T. obesus Male (n = 3) Estradiol (pg/mL) 17.08 ± 1.59

Progesterone (ng/mL) 0.76 ± 0.34

Testosterone (ng/mL) 424.79 ± 172.81

Female (n = 3) Estradiol (pg/mL) 22.51 ± 1.73

Progesterone (ng/mL) 0.09 ± 0.03

Testosterone (ng/mL) 0.04 ± 0.01

Concentrations are the average values of four measurements. M, mean; SE,
standard error.

administration triggering the first ovarian cycle in the sharks
since they were approaching the body length of sexually matured
specimens. So, every non-pregnant female T. scyllium (F003–
F007) was used as an experimental candidate.

The sharks’ breeding history was examined and according to
it the T. scyllium have shown irregular pregnancy regardless of
the season, and the T. obesus did not show any pregnancy at
all throughout the exhibition. Since there was little change in
water temperature and circadian rhythm throughout the year in
the facility, their loss of seasonality is explainable (Schaller, 2006;
George et al., 2017).

A physical examination, including swimming status, food
response, and respiratory rate, was done to screen overall health
status after more than a month of the acclimatization period.
Blood examinations including hematology, blood chemistry
tests, and blood gas analysis were performed. Packed cell volume
was determined by centrifugation of whole blood. Plasma was
separated from whole blood in a lithium heparin tube for testing
Na+, K+, Cl−, Ca+, P, Mg2+, blood urea nitrogen, creatinine,
uric acid, total protein, albumin, glucose, total bilirubin, direct
bilirubin, total cholesterol, glutamic-pyruvate transaminase,
glutamic-oxaloacetic transaminase, gamma-glutamyl transferase,
lactate dehydrogenase, creatine phosphokinase, alkaline
phosphatase, amylase, lipase, triglyceride, and NH3 using a Fuji
Dri-Chem 4000i analyzer (Fujifilm, Tokyo, Japan). Blood gas
analysis was also performed to determine TCO2, pCO2, pO2, sO2,
pH, glucose, HCO3

−, base excess, Na+, K+ and ionized Ca2+

using whole blood without anticoagulants with a CG8+ cartridge
and VetScan i-STAT (Abaxis, CA, United States).

No anomalies were detected in complete blood count, blood
chemistry, and blood gas analysis of the experimental candidates
(Supplementary Table S2). All sharks were judged to have a
body condition score of 3/5, and no abnormalities were identified
by ultrasonography. All sharks showed normal swimming, good
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vitality, and good appetite throughout the experiment. Based
on all these data, veterinarians (WHH and SWK) judged
that all sharks were healthy and available for experimentation.
Water quality of the shark tanks was maintained consistently
throughout the experiment (Supplementary Table S3).

Water Quality and Environmental
Management
Male and female sharks were contained separately in two sea
water tanks in the Hanwha Aqua Planet Jeju. Both tanks were
supplied with filtered water siphoned directly from the coastal
sea around Jeju Island. Concentrations of dissolved oxygen
(DO), nitrite (NO2

−), nitrate (NO3
−), ammonia (NH3), water

temperature, salinity, gravity, and pH were maintained constant
and checked at least once a week in both tanks. The sharks were
target-fed mackerel, whiteleg shrimp, and squid thrice a week,
and Mazuri Vita-Zu R© Shark/Ray II Tablet (Purina Mills LCC,
United States) once a week.

Reproductive Hormone Levels Before
Ovaprim R© Administration
Since only minimally invasive procedures were used in this
study, sharks were sedated for every step. We used tricaine
methanesulfonate (MS-222) in 50–60 ppm concentration to
induce sedation for the experiments. To determine the hormone
level before Ovaprim R© (Syndel Laboratories, Vancouver, Canada)
injection, 3 mL of blood was collected from all 16 sharks from
their tail vein and placed in BD Vacutainer R© SSTTM II Advance
(BD, NJ, United States) tubes for serum separation. Serum
estradiol, progesterone, and testosterone concentrations were
measured by electrochemiluminescence immunoassay (ECLIA)
using Elecsys R© progesterone III assay, Elecsys R© estradiol III
assay, and Elecsys R© testosterone II assay on the Cobas 8000
modular analyzer series (Roche Diagnostics Corp., Indianapolis,
IN, United States; Neodin Veterinary Laboratory, Seoul, Republic
of Korea). Blood collection and blood hormone analysis were
carried out in the same manner for all subsequent experiments.
The hormone concentration analyses were repeated four times
per a shark over a one-month period. These data were used
as the basis values for later experiments. In order to establish
an accurate control group, it was necessary to administer
a biologically ineffective fluid instead of Ovaprim R© for each
experiment, but due to a lack of population size, using this basis
value was chosen as an alternative.

Dose Optimization of Ovaprim R© and Its
Effects in Male T. scyllium
The final purpose of this study was to determine if
Ovaprim R© could draw biological reactions through the shark’s
hypothalamus-pituitary-gonadal axis, and if confirmed, to find
out the optimum dose for performing artificial insemination in
the sharks. In the case of male sharks, the criterion of judgment
was quantity and quality of collected semen. For females, the
administered dose should induce follicular maturation and
ovulation but should not result in egg dropping. This is described
schematically in Figure 1, and the doses falling under the shaded

FIGURE 1 | Schematic graph of dose optimization in female sharks.
A conceptual graph showing the correlation between biological phenomena
(x-axis) and artificial insemination suitability (y-axis) that change depending on
the total dose of Ovaprim R© administered. The shaded area denotes mature
oocytes after follicle growth but prior to egg dropping, which is the targeted
area for females in this study.

area indicate the optimum range for female sharks. Too high
a dose will result in egg dropping, and too little cannot induce
follicular maturation. Throughout this study, diverse doses were
tested and according to their biological reactions in the tested
sharks, the experiments were marked on the schematic graph
(Figure 1). Optimized doses were assessed through this process
for T. scyllium and T. obesus.

After testing the basic hormone level of the sharks, dose
optimization experiments were performed using T. scyllium,
which had a larger population size than T. obesus. The
experiment was first performed on male sharks. Female
doses were tested in another experiment, based on the
determined male dose.

As there was no reported information about Ovaprim R© dosage
in sharks, we set experimental doses based on the amounts
previously administered to Osteichthyes (Nandeesha et al., 1990;
Khan et al., 2006; Genz et al., 2014; Paul and Chanda, 2014).
We used male sharks for this experiment and divided them into
three groups as follows: Group A: M004; Group B: M001 and
M002; Group C: M003 and M005. Although Group A contained
only one shark, it was still designated as a “Group” for ease
of understanding. The sharks were grouped in this manner
because we wanted to distribute both small and large specimens
evenly in each group. We injected 0.1, 0.2, and 0.4 mL/kg of
Ovaprim R© intramuscularly (IM) to the Groups A, B, and C,
respectively, into the epaxial muscle (Yanong et al., 2009). The
change in the concentration of blood estradiol, progesterone,
and testosterone was monitored, and semen collection trials
were performed at 10 min pre-injection and at 1, 2, and 6 h
post-injection. Semen was taken from the urogenital papilla
of each shark using a syringe lacking the needle while the
abdomen was massaged gently. The first transparent part of the
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ejaculated semen was discarded and only the subsequent cloudy
part was taken, thereby excluding urine and maximizing the
concentration of spermatozoa. After collection, semen volume
was measured and stored at 21◦C for subsequent experiments.
Semen was diluted with activating solution and checked using
an optical microscope for motile spermatozoa. Through this step,
we confirmed whether Ovaprim R© affected the hormonal system
in sharks and determined the effective dosage for males.

After dose optimization, injection tests were performed using
the optimized dose (0.2 mL/kg) to observe the timing for semen
collection and blood hormone level changes up to 48 h post-
injection. In total, three experiments were performed in a row
with more than a month interval between experiments to allow
the hormone concentrations to return to baseline levels. Semen
collection was performed at 1, 12, and 36 h post-injection in each
experiment. The blood-concentration of estradiol, progesterone,
and testosterone were checked at 10 min pre-injection and at 1,
12, 24, 36, and 48 h post-injection in all three experiments.

Dose Optimization of Ovaprim R© and Its
Effects in Female T. scyllium
In females, Ovaprim R© was administered twice in every
experiment. The primary injection was to trigger follicular
maturation and the second was for induction of ovulation. This
strategy is commonly used in bony fish (Nandeesha et al., 1990;
Khan et al., 2006; Genz et al., 2014; Paul and Chanda, 2014).

For dose optimization in females, four different dosages
were tried. The first trial dose was deduced from the optimum
dose in males based on Osteichthyes protocols (Nandeesha
et al., 1990; Khan et al., 2006; Genz et al., 2014; Paul and
Chanda, 2014). Based on the biological reactions following the
injection, optimization was performed in serial, controlling the
dose in the experiments. As the optimum dose for males was
concluded to be 0.2 mL/kg IM in the epaxial muscle in the
previous experiment, doses used in each of the four experiment
were as follows: First: 0.6 mL/kg + 0.6 mL/kg; Second:
0.2 mL/kg + 0.4 mL/kg; Third: 0.2 mL/kg + 0.6 mL/kg; and
Fourth: 0.2 mL/kg + 0.5 mL/kg. Blood estradiol, progesterone,
and testosterone concentration analysis, follicular size change
and ovulation checks with ultrasonography, and egg dropping
checks were carried out at 10 min pre-injection and at 12,
24, and 36 h post-injection. Axes lengths and area of the
follicle’s largest cross section at every time points were measured
using the embedded tool from the ultrasonography device.
Eccentricity was calculated manually with the long and short
axis values. The time gap between the primary and the
secondary injections in the first trial was set to 6 h, following
protocols commonly used in other species (Nandeesha et al.,
1990; Paul and Chanda, 2014). As the hormone level graph
and biological reactions from each experiment were being
monitored, the timings for the second injection were adjusted
and applied throughout the experiments as follows: First: 6 h;
Second: 12 h; Third: 24 h; and Fourth: 24 h. To perform the
following experiment after the hormone concentration returned
to baseline, a time interval of more than 1 month was set between
each experiment.

Dose Optimization of Ovaprim R© and Its
Effects in T. obesus
Based on the experimental outcome in T. scyllium, 0.2 mL/kg
Ovaprim R© was administered to T. obesus males. As the biological
reaction to the injection was thought to be appropriate,
three replicate experiments were performed without further
dose optimization for males. The concentration of estradiol,
progesterone, and testosterone was assessed in blood drawn
10 min pre-injection and 12, 24, 36, and 48 h post-injection.
Semen collection was performed at 15 min, and 1, 12, 24, 36, and
48 h post-injection.

In females, 0.2 mL/kg Ovaprim R© was administered twice at a
24 h interval for the first experiment, extrapolating the results of
female T. scyllium and male T. obesus. Two experimental doses
were administered in the female group with more than a month
interval between the trials. Administered doses were as follows:
First: 0.2 mL/kg + 0.2 mL/kg; Second: 0.2 mL/kg + 0.3 mL/kg
at a 24 h interval. Blood collection for hormone analyses, ovary
ultrasonography for follicular growth measurement, and egg
drop checking were carried out 10 min pre-injection and at 12,
24, 36, and 48 h post-injection, using the same methodologies
that were applied to T. scyllium.

RESULTS

Reproductive Hormone Levels Before
Ovaprim R© Administration
Results of blood hormone levels are shown in Table 1. In
females, it was possible to distinguish between pregnant and
non-pregnant individuals based on their estradiol concentration.
An average estradiol level of 9159.80 pg/mL for the pregnant
group, and 1018.68 pg/mL for the non-pregnant group was
recorded, showing more than a ninefold difference between
the two (Table 1). There were evident interspecific differences,
especially in estradiol and testosterone concentrations in females
and males, respectively. Male T. obesus showed a more than six
times higher testosterone level than that in male T. scyllium.
Female T. scyllium, however, showed a more than 400 times
higher estradiol concentration than that in female T. obesus. This
suggests that the baseline data must be established separately for
each species. As there is no previously published information
on hormone levels for both T. scyllium and T. obesus, the
data presented in Table 1 merits academic use in other studies
and by clinicians.

Dose Optimization of Ovaprim R© and Its
Biological Effects in Male T. scyllium
The results from the hormone level analysis of male T. scyllium
are shown in Figure 2. We found that all three Ovaprim R©

concentrations administered to Groups A, B, and C induced
hormonal reactions in sharks. This was the first time that
Ovaprim R© has been confirmed to be effective physiologically in
the shark. Among the three hormones tested, testosterone level
fluctuations were the most obvious, and thus, it was chosen as
one of the bases for monitoring the biological reaction of the
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FIGURE 2 | Blood hormone level changes after Ovaprim R© injection in male Triakis scyllium. Ovaprim R© was injected intramuscularly into the epaxial muscle.
(A) Average hormone concentration changes of Group A (0.1 mL/kg). (B) Average hormone concentration changes of Group B (0.2 mL/kg). (C) Average hormone
concentration changes of Group C (0.4 mL/kg). The orange arrows indicate the time points of Ovaprim R© injection.

male sharks. The initial fluctuation was greatest in group B at 59.6
ng/mL, whereas the fluctuation of testosterone was 34.3 ng/mL
in group A and 13.0 ng/mL in group C. The results from group
B and C confirmed that a 0.2 mL/kg dose was effective to elicit
in vivo reactions, as the fluctuation was larger in group B, even
though similar baseline concentrations at 0 h (Group B: 94.8
ng/mL; Group C: 98 ng/mL) were evident.

Semen from all sharks was sampled. It was most easily sampled
at 1 h post-injection. The average volume of semen sampled at
1 h post-injection was 1.9 mL for Group A; 7.7 mL for Group
B; and 2.8 mL for Group C. No semen could be sampled from
any of the experiments in any group at 6 h post-injection and
at 10 min pre-injection. Thus, all three doses triggered semen
emissions, of which the dosage of 0.2 mL/kg resulted in the largest
volume of ejaculate. It also confirmed that 1 h post-injection was
an appropriate interval at which to procure semen samples. Based
on these observations, we concluded that the optimum Ovaprim R©

dose in male T. scyllium was 0.2 mL/kg.
To check the biological influence of this optimum dose in

T. scyllium, 0.2 mL/kg Ovaprim R© was injected into all five male
sharks. This experiment was performed in triplicate and the
resulting hormone level data are shown in Figure 3A. Up to
48 h of observation showed that testosterone levels decreased
in the beginning, recovered, and then increased, reaching peak
values at 36 h. In addition, we attempted semen sampling at
1, 12, and 36 h post-injection. The average volume of the five
semen samples was 4.6 mL at 1 h; 2.0 mL at 12 h; and 0 mL
at 36 h post-injection. We were able to confirm that 1 h post-
injection was the most optimum time for semen sampling in
T. scyllium.

Dose Optimization of Ovaprim R© and Its
Effects in Female T. scyllium
In females, dose optimization was performed in four steps, which
resulted in the blood hormone concentration graph in Figure 3B.
Of the three hormones, progesterone showed the clearest form
of fluctuation, reaching its peak at 24 h. Optimum dosage was
judged based on biological reactions. As the purpose of Ovaprim R©

administration in females is to successfully induce follicular
maturation and artificial insemination-performable conditions,

the goal was to isolate safe zones that would avoid the two
undesirable phenomena for artificial insemination: immature
follicles and egg dropping (Figure 3). The aim of this experiment
was to find the doses that would coincide with the shaded area. It
was determined that it would only be possible to perform artificial
insemination when the experimental conditions fell into this area.

In the first experiment, Ovaprim R© was administered to all
female T. Scyllium sharks (F003–F007). As a result, the average
hormone concentration change graph was as shown in Figure 3B.
However, data showed a large gap between the hormonal levels
in F003 and the rest of the female sharks. The hormone
concentration graph for F003 is shown in Figure 3C. In F003,
the basic concentration of hormones itself was higher than
in the other sharks. In addition, the change in progesterone
concentration itself was significantly greater in F003 than in
the other sharks (F003: 12.0 ng/mL; F004: 3.1 ng/mL; F005: 2.3
ng/mL; F006: 3.4 ng/mL; F007: 1.7 ng/L).

There was another clue differentiating F003 from the other
females: the changes in the ovary follicle size before and after
Ovaprim R© administration using ultrasonography. In F003, it
was possible to identify the presence of ovarian follicles both
before and after administration, and the observed size change
of the follicle was apparent. However, for F004–F007, no visible
follicles were observed on ultrasonography, both before and after
hormone administration. Comparing the ultrasound reports of
F003 before and after Ovaprim R© administration, the increase in
follicle size could be clearly discerned not only through measured
figures (Figure 4A), but also with the naked eye (Figures 4B,C).

Collectively, we concluded F003 was the most and the only
mature shark, and thus, further examinations were done with
F003 only. Therefore, three more dose optimization experiments
were conducted only on F003. The optimum time interval
between the first and second injections in each experiment had
to be decided, and the first experiment using the time gap of
6 h resulted in peak values of hormone concentration change
(Figure 3B) and in increased follicle size (Figure 4A) at 24 h post-
injection. Based on these observations, the time interval between
injections was set at 24 h for the third and fourth experiments.

The biological reactions in the experiments on F003 are
shown in Figure 5A: first experiment (0.6 mL/kg + 0.6 mL/kg):
both follicle maturation and egg dropping occurred; second
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FIGURE 3 | Blood hormone level changes after Ovaprim R© injection in Triakis scyllium and Triaenodon obesus. (A) Average hormone concentration changes in male
T. scyllium. Ovaprim R© was injected at 0.2 mL/kg dose at the orange arrowed time point. (B) Average hormone concentration changes of female T. scyllium.
Ovaprim R© was injected at 0.6 mL/kg dose at the orange arrowed time points. (C) Average hormone concentration changes of T. scyllium (Female #3; F003).
Ovaprim R© was injected at 0.6 mL/kg dose at the orange arrowed time point. (D) Average hormone concentration changes of male T. obesus. Ovaprim R© was
injected at 0.2 mL/kg dose at the orange arrowed time point. (E) Average hormone concentration changes in female T. obesus. Ovaprim R© was injected at 0.2 mL/kg
and 0.3 mL/kg doses in serial at the orange arrowed time points.

experiment (0.2 mL/kg + 0.4 mL/kg): neither follicle
maturation nor egg dropping occurred; third experiment
(0.2 mL/kg + 0.6 mL/kg): both follicle maturation and egg
dropping occurred; fourth experiment (0.2 mL/kg + 0.5 mL/kg):
follicle maturation occurred but egg dropping did not. As
T. scyllium is an aplacental viviparous species, or ovoviviparous
species, the fact that the eggs were dropped means these were not
conducive conditions for artificial insemination. Around 15–20
eggs were found on the bottom of the female tank during the first
and third experiments. As a result of all four experiments, the
optimum protocol for female T. scyllium was concluded to be two
injections of 0.2 and 0.5 mL/kg of Ovaprim R© at a 24 h interval.

Dose Optimization of Ovaprim R© and Its
Effects in T. obesus
Changes in blood hormone levels after administration of
0.2 mL/kg Ovaprim R© in males are as shown in Figure 3D. Overall,
testosterone levels after salmon gonadotropin-releasing hormone
analog administration were significantly higher in T. obesus than
those in T. scyllium, although these decreased at 24 h post-
injection. Progesterone, however, showed peak concentrations at
24 h compared to at 12 h in T. scyllium, thus showing different
increments between species. Estradiol remained constant at very
low levels. Unlike T. scyllium, semen was not sampled at both
1 h and 12 h post-injection. The sampling time point was further

reduced to 15 min post-injection and as a result, sufficient
amounts of semen could be collected with an average volume of
6.5 mL. Semen sampling was found to be effective if carried out
almost immediately after Ovaprim R© administration in T. obesus.
Semen sampling at later stages could result in the loss of semen to
the surrounding environment.

In females, both the first (0.2 mL/kg + 0.2 mL/kg) and
second (0.2 mL/kg + 0.3 mL/kg) experiments showed follicular
maturation (Figures 4D–F) and no egg dropping (Figure 5B).
Follicular size change could be recognized clearly both by the
naked eyes in ultrasonography and through measurements in
Figure 4D. No egg dropping suggested that the sharks were
in a suitable state for artificial insemination. Overall, hormone
levels after Ovaprim R© administration were lower than those in
female T. scyllium (Figure 3E). Estradiol and testosterone levels
remained constant, whereas progesterone concentrations showed
a steady increase. As there was no peak within 48 h, it was thought
that the progesterone level would increase after 48 h.

DISCUSSION

Biological Reactions Following Ovaprim R©

Administration in Sharks
For seasonally breeding sharks, natural ovarian follicular
maturation occurs gradually throughout the year concomitant
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FIGURE 4 | Ovarian follicle size change after Ovaprim R© injection in Triakis scyllium and Triaenodon obesus. (A) Ovarian follicle size changes after Ovaprim R© injection
in female T. scyllium. Axis length and area values were measured directly on ultrasonography. Eccentricity was calculated with the long and short axis values. The
orange arrows indicate the time points of Ovaprim R© administration. (B) Ultrasonography of left ovary before Ovaprim R© injection in T. scyllium (F003). The orange
arrows indicate the same follicle in (C) at different time point. Size of the follicle with the orange arrow was 3.7 cm × 1.9 cm (5.45 cm2). (C) Ultrasonography of left
ovary after Ovaprim R© injection in T. scyllium (F003). Follicles showed distinct size increase. The orange arrows indicate the same follicle in (B) at different time point.
Size of the follicle with the orange arrow was 4.9 cm × 2.0 cm (7.60 cm2). (D) Ovarian follicle size changes after Ovaprim R© injection in female T. obesus. Axis length
and area values were measured directly on ultrasonography. Eccentricity was calculated with the long and short axis values. The orange arrows indicate the time
points of Ovaprim R© injection. (E) Ultrasonography of left ovary before Ovaprim R© injection in WF002 (T. obesus). The orange arrows indicate the same follicle in (F) at
different time point. Size change of the follicles can be recognized by ultrasonography. Size of the follicle with the orange arrow was 4.4 cm × 3.0 cm (10.27 cm2).
(F) Ultrasonography of left ovary after Ovaprim R© injection in WF002 (T. obesus). The orange arrows indicate the same follicle in (E) at different time point. Size of the
follicle with the orange arrow was 7.4 cm × 3.7 cm (21.77 cm2).

with a gradual increase in follicular diameter (Sulikowski et al.,
2007; George et al., 2017). Therefore, the follicular maturation
that we observed over 1 or 2 days in the current study is
not a natural phenomenon. We found that follicular diameters
increased by more than 1.5–2.0 cm within only 48 h in response
to the administration of Ovaprim R©, thereby confirming that this
salmon gonadotropin-releasing hormone can effectively induce
follicular maturation in both T. scyllium and T. obesus.

The observation that sharks lost their seasonality during the
captive period also supports the argument that the follicular
maturation was due to Ovaprim R© administration (Schaller, 2006;
George et al., 2017). The loss of seasonality, as a consequence
of a reduction in water temperature and circadian rhythm
changes over seasons, has been observed in sharks maintained

in some aquaria, and indeed, maintaining constant water
temperatures year-round is suggested as a method for reducing
reproductive activity (Schaller, 2006; Henningsen et al., 2008;
George et al., 2017). Consequently, taking into consideration
the fact that the sharks lose seasonality and thereby undergo
a reduction in reproductive activity, we assume that their
ovarian follicular growth observed in the present study is
more likely to have been a response to the administration
of Ovaprim R©, rather than a manifestation of the natural
reproductive cycle.

Given that reproduction is the most important aspect of
conservation efforts, the loss of seasonality phenomenon in
captive-bred sharks can represent a major hurdle in ex situ
conservation programs. Accordingly, our observations that

Frontiers in Marine Science | www.frontiersin.org 8 November 2020 | Volume 7 | Article 571741

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-571741 January 13, 2021 Time: 11:22 # 9

Kim et al. Ovaprim Application in Sharks

FIGURE 5 | Schematic graph of dose optimization in Triakis scyllium and Triaenodon obesus. A conceptual graph showing the correlation between biological
phenomena (x-axis) and artificial insemination suitability (y-axis) that change depending on the total dose of Ovaprim R© administered. The shaded area denotes
mature oocytes after follicle growth but prior to egg dropping, which is the targeted area for females in this study. (A) Ovaprim R© experimental doses for female
T. scyllium. TS¬: 0.6 mL/kg + 0.6 mL/kg, 6 h time gap; TS­: 0.2 mL/kg + 0.4 mL/kg, 12 h time gap; TS®: 0.2 mL/kg + 0.6 mL/kg, 24 h time gap; TS¯:
0.2 mL/kg + 0.5 mL/kg, 24 h time gap. (B) Ovaprim R© experimental doses for female T. obesus. CL¬: 0.2 mL/kg + 0.2 mL/kg, 24 h time gap; CL­:
0.2 mL/kg + 0.3 mL/kg, 24 h time gap.

Ovaprim R© can induce follicular maturation in sharks that have
lost their seasonality highlight the potential utility of this
agent in overcoming the reproductive hurdle. In this regard,
numerous previous studies on bony fish have demonstrated the
successful promotion of reproduction via hormone induction,
even during periods other than the natural breeding seasons of
these fish. For example, in carp, in which the administration
of Ovaprim R© is a commonly used treatment, breeding can
be induced more than twice annually during non-breeding
periods5. Thus, if Ovaprim R© can be used to overcome natural
patterns in fish reproductive cycles, it could become a
potentially useful tool in the ex situ conservation of a range of
endangered species.

In this study, Ovaprim R© could induce biological reactions
only when the sharks matured sexually to some extent—
confirmed by both hormone concentration analyses and
Ovaprim R© injection experiments using sharks F003–F007. We
found that the basal hormonal concentrations in shark F003
were higher than those observed in the six other sharks.
Given the significant differences in physique between sharks
F004–F007 and F003 (Supplementary Table S1), our findings,
with respect to differences in hormonal concentrations, are
consistent with those reported in previous studies showing
that the levels of gonadal hormones increase as an animal
matures (Lutton et al., 2005). The other four sharks (F004–
F007) did not have active follicles prior to the administration

5Sukumaran, K.K. (1985). Seed production and hatchery management. http://
www.fao.org/3/ac229e/AC229E03.htm (Accessed September 16, 2020).

of Ovaprim R©, indicating that these sharks were not sufficiently
mature. As observed previously in bony fish, the lack of
response to Ovaprim R© administration in the sharks confirms
that the gamete developmental stage is an important factor
influencing the response to exogenous hormonal stimulation
(Anderson et al., 2013).

Accordingly, it is important to determine sexual maturity
accurately in sharks prior to using Ovaprim R©. In this study,
especially in the case of females, it was the ultrasonography
images of the ovarian follicles that played a decisive role in
determining sexual maturity—only the sharks that had follicles
before administration of Ovaprim R© were mature enough to be
used in the experiment. Data on the baseline concentrations
of sex hormones has not been established for most shark
species; thus, it is very important to check the existence,
size change, and ovulation of follicles using ultrasonography.
In various piscine species, ultrasound is commonly used to
determine sexual maturity, maximizing the efficiency of AI
(Petochi et al., 2011; Du et al., 2017; Kujawa et al., 2019). As
artificial intervention is much more difficult for sharks than other
fish, accurate ultrasonography use is important for successful
conservational attempt.

Based on measured gonadal hormone concentrations, our
findings indicate that both female and male sharks showed
responses to the administration of Ovaprim R©. These observations
indicate that the hypothalamus-pituitary-gonadal axis, which
has previously been identified in bony fishes, including
sturgeons, might also exist in sharks (Yom-Din et al., 2016).
Although the roles of salmon gonadotropin-releasing hormone
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analog and gonadal steroids have been identified, we did not
directly determine the pituitary levels of hormones, including
gonadotropic hormones, in the present study. However, as the
basic role of gonadotropic hormones is to induce fluctuations in
gonadal steroid levels in each sex and to induce the maturation
and release of germ cells, their roles were being carried out
effectively in the sharks examined in the present study.

Finally, our observations that salmon gonadotropin-releasing
hormone analog functions in two species from different genera,
i.e., species showing different types of reproductive strategies
based on the presence or absence of the placenta, indicate
that Ovaprim R© could also induce similar biological reactions in
other shark species. These findings are consistent with those
of Lovejoy et al. (1992), who identified molecules similar to
salmon GnRH and chicken GnRH in sharks. Further studies
are required to ascertain whether these two different forms of
GnRH act similarly.

Necessity and Possibility of Ovaprim R©

Usage for Hormone-Induced Artificial
Insemination in Wild Shark Conservation
Populations of a diverse range of piscine species are being
threatened by human activities, and accordingly, efforts are
being made to conserve some of these species (Halpern
et al., 2008; Arthington et al., 2016). Induced reproduction
is one of the important tools for the ex situ conservation
of endangered Osteichthyes species (Ogale, 1997; Mijkherjee
et al., 2002). For example, Ogale (2002) and Devi et al.
(2009) have reported the breeding and conservation of Mahseer
and Osteobrama belangeri, respectively, and hormone-induced
artificial reproduction has been conducted using sturgeon
(Anderson et al., 2013). Furthermore, in India, the West Bengal
Government is making active use of induced breeding techniques
and shares the culture methods used for endangered species with
local farmers (Mijkherjee et al., 2002). They also have professed
their plans to study and share induced breeding techniques in
other endangered species.

Among the different classes of fish, the Chondrichthyes are
characterized as having the highest proportion of threatened
species (30.39%)6. Although the risk of extinction among these
cartilaginous fish is more serious than that of Actinopterygii
(16.77%), Chondrichthyes conservation tends to rank low on
the international conservation agenda (Dulvy et al., 2008;
Jacques, 2010), which presumably reflects the fact that few
Chondrichthyes species are of direct commercial importance.
Accordingly, the importance of their conservation is recognized
to a greater extent from an ecological perspective rather
than from an economic imperative (Jacques, 2010). However,
marked declines in the populations of apex predators can
potentially precipitate the collapse of marine food chains, and
thus in many instances may result in a reduction of food
resources for humans (Myers et al., 2007; Ferretti et al., 2010).
Consequently, although Chondrichthyes conservation may not

6IUCN Red List of Threatened Species 2019. Summary Statistics. https://www.
iucnredlist.org/resources/summary-statistics (Accessed September 10, 2020).

seem to be of direct economic benefit, the opposite may
in fact be true.

The conservation of Chondrichthyes species includes both
in situ and ex situ initiatives (Friedrich et al., 2014; Fox
et al., 2018), the former of which includes establishing
marine reserves or regulating fishing, and thereby maintaining
populations of animals in their native habitats, whereas the
latter preserves animals using facilities external to their native
ranges (Arthington et al., 2016; Fox et al., 2018). Although
most of the conservation efforts for Chondrichthyes are in situ,
some ex situ-managed breeding and monitoring programs
are being conducted by several aquaria (Fox et al., 2018).
However, to the best of our knowledge, none of these programs
have employed hormone-induced breeding for the purposes of
Chondrichthyes conservation.

In the case of wild sharks, aquaria could potentially
serve as sites for ex situ conservation. However, if water
temperatures and circadian rhythms at the facilities are not
precisely controlled, there is a high probability that reproductive
activity would be reduced, as indicated by the findings of
the present study (Henningsen et al., 2008). Furthermore,
when targeting large wild sharks, it is generally difficult to
accurately determine the timing of the ovulation of mature
eggs, as conventional artificial insemination methods involve
frequent ultrasonography, blood collection, and hormone
concentration analysis. Given these aforementioned factors,
hormonal triggering is deemed to be among the essential tools
required for the ex situ conservation of sharks.

Hormonal inducers such as Ovaprim R© can be used for a
number of different purposes, from inducing natural courtship
behaviors to facilitating artificial reproduction (Viveiros et al.,
2002; Zarski et al., 2009; Montchowui et al., 2011). Successful
induction of reproduction in an internal fertilizer requires
conditions such as the stable ovulation of mature eggs, acquisition
of spermatozoa with good fertility and quantity, and artificial
insemination at the appropriate time, and by manipulating the
timing and number of reproduction events using hormonal
inducers, the efficacy of reproduction can be maximized7. As
a hormonal inducer, Ovaprim R© has commonly been used to
induce spawning for successful fertilization and hatching in
vulnerable wild species, and is also used in the establishment
of ovulation protocols for introducing new species to the
aquaculture industry (Sarkar et al., 2004; Zadmajid et al., 2017).
These uses of Ovaprim R© have been based on one common feature,
namely, the successful induction of reproduction in wild fish.
However, prior to the present study, it had not been established
whether this product could be used to induce biological reactions
in Chondrichthyes.

As a proactive step toward the development of a hormone-
induced artificial insemination protocol for endangered wild
sharks, we used Ovaprim R© to induce germ cell maturation and
established suitable dosages and an injection protocol. We found
that a single 0.2 mL/kg Ovaprim R© dose induced semen release in
the males of both study species and that the administration of two

7Sukumaran, K.K. (1985). Seed production and hatchery management. http://
www.fao.org/3/ac229e/AC229E03.htm (Accessed September 16, 2020).
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0.2 mL/kg + 0.5 mL/kg doses (at a 24 h interval) in T. scyllium,
and 0.2 mL/kg + 0.2 mL/kg or 0.3 mL/kg (at a 24 h interval)
in T. obesus females induced follicular maturation without
egg dropping. Accordingly, given that the basic conditions
for hormone-induced artificial insemination can be established
using Ovaprim R©, we can reasonably expect that hormone-
induced reproduction can be achieved in sharks. Compared with
the development of hormone-induced artificial insemination
technology in other fish species, the research reported herein is
in its infancy; however, the findings of the present study, which
to the best of our knowledge, is the first to have demonstrated
successful hormone-induced reproduction in sharks, can serve to
guide the direction of further related studies (Nandeesha et al.,
1990; Khan et al., 2006; Brzoska and Adamek, 2008; Olumuji
and Mustapha, 2012; Dhara and Saha, 2013). Considering the
importance of hormone-induced reproduction techniques in the
ex situ conservation of wild sharks, we believe that the findings of
the present study will make a potentially important contribution
to the conservation of endangered shark species.

Study Limitations and Future
Perspectives
Studies on the populations of wild animals are often constrained
by sample scarcity, limited study periods, and insufficient
funding, inter alia (Morrison et al., 2008). Sharks as species
representative of marine wildlife are notably difficult targets for
sampling, and the small sample sizes typically obtained invariably
impose certain experimental limitations: only simple comparison
between groups was possible, and different conditions were tested
on an animal with temporal intervals of more than a month
between experiments. Therefore, further studies designed to
augment population size are inevitable.

Nevertheless, even given such limitations, we believe that the
findings of the present study provide a clear direction for further
research on shark hormone-induced artificial insemination.
Ovaprim R© was found to induce biological reactions in the shark,
and as expected, the induced reactions were confirmed to be
related to germ cell maturation and release. We were able to
establish a general dose range and determined an appropriate
administration protocol, and although fewer experiments were
carried out for T. obesus than for T. scyllium, the desired
biological responses could be induced, thereby indicating that
the protocol developed in this study has potentially broad
applicability in sharks.

Although Ovaprim R© was found to induce ovulation and semen
release, we examined only the maturity or quantity of the germ
cells, and consequently, further studies will be necessary to
verify whether there are any negative effects of synthetic salmon
gonadotropin-releasing hormone analog administration on the
quality of these germ cells. Aside from volume, other metrics
of semen quality—morphology (normal spermatozoa), motility
(progressive spermatozoa), viability, and concentration—should
be evaluated in further studies to confirm the time to collect
quality samples. Furthermore, given that we did not undertake
an actual artificial insemination experiment in the present
study, we were unable to determine the fertilization rate of the
artificially maturated germ cells. Moreover, we did not perform

analyses of the pituitary hormones, and thus, further studies are
required to verify the presence, changes in concentration, and
interactions of pituitary-level hormones in the hypothalamus-
pituitary-gonadal axis of sharks.
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