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Shark is a generic term for fish species belonging to the Class Chondrichthyes 

Superorder Selachimorpha and is a representative animal group that has successfully 

survived to date among early vertebrates. As they appeared in the early stages of 

vertebrate formation and thus contain the history of evolution, sharks are important 

subject of evolutionary biological studies in various aspects such as immunology, 

reproductive biology, and cancer biology. In addition, sharks play an important role 

in ecological point of view because they are the apex predators of the marine food 

chain and are contributing to maintain a balanced and stable ecosystem. It has 

already been revealed through several previous studies that if the number of sharks 

become seriously reduced, the entire food chain of the relevant area can collapse. 

Sharks are thus also called as keystone species because of their high importance. 

The problem is that sharks are currently in critical danger of extinction. 

According to the IUCN Red List, about 37% of chondrocytes are classified into 

“vulnerable (VU),” “endangered (EN),” and “critically endangered (CR)” groups, 

facing serious extinction. Decline of population had been perceived since the 1970s, 

and the biggest contributing factor has been pointed out as fishing, led by the shark's 

fin industry. Accordingly, conservational efforts have been carried out worldwide to 

reduce shark fishing, but their endangered status has not been easily improved due 

to their uniquely slow breeding rate. 

Artificial intervention by human is indispensable for the conservation of 

critically endangered animal species. Assisted reproductive technology has already 

been developed and applied to conservational works for various endangered species 
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such as white cranes, Przewalski’s horses, elephants, and northern white rhinos. 

However, in the case of sharks, access to the animals is not easy, so few studies have 

been conducted thus far. Therefore, in this paper, a series of studies on assisted 

reproductive technology were conducted to contribute to the shark conservation. 

First, basic imaging atlas was established, and then shark semen cryopreservation 

protocol, hormone induced ovulation protocol, and hormone induced semen 

sampling protocol were developed. 

1. As imaging analysis techniques are the basis of veterinary approaches, this 

study established detailed imaging atlas in sharks using computed tomography 

(CT) and magnetic resonance imaging (MRI) methods for the first time. 

Whole-body CT and MRI scans were performed with three young banded 

houndsharks (Triakis scyllium) of around 1 m in total body length, and each 

individual was cryosectioned into transverse, sagittal, and dorsal planes to 

compare and analyze with the images from CT and MRI scans. Atlas was 

established by classifying various organs and tissues in detail. However, it was 

impossible to confirm the reproductive system as the study was conducted on 

immature individuals. 

2. Experiments were conducted on five male banded houndsharks (Triakis 

scyllium). One hour after 0.2 mL/kg of Ovaprim® administration, the shark's 

abdomen was gently massaged and the secondary cloudy portion of semen was 

sampled through urogenital papilla. The composition of an activating extender 

capable of maximizing the motility of stationary spermatozoa was established, 
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which was designated as SSAE-1. To establish a cryopreservation protocol 

optimized for banded houndshark semen, a total of 8 extender solutions, 3 

extension ratios, 15 cryoprotectants, 4 equilibration periods, 3 cooling rates, 

and 3 thawing temperatures were tested. The optimized protocol (Kim’s 

protocol) was as follows: extender, filtered seawater; extension ratio, 1:3; 

cryoprotectant, egg yolk 10% + ethylene glycol 10%; equilibration period, 10 

min; cooling rate, 3 cm, 3 min; thawing temperature, 30℃, 10 s. The resulting 

post-thaw spermatozoa motility was 2.03%.  

3. Experiments were conducted on the ovoviviparous shark banded houndshark 

(Triakis scyllium) and the placental shark (Triaenodon obesus) to confirm the 

applicability of salmon-derived gonadotropin-releasing hormone analogue 

(sGnRHa, Ovaprim®) throughout shark species with various breeding 

strategies. Prior to the experiment, normal blood sex hormone concentrations 

of females and males were identified in each of the species, and used as the 

base line for further experimental analysis. In both species, it was confirmed 

that Ovaprim® successfully induced changes in concentration of estradiol, 

progesterone, and testosterone in the blood, follicular maturation and ovulation 

in females, and semen release in males. The optimized injection protocols of 

Ovaprim® for future application to artificial insemination were as follows: 

male banded houndshark: 0.2 mL/kg administration and semen sampling 1 

hour after administration; female banded houndshark: 0.2 mL/kg first 

administration and 0.5 mL/kg second administration with 24 hours of gap time; 
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male whitetip reef shark: 0.2 mL/kg administration and semen sampling right 

after administration; female whitetip reef shark: 0.2 mL/kg first administration 

and 0.2 mL/kg or 0.3 mL/kg second administration with 24 hours of gap time. 

 

Key words: shark, assisted reproductive technology, computed tomography, 

magnetic resonance imaging, semen cryopreservation, hormone-induced ovulation, 

Triakis scyllium, Triaenodon obesus. 

Student number: 2019-39492  
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Abstract 

Due to their important phylogenetic position among extant vertebrates, sharks are an 

invaluable group in evolutionary developmental biology studies. A thorough 

understanding of shark anatomy is essential to facilitate these studies and 

documentation of this iconic taxon. With the increasing availability of cross-

sectional imaging techniques, the complicated anatomy of both cartilaginous and soft 

tissues can be analyzed non-invasively, quickly, and accurately. The aim of this study 

is to provide a detailed anatomical description of the normal banded houndshark 

(Triakis scyllium) using computed tomography (CT) and magnetic resonance 

imaging (MRI) along with cryosection images. Three banded houndsharks were 

scanned using a 64-detector row spiral CT scanner and a 3T MRI scanner. All images 

were digitally stored and assessed using open-source Digital Imaging and 

Communications in Medicine viewer software in the transverse, sagittal, and dorsal 

dimensions. The banded houndshark cadavers were then cryosectioned at 

approximately 1-cm intervals. Corresponding transverse cryosection images were 

chosen to identify the best anatomical correlations for transverse CT and MRI images. 

The resulting images provided excellent detail of the major anatomical structures of 

the banded houndshark. The illustrations in the present study could be considered as 

a useful reference for interpretation of normal and pathological imaging studies of 

sharks. 

Keywords: Banded houndshark, Triakis scyllium, magnetic resonance imaging, 

computed tomography, cross-sectional anatomy 
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1. Introduction 

The past half-century has seen a sharp decline in the population of sharks due to 

indiscriminate fishing, and they are now facing a severe extinction crisis (Lack and 

Sant, 2011; Barker and Schluessel, 2005; Baum and Blanchard, 2010; IUCN, 2018). 

Sharks are apex predators and keystone species, playing an important role in 

maintaining the marine ecosystem. Thus, extinction of sharks in certain areas is 

expected to lead to marine food chain collapses, which could result in a sharp 

reduction in the marine food resources available for human beings (Heithaus et al., 

2012; Ferretti et al., 2010; Myers et al., 2007). As a result, the importance of 

protecting endangered shark species has been recognized worldwide, and efforts to 

study these species to understand and protect them are being made by various groups, 

including aquariums, fishery industries, and biologists (Myers et al., 2007; Dulvy et 

al., 2017; Summers et al., 2004; Stevens et al., 2000; Dulvy et al., 2014; Davidson 

et al., 2016).  

With the increasing availability of cross-sectional imaging techniques such as 

computed tomography (CT) and magnetic resonance imaging (MRI), the 

complicated and sophisticated anatomy of both skeletal and soft tissues can be 

analyzed non-invasively, quickly, and accurately (Lauridsen et al., 2011; Dirnhofer 

et al., 2006; Kot et al., 2018; Furukawa et al., 2004). CT and MRI have often been 

used not only for humans but also for various animal species (Lauridsen et al., 2011; 

Gumpenberger and Henninger, 2001; Preziosi et al., 2005; Van Bonn et al., 2001). 
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Some of these studies were conducted on sharks and involved diverse fields such as 

physiology, anatomy, developmental biology, archaeology, and evolutionary biology 

(Summers et al., 2004; Jambura et al., 2019; Abel et al., 2010; Wroe et al., 2008; 

Timm and Fish, 2012; Kamminga et al., 2017; Mollen et al., 2012; Mara et al., 2015; 

Geraghty et al., 2012; Moyer et al., 2015).  

Although a wide variety of studies have been performed on sharks (Meng and 

Li, 1992), official publications describing the basic anatomy of sharks particularly 

in CT and/or MRI evaluations are currently unavailable. Accurate evaluation of CT 

and MRI images requires precise knowledge of the anatomy and physiology of the 

animal. In this regard, the development of accurate atlases for certain species by 

comparing CT and MRI images with actual cryosections is one of the primary steps 

that should be established by researchers and veterinarians (Samii et al., 1998). 

Normal atlases of CT and MRI findings in various animals have already been set up 

in order to facilitate accurate image analysis (Samii et al., 1998; Alonso-Farre et al., 

2014; Alonso-Farre et al., 2015; Ibrahim et al., 2019; Wyman et al., 1978; Feeney et 

al., 1991; Smallwood and George, 1993a; Smallwood and George, 1993b; Valente et 

al., 2007). In the same context, precise atlases of CT and MRI findings in shark 

species should also be established.  

The banded houndshark (Triakis scyllium) is a relatively small-sized shark that 

is easily found in Korean water. They inhabit the Northwest Pacific Ocean and are 

classified as the “least concern” group by the International Union for Conservation 
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of Nature (IUCN) red list (IUCN, 2018; Compagno, 1984). The purpose of this study 

is to set up a detailed atlas of the banded houndshark by comparing CT and MRI 

images with actual cryosections. To the best of my knowledge, this is the first study 

reporting delicate comparison of CT, MRI, and cryosection findings for shark 

anatomy. 

 

2. Materials and methods 

2.1. Animals 

Three banded houndsharks were obtained commercially from Seoul, the Republic of 

Korea. The banded houndsharks were 1 male (total body length (TBL): 90 cm, age: 

estimated as 3.4 years) and 2 females (TBL: 91 cm, age: estimated as 3.3 years; TBL: 

102 cm, age: estimated as 4.1 years) with body lengths ranging from 90 to 102 cm. 

Ages of the sharks were estimated based on their TBL and it was judged that the 

sharks were about to be sexually mature (Fujinami and Tanaka, 2013). All animals 

were selected by a veterinarian (SWK) based on the lack of external evidence of 

trauma and disease. The banded houndsharks were euthanized via tricaine 

methanesulfonate overdose (500 ppm) right before imaging examinations in order to 

minimize post-mortem changes.  

2.2. Magnetic resonance imaging (MRI) 
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MRI examinations were performed using a 3-Tesla (T) MRI scanner (Achieva, 

Philips Healthcare, The Netherlands). A head coil was used to receive the signal 

using fast spin echo sequences in the T2-weighted (T2W) mode, in which signals 

from loosely bound protons (e.g., fluids) were enhanced:  

[1] Transverse images were obtained with the following parameters: echo time 

(TE), 90 ms; repetition time (TR), 4920.8 ms; pixel bandwidth, 180 Hz; flip 

angle, 90°, and field of view (FOV), 123 × 123 mm with reconstructed spacing, 

0.17 × 0.17 mm. Slice thickness was 2 mm.  

[2] Sagittal images were obtained with the following parameters: TE, 90 ms; TR, 

4870.9 ms; pixel bandwidth, 215 Hz; flip angle, 90°, and FOV, 76 × 76 mm 

with reconstructed spacing, 0.20 × 0.20 mm. Slice thickness was 3 mm.  

[3] Dorsal images were obtained with the following parameters: TE, 70 ms; TR, 

3865.9 ms; pixel bandwidth, 236 Hz; flip angle, 90°, and FOV, 81 × 81 mm 

with reconstructed spacing, 0.23 × 0.23 mm. Slice thickness was 1.5 mm.  

2.3. Computed tomography (CT) 

CT images were acquired with a 64-detector row spiral CT scanner (Aquilion, 

Toshiba Medical Systems, Nasu, Japan). The CT examination was performed at 120 

kV and 80-100 mA with a 1-mm slice thickness. The scan field of view (sFOV) 

ranged from 20.3 to 30.2 cm. The transverse image datasets were acquired using the 
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soft tissue and bone algorithm. CT images in the dorsal and sagittal dimensions were 

obtained using the multiplanar reconstruction (MPR) function. MRI and CT images 

were assessed using open-source Digital Imaging and Communications in Medicine 

(DICOM) viewer software (Horos Project, version 3.3.6; www.horosproject.org). 

2.4. Cryosectioning 

All specimens were frozen (-22°C) in the ventral recumbency position until 

cryosectioning could be carried out. The banded houndsharks were sectioned using 

an electrical band saw along the transverse plane at approximately 1-cm intervals. 

Slices were numbered, cleaned, and photographed on both sides. Fourteen transverse 

section levels were selected. For each section level, the corresponding transverse 

MRI and CT images were chosen to identify the best anatomical correlation. Lines 

corresponding to these levels were superimposed on three-dimensional reconstructed 

images of a banded houndshark (Figure 1).  

2.5. Three-dimensional (3D) reconstruction 

3D reconstructions of the skeletons were made on acquired CT data sets using 

intensity-based segmentation methods of the inbuilt software of 64-detector row 

spiral CT scanner (Aquilion, Toshiba Medical Systems, Nasu, Japan). The 

reconstructed skeletons were visualised after excluding remaining residual soft 

tissue structures. 3D reconstructions of major organs were made on MRI data sets 

using intensity-based and manual segmentation methods of an open-source DICOM 
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viewer - InVesalius 3.0 (CTI - Center for Information and Technology Renato Archer, 

Campinas, São Paulo, Brazil). 

2.6. Ethical approval 

The study was approved by the Seoul National University Institutional Animal Care 

and Use Committee (approval number: SNU-190925-2). All experiments were 

performed in accordance with the IACUC guidelines and regulations. This study was 

also performed in accordance with the Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) guidelines: to reflect the scarcity of banded houndshark 

over 90 cm TBL in the fish markets of the Republic of Korea, sample size was 

decided to three; to minimize the potential confounders, both male and female sharks 

were used; to show the developmental stages, TBL and estimated age of each shark 

were provided.  

 

3. Results 

In the present study, CT and MRI allowed identification of a broad selection of 

anatomical structures and correlated well with the corresponding cryosections of the 

banded houndshark. Clinically relevant anatomical structures are labeled in Figures 

2–24. Figures 2–15 (transverse images), Figures 16–18 (sagittal images), and 

Figures 19–24 (dorsal images) present the findings in cranial to caudal, right to left, 
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and dorsal to ventral progression, respectively. Three-dimensional (3D) 

reconstructed images of CT and MRI data sets showing major skeletons and organs 

of the banded houndshark were presented in Figure 25. Transverse images of MRI 

and CT are shown continuously in Supplementary Video S1 and Supplementary 

Video S2, respectively, to make up for the shortcomings of discontinuous cross-

sectional images. 

3.1. Transverse images  

Figures 2 – 15. 

3.2. Sagittal images 

Figures 16 – 18. 

3.3. Dorsal images 

Figures 19 – 24. 

 

4. Discussion 

The MRI signal intensity is proportional to the hydrogen density of the structures, 

ensuring excellent definition of soft tissues, organs, and cavitary structures in banded 

houndsharks. These structures included major muscles; cardiovascular system 
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structures, including the atrium, ventricle, and major arteries and veins; digestive 

system structures, including the stomach, gall bladder, and valvular intestine; 

excretory system structures, including the kidney; nervous system structures, 

including the cerebrum, optic lobe, and thalamus. Due to the absence of hydrogen 

atoms, most of the cartilaginous skeletons in banded houndsharks did not provide 

sufficient magnetic resonance signal and showed a hypointense (black/dark grey) 

pattern. Nonetheless, some cartilaginous structures, such as the jaws and coracoid 

bar, could still be observed due to the contrast between the cartilage and the adjacent 

soft tissues. 

In contrast to MRI, excellent discrimination of cartilaginous structures was 

evident in the CT images. The higher electron density of cartilages caused increased 

attenuation compared to soft tissue, making them appear more whitish in the CT 

images. The cartilage margins were better defined by means of CT than cryosections 

or MRI, particularly in assessing joint structures. Soft tissues were vaguely 

distinguished using CT examinations due to their similar attenuation properties. 

Nevertheless, attenuation differences between lipid-rich tissues (e.g., liver) and 

muscles (e.g., stomach and valvular intestine) were shown in varying shades of grey 

allowing definition of some organs in the visceral cavity. 

CT and MRI offer considerable advantages over traditional radiographic 

approaches on identification of the anatomical structures of sharks. In traditional 

radiography, images are presented as superimposed two-dimensional projections of 
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three-dimensional structures, which result in limitation to exhibit high conspicuity. 

The tomographic nature of CT and MRI allows organs to be examined in thin 

sections, eliminating superimposition of overlying structures that may hinder the 

specific interpretation of anatomical structures.   

Another major advantage of CT and MRI is the ability to reformat the datasets 

in any imaging plane or as 3D projections, allowing better understanding of the 

spatial relationships of anatomical structures in sharks. These techniques have added 

detail of the anatomical structures and can be used as an anatomic reference for 

imaging studies of the banded houndshark and other shark species. It is 

recommended to reduce CT / MRI slice thickness as much as possible in order to 

achieve excellent quality and high detail of 3D reconstructed images, since 

increasing slice thicknesses may require more interpolation between slices when 

rendering 3D images, which results in a loss of resolution (Ford and Decker, 2016). 

Due to their important phylogenetic position among extant vertebrates, sharks 

are an invaluable group in evolutionary developmental biology studies. However, 

the presence of high levels of urea accelerates the decomposition of shark flesh 

(Kandoran et al., 1965). Moreover, because of its cartilaginous nature, shark skeleton 

has a high tendency to warp, crack, and shrink during specimen preparation (Enault 

et al., 2016). These factors represent major difficulties in preserving anatomical data 

from sharks. In the present study, CT and MRI were used to identify and document 

soft tissues and cartilaginous structures in banded houndsharks. The non-invasive 
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nature of CT and MRI prevented the irretrievable destruction of specimens during 

traditional dissection. The spatial relationships among organs, soft tissues, and 

cartilage can be selectively observed in situ in their natural locations (Montie et al., 

2011; Lautenschlager et al., 2014). After examinations, all images are permanently 

recorded in the DICOM format and could be recalled at will. The images are digitally 

transferable, which can also facilitate discussion and opinion sharing among 

professionals worldwide even if the specimens cannot be physically provided. 

Banded houndshark is a relatively small-sized shark species that can be 

adequately fit into the bore of medical CT and MRI used in the present study. 

However, to the best of the authors’ knowledge, only the head of large-sized shark 

species has been subjected to imaging examination possibly because of limited 

gantry size (Mollen et al., 2012; Tomita et al., 2011; Wroe et al., 2008). Sharks with 

body girth larger than the maximum diameter of FOV of medical CT and MRI may 

also induce out-of-field artifacts, anatomical structures that lies beyond the FOV may 

be truncated. With the rapid advancement of medical imaging technologies, wide 

bore CT and MRI have become available for large animals (Nakamae et al., 2018; 

Porter et al., 2016; Kraitchman et al., 2017). Although the current availability of wide 

bore CT and MRI scanners are limited and the set up cost is high, the use of wide 

bore CT and MRI may offer a feasible alternative for imaging examination of large-

sized shark species in future. 
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5. Conclusions 

The illustrations in the present study are the first to provide a comprehensive atlas, 

using CT and MRI, to evaluate the anatomical structures of the banded houndshark. 

Both imaging modalities provide good contrast for the anatomical structures of the 

banded houndshark. With the rapid advancement and increasing availability of 

medical imaging technologies, CT and MRI are enhancing the knowledge of the 

anatomy of sharks together with dissected and necropsy materials. The findings of 

the present study could be considered as a useful reference of normal tomographic 

anatomy of sharks and used for the interpretation of normal and pathological imaging 

studies of sharks in future. 
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Figure 1. Three-dimensional surface reconstructions of a banded houndshark (Triakis scyllium) from computed tomography (CT) 

scans, indicating approximate levels of transverse, sagittal, and dorsal sections corresponding to Figures 2–24. Slices 1–4 are 

approximately 2 cm intervals, slices 4–9 are approximately 5 cm intervals, slices 9–11 are approximately 6 cm intervals, slices 

11–14 are approximately 12 cm intervals, slices 15–17 are approximately 3 cm intervals, and slices 18–23 are approximately 1 

cm intervals. 
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Figure 2. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 1 of Figure 1. 

Abbreviations: Al = Ampullae of Lorenzini; Ic = Internasal cartilage; Mc = Meckel’s cartilage; Ms = Median septum; Te = Teeth; 

Nc = Nasal capsule cartilage; Oa = Olfactory lamellae; Ob = Olfactory bulb; Os = Olfactory sac; Ov = Oral cavity; Sc = 

Supraorbital canal. 
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Figure 3. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 2 of Figure 1. 

Abbreviations: Al = Ampullae of Lorenzini; Cb = Cerebrum; Ic = Internasal cartilage; Mc = Meckel’s cartilage; Te = Teeth; Nc = 

Nasal capsule cartilage; Oa = Olfactory lamellae; Ot = Olfactory tract; Sc = Supraorbital canal. 
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Figure 4. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 3 of Figure 1. 

Abbreviations: Al = Ampullae of Lorenzini; Am = Adductor mandibularis; Ba = Basihyal cartilage; Hc = Hyomandibular canal; 

Ic = Infraorbital canal; Io = Inferior obliquus; Le = Lens; Mc = Meckel’s cartilage; Mt = Mandibular teeth; Ne = Neurocranium; 

Ni = Nictitating fold; Ol = Optic lobe; On = Optic nerve; Pa = Palatoquadrate; Pr = Posterior rectus; Sc = Supraorbital canal; So 

= Superior obliquus; Th = Thalamus; Ty = Thyroid; Vi = Vitreous humor. 
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Figure 5. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 4 of Figure 1. 

Abbreviations: Al = Ampullae of Lorenzini; Am = Adductor mandibularis; Cc = Ceratohyal cartilage; Ch = Coracohyoideus; Co 

= Coracomandibularis; Hc = Horizontal semicircular canal; Hs = Hyoidean sinus; Me = Medulla Oblongata; Mc = Meckel’s 

cartilage; Ne = Neurocranium; Ot = Otolith; Pa = Palatoquadrate; Sp = Spiracle; Va = Ventral aorta. 
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Figure 6. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 5 of Figure 1. 

Abbreviations: Aa = Afferent branchial artery; Ab = Adductor branchial; As = Anterior cardinal sinus; Ba = Basibranchial; Br = 

Branchial rays; Ca = Conus arteriosus; Cb = Coracobranchialis; Ch = Coracohyoideus; Co = Coracomandibularis; Ds = Dorsal 

skeletogenous septum; Ea = Epaxial; Ec = Epibranchial and ceratobranchial cartilage; Gf = Gill filament; Hp = Hypobranchial 

cartilage; Nu = Neural arch; Vc = Vertebral centrum.  
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Figure 7. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 6 of Figure 1. 

Abbreviations: As = Anterior cardinal sinus; At = Atrium; Cr = Coracoid bar; Da = Dorsal aorta; Ds = Dorsal median septum; Ea 

= Epaxial; Ec = Epibranchial and ceratobranchial cartilage; Ha = Hypaxial; Sc = Spinal cord; Tr = Trapezius; Ve = Ventricle; Vc 

= Vertebral centrum.  
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Figure 8. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 7 of Figure 1. 

Abbreviations: Da = Dorsal aorta; Dp = Depressor pectoralis; Ds = Dorsal median septum; Ea = Epaxial; Ga = Gall bladder; Ha 

= Hypaxial; Lp = Levator pectoralis internus; Nu = Neural arch; Lr = Liver; Rc = Radial cartilage; Sc = Spinal cord; Sm = Stomach; 

Vc = Vertebral centrum; Vv = Ventral abdominal vein. 
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Figure 9. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 8 of Figure 1. 

Abbreviations: Ds = Dorsal median septum; Du = Duodenum; Ea = Epaxial; Ha = Hypaxial; Id = Inclinator dorsalis; Kd = Kidney; 

Lc = Lateral line canal; Lr = Liver; Pc = Pancreas; Pf = Pectoral fin; Rc = Radial cartilage; Sc = Spinal cord; Sm = Stomach; Ve 

= Vertebra; Vi = Valvular intestine; Vs = Visceral cavity; Vv = Ventral abdominal vein. 
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Figure 10. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 9 of Figure 

1. Abbreviations: Ds = Dorsal median septum; Du = Duodenum; Ea = Epaxial; Ha = Hypaxial; Id = Inclinator dorsalis; Kd = 

Kidney; Lc = Lateral line canal; Lr = Liver; Pc = Pancreas; Rc = Radial cartilage; Sc = Spinal cord; Sm = Stomach; Ve = Vertebra; 

Vi = Valvular intestine; Vs = Visceral cavity; Vv = Ventral abdominal vein. 
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Figure 11. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 10 of Figure 

1. Abbreviations: Ds = Dorsal median septum; Du = Duodenum; Ea = Epaxial; Ha = Hypaxial; Id = Inclinator dorsalis; Kd = 

Kidney; Lc = Lateral line canal; Lr = Liver; Rc = Radial cartilage; Sc = Spinal cord; Sm = Stomach; Sn = Spleen; Ve = Vertebra; 

Vi = Valvular intestine; Vv = Ventral abdominal vein. 
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Figure 12. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 11 of Figure 

1. Abbreviations: Ds = Dorsal median septum; Ea = Epaxial; Ha = Hypaxial; Id = Inclinator dorsalis; Kd = Kidney; Lc = Lateral 

line canal; Lr = Liver; Rc = Radial cartilage; Sc = Spinal cord; Sm = Stomach; Sn = Spleen; Ve = Vertebra; Vi = Valvular intestine; 

Vv = Ventral abdominal vein. 
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Figure 13. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 12 of Figure 

1. Abbreviations: Cd = Caudal artery; Co = cloaca; Cv = Caudal vein; Ds = Dorsal skeletogenous septum; Dv = Depressor ventralis; 

Ea = Epaxial; Ha = Hypaxial; Kd = Kidney; Le = Levator ventralis externus; Li = Levator ventralis internus; Ll = Lateral line 

canal; Rc = Radial cartilage; Sc = Spinal cord. 
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Figure 14. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 13 of Figure 

1. Abbreviations: Ds = Dorsal skeletogenous septum; Ea = Epaxial; Ha = Hypaxial; Id = Inclinator dorsalis; Rc = Radial cartilage; 

Sc = Spinal cord; Ve = Vertebra; Vs = Ventral skeletogenous septum. 
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Figure 15. Transverse (a) CT, (b) MR, and (c) cryosection images of a banded houndshark (Triakis scyllium) at level 14 of Figure 

1. Abbreviations: Cv = Caudal vessel; Ea = Epaxial; Ha = Hypaxial; Hh = Haemal arch; Rc = Radial cartilage; Sc = Spinal cord; 

Ve = Vertebra. 
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Figure 16. Sagittal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 15 of Figure 1. Abbreviations: 

Al = Ampullae of Lorenzini; Cc = Ceratohyal cartilage; Cr = Coracoid bar; Ec = Epibranchial and ceratobranchial cartilage; Es = 

Esophagus; Ga = Gall bladder; Mc = Meckel’s cartilage; Oa = Olfactory lamellae; Oc = Otic capsule; Pa = Palatoquadrate; Sm = 

Stomach; Nv = Nasal cavity. 
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Figure 17. Mid-sagittal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 16 of Figure 1. Abbreviations: 
Al = Ampullae of Lorenzini; At = Atrium; Ba = Basihyal cartilage; Cb = Cerebrum; Ce = Cerebellum; Cl = cloaca; Co = 
Coracomandibularis; Cr = Coracoid bar; Ch = Coracohyoideus; Ct = Ceratotrichia; Da = Dorsal aorta; Ea = Epaxial; Es = 
Esophagus; Ga = Gall bladder; Ha = Hypaxial; Ic = Internasal cartilage; Kd = Kidney; Lr = Liver; Me = Medulla oblongata; Ne 
= Neurocranium; Nu = Neural arch; Oa = Olfactory lamellae; Ol = Optic lobe; Rc = Radial cartilage; Sc = Spinal cord; Te = Teeth; 
Ts = Transverse septum; Vi = Valvular intestine; Ve = Ventricle; Vt = Ventral constrictors; Vc = Vertebral centrum; Sm = Stomach; 
Sv = Spiral valve. 
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Figure 18. Sagittal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 17 of Figure 1. Abbreviations: 

Al = Ampullae of Lorenzini; Am = Adductor mandibularis; Ba = Basihyal cartilage; Cc = Ceratohyal cartilage; Es = Esophagus; 

Hc = Hyomandibular canal; Ic = Infraorbital canal; Io = Inferior obliquus; Lc = Levator cranium maxillae; Le = Lens; Mc = 

Meckel’s cartilage; Mp = Metapterygium; Mt = Mandibular teeth; Ne = Neurocranium; Ni = Nictitating fold; Ol = Optic lobe; Op 

= Optic nerve; Ov = Oral cavity; Pa = Palatoquadrate; Po = Preorbitalis; Pr = Posterior rectus; Sc = Supraorbital canal; Su = 

Scapular cartilage; So = Superior obliquus; Th = Thalamus; Ty = Thyroid; Vi = Vitreous humor.  
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Figure 19. Dorsal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 18 of Figure 1. Abbreviations: Al 

= Ampullae of Lorenzini; Ce = Cerebellum; Ea = Epaxial; Sg = Scleral cartilage; Ln = Lens; Me = Medulla oblongata; Mp = 

Metapterygium; Nc = Neurocranium; Oc = Otic capsule; Ol = Optic lobe; Re = Retina; Rp = Rectus posterior.  
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Figure 20. Dorsal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 19 of Figure 1. Abbreviations: Al 

= Ampullae of Lorenzini; Cb = Cerebrum; Ij = Intervertebral junction; Mp = Metapterygium; Nc = Neurocranium; Oa = Olfactory 

lamellae; Oc = Otic capsule; Ol = Optic lobe; Ot = Olfactory tract; Sp = Spiracle; Tp = Transverse process; Vc = Vertebral centrum. 
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Figure 21. Dorsal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 20 of Figure 1. Abbreviations: Al 
= Ampullae of Lorenzini; Cb = Cerebrum; Ea = Epaxial; Eb = Epibranchial; Hm = Hyomandibular; Ij = Intervertebral joint; Lc = 
Levator cranium maxillae; Mp = Metapterygium; Nc = Nasal capsule; Oa = Olfactory lamellae; Ob = Olfactory bulb; Oc = Optic 
capsule; On = Optic nerve; Ov = Obliquus ventralis; Pb = Pharyngobranchial; Po = Preorbitalis; Ri = Rectus inferior; Sp = Spiracle; 
Th = Thalamus; Vc = Vertebral centrum.  
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Figure 22. Dorsal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 21 of Figure 1. Abbreviations: Al 
= Ampullae of Lorenzini; Cb = Cerebrum; Da = Dorsal aorta; Eb = Epibranchial; Hm = Hyomandibular; Ij = Intervertebral junction; 
Lc = Levator cranium maxillae; Mp = Metapterygium; Nc = Nasal capsule; Nv = Nasal cavity; Oa = Olfactory lamellae; Ob = 
Olfactory bulb; Oc = Optic capsule; On = Optic nerve; Ov = Obliquus ventralis; Pb = Pharyngobranchial; Tp = Transverse process; 
Ri = Rectus inferior; Sp = Spiracle; Vc = Vertebral centrum.  
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Figure 23. Dorsal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 22 of Figure 1. Abbreviations: Al 
= Ampullae of Lorenzini; Am = Adductor mandibularis; Ba = Basihyal cartilage; Bc = Branchial cartilage; Cc = Ceratohyal 
cartilage; Ch = Coracohyoideus; Ha = Hypaxial; Hb = Hypobranchial; Gb = Gall bladder; Kd = Kidney; Lr = Liver; Mc = Meckel’s 
cartilage; Ms = Mesopterygium; Mp = Metapterygium; Nv = Nasal cavity; Oa = Olfactory lamellae; Pa = Palatoquadrate; Pc = 
Pericardial cavity; Vt = Ventral constrictors; Rc = Rostral cartilage; Te = Teeth; Sm = Stomach; Sy = Symphysis. 
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Figure 24. Dorsal (a) CT and (b) MR images of a banded houndshark (Triakis scyllium) at level 23 of Figure 1. Abbreviations: 

Am = Adductor mandibularis; Co = Coracomandibularis; Cr = Coracoid bar; Ch = Coracohyoideus; Ga = Gall bladder; Gf = Gill 

filament; Ha = Hypaxial; Lr = Liver; Mc = Meckel’s cartilage; Ms = Mesopterygium; Rc = Radial cartilage; Sm = Stomach; Te = 

Teeth; Ts = Transverse septum; Ve = Ventricle; Vi = Valvular intestine. 
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Figure 25. Three-dimensional reconstructed images of (a) CT and (b) MRI showing 

major skeletal structures and organs respectively of a banded houndshark (Triakis 

scyllium). Abbreviations: Cr = Coracoid bar; Ec = Epibranchial and ceratobranchial 

cartilage; Ic = Internasal cartilage; Mc = Meckel’s cartilage; Ne = Neurocranium; Ot 

= Otolith; Pa = Palatoquadrate; Rc = Radial cartilage; Vc = Vertebral centrum. 
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Abstract 

In modern times, overfishing by humans has resulted in sharks becoming critically 

endangered. Ex-situ conservation is especially important for sharks because their 

reproduction rates are very slow. To establish shark semen cryopreservation protocol 

for Triakis scyllium, an optimum activating extender solution named shark 

spermatozoa activating extender 1 was utilized. The final cryopreservation protocol 

established was as follows: extender, filtered seawater; extension ratio, 1:3; 

cryoprotectant, egg yolk 10% + ethylene glycol 10%; equilibration period, 10 min; 

cooling rate, 3 cm, 3 min; thawing temperature, 30℃, 10 s. The resulting post-thaw 

spermatozoa motility was 2.03%. Although this is a low level of post-thaw 

spermatozoa motility, the results of this study provide a basis for future studies, 

which can derive the conditions and directions of tests to improve post-thaw 

spermatozoa motility levels. 

 

Key words: cryopreservation, ex-situ conservation, spermatozoa, shark, Triakis 

scyllium 
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1. Introduction 

Sharks have survived many mass extinction events over the last 450 million years. 

However, over the last 40–50 years, overfishing by humans has led to a recent 

decline in the populations of many shark species, and consequently, their risk for 

extinction has greatly increased (Lack and Sant, 2011; Stevens et al., 2000). Of the 

shark species on the International Union for Conservation of Nature (IUCN) Red 

List, 27.9% are classified as “vulnerable,” “endangered,” or “critically endangered” 

(IUCN, 2020). Given this trend, it is obvious that it is only a matter of time before 

these sharks face actual extinction. As sharks are keystone species that exist at the 

top of ocean food chains and play essential roles for maintaining the balance of 

marine ecosystems, previous investigations have shown that the number of edible 

fish species would drop sharply if sharks were to become extinct (Myers et al., 2007). 

The conservation of endangered shark species is, thus, essential, not only for the 

sharks and their ecosystems, but also for the sustainable management of human food 

resources from the seas and oceans (Myers et al., 2007).  

As the shark extinction crisis has become serious, securing conservation 

technologies has become inevitable, and one of the last options for critically 

endangered species is ex-situ conservation. Inducing ovulation and increasing their 

populations through artificial insemination (AI) is a typical ex-situ conservation 

method. Artificial insemination studies have previously been conducted to conserve 

various endangered species, not only with terrestrial animals, but also with various 
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piscine species, including lake sturgeon (Acipenser fulvescens), golden mahseer (Tor 

putitora), long whiskers catfish (Mystus guillo), and Pabda catfish (Ompok pabda) 

(Thongtip et al., 2009; Blanco et al., 2009; Ogale et al., 1997; Mijkherjee et al., 2002; 

Ogale et al., 2002; Hermes et al., 2007; Hildebrandt et al., 2007; Devi et al., 2009).  

Semen cryopreservation is an important assisted reproductive technology (ART) 

that is often used alongside AI, as when species numbers plummet worldwide, it can 

help maintain sufficient levels of genetic diversity. Furthermore, of the various cell 

types, spermatozoa have previously been identified as the easiest targets for 

cryopreservation (Martinez-Paramo et al., 2017). It is much easier to move 

cryopreserved spermatozoa than it is to move the organism itself for reproduction.  

However, despite the need, only a few studies have been conducted on securing 

ARTs for sharks. Only two studies on AI and one study on hormone-induced AI were 

reported in sharks so far (Masuda et al., 2003; Masuda et al., 2005; Kim et al., 2020). 

There has only been one study published to date on semen cryopreservation in 

elasmobranchs, which focused on the stingray Urolophus paucimaculatus (Daly et 

al., 2011; Daly et al., 2017), but none have been published on sharks. Once a shark 

semen cryopreservation protocol has been established, AI can be performed by 

exchanging the semen between aquariums around the world. Furthermore, by 

creating a cryobank or a sperm bank, genetic pools can be secured beyond the 

constraints of space and time (Wildt et al., 1997; Kumar, (Wildt et al., 1997; Kumar, 
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2012). The spread of disease can also be prevented if enough care is taken in the 

process (Martinez-Paramo et al., 2009).  

Triakis scyllium (banded houndshark) is a shark species that belongs to the order 

Carcharhiniformes and family Triakidae. They are small sharks with an adult body 

length of less than 1.5 m, show aplacental viviparity, and seasonally breed in the wild. 

Their main prey are benthic invertebrates and fish, and the sharks are found in the 

Northwest Pacific Ocean and are commonly caught in the waters of the Republic of 

Korea, Japan, and Taiwan (Compagno, 1984). Of the species in the order 

Carcharhiniformes, T. scyllium is relatively small, which makes it easy to handle. It 

is one of the most accessible shark species in the Republic of Korea. However, they 

are classified as “endangered” in the IUCN Red List (Rigby et al., 2021). 

To obtain sufficient sample sizes in wildlife studies, various constraints must be 

addressed, including limited study periods, sample scarcity, or insufficient funding 

(Morrison et al., 2008). In shark research, it is particularly difficult to obtain 

sufficient sample sizes in a similar vein. However, even with such difficulty, it is not 

impossible to acquire a T. scyllium population for research. Though wild bycaught T. 

scyllium in fish markets are mostly immature, they can be raised in aquariums for a 

few years, during which they can become mature enough for breeding. Therefore, T. 

scyllium was chosen as the subject species for this study to establish a preliminary 

semen cryopreservation protocol in sharks.  
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To the best of my knowledge, this is the first report on shark spermatozoa 

cryopreservation. This study aimed to set up a semen cryopreservation protocol in 

the endangered T. scyllium and establish foundational information that can be 

utilized long-term for developing an applicable protocol for future conservation 

practices of endangered shark species. 

 

2. Materials and methods 

2.1. Sharks and their husbandry 

Male T. scyllium with total body lengths longer than 90 cm were primarily screened 

for sexual maturity (Fujinami and Tanaka, 2013), and moved to Aqua Planet Jeju. 

Sharks large enough for this experiment were those that had been raised in an 

aquarium for more than six years, and five sharks were gathered for the experiment 

and named M001–M005, respectively. Their body weights, lengths, and clasper sizes 

were measured accurately. To determine sexual maturity more precisely, clasper 

calcification, elongation, and bending and rhipidion formation were checked (Table 

1) (Clark and Von Schmidt, 1965). Overall, the sharks demonstrated good activity 

levels and appetites.  

The sharks were contained in a nine-ton seawater tank that received water 

directly from the coastal water of Jeju Island after filtration and temperature control. 
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During the experiment, the water quality was maintained at a pH of 7.0 ± 0.0; 

temperature, 22.0 ± 0.2℃; salinity, 40.2 ± 1.0 ppt; specific gravity, 1.0 ± 0.0; 

dissolved oxygen, 8.6 ± 0.3 ppm; NO2
–, 0.006 ± 0.002 ppm; NO3

–, 2.3 ± 0.3 ppm; 

NH3, 0.0 ± 0.0 ppm. Sharks were fed squid, whiteleg shrimp, and mackerel three 

times a week, and the Mazuri Vita-Zu® Shark/Ray II Tablet (Purina Mills LCC, USA) 

once a week. The experiments began after an acclimation period of more than a 

month. 

2.2. Semen collection and activation 

2.2.1. Semen collection 

As a previous study showed that the largest quantity of semen could be sampled 1 h 

post intramuscular injection with Ovaprim® [(D-Arg6, Pro9NEt)-sGnRH + 

domperidone] (0.2 mL/kg), semen sampling was done accordingly in subsequent 

experiments (Figure 1) (Kim et al., 2020).  

Semen sampling was performed under sedation using MS-222 (pH adjusted to 

7.0 with NaHCO3) at 45 to 55 ppm. To obtain semen without feces contamination, 

the whole urogenital papilla was inserted into the tip of the syringe without a needle, 

and a slight negative pressure was applied while gently massaging the abdomen of 

the shark. In shark semen samples, the primary portion is clear liquid, which does 

not contain spermatozoa, followed by a cloudy portion with a high concentration of 

spermatozoa. When semen is ejected from the urogenital papilla, the primary portion 
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of the liquid inevitably mixes with urine, and consequently, only the cloudy 

secondary portion of the semen was sampled to avoid urine contamination in a 

strategy similar to that used in the semen sampling of other animals (Barber, 2016). 

2.2.2. Activating extender tests (AETs) 

Activating extender test (AET)-1 and AET-2 were conducted to determine the 

composition of an optimal solution. The spermatozoa activating extender candidates 

for AET-1 were based on a literature study and included modified Tsvetkova’s 

extender (MT), modified Beltsville poultry semen extender (MB), modified Hank’s 

balanced salt solution (MH), and shark Ringer solution (SR) (Daly et al., 2011; 

Suquet et al., 2000; Lockwood, 1961; Glogowski et al., 2002). The candidates MT, 

MB, and MH were further modified by adding trimethylamine oxide (TMAO) and 

urea based on the shark’s body fluid concentrations (Table 2); these were then 

designated as MT-EM, MB-EM, and MH-EM, as EM stands for “elasmobranch 

modification”. Next, AET-1 was conducted using the semen sample of the largest 

volume from the five males. Fresh semen was diluted to 1:10 with each activating 

extender solution and kept at 21℃ during the motility test. Activating extender 

solution of the best capability was selected. 

To improve the activation capabilities, AET-2 was planned as described in 

Table 3. Two new activating extender solution candidates for AET-2 were made and 

identified as shark spermatozoa activating extender (SSAE)-1 and SSAE-2. 
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Spermatozoa motility was recorded on video and analyzed for both AET-1 and 

AET-2 (Nussdorfer et al., 2018). The semen was diluted at a ratio of 1:10 using each 

activating extender solution, and the video was recorded at a ×400 magnification 

using an optical microscope (Olympus CX31, Japan). A total of five viewpoints were 

recorded in one slide, including center and marginal sites, and at least 100 

spermatozoa were counted to determine the proportion with total motility. In every 

motility analysis, total motility, including that of both progressive and non-

progressive spermatozoa, was measured. The temperature of the semen and 

activating extender solutions was maintained at 21°C. Every experiment was done 

in triplicate. Simple descriptive comparisons were performed since statistical 

analysis was impossible due to an insufficient study population, which is a common 

occurrence in experiments with sharks. 

2.3. Semen quality check 

The volume, concentration, morphology, total motility, and duration of motility 

(DOM) of the five sharks’ semen were analyzed using the selected activating 

extender solution from AET-2. The best semen was selected after the quality check 

and used for the subsequent cryopreservation experiments. 

To analyze the spermatozoa concentrations, the semen was diluted to 1:100 with 

filtered seawater (FSW) and counted using a disposable hemocytometer. The FSW 

was seawater from the shark tank, filtered with a 0.22 µm Millex-GV syringe filter 
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(Merck Millipore, Darmstadt, Ger-many). For the morphology analysis, the semen 

was diluted to 1:10 with FSW, and the proportions of the spermatozoa with normal 

morphologies were determined. Total motility was checked on a 3 h basis, and the 

time from dilution in the activating extender solution to when total motility reached 

zero was the DOM. During the experiments, the semen and activating extender 

solutions was maintained at 21°C. 

2.4. Semen cryopreservation 

2.4.1. Primary experiment strategy 

To determine the best protocol for the primary semen cryopreservation test (SCT-1), 

the following six independent factors were tested: extender solution (α), extension 

ratio (β), type and concentration of cryoprotectant (γ), equilibration period (δ), 

cooling rate (ε), and thawing temperature (ζ). Starting with a default protocol where 

α = SR, β = (1:3), γ = 10% dimethyl sulfoxide (DMSO), δ = 1 min, ε = 5 cm (height 

above the liquid nitrogen surface), and ζ = 21℃, which was decided based on 

information from marine teleosts (Suquet et al., 2000), α was changed for all nα levels 

while the other five factors were fixed at the levels in the default protocol. Then, β 

was changed for all nβ levels while the other five factors were fixed as in the default 

protocol. This process was repeated for all factors. This approach formed a subset 

consisting of nα + nβ + nγ + nδ + nε + nζ experiments from the entire set of nα × nβ × 
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nγ × nδ × nε × nζ experiments. The subset implies a fine grain enumeration of 

experimental conditions in the proximal distance from the reference protocol.  

The cryopreservation extender solution has a different purpose than that of the 

activating extender solution, since the spermatozoa needs to minimize its ATP usage 

before being frozen (Suquet et al., 2000). Therefore, all the extender candidates in 

SCT-1 were retested. In addition, the elasmobranch-modified Original Tsvetkova’s 

extender (OT-EM) that did not contain NaCl (Minamikawa and Morisawa, 1996) 

was tested. SR without NaCl was also compared with normal SR (Table 4). After 

equilibration, 300 µL of the semen solution was placed into 0.5 mL medium straws 

(Minitüb, Tiefenbach, Germany) and sealed. The cooling rate varied, as the samples 

were cooled 3, 5, and 9.5 cm above the liquid nitrogen surface for 3 min and then 

directly placed into the liquid nitrogen tank. The cryopreserved semen was kept for 

17 h and then thawed for 10 s. Then, the semen was maintained at 21℃, and the 

post-thaw semen quality was checked. A total of 32 experiments with different 

conditions were tested in triplicate (Table 5). 

2.4.2. Secondary experiment strategy 

The secondary semen cryopreservation test (SCT-2) was established to compare the 

extension ratios of 1:3 and 1:5 (experiment IDs 1 and 9) as the differences between 

the motile spermatozoa counts were negligible in SCT-1. The experiments with the 

extension ratios of 1:3 and 1:5 were named “experiment 2-1” and “experiment 2-2”, 
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respectively. All the other conditions were selected from SCT-1 based on a simple 

comparison of the experimental results: extender, FSW; cryoprotectant, egg yolk 

(EY) 10% + ethylene glycol (EG) 10%; equilibration period, 10 min; cooling rate, 3 

cm (3 min); thawing temperature, 30℃ (10 s). 

2.4.3. Post-thaw semen quality check 

The cryopreserved samples were thawed after 17 h, and the semen quality was 

checked for both SCT-1 and SCT-2. The cryopreserved 0.5 mL medium straws were 

thawed in water at temperatures corresponding to each experimental condition for 

10 s. Frozen-thawed semen samples were immediately diluted to 1:5 with the 

previously selected activating extender solution. The samples were maintained at 21℃ 

using the water bath, and the total motility was checked every 12 h to determine the 

DOM, as previous records showed DOMs of more than 60 h. The total spermatozoa 

number was calculated by multiplying the spermatozoa concentrations and the 

volume (6 μL). 

2.5. Three-dimensional modeling 

The spermatozoon of T. scyllium was modeled in three-dimensions (3D) using Au-

todesk® Inventor® Professional 2019 (Autodesk Inc., San Rafael, CA, USA) based 

on the size and shape observed in this experiment to understand its geometric 

features. For comparison, human spermatozoon was also modeled in 3D, as its size 

and shape have been previously investigated (Tsvetkova et al., 1996). The volume 
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(V), surface area (SA), and SA:V ratio of each spermatozoon were calculated using 

the same software. 

2.6. Institutional review board statement 

This study was approved by the Seoul National University Institutional Animal Care 

and Use Committee (approval number: SNU-181218-2). All the experiments were 

performed in accordance with the relevant guidelines and regulations. 

 

3. Results 

3.1. Spermatozoa morphology and kinetics 

The spermatozoa of T. scyllium were observed with an optical microscope, both with 

and without staining (Figure 2). Each cell was composed of a helical head with many 

gyres, a long midpiece, and a flagellum, showing common features of other sharks’ 

spermatozoa (Minamikawa and Morisawa, 1996). From measuring the length of the 

head, midpiece, and flagellum of 100 randomly chosen spermatozoa using MOTIC 

Image Plus 2.0 (Motic China Group Co., LTD, Xiamen, China), the average sizes 

were determined to be as follows: head, 32.7 ± 1.7 µm; midpiece, 8.3 ± 0.4 µm; 

flagellum, 54.6 ± 2.9 µm. 

3.2. Optimal shark spermatozoa activating extender solution 
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3.2.1. Activating extender test 1 

Out of the five sharks tested, the largest volume of semen was collected from M001. 

Since the composition of the optimal SSAE solution was not yet determined, the 

semen quality of each shark could not be accurately verified. Thus, AET-1 was 

performed using the semen from M001. Total motility (both progressive and non-

progressive) was measured after 1:10 dilutions with the five different activating 

extender solutions, and the results were as follows: MB-EM, 9.01%; MH-EM, 0.00%; 

MT-EM, 0.00%; SR, 57.35%; FSW, 18.18%. 

3.2.2. Activating extender test 2 

Semen from M005 was used in AET-2 since it provided the largest sample volume 

for the test (M001: 1 mL; M002: 1.5 mL; M003: 0.75 mL; M004: 2.7 mL; M005: 4 

mL). As the source of the semen used was changed from that used in AET-1 (i.e., 

M001), the SR solution was tested again for comparison. Since it has been previously 

determined that Na+ concentration is one of the most important factors for 

spermatozoa activation in T. scyllium and that pH has no significant effect on motility, 

the main purpose of AET-2 was to improve the performance of the solution by 

adjusting the Na+ concentrations (Rurangwa et al., 2004). In addition, TMAO and 

dextrose were added to the solution, as hexose has previously been shown to serve 

as an important factor in maintaining spermatozoa motility (Rurangwa et al., 2004). 
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As a result, the total motility of the M005 semen was as follows: SR, 91.82%; SSAE-

1, 99.02%; SSAE-2, 79.78%. 

3.3. Semen quality test 

The semen quality check results from all five sharks are presented in Table 6. M003 

had the highest concentration of spermatozoa (3.70 × 1011/L), while M004 had the 

highest percentage of spermatozoa with normal morphologies (99.5%). M005 had 

the highest total motility levels (98.90%), and M001 had the greatest DOM (60 h). 

The largest volumes of semen obtained with AET-1 and 2 were from M001 and 

M005, respectively. Since the most important criterion of the post-thaw semen 

quality is motility, the spermatozoa from M004 and M005 were chosen for use in the 

subsequent experiments. 

3.4. Semen cryopreservation 

3.4.1. Semen cryopreservation test 1  

In each experiment, the same semen pool had to be used to compare each candidate 

under the same condition. Since the amount of semen from a single shark was not 

enough to test various experimental conditions in triplicate at one time, semen from 

two sharks were mixed to obtain a sufficient volume. In this regard, the semen 

samples from M004 and M005 were mixed and used for SCT-1 and SCT-2. The 
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qualities of the semen used for each experiment can be found in Table 7, and the 

results of SCT-1 are in Table 8. 

3.4.2. Semen cryopreservation test 2 

The results of SCT-2 were as follows: experiment ID 2-1 (extension ratio 1:3), 2.03% 

total motility and 36 h DOM; experiment ID 2-2 (extension ratio 1:5), 1.64% total 

motility and 36 h DOM. The total motility values from SCT-1 and SCT-2 are plotted 

together in Figure 3. 

3.5. Three-dimensional modeling 

As the features of the shark spermatozoon are unique relative to those of other 

vertebrates, human and shark spermatozoa were modeled in 3D to compare and 

understand the geometric characteristics of the shark spermatozoon (Figure 4). The 

results for the V, SA, and SA:V ratio were as follows: shark, V = 9.4 µm3 (relative 

error = 0.5%), SA = 96.2 µm2 (relative error = 0.5%), SA:V ratio = 10.3; human, V 

= 25.3 µm3 (relative error = 0.4%), SA = 87.5 µm2 (relative error = 0.1%), SA:V 

ratio = 3.5. Thus, the SA:V ratio of the shark spermatozoon is approximately three 

times greater than that of the human spermatozoon. 
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4. Discussion 

The sharks used in this study were collected from the largest aquariums in South 

Korea (Aqua Planets Ilsan, 63, and Jeju). Though T. scyllium are commonly caught 

off the coast of Korea, almost all the sharks caught are immature and less than 70 cm 

in total body length. Sufficiently mature T. scyllium were only available in the 

aquariums since they had been raised for more than six years after capture, and the 

number used in this study was virtually the maximum in Korea. Although it was not 

possible to secure enough samples for statistical analysis due to the time, physical, 

and environmental constraints of this project, which are limitations of wildlife 

research in general (Morrison et al., 2008), this study pressed ahead as it is 

meaningful as a study of sharks and as preliminary research for further studies. 

4.1. Seasonality 

The breeding history of the sharks shows that they have pregnancies regardless of 

the season, which indicates the loss of seasonality. This is thought to be due to the 

water temperature of fish tanks, since it is very stably maintained year-round and 

fluctuates less than 2℃. Based on the fact that annual water temperature changes in 

the aquarium were insignificant and that the sharks in this experiment had been kept 

indoors for more than six years, with irregular pregnancies, the loss of seasonality is 

probable. In fact, loss of seasonality has already been reported in indoor-bred fish, 

including sharks (Schaller, 2006). Although each shark can be at a different stage of 
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the reproductive cycle due to such a situation, a comparative evaluation of protocols 

was possible since the experiments were conducted using the same semen pool in 

SCT-1 and SCT-2. Nonetheless, in future studies, post-thaw motility may increase if 

the cryopreservation protocol is applied to suitably matured semen during the mating 

season.  

The induction of semen was needed because of the loss of seasonality in the 

sharks, and Ovaprim® worked well for the purpose of this study. Ovaprim® is one of 

the most successfully used chemicals for teleost reproduction induction, as its safety 

and effectiveness have been proven over time (Yanong et al., 2009). It contains 

synthetic salmon gonadotropin-releasing hormone (GnRH), which facilitates the 

release of stored gonadotropins, and domperidone, which acts as a dopamine D2 

receptor antagonist. Together, they facilitate germ cell maturation and release in fish 

bodies. Though there has only been one study on Ovaprim® application in 

elasmobranchs (Kim et al., 2020), this study also showed that Ovaprim® is effective 

for reproduction induction with male T. scyllium. 

4.2. Spermatozoa morphology and kinetics 

The metric characteristics of spermatozoa provide important information since they 

are species specific (Tanaka et al., 1995). Though the morphologies of spermatozoa 

in various shark species have been studied to date, metric information on T. scyllium 

spermatozoa has not been reported yet (Temple-Smith et al., 2018; Hamlett, 2005; 
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Rowley et al., 2019). The spermatozoon showed a peculiar helix shape with 10–12 

gyres, and the average sizes of head length, midpiece length, and flagellum length 

showed values within the ranges of those of 25 shark species identified by Rowley 

et al. (2019). Compared with the features of other vertebrate spermatozoa, the shark 

spermatozoon was found to have a relatively higher head-to-total length ratio (Fig. 

5). 

Microscopic observations of shark spermatozoa showed that the speed of 

movement in passing through mucus was faster than that in low viscosity extension 

solutions. The time taken for a single spermatozoon to travel the length of its own 

head was found to be 2.1 s in the extension solution and 0.8 s in the mucus. The shark 

spermatozoa made drill-like, rotational, and forward movements at the same time, 

using their flagella as the driving force. Their helical heads worked like the thread 

of a screw, allowing them to pass through semi-solid materials such as mucus, and 

this mechanism allows for faster movement in mucus than in a liquid with a lower 

viscosity. 

Spermatozoa must generate energy for moving flagella, and a constant supply 

of energy sources such as fructose, glucose, or pyruvate and discharge of waste 

materials are required (Pitnick et al., 2009). Minamikawa and Morisawa (1996) 

found that the glucose concentration of female uterine fluid is higher than that of 

semen in T. scyllium. Spermatozoa maintain high motility in uterine plasma, but their 

motility significantly decreases in artificial uterine plasma with lower glucose 
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concentrations. As glucose is commonly used as an energy source for spermatozoa 

in other vertebrates, hexoses, including glucose, can be used as an energy source for 

spermatozoon motility during migration through the female reproductive tract 

(Pitnick et al., 2009). In this regard, a high SA:V ratio can act as a factor for efficient 

energy source absorption and waste product excretion in a spermatozoon. In the case 

of sharks, there are even cases where spermatozoa survive in the female reproductive 

tract for more than two years, during which efficient material exchange with the 

surrounding environment can confer a favorable advantage for cell survival (Misro 

and Ramya, 2012). 

4.3. Spermatozoa activation 

Spermatozoa were entangled with each other, forming a packet, and did not show 

much motility when freshly sampled. They started to display motility when they 

were diluted and untangled using the proper activating extender solution. The shark 

Ringer solution, which contained a higher Na+ concentration than that of the other 

activating extenders in AET-1, induced the best motility. It also had a buffer system 

that contained Na+. These findings are consistent with the results of a previous study 

that identified the importance of Na+ concentration in the activation of T. scyllium 

semen (Rurangwa et al., 2004). Since the motilities of the M001 and M005 

spermatozoa in the SR were markedly different (M005: 91.82%; M001: 57.35%), 

the semen quality was confirmed to vary between individuals. In AET-2, SSAE-1 

showed a higher motility of 98.90% than that in SR, while SSAE-2 showed a lower 
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motility of 79.78%. The only difference between SSAE-1 and SSAE-2 was their Na+ 

concentrations. The appropriate Na+ concentration for semen activation is closer to 

500 mM since the SSAE-1 contained 500 mM of Na+, which is consistent with the 

results of a previous study by Minamikawa and Morisawa (1996). Based on the AET-

1 and AET-2 results, SSAE-1 was selected as the optimal SSAE solution. The chosen 

activating extender was able to induce the total motility of spermatozoa up to 99.02%, 

which makes the solution worth using in subsequent studies in the future. 

4.4. Semen cryopreservation 

In this study, motility was selected as one of the factors representing the quality of 

post-thaw spermatozoa. This is based on the characteristic that the motility of 

spermatozoa reflects their viability and fertilizing capacity well, showing a positive 

relationship (Storrie et al., 2008; Aas et al., 1991; Rurangwa et al., 2004). The total 

motility of the frozen-thawed spermatozoa using the default protocol was very low, 

at 0.002%, and it could thus be inferred that it was not suitable for shark semen. This 

resulted in overall very low motility of less than 1% with SCT-1. Among the various 

conditions tested, DMSO and glycerol resulted in the decrease in motility in a dose-

dependent way. Higher concentration resulted in less motility in the spermatozoa, 

which was not able to be statistically confirmed due to the lack of the number of 

sharks but could be observed through simple comparisons. As cryoprotectants, 

DMSO and glycerol had little contribution to survival rates and even made the 

motility lower at their higher concentrations. The selection of DMSO as the 
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cryoprotectant of the default protocol is one of the reasons for the overall decline in 

motility in SCT-1. The equilibration period also appears to have contributed to the 

lower overall spermatozoa motility with SCT-1, as the default time was 1 min, which 

was an insufficient amount of time for the various cryoprotectants to be absorbed. 

However, despite all these factors, every total motility value varied, and it was 

possible to verify the best candidates of SCT-1 and SCT-2 using simple numerical 

comparisons and conclude the best combination, which is named as Kim’s protocol, 

as follows: extender, FSW; extension ratio, 1:3; cryoprotectant, EY 10% + EG 10%; 

equilibration period, 10 min; cooling rate, 3 cm (3 min); thawing temperature, 30℃ 

(10 s). Although the initial total motility of the semen used in SCT-2 was 3.62% 

lower than that used in SCT-1, the post-thaw total motility increased by more than 

10 times into the 2% range, which indicates that this combination contributes to the 

cryopreservation of shark semen.  

Many studies have been conducted on semen cryopreservation in diverse teleost 

species and post-thaw motility rate or post-thaw motility recovery (ratio of the fresh 

semen’s motility rate and post-thaw semen’s motility rate) have also been reported 

(Cabrita et al., 2010). There are many species that show remarkably high levels of 

post-thaw motility. Silver carp and Malaba grouper are two of the examples as they 

show post-thaw motility values close to 100% (Alvarez et al., 2008; Gwo and Ohta 

et al., 2008). There are also some cases of low post-thaw motility such as Arctic char 

(10–25%), shortnose stur-geon (16%), or zebrafish (12.1%) (Mansour et al., 2006; 
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Horvath et al., 2008; Morris et al., 2008). However, the post-thaw motility is not 

necessarily linked directly to the fertility rate artificially inseminating using 

cryopreserved semen. For example, in the case of the Arctic char mentioned earlier, 

despite the 10–25% of post-thaw motility rate, the fertility rate is high at 62.2% 

(Mansour et al., 2006). Silver carp, on the other hand, reported a fertility rate of 

50.6%, which is relatively lower than its post-thaw motility of nearly 100%. Sharks 

do not have data on the post-thaw motility of semen required for fecundation yet, 

due to the lack of study on their semen cryopreservation and AI trial with frozen 

semen. This should be studied precisely by follow-up studies as actual fecundation 

is one the most important parts of ART. 

Fish spermatozoa are immotile in testis and become activated after ejaculation 

by various factors (Cabrita et al., 2010). In the case of extender solutions used before 

freezing, the goal is not to activate spermatozoa that are still immotile right after 

ejaculation but to keep the cells stable so that post-thaw spermatozoa show the best 

motility and DOM when activated. The energy sources available to spermatozoa are 

limited to some extent, which can be seen by the inverse reduction of DOM when 

the motility increases due to increased metabolic rates with rising water temperatures 

(Cabrita et al., 2010). When cryopreserving spermatozoa, these limited energy 

sources are desired to be used for improving motility and DOM in post-thaw 

conditions, not to be consumed before freezing. For this reason, the purpose of using 

an extender solution in the cryopreservation protocol differs from that of the 
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activating extender solution. Filtered seawater, which was previously used as a 

control sub-stance to compare with the other extension solutions in SCT-1, was 

considered as an extension solution candidate since it performed better than the other 

extenders. Shark semen is highly likely to enter the female body in a mixture with 

seawater, not only because the female cloaca and uterus are open to the outside but 

also because male sharks use seawater in their siphon sacs to ejaculate the semen 

(Alvarez et al., 2008). Consequently, shark spermatozoa are stable in seawater. In 

fact, the internal osmolarity of sharks is adjusted to the osmolarity of seawater 

because of urea and TMAO. Since the extender used for cryopreservation needs to 

maintain spermatozoa in a stable state, the SCT-1 results concluded that FSW was 

the most appropriate extender, which is logical, considering the facts presented 

above. 

When performing cryopreservation, both spermatozoa and cryopreservation 

medium are frozen and thawed and this results in damages in various locations on 

the cells. This includes reduction of membrane integrity, protein leakage and 

degradation, mitochondrial damage, etc. This consequently reduces the motility, 

viability, and fertilizing ability of spermatozoa (Gwo and Ohta, 2008). Many 

substances are used as cryoprotectants to reduce these damages, and EG, glycerol, 

DMSO, bovine serum albumin (BSA), and EY used in this study have been 

commonly used as cryoprotectants in the cryopreservation of semen in teleost 

(Suquet et al., 2000). Among them, cryoprotectants selected for shark semen in this 
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study were EY and EG, which provided a good protective effect. Not only did DMSO 

show a toxic effect as a default cryoprotectant, but testing the concentrations of EY 

and EG with protective effects of up to only 10% contributed to the low post-thaw 

motility in this study. Further studies to confirm the effects of various EY and EG 

concentrations, including higher concentrations, on post-thaw spermatozoa total 

motility are needed. Testing various concentrations of EY and EG and equilibration 

times may determine a combination that increases the post-thaw spermatozoa 

survival rate. In addition, EY derived from species other than chickens can also be 

considered. EY is one of the most common non-penetrating cryoprotectants used 

with other species and is known to lower the freezing point of the medium and reduce 

extracellular ice crystal formation (Mansour et al., 2006). In this experiment, chicken 

eggs were used, as they were easy to obtain. However, since there is a risk of 

exposure to pathogens from different species and since the composition of the EY 

varies from species to species, shark EY needs to be tested as a cryoprotectant in 

future studies (Horvath et al., 2008). In addition to the cryoprotectants used in this 

study, fish semen cryopreservation uses a variety of substances such as antifreeze 

protein (AFP), antifreeze glycoprotein (AFGP), seminal plasma proteins, 

antioxidants to improve the quality of post-thaw spermatozoa (Gwo and Ohta, 2008; 

Morris et al., 2008; Xin et al., 2018; Dadras et al., 2017; Gilbert et al., 1972). 

Reflecting the directionality of these recent studies, more diverse cryoprotectants can 

also be attempted in further study. 
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In this study, the experimental temperature was set to 21℃ except for the 

thawing period. This was to set as a similar temperature to the shark's breeding 

environment and its body temperature, which was based on the fact that sharks are 

ectothermic animals. Previous studies have shown that spermatozoa's motility rate, 

swimming speed, flagellum beat frequency, and ATP consumption speed show 

positive correlations with temperature, and DOM shows a negative correlation with 

temperature (Cabrita et al., 2010). Accordingly, if the quality of spermatozoa is 

measured under different temperature conditions from the 21℃ set in this study, 

changes in the values are expected to be observed. Depending on the motility and 

DOM values that have changed under various temperature conditions, it is also 

necessary to determine in further study which conditions will result in higher fertility 

when used for AI. 

From the perspective of the whole experimental design, it can be speculated 

that exploring the direction vector from the default protocol to Kim’s protocol in 

future experiments will further improve spermatozoa motility, assuming that the 

response surface is smooth. Further research should be conducted to improve post-

thaw total motility. Further studies with different conditions or progressive 

methodologies should also be conducted to improve post-thaw motility, such as 

adding a variety of cryoprotectants, changing cryoprotectants’ concentrations, 

changing measurement temperatures, or trying new technologies like vitrification 

(Xin et al., 2020). 
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5. Conclusions 

Sharks are apex predators and keystone species in marine ecosystem food chains. 

However, owing to human activities, they have recently experienced rapid 

population decreases and now face an extinction crisis and require improved 

conservation efforts. Semen cryopreservation, along with AI, is one of the most 

important ART techniques that can help endangered species. This study presents a 

preliminary cryopreservation protocol for shark semen using the semen of T. 

scyllium. Using the protocol that was selected in this study, Kim’s protocol, a post-

thaw total motility of 2.03% was achieved. As this study clearly demonstrates the 

direction required for further research, additional experiments must be conducted to 

find an optimum combination that can further enhance post-thaw motility. 

 
  



 

 

7
4

Table 1. Biological data of the Triakis scyllium used for the experiments. All data were measured before the experiment started. 

①: Length from the cloaca opening to the tip of the left clasper; ②: Length from the notch between the left pelvic fin and the 

clasper to the tip of the left clasper; ③: Length from the caudal end of the left pelvic fin to the tip of the left clasper.  

Organism ID 
Body length 

(cm) 
Body weight 

(kg) 

Clasper 

Length ① 
(cm) 

Length ② 
(cm) 

Length ③ 
(cm) 

Calcification Bending 
Rhipidion 
formation 

M001 160.0 14.8 17.5 12.0 6.5 C B R 

M002 98.0 3.1 13.0 10.0 5.5 C B R 

M003 100.0 3.4 12.5 9.0 5.5 C B R 

M004 100.0 3.1 13.0 9.0 5.5 C B R 

M005 137.5 8.9 16.5 11.0 6.5 C B R 

 
* C: calcified; B: bending; R; rhipidion formed 
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Table 2. Composition of solution candidates for activating extender test 1.  

Constituent  
(mM) 

MT-EM MB-EM MH-EM SR 

NaCl - 92.4 1368.9 280.0 
KCl 0.3 - 53.6 6.0 

CaCl2 - - - 5.0 
MgCl2 - - - 3.0 

MgCl2∙6H2O - 1.7 - - 
Dextrose - - - 5.0 
Glucose - - 55.5 - 
Sucrose 23.4 - - - 
Fructose - 27.8 - - 
TMAO 103.8 103.8 103.8 - 
Urea 359.6 359.6 359.6 350.0 

Sodium glutamate - 51.3 - - 
Sodium acetate - 31.6 - - 

NaHCO3 - - - 8.0 
NaH2PO4 - - 4.0 1.0 
Na2SO4 - - - 0.5 

K2HPO4∙3H2O - 55.6 - - 
Potassium citrate - 2.1 - - 

KH2PO4 - 4.8 4.4 - 
TES - 8.5 8.5 - 
Tris 30.0 - - - 

 
* MT-EM: elasmobranch-modified Tsvetkova’s extender; MB-EM: elasmobranch-modified Beltsville 
poultry semen extender; MH-EM: elasmobranch-modified Hank’s balanced salt solution; SR: shark 
Ringer solution; TMAO: trimethylamine oxide; TES: N-tris[hydroxymethyl]methyl-1-aminoethane 
sulfonic acid 
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Table 3. Composition of solution candidates for activating extender test 2.  

Constituent (mM) SR SSAE-1 SSAE-2 

NaCl 280.0 500.0 1000.0 
KCl 6.0 6.0 6.0 

CaCl2 5.0 5.0 5.0 
MgCl2 3.0 3.0 3.0 

Dextrose 5.0 25.0 25.0 
Urea 350.0 359.6 359.6 

TMAO - 103.8 103.8 
NaHCO3 8.0 8.0 8.0 
NaH2PO4 1.0 1.0 1.0 
Na2SO4 0.5 0.5 0.5 

 
* TMAO: trimethylamine oxide; SR: shark Ringer solution; SSAE-1: shark spermatozoa activating 
extender 1; SSAE-2: shark spermatozoa activating extender 2 

 

  



 

77 

 

Table 4. Composition of solutions used for the primary semen cryopreservation test 

(SCT-1).  

Constituent (mM) OT-EM SR-MOD 

Sucrose 23.4 - 

Trimethylamine oxide 103.8 - 

Urea 359.6 350.0 

KHCO3 - - 

Reduced glutathione - - 

Bovine serum albumin - - 

Tris 118.0 - 

KCl - 6.0 

CaCl2 - 5.0 

MgCl2 - 3.0 

Dextrose - 5.0 

NaHCO3 - 8.0 

NaH2PO4 - 1.0 

Na2SO4 - 0.5 

 
* OT-EM: elasmobranch-modified Original Tsvetkova’s extender; SR-MOD: modified shark Ringer 
solution 
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Table 5. Experimental conditions for the primary semen cryopreservation test (SCT-

1). All experiments were done in triplicate.  

Experiment 
ID 

Extender 
Extension 

ratio 
Cryoprotectant 

Equilibration 
period 
(min) 

Cooling 
rate 
(cm) 

Thawing 
temp 
(℃) 

1 SR 1:3 DMSO 10% 1 5 21 
2 SR-MOD 1:3 DMSO 10% 1 5 21 

3 OT-EM 1:3 DMSO 10% 1 5 21 
4 MT-EM 1:3 DMSO 10% 1 5 21 
5 MB-EM 1:3 DMSO 10% 1 5 21 

6 MH-EM 1:3 DMSO 10% 1 5 21 
7 SSAE-1 1:3 DMSO 10% 1 5 21 
8 SR 1:1 DMSO 10% 1 5 21 

9 SR 1:5 DMSO 10% 1 5 21 
10 SR 1:3 DMSO 5% 1 5 21 
11 SR 1:3 DMSO 15% 1 5 21 

12 SR 1:3 Glycerol 5% 1 5 21 
13 SR 1:3 Glycerol 10% 1 5 21 
14 SR 1:3 Glycerol 15% 1 5 21 

15 SR 1:3 EG 5% 1 5 21 
16 SR 1:3 EG 10% 1 5 21 
17 SR 1:3 EG 15% 1 5 21 

18 SR 1:3 EY 10% + EG 10% 1 5 21 
19 SR 1:3 EY 10% + Glycerol 10% 1 5 21 
20 SR 1:3 EY 10% + DMSO 10% 1 5 21 

21 SR 1:3 BSA 10% + EG 10% 1 5 21 
22 SR 1:3 BSA 10% + Glycerol 10% 1 5 21 
23 SR 1:3 BSA 10% + DMSO 10% 1 5 21 

24 SR 1:3 DMSO 10% 5 5 21 
25 SR 1:3 DMSO 10% 10 5 21 
26 SR 1:3 DMSO 10% 20 5 21 

27 SR 1:3 DMSO 10% 1 3 21 
28 SR 1:3 DMSO 10% 1 9.5 21 
29 SR 1:3 DMSO 10% 1 5 10 

30 SR 1:3 DMSO 10% 1 5 30 
Ctrl1 FSW 1:3 DMSO 10% 1 5 21 
Ctrl2 SR 1:3 - 1 5 21 

 
* SR: shark Ringer solution; SR-MOD: modified shark Ringer solution; OT-EM: elasmobranch-
modified Original Tsvetkova’s extender; MT-EM: elasmobranch-modified Tsvetkova’s extender; MB-
EM: elasmobranch-modified Beltsville poultry semen extender; MH-EM: elasmobranch-modified 
Hank’s balanced salt solution; SSAE-1: shark spermatozoa activating extender 1; FSW: filtered 
seawater; DMSO: dimethyl sulfoxide; EG: ethylene glycol; EY: egg yolk; BSA: bovine serum 
albumin  
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Table 6. Quality of the semen from the five Triakis scyllium. Motility and duration 

of motility (DOM) were measured after activated with shark spermatozoa activating 

extender 1 (SSAE-1). 

Organism ID 
Concentration 

(1011/L) 
Morphology (%) Motility (%) DOM (hours) 

M001 2.96 98.8 35.22 60 
M002 2.81 94.6 22.86 15 
M003 3.70 97.6 35.29 24 
M004 2.59 99.5 93.53 45 
M005 3.62 95.2 98.90 51 

 
* DOM: duration of motility 
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Table 7. Semen quality used for the primary and secondary semen cryopreservation 

tests (SCT-1 and SCT-2). Spermatozoa were activated with shark spermatozoa 

activating extender 1 (SSAE-1). 

Organism ID Experiment # Total volume Concentration Motility 

M004, M005 
SCT-1 7 ml 4.542×1011/L 92.74% 

SCT-2 2 ml 1.114×1011/L 89.12% 
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Table 8. Frozen-thawed motility and duration of motility (DOM) from the primary 

semen cryopreservation test (SCT-1). Default protocol: Extender SR; extension ratio 

1:3; cryoprotectant DMSO 10%; equilibration period 1 min; cooling rate 5 cm, 3 

min; thawing temperature 21℃, 10 s. Motility was calculated as a percentage of the 

spermatozoa that were motile after being thawed. Values are the averages of triplicate 

experiments. DOM was measured as the duration from the thawing of the 

spermatozoa to the time when the motility of more than 2 out of 3 groups became 

0%. Motility was measured every 12 h.  

Experiment 
ID 

Treat Motility (%) 
DOM 

(hours) 
1 Default protocol 0.0015 24 

2 Extender: SR-MOD 0.0000 0 

3 Extender: OT-EM 0.0000 0 

4 Extender: MT-EM 0.0000 0 

5 Extender: MB-EM 0.0000 0 

6 Extender: MH-EM 0.0046 12 

7 Extender: SSAE-1 0.0041 12 

8 Extension ratio: 1:1 0.0000 0 

9 Extension ratio: 1:5 0.0010 12 

10 Cryoprotectant: DMSO 5% 0.0030 24 

11 Cryoprotectant: DMSO 15% 0.0000 0 

12 Cryoprotectant: Glycerol 5% 0.0068 24 

13 Cryoprotectant: Glycerol 10% 0.0000 0 

14 Cryoprotectant: Glycerol 15% 0.0007 12 

15 Cryoprotectant: EG 5% 0.0189 60 

16 Cryoprotectant: EG 10% 0.0362 132 

17 Cryoprotectant: EG 15% 0.0014 12 

18 Cryoprotectant: EY 10% + EG 10% 0.0637 120 

19 Cryoprotectant: EY 10% + Glycerol 10% 0.0032 12 

20 Cryoprotectant: EY 10% + DMSO 10% 0.0261 60 

21 Cryoprotectant: BSA 10% + EG 10% 0.0000 0 

22 Cryoprotectant: BSA 10% + Glycerol 10% 0.0000 0 

23 Cryoprotectant: BSA 10% + DMSO 10% 0.0007 0 

24 Equilibration period: 5 min 0.0004 0 

25 Equilibration period: 10 min 0.1405 96 
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26 Equilibration period: 20 min 0.0237 24 

27 Cooling rate: 3 cm 0.0152 12 

28 Cooling rate: 9.5 cm 0.0000 0 

29 Thawing temperature: 10℃ 0.0254 12 

30 Thawing temperature: 30℃ 0.1233 96 

Ctrl1 Extender: FSW 0.0271 36 

Ctrl2 Cryoprotectant: n/a 0.0007 12 

 
* SR: shark Ringer solution; SR-MOD: modified shark Ringer solution; OT-EM: elasmobranch-
modified Original Tsvetkova’s extender; MT-EM: elasmobranch-modified Tsvetkova’s extender; MB-
EM: elasmobranch-modified Beltsville poultry semen extender; MH-EM: elasmobranch-modified 
Hank’s balanced salt solution; SSAE-1: shark spermatozoa activating extender 1; FSW: filtered 
seawater; DMSO: dimethyl sulfoxide; EG: ethylene glycol; EY: egg yolk; BSA: bovine serum albumin 
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Figure 1. Scheme of the experiment with results. SR: shark Ringer solution; SR-

MOD: modified shark Ringer solution; OT-EM: elasmobranch-modified Original 

Tsvetkova’s ex-tender; MT-EM: elasmobranch-modified Tsvetkova’s extender; MB-

EM: elasmobranch-modified Beltsville poultry semen extender; MH-EM: 

elasmobranch-modified Hank’s balanced salt solution; SSAE: shark spermatozoa 

activating extender; FSW: filtered seawater; DMSO: dimethyl sulfoxide; EG: 

ethylene glycol; EY: egg yolk; BSA: bovine serum albumin; LN2: liquid nitrogen. 
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Figure 2. Morphology of the spermatozoon from Triakis scyllium. (a) Diff-Quick stained spermatozoon observed with an 

optical microscope (400×); (b) Non-stained spermatozoa diluted with filtered seawater and observed with an optical 

microscope (400×); (c) Schematic morphology of the spermatozoon. Scale bars: 30 µm.
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Figure 3. Motility changes in frozen-thawed spermatozoa from the primary and 

secondary semen cryopreservation tests (SCT-1, 2). Motility after the initial 36 h was 

plotted. The results of SCT-1 (from 1-1 to 1-Ctrl2) and SCT-2 (2-1 and 2-2) are 

presented together. 
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Figure 4. Three-dimensional modeling of the spermatozoon for the surface-area-to-volume ratio calculation. (a) Human 

spermatozoon; (b) Triakis scyllium spermatozoon. Scale bars: 8 µm. 
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Figure 5. Spermatozoa morphologies of diverse vertebrates. Grey: head region; dark 

grey: midpiece region; white: flagellum region. All spermatozoa are drawn in 

proportion (Bousseau et al., 1998; Frandson et al., 2009; Pitnick et al., 2009). (a) 

Human; (b) Dog; (c) Rat; (d) Chicken; (e) Turtle; (f) Frog; (g) Zebrafish; (h) Shark. 

Scale bar: 20 µm. 
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Abstract 

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, the possibility of germ 

cell maturation by administration of Ovaprim®, a commercially produced synthetic 

salmon gonadotropin-releasing hormone, and its optimum dosage and injection 

timing were identified. The experiment was conducted on two shark species—

Triakis scyllium and Triaenodon obesus. It was found that intramuscular injections 

of 0.2 mL/kg of Ovaprim® 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. Current study results confirm that Ovaprim® is a suitable tool for shark 

hormone-induced artificial insemination and indicate that this method may enable 

the conservation of the endangered shark species. 

Key words: Triakis scyllium, Triaenodon obesus, synthetic salmon GnRH, 

Ovaprim®, hormone-induced artificial insemination  
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1. Introduction 

Shark populations have been severely threatened by indiscriminate hunting over the 

last 40–50 years (Lack et al., 2011). Of the species identified on the International 

Union for Conservation of Nature (IUCN) Red List, 27.9% of shark species are listed 

as “vulnerable,” “endangered,” or “critically endangered” (IUCN, 2019). Sharks are 

apex predators and keystone species of the 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 
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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; Masuda et al., 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; Masuda et al., 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 one 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. 
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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, the hypothalamus-pituitary-

gonadal axis that has been used in Osteichthyes were used in this study (Rottmann 

et al., 1991; Cardinaletti et al., 2010; Genz et al., 2014; Yom-Din et al., 2016; 

Shanthanagouda et al., 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® 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 
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are important criteria in hormone-induced artificial insemination (Yanong et al., 

2009).  

Ovaprim® is composed of a salmon gonadotropin-releasing hormone analog (20 

µg/mL) and domperidone (10 mg/mL) (USFDA, 2020). 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® 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® application to elasmobranchs yet, it is not known whether Ovaprim® 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 List (IUCN, 

2019) and is one of the most accessible shark species in the Republic of Korea. 

Triaenodon obesus lives in the warm waters of the Indo-Pacific Ocean. This species 
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also fertilizes its gametes internally but shows placental viviparity. Although the 

IUCN Red List classifies this species into the “near threatened” group (IUCN, 2019), 

it is also a species commonly seen in aquariums. These two species were chosen 

owing to their accessibility, 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 et al., 2009).  

Herein, to the best of my knowledge, Ovaprim® was administrated 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. 

 

2. Materials and methods 

2.1. 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, 
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Jeju-do, Republic of Korea. More adult sharks were sought 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) (Table 1). As all males met the 

stand`ards, 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 Ltda., 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 
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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 2). 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, the possibility of an Ovaprim® administration triggering the 

first ovarian cycle in the sharks was tested 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 
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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, USA). 

No anomalies were detected in complete blood count, blood chemistry, and 

blood gas analysis of the experimental candidates (Table 3). 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 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 

(Table 4).  

2.2. 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 
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tanks. The sharks were target-fed mackerel, whiteleg shrimp, and squid thrice a week, 

and Mazuri Vita-Zu® Shark/Ray II Tablet (Purina Mills LCC, USA) once a week. 

2.3. Reproductive hormone levels before Ovaprim® administration 

Since only minimally invasive procedures were used in this study, sharks were 

sedated for every step. Tricaine methanesulfonate (MS-222) in 50–60 ppm 

concentration was used to induce sedation for the experiments. To determine the 

hormone level before Ovaprim® (Syndel Laboratories, Vancouver, Canada) injection, 

3 mL of blood was collected from all 16 sharks from their tail vein and placed in BD 

Vacutainer® SSTTM II Advance (BD, NJ, USA) tubes for serum separation. Serum 

estradiol, progesterone, and testosterone concentrations were measured by 

electrochemiluminescence immunoassay (ECLIA) using Elecsys® progesterone III 

assay, Elecsys® estradiol III assay, and Elecsys® testosterone II assay on the Cobas 

8000 modular analyzer series (Roche Diagnostics Corp., Indianapolis, IN, USA; 

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® for each experiment, 
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but due to a lack of population size, using this basis value was chosen as an 

alternative. 

2.4. Dose optimization of Ovaprim® and its effects in male T. scyllium 

The final purpose of this study was to determine if Ovaprim® 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 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.  
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As there was no reported information about Ovaprim® dosage in sharks, 

experimental doses based on the amounts previously administered to Osteichthyes 

were set (Nandeesha et al., 1990; Khan et al., 2006; Genz et al., 2014; Paul et al., 

2014). Male sharks were used for this experiment as divided 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 both small 

and large specimens were intended to be distributed evenly in each group. Ovaprim® 

was injected intramuscularly (IM) at the doses of 0.1 mL/kg, 0.2 mL/kg, and 0.4 

mL/kg 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 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℃ for subsequent experiments. Semen was diluted with 

activating solution and checked using an optical microscope for motile spermatozoa. 

Through this step, it was confirmed that if Ovaprim® affected the hormonal system 

in sharks and determined the effective dosage for males. 
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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. 

2.5. Dose optimization of Ovaprim® and its effects in female T. scyllium 

In females, Ovaprim® 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 et al., 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 et al., 

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 experiments were as follows: First: 0.6 
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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 et al., 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 

one month was set between each experiment. 

2.6. Dose optimization of Ovaprim® and its effects in T. obesus 

Based on the experimental outcome in T. scyllium, 0.2 mL/kg Ovaprim® 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, 
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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® 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. 

2.7. Ethical approval 

This study was approved by the Seoul National University Institutional Animal Care 

and Use Committee (approval number: SNU-181218-2) and all the experiments were 

performed in accordance with relevant guidelines and regulations. 

 

3. Results 

3.1. Reproductive hormone levels before Ovaprim® administration 
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Results of blood hormone levels are shown in Table 2. 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 

nine-fold difference between the two (Table 2). 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 2 merits academic use in other studies and by 

clinicians. 

3.2. Dose optimization of Ovaprim® and its biological effects in male T. scyllium 

The results from the hormone level analysis of male T. scyllium are shown in Figure 

2. All three Ovaprim® concentrations administered to Groups A, B, and C induced 

hormonal reactions in sharks. This was the first time that Ovaprim® 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 male sharks. The 

initial fluctuation was greatest in group B at 59.6 ng/mL, whereas the fluctuation of 
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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, it was concluded that the optimum Ovaprim® 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® 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, semen sampling was 

attempted at 1 h, 12 h, 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. It was 
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confirmed that 1 h post-injection was the most optimum time for semen sampling in 

T. scyllium. 

3.3. Dose optimization of Ovaprim® 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® 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® 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 
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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® 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® administration, the increase in 

follicle size could be clearly discerned not only through measured figures (Figure 

4A), but also with the naked eye (Figure 4B, 4C). 

Collectively, 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. 
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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 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 mL/kg and 0.5 mL/kg of 

Ovaprim® at a 24 h interval. 

3.4. Dose optimization of Ovaprim® and its effects in T. obesus 

Changes in blood hormone levels after administration of 0.2 mL/kg Ovaprim® 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 
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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® 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 (Figure 4D, 4E, 4F) and no egg 

dropping (Figure 5B). Follicular size change could be recognized clearly both by 

the naked eyes in ultrasonography and through measurements in the figures (Figure 

4D). No egg dropping suggested that the sharks were in a suitable state for artificial 

insemination. Overall, hormone levels after Ovaprim® 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. 

 

4. Discussion 

4.1. Biological reactions following Ovaprim® administration in sharks 
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For seasonally breeding sharks, natural ovarian follicular maturation occurs 

gradually throughout the year concomitant with a gradual increase in follicular 

diameter (Sulikowski et al., 2007; George et al., 2017). Therefore, the follicular 

maturation that was observed over 1 or 2 days in the current study is not a natural 

phenomenon. Follicular diameters increased by more than 1.5–2.0 cm within only 

48 h in response to the administration of Ovaprim®, 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® 

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, it can be 

assumed that their ovarian follicular growth observed in the present study is more 

likely to have been a response to the administration of Ovaprim®, rather than a 

manifestation of the natural reproductive cycle.  
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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, the observations that 

Ovaprim® 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® is a commonly used treatment, breeding can be 

induced more than twice annually during non-breeding periods. Thus, if Ovaprim® 

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® could induce biological reactions only when the sharks 

matured sexually to some extent—confirmed by both hormone concentration 

analyses and Ovaprim® injection experiments using sharks F003–F007. 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 (Table 1), current study results, 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 
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to the administration of Ovaprim®, indicating that these sharks were not sufficiently 

mature. As observed previously in bony fish, the lack of response to Ovaprim® 

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®. 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® 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, current findings indicate 

that both female and male sharks showed responses to the administration of 

Ovaprim®. These observations indicate that the hypothalamus-pituitary-gonadal axis, 

which has previously been identified in bony fishes, including sturgeons, might also 
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exist in sharks (Yom-Din et al., 2016). Although the roles of salmon gonadotropin-

releasing hormone analog and gonadal steroids have been identified, the pituitary 

levels of hormones were not determined directly, 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, current 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® 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. 

4.2. Necessity and possibility of Ovaprim® 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 
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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%). 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 
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et al., 2010). Consequently, although Chondrichthyes conservation may not 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 my 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 
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triggering is deemed to be among the essential tools required for the ex-situ 

conservation of sharks. 

Hormonal inducers such as Ovaprim® 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 maximized. As a hormonal inducer, Ovaprim® 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® 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, Ovaprim® was used to induce 

germ cell maturation and to establish suitable injection protocol. A single 0.2 mL/kg 

Ovaprim® dose induced semen release in the males of both study species and that 
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the administration of two 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®, it can be reasonably expected 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 my 

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 et al., 2008; Olumuji et al., 2012; 

Dhara et al., 2013). Considering the importance of hormone-induced reproduction 

techniques in the ex-situ conservation of wild sharks, the findings of the present 

study will make a potentially important contribution to the conservation of 

endangered shark species.  

4.3. 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 
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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, the findings of the present study 

provide a clear direction for further research on shark hormone-induced artificial 

insemination. Ovaprim® 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. General dose range and appropriate administration protocol 

were possible to be established in this study. 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® was found to induce ovulation and semen release, only the 

maturity or quantity of the germ cells were examined, 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 an actual artificial insemination experiment 

was not conducted in the present study, the fertilization rate of the artificially 



 

128 

 

maturated germ cells was not possible to be determined. Moreover, the pituitary 

hormones were not analyzed, 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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Table 1. Body measurement traits of Triakis scyllium and Triaenodon obesus. C: calcified; NC: not calcified; E: elongated, 

longer than pelvic fin; NE: not elongated, not longer than pelvic fin; B: bending; NB: not bending; R: rhipidion formed; RN: 

rhipidion not formed.  

Species Sex ID 
Body weight 

(kg) 
Body length 

(cm) 

Clasper 

Calcification Elongation Bending 
Rhipidion 
formation 

T. scyllium Male M001 14.8 160.0 C E B R 
  M002 3.1 98.0 C E B R 
  M003 1.6 78.0 NC NE NB RN 
  M004 3.4 100.0 C E B R 

  M005 3.1 100.0 C E B R 

  M006 8.9 137.5 C E B R 
 Female F001 16.4 152.5 - - - - 
  F002 12.5 137.5 - - - - 
  F003 13.8 137.0 - - - - 
  F004 2.6 86.5 - - - - 
  F005 3.7 92.8 - - - - 
  F006 4.0 92.6 - - - - 
  F007 3.0 95.0 - - - - 

T. obesus Male WM001 17.8 163.0 C E B R 
  WM002 13.9 153.0 C E B R 
  WM003 15.1 155.0 C E B R 
 Female WF001 20.0 156.0 - - - - 
  WF002 11.8 134.0 - - - - 
  WF003 14.5 146.0 - - - - 
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Table 2. Hormone concentrations of Triakis scyllium and Triaenodon obesus prior 

to Ovaprim® administration. Concentrations are the average values of four 

measurements. M: mean; SE: standard error.  

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 
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Table 3. Average blood test results of Triakis scyllium and Triaenodon obesus. CBC: complete blood count; WBC: white 

blood cell; RBC: red blood cell; mPCV: manual packed cell volume; BUN: blood urea nitrogen; ALKP: alkaline phosphatase; 

AST: aspartate transaminase; ALT: alanine transferase; GGT: gamma-glutamyl transferase; CK: creatinine kinase; LDH: 

lactate dehydrogenase; TCO2: total CO2; T: temperature; NT: not tested. 

  Unit 

Triakis scyllium Triaenodon obesus
Pregnant 

female 
(n=2) 

Non-pregnant 
female (n=3) 

Male 
(n=5) 

Female 
(n=3) 

Male
(n=3)

CBC        
WBC (109/L) 10.46 30.86 33.76 NT NT
RBC (1012/L) 0.35 0.44 0.48 NT NT
Hemoglobin g/dL 9.25 8.80 9.52 10.13 8.10
mPCV % 32.00 28.40 31.20 45.50 28.00

Chemistry      

Na+ mmol/L 279.00 282.60 283.60 293.00 288.33
K+ mmol/L 3.45 3.66 3.26 3.60 3.70
Cl- mmol/L 222.00 225.60 234.60 230.00 240.00
Calcium mg/dL 18.00 18.28 17.92 18.73 19.97
Phosphorus-
Inorganic 

mg/dL 6.85 5.28 5.26 5.47 5.47

Magnesium mg/dL 3.75 3.40 4.22 4.23 4.73
BUN mg/dL 1135.45 1081.12 1097.44 940.90 1017.97
Creatinine mg/dL 0.10 0.10 0.22 0.01 0.01
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Uric Acid mg/dL 0.35 0.34 0.58 0.57 0.40 
Ammonia µmol/L 40.00 17.40 62.20 124.67 33.00 
Protein-Total g/dL 2.95 2.66 2.92 3.70 4.37 
Albumin g/dL 1.30 1.18 1.28 1.63 1.93 
Globulin g/dL 1.65 1.48 1.64 2.07 2.43 
Glucose mg/dL 87.00 92.00 95.60 100.67 98.00 
Bilirubin-Total mg/dL 0.10 0.10 0.10 0.13 0.10 
Bilirubin-Direct mg/dL 0.10 0.10 0.10 0.10 0.10 
Cholesterol-Total mg/dL 103.00 120.60 101.20 81.67 87.33 
Triglyceride mg/dL 287.50 230.40 322.60 22.33 42.00 
Lipase U/L 53.00 109.80 218.00 50.00 37.00 
Amylase U/L 18.00 53.60 13.60 5.67 5.33 
ALKP U/L 113.50 105.00 87.60 19.33 32.67 
AST U/L 29.50 14.00 19.20 12.33 12.00 
ALT U/L 13.50 11.60 12.60 5.33 6.33 
GGT U/L 1.00 1.60 1.00 1.00 1.00 
CK U/L 942.00 74.80 220.20 599.33 214.00 
LDH U/L 181.50 25.80 96.80 97.67 35.00 
Gas Analysis       

pH  7.53 7.59 7.48 NT NT 
PCO2 mmHg 9.25 7.40 10.14 NT NT 
PO2 mmHg 8.00 19.20 11.80 NT NT 
BEecf mmol/L -16.50 -16.80 -23.20 NT NT 
HCO3 mmol/L 9.20 8.22 9.08 NT NT 
TCO2 mmol/L 9.50 8.40 9.80 NT NT 
SO2 % 35.00 78.00 54.40 NT NT 
T ℃ 22.50 22.26 21.60 NT NT 
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Table 4. Water quality of the shark tanks during experiments. Total eight criteria were measured regularly. Each value indicates 

average ± standard deviation of the measurements.  

Tank pH 
Temperature 

(℃) 
Salinity 

(ppt) 
Specific 
gravity 

Dissolved 
oxygen 
(ppm) 

NO2
– 

(ppm) 
NO3

– 
(ppm) 

NH3 
(ppm) 

Male tank 7.0 ± 0.0 21.3 ± 0.6 40.8 ± 1.1 1.0 ± 0.0 7.8 ± 0.5 0.0 ± 0.0 2.6 ± 0.9 0.0 ± 0.0 

Female tank 7.0 ± 0.0 22.0 ± 0.2 40.2 ± 1.0 1.0 ± 0.0 8.6 ± 0.3 0.0 ± 0.0 2.3 ± 0.3 0.0 ± 0.0 
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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® 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.  
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Figure 2. Blood hormone level changes after Ovaprim® injection in male Triakis scyllium. Ovaprim® 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® injection. 
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Figure 3. Blood hormone level changes after Ovaprim® injection in Triakis scyllium and Triaenodon obesus. A: average 

hormone concentration changes in male T. scyllium. Ovaprim® was injected at 0.2 mL/kg dose at the orange arrowed time 

point. B: average hormone concentration changes of female T. scyllium. Ovaprim® 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® was injected at 

0.6 mL/kg dose at the orange arrowed time point. D: average hormone concentration changes of male T. obesus. Ovaprim® 

was injected at 0.2 mL/kg dose at the orange arrowed time point. E: average hormone concentration changes in female T. 

obesus. Ovaprim® was injected at 0.2 mL/kg and 0.3 mL/kg doses in serial at the orange arrowed time points.  
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Figure 4. Ovarian follicle size change after Ovaprim® injection in Triakis scyllium and Triaenodon obesus. A: Ovarian follicle 

size changes after Ovaprim® 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® administration. B: Ultrasonography of left ovary before Ovaprim® injection in T. scyllium (F003). The orange 

arrows indicate the same follicle in panel 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® injection in T. scyllium (F003). Follicles showed distinct size 

increase. The orange arrows indicate the same follicle in panel 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® 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® injection. E: Ultrasonography of left ovary before Ovaprim® 

injection in WF002 (T. obesus). The orange arrows indicate the same follicle in panel 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® injection in WF002 (T. obesus). The orange arrows indicate the same follicle 

in panel E at different time point. Size of the follicle with the orange arrow was 7.4 cm × 3.7 cm (21.77 cm2).  



 

 

 

1
4
0  

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® 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® experimental doses for female T. scyllium. TS①: 0.6 mL/kg 

+ 0.6 mL/kg, 6 h time gap; TS②: 0.2 mL/kg + 0.4 mL/kg, 12 h time gap; TS③: 0.2 mL/kg + 0.6 mL/kg, 24 h time gap; TS④: 

0.2 mL/kg + 0.5 mL/kg, 24 h time gap. B: Ovaprim® experimental doses for female T. obesus. CL①: 0.2 mL/kg + 0.2 mL/kg, 

24 h time gap; CL②: 0.2 mL/kg + 0.3 mL/kg, 24 h time gap.
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GENERAL CONCLUSION 

Sharks are keystone species of great importance both ecologically and academically. 

However, due to difficulties in access, not many studies have been conducted on this 

animal. To improve this lack of information and to contribute to their conservation, 

in this study, basic radiology data on sharks was set up, and based on this, the assisted 

reproductive technologies including semen cryopreservation, hormone-induced 

follicular maturation and ovulation, and hormone-induced semen release on sharks 

were established. 

1. The detailed atlas of banded houndshark (Triakis scyllium) was set up using 

CT, MRI, and cryosection in transverse, sagittal, and dorsal sections. Organs 

and tissues of musculoskeletal system, cardiovascular system, digestive 

system, excretory system, and nervous system, of banded houndshark were 

able to be differentiated in detail. This study provides a basis for accurate 

anatomy identification while clinical approaching in the future studies.  

2. Activating extender for banded houndshark (Triakis scyllium) semen was 

optimized and designated as SSAE-1. A preliminary protocol for semen 

cryopreservation, which is one of the most important techniques consisting 

ARTs, was established using SSAE-1. Though the Kim’s protocol set up 

during this study did not show high post-thaw motility (2.03%), it clearly 

suggested the direction of further studies for semen cryopreservation 

protocol optimization for sharks, by identifying the factors that contribute 
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or hinder the motility of spermatozoa.  

3. Normal blood concentrations of testosterone, progesterone, and estradiol 

were set up in banded houndshark (Triakis scyllium) and whitetip reef shark 

(Triaenodon obesus) and used as the standard for further experimental 

analysis. The applicability of sGnRHa (Ovaprim®) to the sharks was firstly 

looked up. After confirming that the Ovaprim® elicits a biological reaction 

from the shark species, proper injection dose and period were elicited. As a 

result, follicular maturation and ovulation in females and semen release in 

males were successfully induced by the Ovaprim® applications, showing the 

possibility of hormone-induced artificial insemination trial in the shark 

species.  

Since all data were the world’s first reports to sharks, this study could contribute 

to enhancing the understanding of Selachimorpha biology, specifically in the fields 

of anatomy and reproductive physiology. Detailed anatomy description in sharks 

using imaging tools increased the accuracy of clinical approaches, and the 

application of Ovaprim® showed the existence of hypothalamus-pituitary-gonad axis 

in sharks and the possibility that they could be stimulated by sGnRHa. These studies 

can serve as the basis for ARTs development that can practically contribute to shark 

conservation. Further studies need to optimize semen cryopreservation protocol to 

have improved post-thaw motility, decide post-thaw motility of cryopreserved semen 

by AI, and eventually be able to conduct HAI successfully.   
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국문 초록 

 

상어에서의 기초 보조생식기술 연구 

 
 

김  상  화 

 

 

서울대학교 대학원 

수의학과 수의병인생물학 및 예방수의학 전공 

 

상어는 판새아강 상어상목에 속하는 어종들의 총칭으로, 초기 척추동물 

중 현재까지 성공적으로 생존해 있는 대표적인 동물군이다. 척추동물 

형성 초기에 나타나 진화의 역사를 고스란히 담고 있는 만큼, 상어는 

면역체계, 번식 전략, 암 저항성 등 다양한 측면에서 중요한 

진화생물학적 연구의 대상이다. 뿐만 아니라 상어는 생태학적으로도 

중요한 역할을 하는데, 해양 생태계 먹이사슬의 최상위 포식자로서 해당 

생태계가 균형 있고 안정적으로 유지될 수 있도록 기여하고 있기 

때문이다. 상어 개체 수에 이상이 생기면 먹이사슬 전체가 무너질 수 

있다는 점은 이미 여러 선행연구를 통해 밝혀진 바, 그 중요성이 높기 

때문에 핵심종이라고도 불린다.  
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문제는 이들이 현재 심각한 멸종위기에 처해있다는 점이다. IUCN 

Red List 에 따르면, 연골어류의 37%가량이 취약 (VU), 절멸 위기 

(EN), 절멸 위급 (CR)군으로 분류되고 있어 심각한 멸종위기 상태를 

마주하고 있다. 이러한 양상은 이미 1970 년대부터 확인되어 왔으며, 그 

가장 큰 요인으로는 샥스핀 산업을 필두로 하는 어업이 지적되어 왔다. 

이에 전세계적으로 상어 어획량을 줄이고자 하는 환경운동이 수행되어 

왔으나, 상어 특유의 느린 번식속도에 기인하여 이들의 멸종위기 상태가 

쉽게 개선되지는 않고 있는 실정이다. 

심각한 멸종위기 상태의 동물 종 보전을 위해서는 사람의 인위적인 

개입이 필수불가결하다. 이미 재두루미, 몽고말, 코끼리, 북부흰코뿔소 

등 다양한 멸종위기 동물종에서 종 구제 및 보호를 위하여 

보조생식기술이 개발 적용되고 있다. 그러나 상어의 경우 동물 자체에 

대한 접근이 쉽지 않아 사실상 연구 되어있는 바가 거의 없다. 이에 본 

논문에서는 상어 종 보전에 기여하고자 일련의 연구들을 수행하였다. 

우선적으로 기초적인 영상의학 아틀라스를 확립하였으며, 이후 

보조생식기술 개발을 위하여 상어 정액 동결보존 프로토콜 및 호르몬 

유도 배란 프로토콜, 호르몬 유도 정액 샘플링 프로토콜을 개발하였다.  

1. 영상의학적 분석 기반 확립은 모든 수의학적 접근 방식의 기본이 
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되는 만큼, 본 연구는 최초로 컴퓨터 단층촬영 (CT) 및 자기공

명영상진단 (MRI) 방식을 이용하여 상어에서의 세밀한 영상의학 

아틀라스를 확립하였다. 체장 1 m 안팎의 어린 까치상어 

(Triakis scyllium) 세 마리의 전신 CT 및 MRI 스캔을 수행했

으며, 각 개체들을 냉동 후 transverse, sagittal, dorsal 단면으

로 잘라 실제 단면 모습과 CT, MRI상의 단면을 비교분석 하였다. 

다양한 장기 및 조직들을 세밀하게 구분하여 아틀라스를 확립하

였다. 다만 미성숙 개체들을 대상으로 연구를 수행하였던 만큼 

생식계통에 대한 확인은 불가하였다.  

2. 까치상어 (Triakis scyllium) 수컷 다섯 마리를 대상으로 실험을 

수행하였다. Ovaprim®을 0.2 mL/kg 투여 후 1시간 뒤, 상어의 

복부를 부드럽게 마사지하여 urogenital papilla를 통해 나오는 

정액의 secondary cloudy portion을 샘플링 하여 실험에 이용하

였다. 정지상태 정자의 motility를 최대로 만들 수 있는 활성화 

용액 조성을 확립하였으며 이를 SSAE-1로 명명하였다. 까치상

어 정자에 최적화된 동결보존 프로토콜을 확립하기 위하여 총 8

종의 extender solution, 3종류의 extension ratio, 15종의 

cryoprotectants, 4종의 equilibration periods, 3종의  cooling 

rates, 3종의 thawing temperature를 테스트 하였다. 결과적으로 
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정립된 Kim ’ s protocol은 다음과 같다: extender, filtered 

seawater; extension ratio, 1:3; cryoprotectant, egg yolk 10% 

+ ethylene glycol 10%; equilibration period, 10 min; cooling 

rate, 3 cm, 3 min; thawing temperature, 30℃, 10 s. 프로토콜

을 이용했을 때 최종적으로 확인된 정자의 해동 후 운동능은 

2.03%로 확인되었다. 

3. 난태생 상어인 까치상어 (Triakis scyllium)와 태반성 태생 상어

인 화이트팁 상어 (Triaenodon obesus)에서 실험을 수행하여 

다양한 번식전략을 지닌 상어 종 전반에 걸쳐 연어 유래 

gonadotropin-releasing hormone (GnRH, Ovaprim®) 적용 가

능성을 확인하였다. 실험에 앞서 두 상어종에서 암컷과 수컷의 

정상 혈중 성호르몬 농도를 각각 확인하여 추후 실험 분석의 

base line으로 이용하였다. 두 종 모두에서 Ovaprim®이 혈중 에

스트로겐, 프로게스테론, 테스토스테론의 농도 변화를 성공적으

로 유도하였으며, 암컷에서는 난포 성숙 및 배란을, 수컷에서는 

정액 사출을 유도함을 확인하였다. 추후 인공수정에 적용할 수 

있도록 Ovaprim®의 농도 및 투여 주기를 최적화한 결과는 다음

과 같았다: 까치상어 수컷: 0.2 mL/kg 투여 1시간 뒤 정액 샘플

링; 까치상어 암컷: 0.2 mL/kg 투여 24시간 뒤 0.5 mL/kg 2차 
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투여; 화이트팁 상어 수컷: 0.2 mL/kg 투여 직후 정액 샘플링; 

화이트팁 상어 암컷: 0.2 mL/kg 투여 24시간 뒤 0.2 mL/kg 또

는 0.3 mL/kg 2차 투여.  

 

 

주요어 : 상어, 보조생식기술, 컴퓨터 단층촬영, 자기공명영상, 정액 

동결보존, 호르몬유도 배란, Triakis scyllium, Triaenodon obesus. 
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