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Sperm extraction and artificial insemination may serve ex situ conservation initiatives for threatened sharks and
related species. A comparison of the reproductive anatomy of eight chondrichthyans is presented in this study,
emphasizing the important differences when performing these reproductive techniques. Additionally, we show how
to obtain sperm samples from both living and dead specimens using cannulation, abdominal massage, or oviducal
gland extraction. These tools can improve the success of breeding programs developed in aquaria and research
facilities.
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artificial insemination

| 1. Introduction

The Chondrichthyes are a group of vertebrates that appeared more than 400 million years ago. Nowadays, this
group is an ecologically diverse group with great importance in the regulation of the ecosystems where these
animals inhabit 22, The class Chondrichthyes comprises 1472 species classically divided into the holocephalans
(subclass Holocephali), which are commonly named chimaeras, and the elasmobranchs (subclass
Elasmobranchii), commonly named sharks and rays [8l. The chimaeras are the smallest of these three divisions in
terms of the number of extant species, and currently there are 57 species described [l All chimaeras are marine
animals, and very few species inhabit shallow waters, most species relegated to the deep waters (>200 m) despite
their global distribution in the past . Chimaeras have significantly different features compared to the
elasmobranchs, such as the fusion of the lower jaw to the cranium (hence their name Holocephalans, “complete
heads”) and non-replaceable tooth plates as teeth [4l. In general, holocephalans are a less studied group than their
relatives, the rays and sharks. This last group, the sharks, is perhaps the most recognizable group among
Chondrichthyans despite not being as numerous in terms of the number of species as the group formed by the rays
and skates (=61,

Regarding their conservation status, Chondrichthyes possess life histories that make them sensitive to elevated
anthropic pressure, threatening their populations &, |n fact, chondrichthyan extinction risk is higher than for most
other vertebrates, and only one-third of the species assessed are considered safe according to IUCN red list
criteria . The situation is particularly sensitive in places such as the Mediterranean Sea, a key hotspot of

extinction risk, where half the species of rays and sharks face an elevated risk of extinction 29, Among the drivers
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for the global decline of its populations, overfishing (intentional or incidental) and habitat destruction are the main
causes [QILALL]

As mentioned above, to understand the current global situation of chondrichthyan populations, their reproductive
strategies and life histories should be noted. Sharks and their relatives show larger body sizes, slower sexual
maturity, longer gestation periods, higher maternal investment, and fewer offspring than other fishes 11121
Chondrichthyan species reproduction modes are diverse and can be divided according to the nutrition of the
embryos. Lecithotrophic modes include oviparity (such as the catsharks of the family Scyliorhinidae, or the entire
subclass Holocephali) and yolk sac viviparity (such as Hexanchiformes), where the only nourishment comes from
their yolk sack. Matrotrophic modes include an additional nourishment source at some point of the embryo
development, in the form of lipid histotrophy, unfertilized eggs (or fertilized eggs in the extreme case of the sand

tiger shark Carcharias taurus), or the formation of a placenta (such as some Carcharhiniformes) [13](24115]

In aquaculture industries, the reproductive factors and complex life histories mentioned above have discouraged
captive breeding programs 23], but not in aquaria facilities, either public or private. The reproduction in captivity of
elasmobranchs and chimaeras has been reported for some species L8718 byt these events have traditionally
relied more on natural mating rather than on the use of reproductive techniques 2. A potentially useful technique
in breeding programs is the artificial insemination of females, but to ensure its success, a reliable supply of sperm
is required, especially in the case of endangered species [1212011211[22]123][24]125] / Although the obtention of sperm has
been previously achieved for several shark and chimaera species [[241251[26]1271[28]129] = the procedures of
extraction may vary between the different groups. In live animals, the most common procedures for sperm
obtention have been cannulation and abdominal massage 1222129 hyt these techniques should consider the
morphology and location of the reproductive structures, such as the seminal vesicles and urogenital papillae, to be

truly effective.

Due to their position as one of the oldest groups of vertebrates 39, Chondrichthyes have been previously used as
animal models for physiological and morphological studies 3182133134  Moreover, certain aspects of their
reproductive morphology, such as the form and function of their intromittent organs B3[B6I3738] o gonads B2A4041]
[42][43][44][45][46] 'have received attention from researchers and are well studied. However, some details about the
morphology of certain reproductive structures, which are important during the use of reproductive techniques, have
not been previously considered for sharks and chimaeras. Thus, the aim of this study is to offer an anatomical
guide intended to be useful during sperm obtention procedures, as well as propose preliminary indications to be
considered during artificial insemination. This practical guide complements previous work focused on the anatomy
of batoids (rays, skates, and close species) and the use of reproductive techniques on them [Z. The tools
presented in both studies are intended to delve into the development of reproductive techniques, such as sperm
cryopreservation 29 or artificial insemination 23, some of the important steps toward successful and sustainable
breeding programs.

| 2. Female General Anatomy: Sharks
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It should be noticed that there is a wide variety of anatomical differences between the species studied, but this
study aims to highlight only those that may be important while using specific techniques, such as sperm extraction
and artificial insemination. Thus, other anatomical differences have not been considered. However, even though
the abdominal pores are not part of the reproductive system, its misidentification may cause errors during

cannulation, so its description is offered.

Externally, shark females possess a cloaca located between the pelvic fins, where the urinary, reproductive, and
digestive system converge (Figure 1). Next to the caudal margin of the cloaca, the abdominal (or celomic) pores
are found. These small orifices closed by a sphincter connect the pleuroperitoneal cavity with the exterior and may
allow the removal of fluid from the inner cavity (28, In females, the urinary system ends in the urinary papilla (the
term urogenital papilla should be limited to males). Inside the cloaca, the caudal end of the uteri can be
independent or converge and fuse in a common cervix (or urogenital sinus). The cranial orifice inside the cloaca is

the caudal section of the digestive system: the rectum and the anus.

ov. ovary
ot: ostium

od: oviduct

0g: oviducal gland
it: isthmus

ut: uterus

sp: sphincter

CX: cervix

cl: cloaca

Figure 1. Female general anatomy: sharks. Morphological scheme of an ideal female shark, showing the main
reproductive structures: ovary (ov), oviducts (od), ostium (ot), oviducal glands (og), isthmus (it), uterus (ut),

sphincter (sp), cervix (cx), and cloaca (cl).
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Internally, females possess a pair of reproductive tracts distributed along with the entire pleuroperitoneal space.
The ovaries are embedded in the epigonal gland and located on the cranial part of the pleuroperitoneal cavity.
Depending on the species, the ovaries can be paired, fused in a single ovary or vestigial, with only one ovary
developed (1311538 The oogenesis is produced in the ovaries, and the mature oocytes are released into the
celoma and transported to the ostium by the action of cilia. The ostium is a funnel-like structure to allow the
passage of the unfertilized oocytes into the anterior part of the oviduct and, then, to the oviducal gland (the terms
shell gland and nidamental gland are commonly used, although in sharks, eggshells or embryo envelopes are not
always produced). That gland is responsible for the storage of the sperm, the oocyte fertilization, and the formation
of the egg case 9. Thus, in oviparous species, the shell gland is proportionally bigger than in ovoviviparous or
viviparous species. The gland also supposes the terminological division of the oviduct in the anterior (pre-oviducal
gland) and posterior (post-oviducal gland) oviduct. In some species, a sphincter-like structure, the isthmus, can
seal the oviducal gland from the uterus. Internally, females have one or two functional uteri depending on the

species 131115]38] \where the embryos develop, or the eggs are kept until they are laid.

| 3. Female Anatomy: Chimaera monstrosa

Externally, C. monstrosa does not possess a common chamber (cloaca) where the digestive, urinary, and
reproductive systems converge, but a single opening for the caudal portion of the digestive system, located
between the pelvic fins (Figure 2) 48, Two small pores closed by a sphincter sit along with this orifice, the
abdominal (or celomic) pores that allowed an exchange of fluids between the exterior and the pleuroperitoneal
cavity 481, The entrances to the uteri are two independent orifices closed by a sphincter located at the base of the
pectoral fins. In juvenile females, the orifices are narrow and hard to find, while in mature females, they are easier
to locate.
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ov: ovary

of: ostium

od: oviduct

og: oviducal gland
it: isthmus

ut: uterus

CX: Ccervix

cl: cloaca

ap: abdominal pores
us: uterine sphincter

Figure 2. Female general anatomy: Chimaera monstrosa. Morphological scheme of C. monstrosa main female
reproductive structures: ovary (ov), ostium (ot), oviduct (od), oviducal gland (og), isthmus (it), uterus (ut), cervix

(cs), cloaca (cl), abdominal pores (ap), and uterine sphincter (us).

Internally, their reproductive system is composed of paired structures arranged longitudinally, in the same way as in
the general model for sharks and rays. Following the longitudinal axis, two ovaries, a single ostium, two oviducts
(divided into anterior and posterior) with an oviducal gland each, two isthmus, two functional uteri ended by the
cervix, and a sphincter in the posterior section can be found. As in the rest of oviparous chondrichthyans BY, the
oviducal gland of C. monstrosa is well developed, as at present, all chimaera species lay hard egg cases, despite

their other past reproductive strategies B4,

| 4. Male General Anatomy: Sharks

Externally, male sharks have paired prolongations of the pelvic fins called claspers (or myxopterygium) used as
intromittent organs for internal fertilization (2134185186137 (Fjgure 3). Claspers are located at the inner margin of the

pelvic fins, forming a tube-like structure with a ventral groove known as hypopyle. The sperm flows through this
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groove from the male urogenital papilla to the female cloaca, and then into the uterine sphincter. To impulse the
sperm, most sharks possess paired muscular structures at the base of the claspers, under the ventral skin, called
siphon sacs B7B2 The siphon sacs secrete serotonin (5-hydroxytryptamine), capable of producing muscle
contractions in the uterus of females, which could favor the intrauterine transport of sperm 22, Because multiple
mating in sharks is well known, it has also been proposed that siphon sacs may play a role in sperm competition by

washing rival sperm from the cloaca of females [33154],

is: testes

ep: epididymis

dd: ductus deferens
Lg: Leydig gland

sv: seminal vesicle
§s! sperm sac

sn: sinus

up: urogenital papilla
cl: cloaca

cp: clasper

=

Figure 3. Male general anatomy: sharks. Morphological scheme of an ideal shark male, showing the main
reproductive structures: testes (ts), epididymis (ep), ductus deferens (dd), Leydig gland (Lg), seminal vesicle (sv),

sperm sac (ss), sinus (sn), urogenital papilla (up), cloaca (cl), and clasper (cp).

The cloaca is located between the pelvic fins. Typically, it is covered by the inner margins of the pelvic fins (the
metapterygia), or in some species by two cloacal lips. Inside the cloaca are located the anus (caudal portion of the
digestive system) and the urogenital papilla. Depending on the species, on the tip of the urogenital papilla, there
are one or two pores through which the sperm and urine flow. Lastly, two abdominal pores connecting the

pleuroperitoneal cavity with the exterior are located inside or near the cloaca, closed by a sphincter 481,
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Internally, the male reproductive system is located along the pleuroperitoneal cavity. The paired testes, embedded
in the epigonal organ, are located at the cranial end of the reproductive tract. The testes are connected via efferent
ductules (or ductuli efferentes) with two genital tracts composed of the cranial convoluted part called epididymis,
the ductus deferens (also called the Wolffian duct or vas deferens) 13, and the caudal part called seminal vesicle
(or ampulla) where the sperm is stored. The Leydig gland is adjacent to the ductus deferens and empties its
content on it and on the epididymis. The gland is formed by the cranial part of the mesonephros and produces the
seminal fluid and the matrix where the spermatozeugmata, or the spermatophores, are formed [Z4IE7IS8IBS] |
some species, a pouch-like structure can be found on the ventral surface of the seminal vesicle, the sperm sac,

where mature sperm is stored until mating 411,

| 5. Male Anatomy: Chimaera monstrosa

The internal male reproductive system in C. monstrosa (Figure 4) is similar to that of sharks in many aspects 28],
Two paired testes located in the cranial region of the pleuroperitoneal cavity are connected with two genital tracts
(which includes the epididymis, the ductus deferens with the Leydig gland and the seminal vesicle) by efferent
ductules (or ductuli efferentes). The two seminal vesicles (or green glands B7) are divided by an isthmus into a
cranial section, first whitish and opaque and then greenish and translucent, and a grayish posterior section. The
greenish coloration of the middle part of the seminal vesicle is a trait present in Chimaeriformes “6I758] These

caudal sections converge in a common sinus before forming the urogenital papilla in the exterior of the body.
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ts: testes

ep: epididymis
dd: ductus deferens
Lg: Leydig gland
sv: seminal vesicle
is: isthmus

sn: sinus

¢l: cloaca

up: urogenital papilla
ap: abdominal pores
pc: prepelvic clasper
cp: clasper
tn: tenaculum

Figure 4. Male general anatomy: Chimaera monstrosa. Morphological scheme of the main reproductive male
structures of C. monstrosa: testes (ts), epididymis (ep), ductus deferens (dd), Leydig gland (Lg), seminal vesicle
(sv), isthmus (is), sinus (sn), cloaca (cl), urogenital papilla (up), abdominal pores (ap) and claspers [cephalic or

tenaculum (tn), prepelvic (pc) and pelvic (cl)].

The external reproductive traits are multiple in C. monstrosa. First, the claspers are located at the base of the
pelvic fins and receive the sperm from the external urogenital papilla. The claspers are three-lobed, with dermal
denticles along its terminal region. Moreover, in C. monstrosa males, there are two slits located in the cranial part
of the pelvic fins. In juvenile males, the slits are small and almost closed, but in adult males, the slits house
prepelvic claspers, two serrated blade-like structures that emerge to grab the female during mating 181461591
Another reproductive external trait is the cranial tenaculum. The tenaculum is a single mallet-like structure in the
forehead of male chimaeras, with dermal denticles in its extreme. As in the case of prepelvic claspers, the

tenaculum is used during reproduction to grab the females 18,

| 6. Male Comparative Anatomy

The overall morphology of the structures which can be relevant during sperm extraction is well preserved in all the

species studied (Figure 5). However, there are some significant differences. Members of the family Scyliorhinidae
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studied (S. canicula, S. stellaris, G. melastomus) are quite similar (Figure 5A). The three species have two
independent seminal vesicles converging in a single sinus and urogenital papilla, but both Scyliorhinus species
possess abdominal pores near the inner margin of the pelvic fins, while the abdominal pores in G. melastomus are
slightly more centered near the cloaca. The siphon sacs in the three species are also visible under the skin cranial
to the pelvic fins. In P. glauca the siphon sacs are also easily visible and are clearly associated with each clasper,
but there are several morphological differences with the previous group. In this species (Figure 5B) the abdominal
pore takes the form of a papilla (abdominal papilla) located outside the cloaca. Inside, the two caudal parts of the
deferent ducts converge in a wide common urogenital sinus along the ureters of the urinary system. Both the
urogenital sinus and the deferens ducts are capable of storing a large amount of sperm. The urogenital sinus
opens to the exterior through the urogenital papilla located in the middle of the cloaca. Even with these differences,

the species are close relatives and belong to the same order Carcharhiniformes.

A B

Figure 5. Specific male anatomy. Species-specific morphologies in sharks and C. monstrosa with relevance in
sperm extraction procedures. The reproductive, excretory, and digestive systems are marked with different colors:
the seminal vesicle and ductus deferens in green, the excretory system in yellow, and the access to the digestive

system in red. The dotted lines in Centrophorus uyato represent the position of the hepatic lobes. The grey circles
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are the abdominal pores that connect the pleuroperitoneal cavity with the exterior. (A) Model observed in
catsharks, family Scyliorhinidae. (B) Model for blue shark Prionace glauca. (C) Model observed in little gulper

shark Centrophorus uyato. (D) Bluntnose sixgill shark Hexanchus griseus. (E) Rabbitfish Chimaera monstrosa.

In the case of the little gulper shark (Centrophorus uyato), a deep-water shark that belongs to the order
Squaliformes, the internal reproductive structures (Figure 5C) closely resemble those of the previous models
observed: two paired testes, reproductive ducts, and independent seminal vesicles converging in a urogenital
sinus. The external reproductive traits, however, showed several differences. The cloaca is partially covered by two
cloacal lips, and only the tip of the urogenital papilla is visible if the lips are not separated. Claspers are
proportionally shorter and thinner, with internal spines that unfold inside the female tract during mating. Moreover,
siphon sacs are not visible in the ventral region, as in the previous species, but there are two folds under the
ventral surface of the pelvic fins (also called siphons) with the same function. The absence of ventral siphon sacs
also occurs in the bluntnose sixgill shark (Hexanchus griseus), another deep-water species belonging to the order
Hexanchiformes (Figure 5D). In this species, a sac-like structure along the clasper (called clasper sac) can be
found. This structure, a unique feature of Hexanchiformes, can inflate and function like the siphon sac of other
elasmobranchs. Moreover, in this species the claspers lie in the inner rear margin of the pelvic fins which form a
scroll, absent in females 9. As in C. uyato, the abdominal pores in H. griseus are located at the base of the
cloaca, but in this species as two abdominal papillae. Unlike the rest of the species studied, the ductus deferens
and seminal vesicles do not converge in a common urogenital sinus. Instead, the two reproductive tracts are
independent even in the urogenital papilla, where two different pores are located, one for each tract. This difference
has also been described in the broadnose sevengill shark (Notorynchus cepedianus) 61, another member of the

Hexanchiformes, suggesting that it could be a common trait for this order.

C. monstrosa is the only holocephalan studied, but with some exceptions, the overall internal morphology of the
reproductive system is shared with the rest of the species observed (Figure 5E). The epigonal organ, present in
elasmobranchs, is absent or cannot be easily identified in C. monstrosa and probably in the rest of holocephalans
461571551621 The division of the seminal vesicle into two sections separated by an isthmus does not occur in
elasmobranchs but appears in other holocephalans such as the spotted ratfish (Hydrolagus colliei 82) and H.
melanophasma 1, though neither in C. callorhynchus €3 nor Chimaera phantasma 28, The greatest difference
between C. monstrosa and the rest of species studied appears when observing their external reproductive traits

such as the clasper morphology, the absence of cloaca, and the presence of prepelvic claspers and tenaculum.
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