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A ti, que me has hecho reir y me has visto llorar

“Sharks have everything a scientist dream of”’

— Peter Benchley

"You're gonna need a bigger boat"
— Chief Brody
Jaws (1975)
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SUMMARY

SUMMARY

Appearing 420 million years ago, sharks and rays constitute an ancient and
ecologically diverse group of aquatic vertebrates known as elasmobranchs.
This diverse group possesses life strategies that make them highly vulnerable
to rapid environmental changes, such as those resulting from anthropogenic
actions. Despite being key elements in regulating the ecosystems in which
they live, they are currently one of the most threatened vertebrate groups
on the planet.

In parallel with in situ conservation, ex situ conservation programs can be
used to improve the situation of some sensitive species. Among these
programs, captive breeding plans would increase the sustainability of public
aquariums and research centres, as well as allow the development of
conservation strategies in the wild. However, to be effective, these plans
should include the use of assisted reproductive control techniques.
Unfortunately, these techniques have been scarcely developed in the past,
so their usefulness has not been adequately proven.

Faced with this situation, the present thesis aims to fill certain gaps in
knowledge regarding the use of these techniques in various elasmobranch
species, focusing especially on the collection, handling, maintenance, and
preservation of sperm.

Although our research initially focused on two model species, the small-
spotted dogfish Scyliorhinus canicula and the rough skate Raja radula,
gaining access to other chondrichthyan species made us aware of the great
variability in the arrangement of their reproductive system structures. Not
considering this diversity can hinder the application of assisted reproductive
techniques, either by reducing the efficiency of the procedures, the quality
of the samples, or by unintentionally harming the animals. For this reason,
Chapters 1 and 2 focused on cataloguing and describing the structures of
different species, covering a wide taxonomic spectrum, and focusing on the
best techniques for obtaining gametes and performing artificial
insemination.
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Sperm conservation in the short, medium, and long term plays a key role in
developing efficient ex situ conservation plans. The availability of good-
quality sperm could avoid the transport of males between institutions,
minimize problems derived from the lack of synchronicity between breeding
adults, reduce conflicts during courtship periods, and decrease inbreeding.
On the other hand, it allows for a constant supply of sperm to develop
research projects, without continuous extractions from males kept in a
controlled environment or the wild.

The third chapter focuses on the development and assessment of different
formulas to achieve the maintenance of fresh sperm. Finally, a medium was
obtained capable of keeping diluted alive sperm for more than 30 days.
Subsequently, by adding various cryoprotectants (egg yolk, dimethyl
sulfoxide, and methanol) in different concentrations, the chapter explains
how the cryopreservation of sperm from several skate species and, for the
first time, sharks, was achieved.

One of the first obstacles faced when working with spermatozoa during the
techniques discussed in Chapter 3 was due to the morphology of these cells
compared to that of other aquatic species. The head of chondrichthyan
spermatozoa, particularly elasmobranchs, has a helical shape, with a variable
number of turns depending on the species. In addition, in many cases, the
cells do not appear free in the seminal fluid; instead, they form structured
aggregations called spermatozeugma. Throughout Chapter 4, we explore
how these two features evolve as a result of internal fertilization and the
mechanical characteristics of the medium in which they perform their
function. For the first time, it is possible to observe how cells react to media
with different properties, highlighting the importance of viscosity when
applying assisted reproduction techniques.

Finally, the Discussion compares the efficacy of the methods used and
explores new avenues of action arising from having access to more
individuals of different species. This includes the possibility of detailed
descriptions using image analysis techniques, the evaluation of the
importance of viscosity and aggregates in preservation processes, and the
possibility of artificial inseminations.
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RESUMEN

Los tiburones y rayas aparecieron hace 420 millones de afios, conformando
el antiguo y ecoldgicamente diverso, grupo de vertebrados acuaticos
conocido como elasmobranquios. Este variado grupo posee unas estrategias
vitales que los hace muy vulnerables a los cambios rapidos del entorno, como
los derivados de la accién antrépica. Pese a ser elementos clave en la
regulacién de los ecosistemas en los que habitan, en la actualidad, se trata
de uno de los grupos vertebrados mds amenazados del planeta.

Paralelamente a la conservacién in situ, los programas de conservacion ex
situ se pueden utilizar para mejorar la situacién de algunas especies
sensibles. Entre estos programas, los planes de cria en cautividad
aumentarian la sostenibilidad de acuarios publicos y centros de
investigacion, ademds de permitir el desarrollo de estrategias de
conservacién en estado salvaje. Sin embargo, para que sean efectivos, estos
planes deberian incluir el uso de técnicas de reproduccién asistida.
Desafortunadamente, estas técnicas apenas se han desarrollado en el
pasado, por lo que su utilidad no se ha demostrado adecuadamente.

Ante esta situacidn, la presente tesis pretende llenar ciertas lagunas en el
conocimiento acerca del uso de estas técnicas en diversas especies de
elasmobranquios, centrdndose especialmente en la obtencién,
manipulaciéon, mantenimiento y preservacion del esperma.

Si bien nuestra investigacién comenzd centrdndose especialmente en dos
especies modelo, la pintarroja Scyliorhinus canicula y la raya aspera Raja
radula, a lo largo del estudio se logré tener acceso a otras especies de
tiburones, rayas e incluso de una especie de quimera. Este acceso nos
permitid ser conscientes de la gran variabilidad en la disposicion de las
estructuras del sistema reproductor. Esta diversidad puede dificultar la
aplicacion de técnicas de reproduccidn asistida, bien reduciendo la eficacia
de los procedimientos, la calidad de las muestras, o dafiando a los animales.
Si bien en la literatura hay descripciones generales y, en ocasiones, en detalle
de los sistemas reproductores de ciertas especies, dichas descripciones no se
han centrado nunca en la aplicacién practica de las técnicas de reproduccidn
asistida. Por este motivo, los capitulos 1 y 2 se centraron en la catalogacién
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y descripcion de las distintas estructuras de especies cubriendo un amplio
espectro taxondmico, centrandose en las mejores técnicas de obtencién de
gametos y de inseminacion artificial.

La conservacion del esperma a corto, medio y largo plazo juega un papel
clave para poder desarrollar planes de conservacion eficientes en
condiciones ex situ. Disponer de esperma de calidad permite limitar el
transporte de machos entre instituciones, minimizar problemas derivados de
la falta de sincronicidad entre adultos reproductores, reducir conflictos
durante épocas de cortejo y reducir la endogamia. Por otra parte, permite
disponer de muestras para desarrollar proyectos de investigacidon sin
necesidad de tener que extraer continuamente esperma de machos
mantenidos en medio controlado. El tercer capitulo se centra en como se
desarrollaron y probaron diferentes formulas para lograr el mantenimiento
en fresco del esperma, hasta lograr obtener un médium en el que diluir el
esperma capaz de mantenerlo con vida durante mas de 30 dias.
Posteriormente, mediante la adicién de varios crioprotectores (Yema de
huevo, DMSO y Metanol) en diversas concentraciones, explica como se logré
la criopreservacién del esperma de varias especies de rayay, por primera vez,
la criopreservacion del esperma de varias especies de tiburones.

Uno de los primeros obstaculos que se detectaron a la hora de trabajar con
los espermatozoides durante las técnicas planteadas en el capitulo 3 se debid
a la particular morfologia de estas células comparada con la de otras especies
acudticas. La cabeza de los espermatozoides de condrictios, y de
elasmobranquios en particular, presentan una forma helicoidal, con un
numero variable de giros en funcidn de la especie. Ademas, en muchas
ocasiones las células no aparecen libres en el fluido seminal, formando en su
lugar agregaciones estructuradas denominadas espermatozeugma. A lo largo
del capitulo 4 se explora como estas dos caracteristicas surgen como
resultado de la fecundacién internay las caracteristicas mecanicas del medio
en el que han de realizar su funcién. Por primera vez, se puede observar
como las células reaccionan ante medios con diferentes propiedades,
poniendo de relevancia la importancia de la viscosidad a la hora de aplicar
técnicas de reproduccidn asistida.
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Por ultimo, en la discusién, se compara la eficacia de los métodos empleados
y se exploran nuevas vias de actuacion surgidas raiz de tener acceso a mas
individuos de diferentes especies. Esto incluye la posibilidad de realizar
descripciones detalladas empleando técnicas de analisis de imagen, evaluar
la importancia de la viscosidad y los agregados en los procesos de
preservacion y la posibilidad de realizar inseminaciones artificiales.
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Els taurons i les ratjades van apareixer fa 420 milions d'anys, conformant
I'antic i ecologicament divers grup de vertebrats aquatics conegut com
elasmobranquis. Aquest variat grup posseeix unes estrategies vitals que els
fa molt vulnerables als canvis rapids de I'entorn, com els derivats de I'accié
antropica. Malgrat ser elements clau en la regulacié dels ecosistemes en els
qguals habiten, en l'actualitat, es tracta d'un dels grups vertebrats més
amenacats del planeta.

En paral-lel a les accions de conservacid in situ, els programes de conservacio
ex situ poden ser emprats per a millorar la situacié d'algunes espécies
sensibles. Entre aquests programes, els plans de cria en captivitat permetrien
augmentar la sostenibilitat d'aquaris publics i centres d'investigacié, a més
de permetre la creacié d'estrategies de propagacio d'individus en el medi
natural. No obstant aix0, per a ser efectius, aquests plans haurien de comptar
amb I'Us de tecniques de control assistit de la reproduccié. Per desgracia,
aquestes tecniques a penes han sigut desenvolupades en el passat, per la
qual cosa la seua utilitat no ha sigut degudament constatada.

Davant aquesta situacio, la present tesi pretén omplir unes certes llacunes
en el coneixement sobre I'Us d'aquestes técniques en diverses espécies de
elasmobranquis, centrant-se especialment en I'obtencidé, manipulacié,
manteniment i preservacié de I'esperma.

Si bé el capitol anterior se centra especialment en dues espécies model, el
taurd gat Scyliorhinus canicula i la ratjada peluda Raja radula, al llarg de
I'estudi es va aconseguir tindre accés a altres especies de taurons, ratjades i
fins i tot d'una espécie de quimera. Aquest accés ens va permetre ser
conscients de la gran variabilitat en la disposicié de les estructures del
sistema reproductor. Aquesta diversitat pot dificultar I'aplicacié de tecniques
de reproduccid assistida, bé reduint I'eficacia dels procediments, la qualitat
de les mostres, o danyant als animals. Si bé en la literatura hi ha descripcions
generals i, a vegades, detalladament dels sistemes reproductors d'unes
certes especies, aquestes descripcions no s'han centrat mai en |'aplicacid
practica de les tecniques de reproduccio assistida. Per aquest motiu, els
capitols 1 i 2 es van centrar en la catalogacio i descripcié de les diferents
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estructures d'espécies cobrint un ampli espectre taxonomic, centrant-se en
les millors tecniques d'obtencié de gametes i d'inseminacié artificial.

La conservacié de I'esperma a curt, mitja i llarg termini juga un paper clau per
a poder desenvolupar plans de conservacid eficients en condicions ex situ.
Disposar d'esperma de qualitat permet limitar el transport de mascles entre
institucions, minimitzar problemes derivats de la falta de sincronicitat entre
adults reproductors, reduir conflictes durant époques de festeig i reduir
I'endogamia. D'altra banda, permet disposar de mostres per a desenvolupar
projectes d'investigacid sense necessitat d'haver d'extraure continuament
esperma de mascles mantinguts al mig controlat. El tercer capitol es centra
en com es van desenvolupar i van provar diferents formules per a aconseguir
el manteniment en fresc de I'esperma, fins a aconseguir obtindre un medi en
el qual diluir I'esperma capac¢ de mantindre'l amb vida durant més de 30 dies.
Posteriorment, mitjancant I'addicié de diversos crioprotectors (Rovell d'ou,
DMSO i Metanol) en diverses concentracions, explica com es va aconseguir
la criopreservacié de I'esperma de diverses especies de ratlla i, per primera
vegada, la criopreservacié de |'esperma de diverses espécies de taurons.

Un dels primers obstacles que es van detectar a I'hora de treballar amb els
espermatozoides durant les técniques plantejades en el capitol 3 es va deure
a la particular morfologia d'aquestes cel-lules comparada amb la d'altres
especies aquatiques. El cap dels espermatozoides de condrictis, i de
elasmobranquis especialment, presenten una forma helicoidal, amb un
nombre variable de girs en funcio de |'espécie. A més, en moltes ocasions les
cél-lules no apareixen lliures en el fluid seminal, formant en el seu lloc
agregacions estructurades denominades espermatozeugma. Al llarg del
capitol 4 s'explora com aquestes dues caracteristiques sorgeixen com a
resultat de la fecundacio interna i les caracteristiques mecaniques del mitja
en el qual han de realitzar la seua funcié. Per primera vegada, es pot observar
com les cel-lules reaccionen davant mitjans amb diferents propietats, posant
de rellevancia la importancia de la viscositat a I'hora d'aplicar técniques de
reproduccio assistida.

Finalment, en la discussid, es compara l'eficacia dels metodes emprats i
s'exploren noves vies d'actuacié sorgides arrel de tindre accés a més
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individus de diferents espécies. Aix0 inclou la possibilitat de realitzar
descripcions detallades emprant técniques d'analisis d'imatge, avaluar la
importancia de la viscositat i els agregats en els processos de preservacié i la
possibilitat de realitzar inseminacions artificials.
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GENERAL INTRODUCTION

1. The chondrichthyans

The class Chondrichthyes is a lineage of aquatic vertebrates whose origin can
be traced back to the boundary between the Silurian and Devonian periods,
approximately 430 million years ago (Amaral et al., 2018). Today, the class is
one of the oldest and most ecologically diverse groups of vertebrates, with
representatives thriving in oceans, seas and inland waters all over the world
(Dulvy et al., 2014; Weigmann, 2016).

Chondrichthyans are a monophyletic group characterized by two distinctive
synapomorphies: their skeletal mineralization and male copulatory
structures (Schaeffer, 1981; Nelson et al., 2016). The term Chondrichthyes,
literally meaning cartilaginous fish (from the classical Greek khdndros,
cartilage and ikhthus, fish), refers to their aquatic nature and cartilaginous
endoskeleton, as opposed to the bony endoskeleton of most vertebrates
(Hall, 2005). How this skeleton is mineralized is, precisely, the defining
synapomorphy of the group, with polygonal calcified structures called
tesserae reinforcing the endoskeleton, giving it unique mechanical qualities
(Lund and Grogan, 1997; Seidel et al., 2016).

The second synapomorphy refers to the mating system. In all male
chondrichthyans intromittent organs located in the pelvic fins can be
observed. These structures, called myxopterygia, or more commonly
claspers, are the result of modifications of the endoskeleton of the pelvic
girdle and serve as a mechanism for sperm transport during mating (Gilbert
and Heath, 1972; Hamlett, 1999a; Jones et al., 2005; Grogan et al., 2012).

The class is subdivided into two subclasses (Figure 1): the elasmobranchs
(subclass Elasmobranchii), commonly referred to as sharks and rays, and the
holocephalans (subclass Holocephalii), commonly referred to as chimaeras,
separated approximately 421 million years ago (Renz et al., 2013). This
colloquial grouping under the general common terms masks the actual
diversity of the groups, with approximately 1477 species and remarkable
evolutionary distances between them. Elasmobranchs make up the majority
of these species, with almost 96% of them, while holocephalans are a less
diverse group, with 57 species (Amaral et al., 2018; Fricke et al., 2022).

11
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Holocephali

Elasmobranchii

’

440
310 535
425
340

S

= Agnatha Chondrichthyes u Osteichthyes
® Lissamphibia ® Sauropsida u Synapsida

Figure 1. Relative abundance in the number of species among the various taxa of present-day
vertebrates. The numbers represent, in millions of years, the time of radiation among the
distinct groups. The group corresponding to the chondrichthyans is highlighted, also showing
the difference in number of species between elasmobranchs (sharks and rays) and
holocephalans (chimaeras). Adapted from Boryshpolets et al. (2023).

As previously mentioned, elasmobranchs can be further classified into sharks
(or superorder Selaciomorpha) and rays (or superorder Batoidea). Batoidea
is the larger group (around 800 species) with a wider variety of habitats
exploited. This diversity is evident in the various body patterns and
morphologies observed within this group. The term "ray" serves as an

12
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umbrella term encompassing a variety of species such as skates, mantas,
guitarfishes, sawfishes, and stingrays, among others. On the other hand, the
superorder Selaciomorpha encompasses all shark species (approximately
600), ranging from large basking sharks to sawsharks, angelsharks and
lanternsharks (Ebert et al., 2021; Fricke et al., 2022). It is important to
highlight that both groups are superorders, which are taxonomic categories
with a wide range of species. Using the common terms "sharks" and "rays"
may oversimplify and overlook the actual diversity within these groups. As
an example, Laurasiatheria is also a superorder, but of placental mammals,
encompassing species as different as bats, shrews, whales, and giraffes (Zhou
et al., 2012). This same variety should be expected in elasmobranchs.

Sharks, rays, and chimaeras have played a key role in the ecosystems they
inhabit for millions of years. Their function as apex predators is notable for
certain large species, but their impact extends beyond top-down control.
Juvenile and small to medium-sized species act as mesopredators,
connecting various elements of food webs as both predator and prey. Many
species may act as regular or opportunistic scavengers, both in the deep
ocean and in coastal ecosystems. While other species, especially batoids,
contribute as bioturbators by stirring up sediment, promoting nutrient
resuspension and creating new niches for colonization by other organisms
(Heithaus et al., 2010; Heupel et al., 2014; Hussey et al., 2015; Martins et al.,
2018). Regardless of the exact mechanism, it has been shown that the
disappearance of certain species from ecosystems can lead to significant
alterations and direct consequences for human interests (Myers et al., 2007;
Baum and Worm, 2009; Heithaus et al., 2008, 2012; Ruppert et al., 2013).

Sharks, rays, and chimaeras have not only played a key ecological role but
also hold significant cultural and socio-economic value for humans (Castro,
2014). Nowadays shark fins, and meat, consumed fresh, dried or transformed
into fish meal, are in demand (Ketchen, 1986; Clarke et al., 2007; Dulvy et al.,
2017). While some species' meat holds commercial value, it often serves as
a low-cost protein source for coastal communities, particularly in developing
regions. Other products are also traded, notably oil from their livers,
vertebrae, skin, and teeth (Lack et al., 2014; Dent, 2015; Davidson et al.,
2022). Additionally, recent years have seen an unprecedented growth in
ecotourism associated to these animals, with a rising economic impact
(Healy et al., 2020).
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These animals have an extensive distribution, so that these ecological and
socioeconomical functions occur in a wide diversity of habitats. Some species
have specific habitat requirements, such as coral reefs or seagrass meadows,
while others have a global distribution or undertake large-scale migrations
(Weigmann, 2016; Ebert et al., 2021). Furthermore, their presence extends
beyond the marine environment. Certain species, such as sawfishes of the
genus Pristis, or the bull shark Carcharias leucas migrate to inland waters
such as rivers, lakes, and floodplains during specific life stages. Others may
live in estuarine areas, such as sharks of the genus Glyphis, or be fully
adapted to freshwater life, such as all the rays of the family
Potamotrygonidae and some species of the family Dasyatidae (Ballantyne
and Fraser, 2012; Ebert et al., 2021; Kyne and Lucifora, 2022).

Despite the above-mentioned relevance for the proper functioning of
ecosystems, and their social and economic importance, chondrichthyans are
disappearing at an alarming rate (Figure 2). At present, with one third their
species threatened, they are the second most endangered group of
vertebrates in the world (Dulvy et al., 2021). In fact, Chondrichthyans are the
group of marine vertebrates with the lowest percentage of species listed as
"Least Concern" by the IUCN (Davidson et al.,, 2022). Overfishing, both
targeted and due to by-catch, and habitat destruction, are the drivers behind
the decline of their populations (Worm et al., 2013; Dulvy et al., 2014, 2016a;
Pacoureau et al., 2021; Yan et al., 2021). However, other stressing factors,
such as exposure to pollutants (Gelsleichter and Walker, 2010; Alves et al.,
2016) and climate change (Rosa et al., 2017; Osgood et al., 2021; Rummer et
al., 2022) may have been overshadowed by overfishing, but are growing in
importance. To understand the reasons behind this disappearance, and why
these stressors have such a severe impact on these animals, it is necessary
to understand their life histories.

When discussing the life histories of chondrichthyans, generalizations are
inevitable. Also, sharks tend to receive more attention, leading to a tendency
to assign their attributes to other batoids and chimaeras for illustrative
purposes. Additionally, there is a lack of sufficient information on attributes
like longevity, growth rate, and fecundity for many species. However, where
data is available, the diversity within this group is astonishing (Dulvy and
Forrest, 2010; Dulvy et al., 2017). As an example, size ranges from 0.20 to 12
meters, and lifespans vary from 5 to over 300 years. Reproductive diversity
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is even more pronounced, with gestation periods ranging from 2 to 42
months, fecundity from 1 to 400 offspring, offspring size from 0.05 to 1.8
meters, age at sexual maturity from 1.5 to over 35 years, and a range of
reproductive modes encompassing egg deposition to placental viviparity, as
further explained below (Compagno, 1990; Cortés, 2000; Dulvy and Forrest,
2010). Considering these ranges and the aforementioned limitations,
chondrichthyans generally exhibit low productivity due to low fertility rates,
slow growth, late sexual maturation, and some of the highest levels of
maternal investment in the animal kingdom in terms of gestation duration
and embryo nutrition (Cortés, 2000; Simpfendorfer et al., 2011). For this
reason, chondrichthyans are very susceptible to rapid changes in their
environment, as the results of fishing or habitat destruction (Cortés, 2000;
Cortés, 2002; Garcia et al., 2008; Dulvy and Forrest, 2010; Dulvy et al., 2014).

CHONDRICHTHYES ECR MEN VU NT mLC DD

SELACHIOMORPHA _

BATOIDEA -

0% 20%  40% 60% 80%  100%

Figure 2. Conservation status according to the criteria of the International Union for
Conservation of Nature (IUCN). The circle represents the 1199 species assessed and their
status. The bars represent the percentage of species of each category per taxonomic group.
The abbreviations and color codes are: Red/CR, Critically Endangered; Orange/EN,
Endangered; Yellow/VU, Vulnerable; Light Green/NT, Near Threatened; Dark Green/LC, Least
Concern; Gray/DD: Data Deficient. Information obtained from Dulvy et al., 2021.

A detailed understanding of the life histories of these animals is crucial for
establishing effective science-based fisheries management regulations.
Therefore, studies focusing on age, growth rates and reproductive biology
are more important than ever.
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2. Reproductive biology

Elasmobranch reproductive biology has long been a subject of interest, and
in fact, one of the earliest recorded observations we owe to Aristotle. The
polymath made cryptic yet insightful descriptions of oviparous and
viviparous species, including comparisons to mammalian placentas. He also
noted reproductive structures, copulation, reproductive periods, and what
we now recognize as nursery areas (Aristotle, trans. Palli Bonet, 1992). The
history of the successive loss and recovery of knowledge about
chondrichthyan reproductive biology is rich and fascinating, summarised in
John P. Wourms' work of 1977. For the development of the present thesis,
suffice it to say that 2300 years after Aristotle, the reproductive biology of
these animals remains one of the most prominent topics of study of this
group (Awruch et al., 2019; Shiffman et al., 2020; Coelho et al., 2021).

Chondrichthyans are dioecious animals, with a clear sexual dimorphism
evidenced by the presence of the claspers (Figure 3). Claspers are tube-
shaped paired structures that allow sperm to flow through an internal
groove. While barely developed in immature males, in adult animals are fully
calcified and articulated at their base to facilitate their insertion. In all
chondrichthyan species, fertilisation is internal, a feature maintained
throughout the evolutionary history of the group (Gilbert and Heath, 1972;
Wourms, 1977; Musick and Ellis, 2005; Conrath and Musick, 2012; Walker,
2020). During the mating process, males bite females profusely to retain
them, while inserting one or both claspers into the cloaca. In chimeras,
retention is accomplished by paired spatulate-like structures called prepelvic
tenacula (or prepelvic claspers) and a frontal tenaculum, a club-like
appendage with denticles on the head of males which they use to grasp
females (Dean, 1906; Didier, 2004; Whitney et al., 2004; Barnett et al., 2009).

Although the anatomy of females and males will be described in more detail
in Chapters 1 and 2, several key points can be highlighted as an introduction.
In females, the reproductive tract begins with paired ovaries (or sometimes
a single ovary) located in the cranial portion of the abdominal cavity (Figure
4). Mature oocytes are released into the abdominal cavity and transported
via cilia to the ostium, a funnel-shaped structure located in the anterior part
of the oviducts. During their passage through the oviducts, the oocytes
encounter the oviductal gland, where fertilisation and encapsulation within
the egg capsule occurs.
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Figure 3. Detail of the right pelvic fin and the two claspers of a 2.72m mature blue shark
Prionace glauca, stranded in Valéncia, Spain. White and black squares represent 1cm.

Figure 4. General scheme of the reproductive system of a generic chondrichthyan. The
arrangement of the reproductive system is highlighted in the silhouette of the animals, male
on the left side and female on the right side. In the male, from top to bottom, the
abbreviations indicate: (ts) testis, (ep) epigonal organ, (dd) ductus deferens, (Lg) Leydig's
gland, (sv) seminal vesicle, (ss) sperm sac, (sn) sinus, (cl) cloaca, (cp) clasper. In the female,
from top to bottom, the abbreviations indicate: (ot) ostium, (ep) epigonal organ, (od) oviduct,
(og) oviductal gland, (ov) ovary, (ov) ovary, (it) isthmus, (ut) uterus, (cx) cervix, (sp) sphincter,
(cl) cloaca.
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Finally, the encapsulated embryos pass through an isthmus into the uterus,
where they remain isolated from the outside environment by the cervix. In
males, immature spermatozoa are produced by a pair of testes located in the
cranial part of the abdominal cavity. From there, via the efferent ducts, the
immature spermatozoa pass into the convoluted epididymis, and then on to
the vas deferens (or ductus deferens) to end up in seminal vesicle at the
caudal end of the abdominal cavity (Wourms, 1977; Hamlett, 1999a, 2005;
Hamlett and Koob, 1999; Jones et al., 2005; Lutton, 2011)

Secretions from the Leydig's gland, closely associated with in the vas
deferens, allows the passing of the sperm through the successive ducts.
Throughout this, the immature spermatozoa mature into motile
spermatozoa (Hamlett, 1999a; Engel and Callard, 2011). It is at this point that
the phenomenon of sperm aggregate formation occurs. Depending on the
species (Figure 5), the spermatozoa in the lumen of the vas deferens and
seminal vesicle may appear in various states: free, encapsulated by a matrix
(spermatophores), or embedded in a matrix but not encapsulated
(spermatozeugma).

> .
- .
») e . ..

Figure 5. Diverse types of sperm aggregations according to the different species observed
under an optical microscope. (A) common stingray Dasyatis Pastinaca. (B) rabbitfish Chimaera
monstrosa.

These aggregations are maintained during transit to the female.
(Henningsen, 1994; Pratt and Tanaka, 1994; Hamlett, 1999a; Jamieson and
Hamlett, 2005). Although its exact function is unclear, there are several
theories to justify the existence of these aggregates. They could protect the
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spermatozoa in transit to the female, they could displace rival spermatozoa
from previous matings, they could serve to improve progress inside the
uterus, or allow better storage in the oviductal gland. The importance of
these aggregates will be discussed in more detail in chapter 4 (Pratt and
Tanaka, 1994; Tanaka, 1995; Hamlett, 1999a, 1999b; Luer et al., 2008; Storrie
et al., 2008).

Depending on the group, sperm transfer from males to females is driven by
a different process. Male sharks have sacs (or siphons) located ventrally
under the skin at the base of the pelvic fins. This sac, which has an opening
at its distal end called an apopyle, is aligned with the internal clasper groove.
During copulation, the sacs pump water through muscular contractions,
propelling the sperm that enters the clasper groove and flows into the
female's uterus (Gilbert and Heath, 1972; Jones et al., 2005). While some
male batoids have a structure at the base of the pelvic fins, called the clasper
gland. Although its function is still uncertain, it secretes lubricating fluids that
may allow more efficient transfer of sperm from males to females. A gland
with a similar function has been described in chimaeras (Lacy, 2005; Piercy
et al., 2006; Walker, 2020).

Reaching sexual maturity triggers important changes in chondrichthyans,
including shifts in distribution patterns, social behaviour (sexual
segregation), and developmental biology (sexual dimorphism in body size)
(Compagno, 1984; Sims, 2006; Orlov et al., 2010; Nunes et al., 2015;
Colonello et al., 2020). Thus, defining maturation stages in these species is
crucial. However, there is no universal criterion, varying among authors and
species. Potential criteria for females include animal length, size of ovarian
follicles, oviductal gland diameter, and uterus size and shape. Obvious
indicators include trophonemata, embryos, eggs in the uterus, or sperm in
the oviductal gland (Wourms, 1977; Stehmann, 2002; Conrath and Musick,
2012; Follesa and Carbonara, 2019; Walker, 2020). Some species may have a
hymen, lost during the first copulation, though this criterion is questionable
due to premature copulation and natural membrane disintegration (Sumpter
and Dodd, 1979; Carrier et al., 2004; Francis and Duffy, 2005). In terms of
males, clasper calcification degree is a commonly used criterion, but swelling
and varying stiffness between species can lead to misinterpretations. Other
criteria include epididymis sinuosity, testes size, and reproductive hormone
concentration. Presence of spermatozoa in seminal vesicles can indicate
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maturity but should be used with caution, as it has been found in juveniles
without the potential to copulate (Stehmann, 2002; Moura et al., 2011;
Conrath and Musick, 2012; Follesa and Carbonara, 2019; Walker, 2020).

As previously mentioned, female chondrichthyans can store spermatozoa in
their oviductal gland. This gland, also known as shell gland or nidamental
gland, is located in the cranial region of the oviduct. The gland is divided into
four specialised sections: club, papillary, baffle, and terminal. The club and
papillary sections secrete protective gelatine layers for embryos and eggs,
while the baffle section produces the tertiary envelope. The terminal zone is
responsible for storing, nourishing, and protecting sperm before fertilization
occurs. Females can accumulate sperm from multiple copulations, leading to
litters with multiple paternities (polyandry). Sperm storage can last several
months (up to 45), enabling consecutive pregnancies without the need for
further matings. In addition to avoiding the unwanted effects of matings (a
traumatic and sometimes lethal experience), facilitating post-copulatory
selection, and allowing reproduction in isolated situations (Pratt, 1993;
Hamlett et al., 1998; Hamlett, 2005; Pratt and Carrier, 2005; Storrie et al.,
2008; Daly-Engel et al., 2010; Lamarca et al., 2020; Jordan et al., 2021; der
Merwe et al., 2022).

Parthenogenesis, an asexual reproductive strategy in which embryos develop
in the absence of fertilisation, has also been documented in several
elasmobranch species. Initially the occurrence of gravid females in aquaria
without males was attributed to sperm storage, so the parthenogenesis was
overlooked for a time (Chapman et al., 2007, 2008; Harmon et al., 2016;
Feldheim et al., 2017a, 2023; Wyffels et al., 2021; Adams et al., 2022). The
fact that individuals have been found in the wild born as a result of this
strategy (Feldheim et al.,, 2017b), and individuals capable of alternating
between sexual and asexual reproduction (Dudgeon et al., 2017), exemplifies
the reproductive plasticity of these animals under different environmental
conditions.

Chondrichthyans exhibit diverse reproductive strategies (Figure 6),
particularly regarding maternal involvement in the nutrition of embryos. Two
broad groups can be distinguished: lecithotrophy and matrotrophy.
Lecithotrophic species are those which solely rely on yolk reserves as the
source of nutrition for embryos. Matrotrophic species, on the other hand,
receive an extra nutrient input in addition to embryonic yolk reserves
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(Wourms, 1977; Hamlett et al., 2011b; Conrath and Musick, 2012). It's worth
noting that some viviparous elasmobranchs utilize a combination of yolk and
maternal resources during different stages of embryonic development,
highlighting the non-exclusive nature of these strategies (Cotton et al., 2015;

Sato et al., 2016; Buddle et al., 2019).

Yolk-sac viviparity
Mucoid histotrophy

Oviparity

Lamniformes

] Carcharhiniformes

Lipid histotrophy

Embryotrophy

Adelphophagy

Placentrophy

h

Orectolobiformes

Galeomorphii

Heterodontiformes

Squaliformes
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Figure 6. Phylogenetic relationship between the various orders of chondrichthyans and their
different reproductive modes. Adapted from Penfold and Wyffels, 2019.
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2.1. Lecithotrophy

Oviparity: this strategy is observed in all current chimaera species, all skates
(order Rajiformes) and some sharks. Single oviparity refers to the presence
of one egg per uterus, while multiple oviparity involves multiple eggs.
Singular sustained oviparity has recently been observed, where eggs are
retained in the uterus until embryos reach a certain level of development
(Nakaya et al., 2020). Eggs have collagen external capsules with tendril-like
structures and may be attached to various surfaces or deposited in crevices
(Hunt, 1985; Knupp and Squire, 1998; Hamlett, 2005).

Yolk sac viviparity/ Lecithotrophic viviparity/ Ovoviviparity: fertilized eggs are
retained in the uterus, and embryos develop internally using yolk reserves
for both structural and nutritional purposes. This mode of reproduction is
widespread occurring in species in all orders except Heterodontiformes and
Lamniformes (Musick and Ellis, 2005; Hamlett et al., 2011).

2.2. Matrotrophy

Limited histotrophy/ Mucoid histotrophy: the uterus secretes a mucus that is
absorbed by the embryo to supplement their insufficient yolk sac reserves.
The lack of obvious secretory structures makes it difficult to detect this subtle
form of embryo nourishment. However, it is assumed that any full-term
embryo weighing more than 80% of a mature oocyte's weight (dry/ash
weight) is being nourished in this way (Wourms, 1977; Musick and Ellis, 2005;
Conrath and Musick, 2012).

Lipid histotrophy: This mode is observed only in Myliobatiformes rays.
Secretory extensions in the uterine epithelium, named trophonemata,
produce a milk-like lipid and protein-rich substance to nourish the embryo
during their development. Unlike the previous mode, this abundant
nourishment significantly increases embryo size and it is very obvious
(Musick and Ellis, 2005; Hamlett et al., 2011a).

Embryotrophy: This mode has only been observed in the tiger shark
Galeocerdo cuvier. The embryo develops inside a capsule filled with a large
quantity of clear nutrient-rich liquid, which is absorbed through the digestive
system, presumably through gastric eversion (Castro et al., 2016).

Oophagy: in this mode some oocytes are ingested by the embryo as
additional nutrition, either encapsulated along with the embryo (family
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Pseudotriakidae) or released in the uterus (order Lamniformes) (Yano, 1992,
1993). Adelphophagy, is the most extreme form of this and only occurs in the
species Carcharias taurus. In this strategy, the developing embryos prey on
each other as a source of nutrition, until only one per uterus remains
(Springer, 1948; Gilmore and Dodrill, 2005; Musick and Ellis, 2005).

Placentotrophy/ Placental viviparity: is a common method found in 5 families
of Carcharhiniformes. It involves the use of a placenta, analogous (not
homologous) to that of placental mammals. After a previous stage using the
yolk reserves, the yolk sac attaches to the uterine epithelium and the short
yolk stalk elongates into an umbilical cord. The embryonic tissues do not
directly contact the maternal bloodstream, and the embryo is further
nourished through histotrophy secreted by maternal tissues (Wourms, 1981;
Musick and Ellis, 2005; Hamlett et al., 2011; Buddle et al., 2019).

3. Use of reproductive technologies in chondrichthyans

The reproductive characteristics, life history strategies, and low market value
of their products have discouraged captive breeding programs using
aquaculture techniques. Despite the growing demand for certain products
like oil, corneas, fins, and meat, these programs remain unprofitable.
Consequently, knowledge on species handling and husbandry relies on
lessons from public aquaria and research center (Penfold and Wyffels, 2019;
Walker, 2020).

Public aquaria have featured chondrichthyans, particularly sharks, since the
mid-19th century. In fact, one of the earliest descriptions of the reproductive
biology of sharks comes from the Bristol Aquarium in 1873. There, the
observation of the oviposition behavior of a nursehound Scyliorhinus
stellaris, settled a debate about how their eggs appeared entangled in all
kinds of algae, corals, rocks or shells (Koob, 2004). Since then, public aquaria
have been changing the focus of their collections, adopting more
conservation and research-oriented approaches. Aquaria are able to house
animals that are difficult to care maintain in traditional research facilities and
academic facilities. In addition, aquaria are able to monitor the same animals
over long periods of time, which is especially important when trying to fill in
certain gaps in their life histories (Daly and Jones, 2017; Penfold and Wyffels,
2019; Feldheim et al., 2022).
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These opportunities have advanced the study of chondrichthyan physiology,
reproductive cycles, courtship, mating behaviors, gestation length, and
offspring ontogeny. Additional observations have expanded knowledge on
growth rates, longevity, captivity-related aspects (pathologies, social
behavior, nutrition, bioenergetics) (Henningsen et al., 2004b; Smale et al.,
2004). Moreover, techniques such as tagging, handling, and sampling,
initially tested in aquaria, have been applied in the wild to gather data from
wild populations (Smale et al.,, 2004; Daly and Jones, 2017; Penfold and
Wyffels, 2019; Feldheim et al., 2022).

The use of non-invasive diagnostic processes, such as hormone analysis or
imaging techniques have made it possible to monitor follicular and testicular
stages, embryo development, and even embryo movement between uteri
(Whittamore et al., 2010; Nozu et al.,, 2018; Tomita et al., 2018). These
advancements, coupled with non-lethal information-gathering procedures,
are reducing the impact on studied animals, even in the field. Being beyond
the scope of this thesis a detailed review of all these applications can be
found in the works of Penfold and Wyffels (2019), Mylniczenko et al. (2017),
and Feldheim et al. (2022). Unfortunately, one of the areas of study that has
not received much attention has been the use of reproductive breeding
technologies.

The source of shark, ray and chimaera populations housed in controlled
environments is the natural environment. Breeding programs in aquaria have
traditionally relied on natural mating, even for endangered species. While
spontaneous successful reproduction has been achieved for some species, it
has been challenging for many others (Daly and Jones, 2017; Janse et al.,
2017). Aquaria should be considered naturalized (not natural) environments,
with abiotic factors, biomass, species composition, and population structures
that are not necessarily optimal. Nonetheless, the need for breeding
programs for chondrichthyans has grown, especially since many displayed
species are threatened, and limitations exist regarding capturing from the
wild (Buckley et al., 2018).

To improve these controlled environment breeding programs reproductive
techniques can be used. However, these techniques, widely used in other
terrestrial and aquatic species, have hardly been used in sharks, rays, and
chimaeras thus far.
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4. Artificial insemination

Artificial insemination (Al) is gaining attention as a technique for captive
elasmobranchs. While widely used in other animals for decades (Vishwanath,
2003; Foote, 2010), its application in elasmobranchs has only recently been
explored (Daly and Jones, 2017; Feldheim et al., 2022). Despite being in the
preliminary stages of development, promising results demonstrate its
potential as a vital tool in breeding programs. Al offers several advantages,
such as reducing male aggression and female damage, eliminating the need
to transfer animals for breeding between institutions, introducing new
genetic diversity, overcoming synchronized reproductive cycles, preventing
dominance of a single male, and limiting inbreeding. Moreover, it provides
greater control for zoological collection managers in determining optimal
reproductive timing (Morrell, 2011; Daly and Jones, 2017; Feldheim et al.,
2022).

Despite these advantages, Al has had limited documented success, and has
only been attempted in a few species: cloudy catshark Scyliorhinus torazame
(Masuda et al., 2003); clearnose skate Raja eglanteria (Luer et al., 2008);
whitespotted bamboo shark Chiloscyllium plagiosum (Masuda et al., 2005;
Wyffels et al., 2021); brownbanded bamboo shark Chiloscyllium punctatum
(Daly and Jones, 2017); ocellate river stingray Potamotrygon motoro
(Daochai et al., 2020); zebra shark Stegostoma tigrinum (Adams et al., 2022);
sand tiger shark Carcharias taurus (Ripley's Aquarium, 2022, unpublished).
However, there have been few unsuccessful attempts, with limited records
in the literature (Daly and Jones, 2017; Watson and Janse, 2017). It's worth
noting that the target species thus far have been mostly oviparous, except
for Potamotrygon motoro (lipid histotrophy) (Thorson et al., 1983) and C.
taurus (adelphophagy) (Springer, 1948), leaving the challenge of Al in
placentotrophic species remaining.

Successful artificial insemination requires a thorough understanding of the
animal's reproductive biology. Factors such as sperm storage capacity,
reproductive cycle seasonality, optimal sperm dosage, and genetic
compatibility are crucial considerations (Feldheim et al., 2022). Detailed
knowledge of internal anatomy is also essential, as the site of sperm
deposition (cloaca, uterus, or oviductal gland) affects insemination success
and risks potential damage to delicate internal structures (Luer et al., 2008;
Penfold and Wyffels, 2019). Additionally, the availability of high-quality
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sperm and proper storage methods pose challenges for artificial
insemination procedures regardless of the target species.

5. Sperm management

Sperm from sharks, rays, and chimeras can be obtained from live animals
through methods like abdominal massage (Masuda et al., 2003, 2005; Daly
and Jones, 2017; Dzyuba et al., 2019a; Wyffels et al., 2020a; Padilha et al.,
2021; Adams et al., 2022) or catheter insertion through the urogenital papilla
(Minamikawa and Morisawa, 1996; Watson and Janse, 2017). However, the
diverse morphology of their reproductive systems requires careful
consideration to avoid harm and ensure sample quality (Figure 7). Improper
insertion or pressure can cause internal injuries or spoil the samples.
Additionally, factors such as reproductive seasonality and variability in the
quantity and quality of stored sperm must be considered (Penfold and
Wyffels, 2019).

Figure 7. Left: abdominal massage technique for obtaining sperm from a nursehound
Scyliorhinus stellaris, in tonic immobility position. Right: annulation process to obtain sperm
from a nurse shark Ginglymostoma cirratum in tonic immobility.

Sperm quality has traditionally been assessed evaluating motility and plasma
membrane integrity (Daly and Jones, 2017). However, due to high sperm
concentration, dilution is necessary for proper observation. Dilution has
been achieved by mixing sperm with media that mimic the physicochemical
conditions of elasmobranch blood and tissues. This is typically accomplished
by adding urea, trimethylamine oxide (TMAQ), or NaCl to increase the
osmotic pressure to values close to 900-1000 mOsm kg (Jones et al., 1984;
Minamikawa and Morisawa, 1996; Luer et al., 2008; Daly et al., 2011; Daly
and Jones, 2017). However, seawater has also been used for dilution (Wyffels
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et al., 2020a, 2021; Adams et al., 2022), or even centrifuged seminal plasma
(Dzyuba et al., 2019a, 2019b).

Motility assessment involves observing and counting the percentage of
motile spermatozoa, or simply indicating whether motile sperm is observed
(Minamikawa and Morisawa, 1996; Daly et al., 2011; Daly and Jones, 2017;
Dzyuba et al., 2019a; Padilha et al., 2021; Adams et al., 2022). Alternative
methods use a subjective scale from 0 to 5, or 0 to 4, to rate sperm
progression (Jones et al., 1984; Wyffels et al., 2020a, 2021; Gillis et al., 20213;
Padilha et al., 2021), a criterion used previously in land and aquatic mammals
(Howard, 1986; O’Brien and Robeck, 2010). CASA (Computer-assisted sperm
analysis) is a system commonly used for in multitude of animal species
(Gallego and Asturiano, 2019; Valverde Abarca et al.,, 2019; Singh et al.,
2021). The system measures sperm motility percentage and kinetic
parameters, categorizing them based on cell velocity. However, until very
recently (Montano et al.,, 2023), the system could not be used on
chondrichthyans, so alternative image analysis systems were used to obtain
this information (Dzyuba et al., 2019a, 2019b).

The second system for assessing sperm quality is the plasma membrane
integrity, or viability, using hypoosmotic swelling test or specific stains (Daly
and Jones, 2017; Penfold and Wyffels, 2019). Typically, the staining method
combines two stains, one membrane-permeant labels intact cells while the
other membrane-impermeant binds to DNA only when cell membrane is
damaged. Live-Dead staining employs the fluorescent dyes SYBR Green and
propidium iodide for this purpose and has been used frequently in
chondrichthyans (Daly et al., 2011; Daly and Jones, 2017; Gillis et al., 20213,
2021b; Mufioz-Baquero et al., 2021; Wyffels et al., 2021; Adams et al., 2022).

A reliable supply of sperm is crucial for successful artificial insemination, and
freezing sperm stored in cryobanks is the common method used to ensure
this supply (Asturiano et al., 2017; Martinez-Paramo et al., 2017). Cryobanks
store sperm samples in containers surrounded by liquid nitrogen, preserving
them at ultra-low temperatures (-196 °C) to minimize physiological activity
(Horvath and Urbanyi, 2020). However, freezing can cause damage to the
sample, either through ice crystal formation or abrupt changes in pH and
osmolality. To mitigate this, cryoprotectants (acting both within and outside
the cell) are used to reduce damage (Liu et al., 2021). However, these
substances may be toxic or harmful to the biological material. Therefore,
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cryoprotectant concentration, exposure time of the samples to
cryoprotectants (equilibration time), and the speed of the freezing and
thawing processes are critical in the overall success (Daly and Jones, 2017;
Martinez-Paramo et al., 2017; Horvath and Urbanyi, 2020).

Cryopreservation is a technique commonly employed in both terrestrial and
aquatic species), either for commercial purposes (Yanez-Ortiz et al., 2022;
Yang and Huo, 2022) or for the conservation of threatened fauna (Fickel et
al.,, 2007, Clulow and Clulow, 2016). However, cryopreservation trials in
elasmobranchs have been limited. The first attempts focused on brain tissue
cell lines, not sperm (Poyer and Hartmann, 1992), and the first successful
cryopreservation of sperm occurred in 2011 with the sparsely spotted
stingaree Urolophus paucimaculatus, using egg yolk and glycerol or DMSO as
cryoprotectants (Daly et al., 2011). Glycerol was later successfully used for
the Australian bull ray Myliobatis australis, but render unsuccessful results
for the brownbanded bamboo shark Chiloscyllium punctatum, hinting a
possible variable tolerance between species (Daly and Jones, 2017). At this
point, it is worth noting Penfold and Wyffels' observation: “Cryopreservation
of elasmobranch sperm is not widely practiced and barriers such as
membrane phase transitions at critical temperatures is currently hindering
development of protocols for freezing shark sperm” (Penfold and Wyffels,
2019), showing the unsuccessful progress in this field. It is in this context that
one of the key points of this thesis began to be developed, trying to expand
the knowledge on chondrichthyan cryopreservation, especially on the
cryopreservation of shark sperm.

Sperm cryopreservation ensures long-term sample preservation, but
freezing can affect sample quality. In addition, lack of specific equipment and
adequate knowledge, or logistical problems, may make cryopreservation
unfeasible. In these cases, short-term preservation protocols, such as cold
storage at 4 °C, can maintain sperm functionality for a limited time (Bobe and
Labbé, 2008; Pefiaranda et al., 2008; Shaliutina et al., 2013; Contreras et al.,
2020). Spermatozoa from elasmobranchs (even in tropical species) have
been found to be cold-resistant and can withstand these conditions for some
time. This has allowed samples to be shipped between aquaria, although so
far only within the United States (Penfold and Wyffels, 2019; Wyffels et al.,
2021).

28



GENERAL INTRODUCTION

The routine application of these techniques is necessary to achieve more
efficient and sustainable management of zoological collections. But these
techniques have the potential to be used also in wild populations (Pizzutto
et al., 2021). Especially in the management of small populations, where it is
necessary to introduce new alleles or to avoid losing the reproductive
potential of a deceased animal. This transfer of knowledge, technique and
human capacity is an example of what the ex situ conservation model can
contribute to the survival of these animals.
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through the project Assisted reproduction and cryopreservation techniques
for the conservation of elasmobranch biodiversity (PRCV00683).

The author received a contract from the European Union through the
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Evolutionary Biology, belonging to the University of Valencia and the
Stranding Network of the Valencian Community was also essential.
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OBJECTIVES

The overall objective of the thesis was to adapt and test the feasibility of
various assisted reproductive techniques, especially sperm management, in
different species of elasmobranchs. In doing so, the aim was to improve the
control of the reproduction of these animals in a controlled environment.
The specific objectives include:

* To expand the basic knowledge on the reproductive biology of a
sensitive group of species.

¥ To standardize protocols for obtaining viable gametes under
different conditions and in different species.

#® To describe and catalog the existing differences between species,
which are relevant when implementing assisted reproduction
techniques.

#® To develop short-term sperm preservation techniques by using an
extender and temperatures above 0 2C.

® To develop long-term sperm maintenance and preservation
techniques through cryopreservation using an extender

supplemented with different cryoprotectants.

* To study and understand the physiological and dynamic processes
that occur in sperm in order to optimize the above processes.
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REPRODUCTIVE ANATOMY SKATES AND RAYS

Abstract

The superorder Batoidea (rays, skates, and relatives), constitutes one of the
most threatened group of vertebrates. Strengthening ex situ conservation
programs developed in research centers and public aquaria could be a way
of addressing this situation. However, captive breeding programs must be
improved to prevent the capture of wild animals and to develop proper in
situ reintroduction strategies. Sperm extraction and artificial insemination
are two techniques commonly used in other threatened species, which could
also be used in rays and the like. However, the different reproductive
morphologies present within this group of animals may hamper both
processes. Here, we present a comparison of the reproductive anatomies of
11 distinct batoid species, emphasizing the important differences between
the species when performing sperm extraction or artificial insemination.
Both male and female animals, belonging to the Rajidae, Dasyatidae,
Torpedinidae and Myliobatidae families, from the Mediterranean Sea were
studied. In addition, we describe the procedure to extract sperm using both
cannulation and abdominal massage, either from live or dead batoids Finally,
the obtention of motile sperm recovered from the oviducal gland of females
is described. These techniques generate a new range of possibilities for the
conservation of these threatened species.
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1. Introduction

Appearing almost 400 million years ago, Chondrichthyan fishes are an old
and ecologically diverse group with a key role in the regulation of the
ecosystems they inhabit (Compagno, 1990; Stevens, 2000). The class is
comprised of 1472 species (Fricke et al. 2021), classically divided into the
Holocephalans, commonly named chimaeras, and the Elasmobranchs, which
include sharks and rays. This last group, rays and their relatives (skates,
guitarfishes, sawfishes and the like), is the most diverse group among
Chondrichthyan fishes, with 816 species accepted under the formal name of
Batoidea (Fowler and Cavanagh, 2005; Last et al., 2016; Weigmann, 2016).
Like all other elasmobranchs, batoids possess life histories that make this
group sensitive to elevated anthropic pressures (Garcia et al., 2008; Dulvy
and Forrest, 2010), and in fact, overfishing and habitat destruction are the
main drivers for the global decline of their populations (Dulvy et al., 2014;
Pacoureau et al., 2021).

In order to understand the current global situation of the batoid populations,
it is essential to know their life histories and reproductive strategies. Rays
and their relatives are characterized by large body sizes, late sexual maturity,
long gestation periods, high maternal investment, and reduced offspring
(Cortés, 2000; Pacoureau et al., 2021). Batoid reproductive strategies are
highly diverse and can be categorized based on the nutrition method of the
embryos. Lecithotrophic methods include oviparity (as in the case of
Rajiformes) and yolk sac viviparity (as in the case of Torpediniformes), where
the only nourishment comes from their yolk sack, while matrotrophic
methods include an additional source of nourishment at some point in the
embryo development, in the form of lipid histotrophy, also known as uterine
milk (as in the case of Myliobatiformes) (Musick and Ellis, 2005; Conrath and
Musick, 2012; Walker, 2020). Like all other Chondrichthyans, fertilization in
batoids is internal, with males having intromittent appendages called
claspers as a modification of their pelvic fins (Wourms, 1977)

All these reproductive factors and complex life histories have discouraged
captive breeding programs in aquaculture industries (Walker, 2020) but not
in aquaria facilities, neither public nor private. The reproduction of batoids
in aquaria has been reported for some species (Henningsen et al., 2004b;
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Janse et al., 2017), but breeding programs in aquaria have traditionally relied
on natural mating rather than the use of reproductive techniques, such as
artificial insemination (Daly and Jones, 2017). This technique has been
receiving increasing attention, but to ensure the success of this technique, a
reliable supply of sperm is required, especially in the case of endangered
species (Luer et al., 2008; Daly and Jones, 2017; Penfold and Wyffels, 2019;
Daochai et al., 2020). Sperm can be obtained from dead or live animals, and
although there has been success in obtaining sperm from several batoids
(Dalyetal., 2011; Daly and Jones, 2017; Dzyuba et al., 2019a; Morales-Gamba
et al., 2019), the procedures of extraction may vary between the different
species. Cannulation and abdominal pressure are the traditional procedures
used (Penfold and Wyffels, 2019), but with these techniques, the location
and morphology of the species-specific reproductive structures (for example
seminal vesicles and urogenital papilla) need to be considered. The main
objective of this study is to provide a useful guide of the anatomy of the
reproductive system of batoids, with a particular focus on sperm
procurement procedures, and to propose preliminary indications in the
female anatomy to be considered during artificial insemination.

2. Materials and Methods

2.1. Origins of the Specimens

Males and females belonging to 11 batoid species of the order Rajiformes (n
= 20), Myliobatiformes (n = 14) and Torpediniformes (n = 4) were studied
(Table 1). Some of the species (rough skate Raja radula, Mediterranean
starry skate Raja asterias, thornback skate Raja clavata, spotted skate Raja
montagui were available in fish markets or from commercial fishing vessels’
bycatch (longnosed skate Dipturus oxyrinchus, spiny butterfly ray Gymnura
altavela, common stingray Dasyatis pastinaca, common eagle ray Myliobatis
aquila, bull ray Aetomylaeus bovinus, marbled electric ray Torpedo
marmorata). Others were part of the zoological collection of a public
aquarium (Oceanografic, Valencia). In this case, the fish (Mediterranean
starry skate Raja asterias, undulate skate Raja undulata) were kept
separately in two 8000 L tanks with recirculating sea water (temperature:
16—-18 °C; salinity: 35—-37%o) and fed twice a day with herring, squid, and
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shrimps. Maturity of all the specimens was determined by gonad
development, clasper calcification and their size according to bibliography
(Ebert and Dando, 2020).

Table 1. Species in the study. Number of males (NM) and females (NF) from each species, size
range of the specimens used and their origin and conservation status according to IUCN
(International Union for Conservation of Nature) criteria for the Mediterranean (Ebert and
Dando, 2020): least concern (LC), near threatened (NT), vulnerable (VU), endangered (EN) and
critically endangered (CR). Animals from commercial fisheries were captured by gill net or
bottom trawler and were available in fish markets (FM) or discarded as bycatch (BC). Animals
from aquaria were part of the Oceanografic zoological collection (AQ).

Common name Scientific name NM NF IUCN Source R(?::f)e
Rough skate Raja radula 3 3 EN FM 47-63
Spotted skate Raja montagui 2 1 LC FM 55-67
Mediterranean skate Raja asterias 2 4 NT AQ/FM 61-68
Thornback skate Raja clavata 1 1 NT FM 68-72
Undulate skate Raja undulata 1 NT AQ 86
Longnosed skate Dipturus oxyrinchus 1 1 NT BC 104/112
Spiny butterfly ray Gymnura altavela 1 CR BC 104
Common stingray Dasyatis pastinaca 2 3 VU BC 52-56
Common eagle ray Myliobatis aquila 2 2 VU BC 54-63
Bull ray Aetomylaeus bovinus 2 2 CR BC 89-103
Marbled electric ray Torpedo marmorata 2 2 LC BC 22-51
2.2. Dissection Procedure

A dissection was performed on each individual to gain access to the
reproductive system of the animals. Dissection focused only on the
reproductive system of the specimens, adapting the dissection protocols
used by other authors for sharks (King and Custance, 1982; Crow and Brock,
2004; De luliis and Pulera, 2019). Anatomical terminology used in the present
study was adapted from De luliis and Pulera (2019). The specimens were
flipped dorsally, exposing their ventral surface (Figure 1A). Using scissors, a
small incision was made over the coracoid bar of the pectoral girdle
(arrowhead in Figure 1A), large enough to allow the introduction of a scalpel
blade. Next, with the help of forceps to keep the abdominal wall (skin,
muscle, parietal peritoneum) elevated, a cut was made along the scapular
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process contour towards the pelvic girdle (dotted line in Figure 1A). Thus, the
tissue was removed to leave the pleuroperitoneal cavity exposed. To access
the reproductive system, the liver (arrowhead in Figure 1B) and the
oesophagus, stomach, spiral valve, and rectum (arrowhead in Figure 1C)
were removed. Hepatic lobes were drawn forward and removed by cutting
through their cranial attachments (hepatic ducts and falciform ligament)
(dotted line Figure 1B). Special care was taken throughout this process so as
not to damage the hepatic lobes or gallbladder, and to avoid the leakage of
the oil and bile present in these organs. The stomach and intestine were
removed by making an incision through the oesophagus and a cut through
the rectum, close to the rectal gland (dotted lines in Figure 1C). To remove
the digestive tract, the mesogaster and caudal mesenteries were carefully
cut to avoid damage to the mesorchium. In this way, easy access to the
urogenital system was achieved (Figure 1D). To clearly expose the caudal part
of the urogenital system (seminal vesicle, urogenital sinus, urogenital papilla
in males, or uterine sphincters and urinary papilla in females), an incision
through the puboischiadic bar was made (dotted line in Figure 1E).
Furthermore, in some species, the removal of the cloacal lips to access the
urogenital/urinary papillae was necessary. For a clear view of the lower
portion of the ductus deferens and seminal vesicle, the parietal peritoneum
(arrowhead in Figure 1F) should carefully be removed.

2.3. Description of Reproductive Structures

A macro lens was used to take detailed photographs of each species
throughout the dissection procedure of the specimens, and illustrated notes
were also taken. The main objective of each dissection was to: (i) determine
how to gain easy access to the urogenital papilla, (ii) observe the number and
disposition of urogenital pores, (iii) observe urogenital sinus morphology, (iv)
access the seminal vesicle/uterus. Plastic tubes with different gauges (0.5-2
mm in diameter) were used as probes during the dissection to confirm the
access and connections from the external part of the reproductive system
(urogenital/urinary pores and papilla) to the internal part (urogenital sinus,
seminal vesicle, uterus). Additionally, the information obtained was
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combined and used to propose a general morphological scheme for an ideal

batoid, both for females and males.

Figure 1. Dissection procedure. Relevant steps in the dissection procedure of a rough skate
(Raja radula) male to reach the reproductive system (A). Removal of the abdominal wall (skin,
muscle, parietal peritoneum) to gain access to the pleuroperitoneal cavity (B). Extraction of
the liver (C) and digestive system (D). Incision of the puboischiadic bar (E) to fully expose the
cloaca and the reproductive system (F). Arrowhead (A): coracoid bar; (B): liver; (C): digestive
system; (F): parietal peritoneum. Dotted lines mark incision areas. Dotted line (A): abdominal
wall; (B): cranial liver attachments; (C): oesophagus and rectum; (E): puboischiadic bar. Scale
bar indicates 4 cm.
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2.4. Sperm Collection
2.4.1. In Vivo Sperm Extraction

Tonic immobility was induced prior to sperm extraction to minimize
struggling and reducing the stress during handling (Henningsen, 1994; Smith
et al., 2004; Kessel and Hussey, 2015), by placing the animals in an upside-
down position with their mouth, spiracles and gill slits submerged, while
gentle pressure was applied in their snouts. Having the cloaca emerged
above water, gentle pressure was applied to the abdominal area over the
location of the seminal vesicle, to make the sperm flow through the
urogenital papilla. The sperm was immediately collected using a sterile
syringe or pipette and transferred to sterile tubes after collection.

2.4.2. Post-Mortem Sperm Extraction

Animals were cleaned using marine water to remove mucus and other
biological remains such as blood and fishery residues (mud and remains of
other organisms which may be found in animals obtained from fisheries).
Three different methods were used to obtain sperm form dead animals: (i)
abdominal massage on the ventral region immediately anterior to the pelvic
girdle, or by pressing around the urogenital papillae in the cloacal cavity with
curved pincers; (ii) accessing the internal cavity through dissection and
stripping directly on the seminal vesicle (in both cases, sperm flowing from
the urogenital papilla was immediately collected using a sterile syringe or a
pipette); and (iii) introducing a polyurethane cat catheter (BUSTER cat
catheter, 1.0 x 130 mm, Kruuse. Langeskov, Denmark) or a PVC nasogastric
tube (Feeding Probe L/RX CH-05 2.67-50 mm2, JIMEDIS. Cadiz, Spain) through
the appropriate pore on the urogenital papilla. A sterile lubricating jelly with
antiseptic (Optilube ActiveTM, Optimum Medical. Leeds, UK) was used to
facilitate the introduction of the tube. Tubes and catheters were
continuously rotated while inside the seminal vesicle to avoid clogging.
Oviducal glands from common stingray D. pastinaca, rough skate R. radula,
Mediterranean starry skate R. asterias, longnosed skate D. oxyrinchus and
marbled electric ray T. marmorata females were obtained (Figure 2A) during
dissection by cutting through the oviduct on both sides of the gland. The
organ was carefully cleaned with artificial sea water to remove blood stains
from the extraction procedure (Figure 2B). Care was taken to avoid sea water
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flowing into the gland through the oviducts. The glands were split along the
longitudinal axis, exposing the lumen (Figure 2C). Using the blunt edge of a
scalpel blade, the surface of the luminal epithelium (Figure 2D) was scraped
to collect a pearly mucus. The mucus was diluted in an artificial seminal
plasma extender described by Garcia-Salinas et al. (2021a). The pH and
osmolality of the main components of the extender (in mM; 433 Urea, 376
NaCl, 120 Trimethylamine N-oxide (TMAQ), 8.4 KCl, 50 Glucose, 7 CaCl,-
2H,0, 3.5 NaHCOs, 0.08 Na,S0,, 1.4 MgS0,4) were adjusted to 6.5 and 1000
mOsm/kg respectively, in order to match the levels of the physiological
fluids.

A

Figure 2.Sperm recovery from the oviducal gland. Oviducal gland from longnosed
skate Dipturus oxyrinchus (A) removed from the oviduct. The gland was cleaned (B) and split

through its longitudinal axis, exposing its lumen (C). A scraping was done over its luminal
epithelium using the blunt edge of a scalpel (D) to collect a pearly mucus containing sperm.
Each black and white square of the scale bar indicates 1 cm.
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3. Results and Discussions

3.1 Female General Anatomy

Although there are a wide variety of anatomical differences between the
species studied, this study aims to highlight the differences in the
reproductive system that may be relevant to the use of specific techniques,
such as sperm extraction and artificial insemination. Other possible
differences not related to this topic have not been considered. Even though
abdominal pores are not part of the reproductive system, its
misidentification may cause errors during cannulation, so its description is
offered.

Unlike males (Figure 3), batoid females do not possess intromittent
structures on their pelvic fins. The cloaca is located between the pelvic fins,
and in some species is enveloped by two cloacal lips on either side, covering
the anus and the urinary papilla. As the only pores in the papilla are those
found in the urinary system, the term urogenital papilla should be limited to
males, and not used for females. Depending on the species, one or two pores
can be located on the papilla. In the cranial section of the cloaca, the
apertures of the uteri can be found. In some species, there are two separated
orifices (one for each uterus) easily accessible from the cloaca, whereas in
other species, the orifices converge in a common cervix formed by the union
of the cervices (or cervixes) of each uterus. The two abdominal pores (also
known as celomic pores) are located near the cloaca closed by a sphincter.
These pores connect the pleuroperitoneal cavity with the exterior and may
allow the removal of fluid from the inner cavity (De luliis and Pulera, 2019).

Internally, females have one or two functional uteri (Walker, 2020)
(depending on the species) either where the embryos develop or where the
eggs are kept until they are laid. The oviducts are connected to the cephalic
portion of the uteri. The oviducal gland (also known as the shell gland or
nidamental gland) can be found on these narrow tracts. The functions of this
gland are the storage of sperm, oocyte fertilization, and the formation of the
egg case (Hamlett et al., 1998). Thus, in oviparous species, the shell gland is
bigger than in ovoviviparous or viviparous species. In some species, the gland
also supposes the terminological division of the oviduct in posterior or
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anterior oviduct. A sphincter-like structure, the isthmus, can seal the oviducal
gland from the posterior oviduct and the uterus in some species. The anterior
oviducts converge in the ostium, a funnel-like structure through which the
unfertilized oocytes coming from the ovaries pass into the uterine system.
Depending on the species, the ovaries can be paired; fused in a single ovary;
or vestigial, with only one ovary developed.

ov: ovary

ot: ostium

od: oviduct

0g: oviducal gland
it: isthmus

ut: uterus

sp: sphincter

CX: cervix

cl: cloaca

ap: abdominal pores

Figure 3. Female general anatomy. Morphological scheme of an ideal batoid female, showing
the main reproductive structures: ovaries, oviducts, ostium, oviducal glands, isthmus, uteri,
uterine sphincter, cervix, cloaca, and abdominal pores.

3.2 Female Comparative Anatomy

Overall, the general morphological structure of the female reproductive
system is well maintained across all the species studied (Figure 4). This
anatomical resemblance was particularly remarkable between skates
(species from the genus Raja) (Figure 4A) and the marbled electric ray T.
marmorata (Figure 4E), probably because of the close evolutionary
relationship between these two plesiomorphic groups (Villalobos-Segura and
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Underwood, 2020). Both groups have the same disposition of the basic
anatomical structures, but with a clear divergence in the size of the oviducal
gland. Members of the Rajiformes order (where genera Raja and Dipturus
are assigned) are oviparous (Musick and Ellis, 2005), and the oviducal gland
is therefore well developed in order to produce a hard egg case (Hamlett et
al., 1998), while members of the order Torpediniformes are ovoviviparous
(also called yolk-sac viviparous) (Musick and Ellis, 2005), and therefore, their
gland is not so well developed. The gland is also not well developed in the
common stingray D. pastinaca or the other two species of Myliobatiformes
(common stingray M. aquila, and bull ray A. bovinus). Not only are they
evolutionarily close, but they share the same reproductive method (lipid
histotrophy) and do not produce hard egg cases [although the fertilized eggs
are grouped together and encapsulated in one thin egg case at the beginning
of the development (Capapé et al., 2007; Saadaoui et al., 2015)].

Other differences can be seen in the shape of the cloaca and the position of

the abdominal pores, particularly in the common stingray D. pastinaca
(Figure 4C) and common eagle ray M. aquila (Figure 4B), where the
abdominal pores are placed on the cloacal lips instead of on the caudal part
of the cloaca. As mentioned before, the pores may help with the regulation
of liquid in the celomic cavity and should not be confused with uterine
sphincters or other structures related to the reproductive system. Also, in
this species, the urinary papilla is larger than that of the other species
observed and has two independent urinary pores instead of one. Access to
the uteri is closed by a sphincter, which is easy to reach with the help of
tweezers when the cloacal lips are removed or separated. In the longnosed
skate D. oxyrinchus (Figure 4F), the paired cervices (or cervixes) are fused in
a wide common cervix, with the urinary papilla in one extreme and the cloaca
in the other. The dimensions of this cervix can be explained by the large size
of the eggs of this species [up to 14 cm in length and 10 cm in width (Ebert
and Dando, 2020)]. In the other viviparous species examined (genus Raja,
Figure 4A), a smaller cervix compared with that of D. oxyrinchus could be
found. Animals from this genus possess considerably smaller eggs than those
of the genus Dipturus, despite belonging to the same family Rajidae (Ebert
and Dando, 2020).
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Figure 4. Specific female anatomy. Species-specific morphologies in female batoids that could
be relevant when performing artificial insemination. Reproductive, excretory, and digestive
systems are marked with different colors. Green: the uteri; yellow: the excretory system; red:
access to the digestive system. The grey circles are the abdominal pores that communicate
the pleuroperitoneal cavity with the exterior. (A) model for skates, genus Raja; (B) common
eagle ray Myliobatis aquila; (C) model observed in common stingray Dasyatis pastinaca; (D)
bull ray Aetomylaeus bovinus; (E) marbled electric ray Torpedo marmorata; (F) longnosed
skate Dipturus oxyrinchus.

It should be noted that despite the females presenting two uteri, both are
not always functional. This consideration is of special interest if an artificial
insemination is intended, as mentioned below. Some species, such the
common stingray D. pastinaca, the common eagle ray M. aquila, and the bull
ray A. bovinus, showed developmental differences between the right and left

46



REPRODUCTIVE ANATOMY SKATES AND RAYS

ovaries. This phenomenon has also been described in other members of the
same families (Snelson et al., 1988; Henningsen et al., 2004a; Araujo et al.,
2016; Swider et al., 2017) and could result in a non-functional right uterus.
Nevertheless, in this study, both uteri of both M. aquila females were shown
to be functional, despite the ovarian size difference, as previously described
for the species (Capapé et al., 2007).

3.3. Anatomic Notes for Artificial Insemination

To date, there are only two published cases of artificial insemination in
batoids: in the clearnose skate R. eglanteria (Luer et al., 2008) and recently
in the ocellate river stingray Potamotrygon motoro (Daochai et al., 2020).
This technique has also been considered for the spotted eagle ray Aetobatus
narinari (Swider et al., 2017). In short, insemination is achieved by inserting
a catheter either through the cloaca to deliver sperm into the cervix or
through the uterus and into the oviducal gland, although it has been
proposed that intrauterine (or oviducal) insemination results in higher
fertilization rates than cervix insemination (Luer et al., 2008; Daly and Jones,
2017). To be able to deposit a sperm sample in the correct oviduct, the
catheter needs to be inserted through different structures (such as cloaca,
uterine sphincters or cervix), which can hamper the overall process (Daochai
et al., 2020). Moreover, other factors such as the functionality of the uterus
mentioned above should be considered. Thus, to perform artificial
insemination protocols, the female reproductive system must be known in
the same way as the morphology of the male reproductive system when
extracting sperm.

3.4. Male General Anatomy

Externally, male batoids have paired elongated claspers (also called
myxopterygia) at the base of the pelvic fins, used as intromittent organs for
internal fertilization (Figure 5). Claspers are in fact a rolled-up prolongation
of the pelvic fins, forming a tube-like structure with a ventral groove known
as the hypopyle. Through this groove, sperm is transported from the male
urogenital papilla to the female cloaca and then into the uterine sphincter,
although alternate sperm ducts may ejaculate semen, coating the claspers
which are then inserted (Walker, 2020). The clasper gland is located in the
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proximal part of the clasper. The function of these ovoid glands is uncertain,
although it seems to be related to the process of sperm propulsion through
the hypopyle and the secretion of substances to protect or activate the
sperm (Lacy, 2005; Piercy et al., 2006). As in females, two abdominal pores
are located near the cloaca closed by a sphincter, connecting the
pleuroperitoneal cavity to the exterior (De luliis and Pulera, 2019).

ts: testes
ep: epididymis
dd: ductus deferens
Lg: Leydig gland
sv: seminal vesicle
ag: alkaline gland
sn: sinus
up: urogenital papilla
cl: cloaca
ap: abdominal pores
cg: clasper gland
cp: clasper

ag

57 Gy

Figure 5. Male general anatomy. Morphological scheme of an ideal batoid male, showing the
main reproductive structures: testes, epididymis, ductus deferens, Leydig seminal vesicles,
alkaline glands, sinus, urogenital papilla, cloaca, abdominal pores, and clasper glands.

The cloaca is located between the pelvic fins, usually near the origin of the
claspers. In some species, the cloaca is enveloped by two cloacal lips at either
side, covering the anus and the urogenital papilla. Depending on the species,
between one and four pores can be located on the urogenital papilla,
connecting with the urinary and reproductive systems. In members of the
genus Raja, a special sphincter resembling two small lips closes the ducts
leading to the urogenital system.
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Internally, the male reproductive system is composed of paired testes
embedded in the epigonal organ located near the cephalic region of the
animal, and as well as two genital tracts that can also be divided into different
sections: the proximal convoluted part, which is called the epididymis; the
ductus deferens, also called Wolffian duct or vas deferens (Walker, 2020);
and the distal widened portion of the ductus deferens, called seminal vesicle
or ampulla (Wourms, 1977), where the sperm is stored. The Leydig gland is
adjacent to the ductus deferens onto which it empties its contents, as well
as onto the epididymis. The gland, formed by the cranial part of the
mesonephros, has a secretory function by producing seminal fluid and the
matrix where the spermatozeugmata or the spermatophores are formed
(Wourms, 1977; Jamieson and Hamlett, 2005; Musick and Ellis, 2005).
Another gland related to reproduction, and unique to batoids, is the alkaline
gland. The gland is located in the caudal part of the body cavity and empties
its content into the urogenital sinus or directly into the last portion of the
seminal vesicle or ductus deferens (Lacy, 2005). Although the main function
of the gland is still being discussed, it is known that its secretions have a
positive effect on the activation of the sperm, thus increasing spermatozoa
motility (Lacy, 2005; Luer et al., 2008).

3.5. Male Comparative Anatomy

Some important differences were observed in the urogenital papilla
morphology between the species studied that can affect the cannulation and
sperm extraction procedures. Firstly, the members of the genus Raja studied
have a sphincter similar to two small muscular lips that can block the
entrance of an extraction catheter (Figure 6A). Once the sphincter is passed,
the seminal vesicles converge in a sinus of small size where a scarce amount
of sperm can be found, and so to perform the sperm extraction, the catheter
must be diverted slightly to one side or the other to access the seminal
vesicles. In this genus, seminal vesicles are not pouch-shaped, but a sinuous
widening of the end of the vas deferens. The structure is fragile, and the
catheter should not be inserted more than 2 cm, or else there is a risk of
damage. The same sinuous morphology can be observed in D. oxyrinchus,
but in this species, there is no sphincter, and a single pore at the tip of the
urogenital papilla can be found.
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Figure 6. Specific male anatomy. Species-specific morphologies in batoids with relevance to
performing sperm extraction, such as the pores leading to the seminal vesicles. Reproductive,
excretory, and digestive systems are marked with different colors. Green: the seminal vesicle
and ductus deferens; purple: the alkaline gland; yellow: the excretory system; red: the access
to the digestive system. The grey circles are the abdominal pores that facilitate
communication between the pleuroperitoneal cavity and the exterior. (A) model observed in
genus Raja, with a unique sphincter on its urogenital papilla; (B) model observed in common
stingray Dasyatis pastinaca, with two pores leading to the seminal vesicle and one pore to the
urinary system; (C) model observed in common eagle ray Myliobatis aquila showing four
different pores, with the two upper pores facilitating access to the seminal vesicle; (D) in bull
ray Aetomylaeus bovinus, there are only two pores: one in the cranial part of the urogenital
papilla leading to the seminal vesicle and one leading to the urinary system; (E) model
observed in the marbled electric ray Torpedo marmorata, where there are two pores to access
the seminal vesicles which are a widening of the ductus deferens; (F) the spiny butterfly
ray Gymnura altavela reproductive system is similar to that of D. pastinaca, with two different
pores to access the reproductive system.
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Unlike in the previous species, the common stingray D. pastinaca has three
pores on the tip of its urinary papilla (Figure 6B). Two sit alongside one
another and are the access to the seminal vesicles, while the third pore in
the centre of the papilla leads to the urinary system. When using a catheter
to perform sperm extraction, the tube should be introduced through the
genital pores to empty each seminal vesicle’s contents, as the seminal
vesicles are independent. Seminal vesicles in D. pastinaca are less sinuous
than in Raja, thus the catheter can be inserted easily. Similar morphology can
be observed in the reproductive system of G. altavela, but it must be noted
that the only specimen examined was an underdeveloped male, and some
changes are possible during ontogeny.

Although being closed from an evolutionary perspective (Villalobos-Segura
and Underwood, 2020), some variations exist in the morphology of the
urogenital system of the common eagle ray M. aquila (Figure 6C) and the bull
ray A. bovinus (Figure 6D). Myliobatis aquila possess four different pores in
the urogenital papilla, with the upper two (slightly bigger) leading to the
seminal vesicles. As in D. pastinaca, both seminal vesicles are independent,
and the catheter for obtaining sperm must be inserted in a straight line,
otherwise it may swerve and end up in the alkaline gland. On the other hand,
A. bovinus has only two pores arranged longitudinally on the tip of the
urogenital papilla. The pore located above is the access to the reproductive
system (seminal vesicle and alkaline gland), while the other pore leads to the
excretory system. Both seminal vesicles converge in a small sinus in the
urogenital papilla, but for sperm extraction purposes, they can be considered
to be two independent seminal vesicles. Cannulation through the genital
pore should be done using a slight angle to the left or to the right in order to
reach both vesicles. Although all the males from all the species possess
alkaline glands (albeit in some cases small in size, as in the case of T.
marmorata), only those of the bull ray A. bovinus have been depicted,
because in the other species, the presence of this gland does not suppose
any obstruction during sperm collection. However, in this species, the size
and location of the efferent duct from the gland resulted in some failed
cannulation attempts before finally reaching the seminal vesicle.
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Torpedo marmorata seminal vesicles converge in a sinus in the urogenital
papilla with a single pore (Figure 6E). The overall position is similar to that of
Raja or D. oxyrinchus, but the vas deferens and seminal vesicle are less
sinuous. The urogenital papilla does not have a sphincter as in the case of
Raja, but the cannulation to obtain sperm can be complicated because of the
small size of the male electric rays compared to the females.

3.6. Anatomic Notes for Sperm Extraction

Abdominal massage in flat batoids (Rajiformes, Myliobatiformes,
Torpediniformes) for sperm extraction can sometimes be difficult because of
the shape and position of the seminal vesicles. In sharks, abdominal massage
can be performed by applying pressure to the pelvic region and the sides of
the body; however, the seminal vesicle of flat batoids cannot be reached
laterally due the presence of pectoral fins, which hampers extraction. Thus,
obtaining sperm was only possible in mature males with a large quantity of
sperm in their seminal vesicles by pressing on the area around the urogenital
papilla. It should be noted that when pressure is applied to the abdominal
region, some of the contents of the digestive system may come out, spoiling
the sample. Furthermore, the flow of sperm from the urogenital papilla to
the cloaca can easily expose the samples to microbial contamination,
compromising its preservation if a medium-term preservation (days or
weeks) of the samples is desired.

On the other hand, cannulation is a better technique for obtaining sperm
samples when the amount of sperm in the seminal vesicle is scarce, or a clean
sample is required. The use of a lubricating jelly with antiseptic can improve
the insertion of the cannulation tubes, reducing damage to the surrounding
tissue and reducing microbial contamination. Most batoids have
morphologically complex seminal vesicles and care must be taken when
inserting the cannulation tubes so as not to damage the structure.
Perforations in the seminal vesicle can be produced easily, resulting in the
catheter accessing the retroperitoneal space and the kidney. If that is the
case, blood will be easily seen inside the catheter. While performing a
cannulation, the suction of the syringe must be gentle to avoid clogging the
distal apertures of the cannula. Also, to prevent clogging, the cannula should
be rotated constantly. The angle of insertion of the catheter should also be
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considered to avoid the catheterization of the alkaline gland instead of the
seminal vesicle. For this reason, an angle of 0-5° in relation to the
longitudinal axis is advised.

Sperm storage in the oviducal gland has been reported for several batoids,
sharks and even chimaeras (for a brief review, see Marongiu et al., 2015),
and is considered to be an evolutionary mechanism conserved to ensure
fertilization in nomadic species or those with low population densities (Pratt
and Tanaka, 1994). The storage of the sperm occurs in the gland regions
called baffle and terminal zones (Hamlett et al., 1998; Marongiu et al., 2015),
and Marongiu et al. state that it is possible to find sperm in other zones,
perhaps as a result of recent mating events. After gentle scraping of the
luminal epithelium of the oviducal glands from D. pastinaca, D. oxyrinchus,
R. radula, R. asterias and T. marmorata, a pearly mucus was obtained and
diluted in an extender solution. Aliquots from this dilution were observed
under a microscope, revealing the presence of ciliated epithelial cells, cellular
fragments (including spermatozoa remains) and, in four species (D.
oxyrinchus, R. radula, R. asterias and T. marmorata), motile sperm were
found. Although the presence of motile cells could be an indicator of recent
mating and not long-term stored sperm, it should be noted that in at least
one case, (D. oxyrinchus) developed eggs were found in the uteri, so mating
could not have been very recent. Although the small concentrations of motile
spermatozoa in these samples perhaps limits the use of this technique as a
way to source sperm to perform artificial insemination, other studies
focusing on genetics, spermatozoa morphology or motility patterns can still
be developed.

Public aquaria play an important role in batoid conservation, through ex situ
conservation programs (IUCN/SSC, 2014) based on public outreach initiatives
and the establishment of an emotional connection between the visitor and
the animal (Grassmann et al., 2017), by supporting research (including
reproductive methods) of different species, and by training professional staff
for animal handling and sampling (Penfold and Wyffels, 2019). But more
steps towards real sustainability should be made, especially when
threatened species are involved (Janse et al., 2017; Buckley et al., 2018).
Public aquaria should start specific breeding programs and cease relying on
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the spontaneous reproduction of the animals in their collections or on
captures from the wild. Reproductive breeding programs using reproductive
technologies, such as sperm extraction and artificial insemination, could not
only aid these steps towards aquaria sustainability, but could also be the key
to developing reintroduction programs back to the wild for threatened
species of elasmobranchs. It should be noted that among the batoids, we can
find some of the most threatened marine animals on the planet: the
sawfishes, guitarfishes and wedgfishes (Dulvy et al., 2016b; Moore, 2017;
Kyne et al., 2020). In fact, “responsible husbandry” is one of the objectives of
the global strategy for the conservation of sawfishes (Harrison and Dulvy,
2014). Although more research on batoid reproduction must be carried out,
the goal of this study was to offer a useful guide with protocols that can serve
as tools for the conservation of these and other species.

4. Conclusions

Many threatened rays and related species could benefit from breeding
programs using specific reproductive techniques. These programs could
provide specimens with which to carry out conservation, either through
education, research or even reintroduction into the wild. The techniques
developed in this study are intended to be useful for carrying out these
programs. Although abdominal massage is the simplest technique for
obtaining sperm, it is not the most effective in the case of batoids, due to the
peculiar morphology of their body and seminal vesicles, which are often
reduced in size. Although cannulation is a more complex technique, it allows
the sampler to obtain sperm in a more precise and clean way if the anatomy
of the animal is known. Finally, obtaining active sperm from the oviducal
gland in females opens new research opportunities that should be exploited
in the future. Much work remains to be done in the development and
application of reproductive techniques in batoids, but these first steps may
be crucial for the future conservation of these animals.
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Abstract

The chondrichthyan fishes, which comprise sharks, rays, and chimaeras, are
one of the most threatened groups of vertebrates on the planet. Given this
situation, an additional strategy for the protection of these species could be
the ex situ conservation projects developed in public aquaria and research
centers. Nevertheless, to increase sustainability and to develop properly in
situ reintroduction strategies, captive breeding techniques, such as sperm
extraction and artificial insemination, should be developed. These
techniques are commonly used in other threatened species and could be also
used in chondrichthyans. However, the different reproductive morphologies
found in this group can complicate both processes. Therefore, a comparison
of the reproductive anatomy of eight distinct chondrichthyans, with an
emphasis on those important differences when performing sperm extraction
or artificial insemination, is carried out herein. Sharks and chimaeras
belonging to the Scyliorhinidae, Carcharhinidae, Centrophoridae,
Etmopteridae, Hexanchidae, and Chimaeridae families were obtained from
commercial fisheries, public aquaria, and stranding events. In addition, the
process of obtaining viable sperm samples through cannulation, abdominal
massage, and oviducal gland extraction is described in detail for both living
and dead animals.
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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 (Compagno, 1990; Stevens, 2000). 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
(Fricke et al., 2021).The chimaeras are the smallest of these three divisions
in terms of the number of extant species, and currently there are 57 species
described (Fricke et al., 2021). 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 (Didier, 2004).
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 (Didier, 2004). 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 (Fowler and Cavanagh, 2005; Weigmann, 2016).

Regarding their conservation status, Chondrichthyes possess life histories
that make them sensitive to elevated anthropic pressure, threatening their
populations (Garcia et al., 2008; Dulvy and Forrest, 2010). In 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 (Dulvy et al., 2014). 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 (Dulvy
et al., 2016a). Among the drivers for the global decline of its populations,
overfishing (intentional or incidental) and habitat destruction are the main
causes (Dulvy et al., 2014, 2016a; Pacoureau et al., 2021).

As mentioned above, to understand the current global situation of
chondrichthyan populations, their reproductive strategies and life histories
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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 (Cortés, 2000; Dulvy et al., 2021b).
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) (Musick and
Ellis, 2005; Conrath and Musick, 2012; Walker, 2020).

In aquaculture industries, the reproductive factors and complex life histories
mentioned above have discouraged captive breeding programs (Walker,
2020), but not in aquaria facilities, either public or private. The reproduction
in captivity of elasmobranchs and chimaeras has been reported for some
species (Henningsen et al., 2004b; Barnett et al., 2009; Janse et al., 2017),
but these events have traditionally relied more on natural mating rather than
on the use of reproductive techniques (Daly and Jones, 2017). 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 (Masuda et al., 2003, 2005; Luer
et al., 2008; Daly and Jones, 2017; Penfold and Wyffels, 2019; Daochai et al.,
2020; Wyffels et al., 2021). Although the obtention of sperm has been
previously achieved for several shark and chimaera species (Pratt and
Tanaka, 1994; Minamikawa and Morisawa, 1996; Masuda et al., 2003, 2005;
Daly and Jones, 2017; Wyffels et al., 2020a; Garcia-Salinas et al., 2021a), 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 (Daly and Jones, 2017; Penfold and
Wyffels, 2019; Garcia-Salinas et al., 2021a), but these techniques should
consider the morphology and location of the reproductive structures, such
as the seminal vesicles and urogenital papillae, to be truly effective.
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Due to their position as one of the oldest groups of vertebrates (Wourms,
1977), Chondrichthyes have been previously used as animal models for
physiological and morphological studies (Luer, 1989; Coolen et al., 2008;
Lauriano et al., 2017; Luer and Walsh, 2018). Moreover, certain aspects of
their reproductive morphology, such as the form and function of their
intromittent organs (Jungersen, 1899; Leigh-Sharpe, 1922; Gilbert and
Heath, 1972; Jones et al., 2005) or gonads (Dean, 1906; Chen et al., 1973;
Dodd, 1983; Pratt, 1988; Davenport et al., 2011; Lutton, 2011; del Mar
Pedreros-Sierra et al., 2016), 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
(Garcia-Salinas et al., 2021b). The tools presented in both studies are
intended to delve into the development of reproductive techniques, such as
sperm cryopreservation (Garcia-Salinas et al.,, 2021a) or artificial
insemination (Wyffels et al., 2021), some of the important steps toward
successful and sustainable breeding programs.

2. Materials and Methods

2.1. Origins of the Specimens

Males and females of eight Chondrichthyan species belonging to the orders
Carcharhiniformes (n = 35), Hexanchiformes (n = 1), Squaliformes (n =5), and
Chimaeriformes (n = 4) were studied.

Other animals were held alive in captivity as part of the zoological collection
of a public aquarium (Oceanografic, Valéncia). Both nursehound Scyliorhinus
stellaris and small-spotted catsharks Scyliorhinus canicula were kept
separately in two 8000 L tanks with recirculating seawater (temperature: 16—
18 °C; salinity: 35—-37%o), and fed twice a day with herring, squid, and
shrimps. The handling of the specimens was authorized by the Ethic
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Committee of Fundacion Oceanografic (project reference: OCE-16-7777719),
and the sperm extraction process was carried out under the supervision of
their veterinary team. The maturity of all the specimens was determined by
their gonad development, grade of their clasper calcification and
development of secondary copulatory organs (in C. monstrosa), and their
size, according to the literature (Ebert and Dando, 2020).

Table 1. Some of the species, such as the small-spotted catshark Scyliorhinus canicula and
blackmouth catshark Galeus melastomus, were available in fish markets and from commercial
fishing vessels’ by-catch. The rabbitfish Chimaera monstrosa, little gulper shark Centrophorus
uyato, and velvet belly lanternshark Etmopterus spinax specimens were obtained from the
bottom trawling by-catch. The blue sharks Prionace glauca and the bluntnose sixgill shark

Hexanchus griseus specimens appeared stranded on beaches and were recovered by the
Comunitat Valenciana Stranding Network (Valencian Community, Valencia, Spain).

Scientific Range

Common name NM NF [IUCN Source 8
name (cm)

Small-spotted catshark Seyliorhinus 7 s LC AQ/FM/BC  38-57
canicula
Scyliorhinus

Nursehound . 7 3 NT AQ 75-144
stellaris

/!

Blackmouth catshark Galeus 4 6 LC BC/FM 48-69
melastomus

Blue shark Prionace 2 1 R ST 290-297
glauca

Velvet belly lanternshark Etmopterus 4 LC BC 33-40
spinax

Little gulper shark Centrophorus 1 NE BC 86
uyato

- Hexanchus

Bluntnose sixgill shark ) 1 1 LC ST 250
griseus

Rabbitfish Chimaera 2 2 NT BC 104-112
monstrosa

2.2. Dissection Procedure

On dead specimens, a dissection was performed to specifically gain access to
the reproductive system (Figure 1). The procedure focused only on the
reproductive structures, following and adapting the dissection procedures
and terminology used by other authors (King and Custance, 1982; Crow and
Brock, 2004; De luliis and Pulera, 2019). In the case of medium-size and small
sharks, the animals were flipped dorsally, exposing their ventral surface. A
small incision was made over the coracoid bar of the pectoral girdle and a
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longitudinal cut was made along the ventral midline toward the pelvic girdle,
over the cloaca (Figure 1A). If needed, a cut made transversely to the midline,
over the pectoral girdle, and another cut over the pelvic girdle, allowed us to
fully expose the pleuroperitoneal cavity (Figure 1B).

In large sharks and chimaeras, where it was not possible to fully expose the
ventral part of the animal due to its size or the morphology of its dorsal fins,
the process was slightly different. First, a small incision with scissors was
made at one side of the ventral midline, near the pectoral fin base, over the
coracoid bar. Through this incision and with the help of a scalpel blade, a
curved cut was made toward the pelvic girdle. The cut followed a slight curve
from the ventral midline to the lateral and then back again to the ventral
midline, to create a kind of flap. Note that to avoid damage to the inner
organs, forceps were used to keep the abdominal wall (skin, muscle, parietal
peritoneum) elevated. The pleuroperitoneal cavity was exposed by pulling
out the flap to one side.

To access the reproductive system, the hepatic lobes were drawn forward
and removed by cutting through their cranial attachments (hepatic ducts and
falciform ligament) (Figure 1C), trying to avoid damage to this organ and to
avoid leakage of the oil and bile present in the liver (Figure 1D). A cut close
to the rectal gland was made on the rectum to separate the intestine (spiral
valve), and close to the pericardiac cavity, through the oesophagus, to
separate the stomach (Figure 1E). Then, the mesogaster and caudal
mesenteries were cut to completely remove the internal parts of the
digestive tract. Special care was taken to not damage the mesorchium
holding the ovaries and the testes.

In sharks, a cut through the cloaca (Figure 1F) and puboischiadic bar was
made to expose the caudal part of the urogenital system (seminal vesicle,
urogenital sinus, urogenital papilla in males, or uterine sphincters and urinary
papilla in females). In rabbitfish, both urogenital papilla and uterine
sphincters are external, so there was no need for this procedure. Moreover,
in some species the removal of cloacal lips to access the urogenital/urinary
papilla was necessary.
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Figure 1. Dissection procedure. Relevant steps in the dissection procedure of a female
nursehound Scyliorhinus stellaris to reach the reproductive system. (A) Longitudinal incision
over the pectoral girdle of the coracoid bar following the ventral midline. Notice the use of
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forceps to elevate the abdominal wall. (B) General vision of the pleuroperitoneal cavity. (C)
Lateral displacement of the liver, esophagus, and stomach to reach the falciform ligament. (D)
General vision of the digestive and reproductive systems. (E) Lateral displacement of the
esophagus, stomach, spiral valve, and rectum and cut on the esophagus and rectum. (F)
General vision of the reproductive system. Arrowheads mark incision areas: (A) coracoid bar,
(C) falciform ligament, and (E) esophagus (superior) and rectum (inferior); (F) puboischiadic
bar. The scale bar indicates 6 cm.

2.3. Description of Reproductive Structures

Detailed photographs were taken with a macro lens camera throughout the
dissection procedure of every species and illustrated notes were taken. The
focus of each dissection was on (i) determining how to gain easy access to
the urogenital papilla, (ii) observing the number and disposition of urogenital
pores, (iii) observing the urogenital sinus morphology, and (iv) accessing the
seminal vesicle/uterus. Plastic tubes with different gauges (0.5-2 mm in
diameter) were used as probes during the dissection to confirm the access
and connections from the external part of the reproductive system
(urogenital/urinary pores and papilla) to the internal part (urogenital sinus,
seminal vesicle, and uterus). The information obtained was combined and
used to propose a general morphological scheme of an ideal male and female
shark.

2.4. Sperm Collection
2.4.1. In Vivo Sperm Extraction

Before sperm extraction, tonic immobility was induced in a small-spotted
catshark S. canicula and a nursehound S. stellaris to minimize struggling and
reduce stress during handling (Henningsen, 1994; Kessel and Hussey, 2015).
The animals were held in an upside-down position (with their ventral region
exposed) with their mouth and gill slits submerged, while gentle pressure
was exerted on their snouts. Then, with the cloaca emerged, gentle pressure
on the abdominal area (over the location of the seminal vesicle on the sides
of the animal) was exerted to make sperm flow through the urogenital
papilla. Then, sperm was immediately collected using a sterile syringe or
pipette and transferred to sterile tubes after collection.
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2.4.2. Postmortem Sperm Extraction

The cloacal area in sharks, and the posterior portion of the body in
chimaeras, was cleaned of mucus and other biological remains (such as
blood, mud, and the remains of other organisms, which may be found in
animals obtained from fisheries) using marine water. Three different
methods were used to obtain sperm from dead males in every species: (i)
abdominal massage on the ventral region immediately anterior to the pelvic
girdle, or by pressing around the urogenital papilla in the cloacal cavity with
the fingers or with curved pincers (only in sharks); (ii) accessing by dissection
and stripping directly on the seminal vesicle. In both cases, the sperm flowing
from the urogenital papilla was immediately collected using a sterile syringe,
plastic tube, or a pipette; and (iii) through cannulation, by introducing a
polyurethane cat catheter (BUSTER cat catheter, 1.0 x 130 mm, Kruuse,
Langeskov, Denmark) or a PVC nasogastric tube (Feeding Probe L/RX CH-05
2.67 x 50 mm, JMEDIS, Cadiz, Spain) through the appropriate pore on the
urogenital papilla. A sterile lubricating jelly with antiseptic (Optilube
ActiveTM, Optimum Medical, Leeds, UK) was used to facilitate the insertion
of the tube. Tubes and catheters were continuously rotated inside the
seminal vesicle to avoid the clogging of their orifices.

The nidamental glands from small-spotted catshark S. canicula, nursehound
S. stellaris, blue shark P. glauca, and rabbitfish C. monstrosa females were
obtained (Figure 2A). The organs were carefully removed during the
dissection by cutting through the anterior and posterior oviduct. Then the
glands were externally cleaned with artificial seawater to remove the blood
and biological remains (Figure 2B). Care was taken during the cleansing
process to avoid the passing of seawater into the lumen of the glands. The
organs were split along its cranial-caudal axis to expose its lumen (Figure 2C).
A gentle scrape was done over its luminal epithelium using a scalpel blade
(Figure 2D). Then, a pearly mucus was collected over the edge of the blade.
The mucus was diluted in an artificial seminal plasma extender described by
Garcia-Salinas et al. (2021). To summarize, the main components of the
extender (in mM; 433 urea, 376 NaCl, 120 trimethylamine N-oxide (TMAO),
8.4 KCl, 50 glucose, 7 CaCl,.2H,0, 3.5 NaHCOs3, 0.08 Na,S04, 1.4 MgS0,4) were
kept in balance with physiological fluids by adjusting pH to 6.5 and the
osmolality to 1000 mOsm/kg.

65



CHAPTER 2

Figure 2. Sperm recovery from nidamental gland. Nidamental glands from a nursehound
Scyliorhinus stellaris (A), united by the oviducts and ostium. The gland was removed and
cleaned (B) and split through its cranial-caudal axis, exposing its lumen (C). Scraping was done
over its luminal epithelium using the edge of a scalpel (D) to collect a pearly mucus containing
sperm. The scale bar indicates 3 cm.

3. Results and Discussion

3.1. Female General Anatomy: Sharks

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 3).
Next to the caudal margin of the cloaca, the abdominal (or celomic) pores
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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 (De luliis and Pulera, 2019). 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

og: oviducal gland
it: isthmus

ut: uterus

sp: sphincter

CX: cervix

cl: cloaca

cl

Figure 3. 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 (Jones et al., 2005; Conrath and
Musick, 2012; Walker, 2020). 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 (Hamlett et al., 1998). 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
(Jones et al., 2005; Conrath and Musick, 2012; Walker, 2020), where the
embryos develop, or the eggs are kept until they are laid.

3.2. Female Anatomy: Chimaera monstrosa

Externally, C. monstrosa does not possess acommon 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 4) (Dean, 1906). 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 (De
luliis and Pulera, 2019). 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

ot: ostium

od: oviduct

og: oviducal gland
it: isthmus

ut: uterus

CX: cervix

cl: cloaca

ap: abdominal pores
us: uterine sphincter

7N
Figure 4. 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
(Hamlett and Koob, 1999), 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 (Musick, 2010).

3.3 Female Comparative Anatomy

In sharks, there are no great differences between the species studied (Figure
5) regarding the general morphological structure of the female reproductive
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system. The overall morphology of the reproductive system in Scyliorhinus
canicula, S. stellaris, and Galeus melastomus (Figure 5A) is similar, and closely
resembles that of the ideal model proposed for sharks (Figure 3). However,
in the two Scyliorhinus species, the abdominal pores lay over the
metapterygium of the pelvic fins instead of inside the cloaca, while in
blackmouth catshark G. melastomus the pores are located inside the cloaca.

Figure 5. Specific female anatomy. Species-specific morphologies in three female sharks and
one chimaera species that can be relevant to perform artificial insemination. The
reproductive, excretory, and digestive systems are marked with different colors. The uteri are
shown in green, the excretory system in yellow, and the access to the digestive system in red.
The grey circles are the abdominal pores that connect the pleuroperitoneal cavity with the
exterior. (A) Model for catsharks, family Scyliorhinidae. (B) Blue shark Prionace glauca. (C)
Model observed in velvet lanternshark Etmopterus spinax. (D) Rabbitfish Chimaera monstrosa.

All three species belong to the family Scyliorhinidae, one of the six shark
families where oviparous sharks have been described (Musick and Ellis,
2005). As happens with oviparous sharks, their oviducal glands are well
developed, especially in G. melastomus where multiple (or retained)
oviparity occurs (Costa et al., 2005).
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In the blue shark P. glauca, three papillae are located in the cloaca (Figure
5B). The central one is the urinary papilla and it connects with the urinary
system. The two others are located on both sides of the cloaca and contain
the abdominal pores (or abdominal papillae in this case). Unlike the rest of
the species observed, only the right ovary is developed and functional in blue
sharks. The oocytes pass into the heart-shaped oviducal gland, where they
are fertilized and encapsulated in a thin, soft capsule before passing into the
uterus. Prionace glaucais a species where placental viviparity has been
described; thus, the oviducal gland and the oocytes are proportionally
smaller than in other species (Pratt, 1979). Lastly, the two entrances to the
uterus fuse into a large cervix, where the pups pass momentarily before
birth.

In the velvet belly lanternshark Etmopterus spinax, two functional ovaries
and uteri can be found. The uteri converge in a small common cervix located
in the cranial part of the cloaca, next to the urinary papilla. Two small
abdominal pores are located at the end of the cloaca, covered by the pelvic
fins. Unlike the previous species, E. spinax is an ovoviviparous species (also
called viviparous lecithotrophic or aplacental viviparous) (Capae et al., 2001)
and does not produce any case covering the fertilized ova; thus, their
oviducal gland is reduced and scarcely developed with no lateral expansions
(Porcu et al., 2013).

The rabbitfish Chimera monstrosa shares the same anatomic features as the
oviparous sharks examined, such as well-developed paired ovaries and
relatively big oviducal glands. However, instead of uteri converging inside the
cloaca, the uterine openings of C. monstrosa are located behind the pectoral
fins. The absence of cloaca is described for most Holocephali (Dean, 1906;
Grasse, 1958; Bell, 2012), but some species such as the elephant fish
Callorhynchus milli (Chierichetti et al., 2017), the cockfish Callorhynchus
callorhynchus (Chierichetti et al., 2017), and the Eastern Pacific black ghost
shark Hydrolagus melanophasma (Marquez-Farias and Lara-Mendoza, 2014)
possess a common cloaca where the anus and the uterine openings are
found. Moreover, a sperm pouch for sperm storage can be found on these
species, but it is absent in C. monstrosa. Another reproductive trait, the
prepelvic clasper pouch (present in female Callorhynchus species) (Bell,
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2012; Marquez-Farias and Lara-Mendoza, 2014; Chierichetti et al., 2017) is
not present in C. monstrosa females.

3.4. Anatomic Notes for Artificial Insemination

Currently, artificial insemination is not a widespread technique in sharks, and
there is not any report about the use of this technique in chimaeras. To date,
artificial insemination for shark reproduction has been used in the brown
banded bamboo sharks Chiloscyllium punctatum, the zebra shark
Stegostoma tigrinum, the cloudy catshark Scyliorhinus torazame, and the
white-spotted bamboo shark Chiloscyllium plagiosum (Masuda et al., 2003,
2005; Penfold and Wyffels, 2019; Wyffels et al., 2021), although the
technique has also tried in other species such the sand tiger shark Carcharias
taurus and the broadnose sevengill shark Notorynchus cepedianus (Daly and
Jones, 2017).

The process involves depositing viable sperm into the female reproductive
tract by inserting a catheter through the uterine sphincter into the cervix or
into the oviducal gland or the posterior oviduct (intrauterine). However, it
has been proposed that intrauterine or oviducal insemination results in
higher fertilization rates than cervix insemination (Daly and Jones, 2017,
Penfold and Wyffels, 2019). The catheter with the sperm sample should be
inserted through different anatomical structures (such as cloacal
morphology, cervix, or uterine sphincters) that can hamper the overall
insemination procedure (Daochai et al., 2020). Thus, to perform artificial
insemination protocols, the female reproductive system must be well known,
and in the same way, the morphology of the male reproductive system when
extracting sperm.

3.5. 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 (Jungersen, 1899; Leigh-Sharpe, 1922; Gilbert and Heath, 1972;
Luer et al., 2008; Walker, 2020)(Figure 6). 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 groove from the male
urogenital papilla to the female cloaca, and then into the uterine sphincter.
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To impulse the sperm, most sharks possess paired muscular structures at the
base of the claspers, under the ventral skin, called siphon sacs (Mann and
Prosser, 1963; Gilbert and Heath, 1972). The siphon sacs secrete serotonin
(5-hydroxytryptamine), capable of producing muscle contractions in the
uterus of females, which could favour the intrauterine transport of sperm
(Mann and Prosser, 1963). 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 (Whitney et
al., 2004; Pratt and Carrier, 2005).

ts: testes

ep: epididymis

dd: ductus deferens
Lg: Leydig gland

sv: seminal vesicle
$S: sperm sac

sn: sinus

up: urogenital papilla
cl: cloaca

cp: clasper

cp

Figure 6. 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).
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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 (De luliis and Pulera, 2019).

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) (Walker, 2020), 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 (Gilbert and Heath,
1972; Jamieson and Hamlett, 2005; Jones et al., 2005; Musick and Ellis, 2005).
In 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 (Chen et al., 1973).

3.6. Male Anatomy: Chimaera monstrosa

The internal male reproductive system in C. monstrosa (Figure 7) is similar to
that of sharks in many aspects (Bell, 2012). 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 (Marquez-Farias and Lara-
Mendoza, 2014)] are divided by an isthmus into a cranial section, first whitish
and opaque and then greenish and translucent, and a greyish posterior
section. The greenish coloration of the middle part of the seminal vesicle is a
trait present in Chimaeriformes (Dean, 1906; Malagrino et al., 1981;
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Marquez-Farias and Lara-Mendoza, 2014). These caudal sections converge in
a common sinus before forming the urogenital papilla in the exterior of the
body.

ts: testes

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

sn: sinus

cl: cloaca

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

Figure 7. 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 (Dean, 1906; Barnett et al., 2009). Another
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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 (Barnett et al., 2009).

3.7. 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 8). However,
there are some significant differences. Members of the family Scyliorhinidae
studied (S. canicula, S. stellaris, G melastomus) are quite similar (Figure 8A).
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 centred 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 8B) 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.

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 8C) 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
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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 8D). 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
(Ebert, 2002). 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 (Daly, 2016),
another member of the Hexanchiformes, suggesting that it could be a
common trait for this order.

Chimaera 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 8E). The epigonal organ,
present in elasmobranchs, is absent or cannot be easily identified in C.
monstrosa and probably in the rest of holocephalans (Dean, 1906; Stanley,
1963; Jamieson and Hamlett, 2005; Marquez-Farias and Lara-Mendoza,
2014). 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 (Stanley, 1963) and H.
melanophasma (Mérquez-Farias and Lara-Mendoza, 2014), though neither
in C. callorhynchus (Chierichetti et al., 2017) nor Chimaera phantasma
(Malagrino et al., 1981). 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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Figure 8. 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 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.
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3.8 Anatomic Notes for Sperm Extraction

In mature sharks, the abdominal massage is easily performed by pressing in
the pelvic region and the lateral of the body, especially in small and medium-
size animals. The idea behind this procedure is to be able to put pressure on
the seminal vesicles or the area around them. The technique is useful in
mature males that have abundant sperm stored in their seminal vesicles. In
animals outside of the peak of the reproductive season, or in immature
males, this technique is less useful. In bigger animals, where the fingers can
be inserted in the cloaca, the sperm extraction can be carried out by pressing
around the urogenital papilla with the tip of the fingers or, in smaller animals,
with the tip of curved pincers (Figure 9A). One of the advantages of the
technique is that it allows to obtain a large amount of sperm in a small
amount of time, reducing the level of stress of the animal. However, with this
technique it is not possible to obtain the full volume of sperm stored in the
seminal vesicle of live animals. Some anatomic features can hamper the use
of the abdominal massage, such as the position of the pelvic girdle, or other
organs. For example, in C. monstrosa, part of the digestive system covers the
section of the seminal vesicle where the sperm bundles are more abundant,
while in C. uyato, the hepatic lobes were large enough to completely cover
the seminal vesicles near the pelvic fins, limiting the effectiveness of
abdominal massage.

Figure 9. Different sperm extraction procedures in the little gulper shark Centrophorus uyato.
(A) Massage over the urogenital sinus using forceps with rubber tips in species where
abdominal massage is inefficient in this case, because of the hepatic lobes covering the
seminal vesicles. (B) Cannulation through the urogenital papilla using a catheter. The scale bar
indicates 3 cm.
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Due to the pressure on the abdominal region, the sperm sample can be
spoiled with urine or the contents of the digestive system. Microbial
contamination can easily occur if this is the case. Therefore, if the sperm is
intended to be fresh stored [medium-term preservation (Garcia-Salinas et
al., 2021a)] abdominal massage is not advised. It must be noted that mere
passage from the urogenital papilla to the cloaca can also contaminate the
samples. Finally, the amount of pressure applied over the reproductive
structures should be considered carefully. The entire area surrounding the
urogenital papilla is irrigated by capillaries that can be easily damaged, and
the internal ducts and structures are fragile. Obviously, when dissection and
direct access to the seminal vesicle is possible, all these limitations are easily
avoided.

When the amount of sperm in the seminal vesicle is scarce (in immature
animals or outside of their reproductive season) or a clean sperm sample is
required, cannulation is a better technique to obtain sperm samples. This
technique allows the extraction of all the sperm stored in the seminal vesicle.
In addition, it allows samples not to be contaminated by microorganisms
from the cloaca or the digestive system. However, it is a technique that
requires more time than abdominal massage. On the other hand, it requires
specialized instruments and can damage the tissue if the anatomy is not well
known. Cannulation involves the insertion of a thin tube into the animal body
through an orifice, in this case, the urogenital pore (Figure 9B). The diameter
of the tube is important as it must be adjusted to the pore size to avoid tissue
damage during insertion while keeping a vacuum during the suction. The use
of a lubricating jelly with antiseptic can improve the insertion of the tubes
while reducing the damage to the tissue and decreasing microbial
contamination. The gauge of the cannula should also be selected considering
the degree of fluidity or thickness of the sperm. In this study, H. griseus and
C. uyato sperms were extremely dense and the gauge of the cannula had to
be increased to get a good sample. In P. glauca and S. canicula, the sperm
fluidity was higher. In C. monstrosa, the sperm was so dense (due to the
concentration of sperm bundles) in the cranial section of the seminal vesicle
that a scarce amount was recovered, and only in the caudal section of the
organ was some sperm available.
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To make proper cannulation, the position and morphology of the urogenital
sinus, seminal vesicle, and ductus deferens must be well known. Otherwise,
tissue damage can occur, as the reproductive ducts are very delicate and easy
to damage. Perforations in the seminal vesicle can be produced easily, and
the catheter can be inserted into the retroperitoneal space and the kidney.
If that is the case, blood will be easily seen inside the catheter and the
procedure must be stopped immediately. In some species, such as the
basking shark Cetorhinus maximus and the silver chimaera Chimaera
phantasma (Matthews, 1950; Malagrino et al., 1981) the seminal vesicles
have transverse folds inside, which can be damaged during the insertion or
hamper the extraction procedure. The angle of insertion of the catheter
should also be considered and a horizontal angle of 5-10° and a vertical angle
of 30° in relation to the axis are advised. For example, in P. glauca, there is
the possibility of inserting the cannula into the ureter if the cannula deviates.
Moreover, in this species, the sperm can be obtained from the urogenital
sinus or from the paired ductus deferens if the cannula is inserted deeper.

Once the cannula is inserted, a gentle suction should be enough to make the
sperm flow into the syringe. If too much suction is required and there is no
advance of sperm through the tube, the cannula could be clogged, or the
gauge could be smaller than needed. To prevent the cannula holes from
becoming clogged, it is recommended to rotate the cannula gently while the
suction is conducted. Moreover, the recommended cannulas are those with
lateral perforations and the blunt tip.

The sperm storage in the oviducal gland has been reported in Chondrichthyes
[for a brief review, see Marongiu et al. (2015)], being an evolutionarily
conserved mechanism to ensure fertilization in nomadic or low population
density species (Pratt, 1993). The storage of the sperm occurs in the gland
regions called baffle and terminal zone (Hamlett and Koob, 1999), but it has
been noted that it is possible to find sperm in other zones, perhaps as a result
of recent mating events (Marongiu et al.,, 2015). A pearly mucus was
obtained after scraping of the luminal epithelium of the nidamental glands
from S. canicula, S. stellaris, P. glauca, and C. monstrosa. The mucus was
diluted in an extender solution and aliquots from this dilution were observed
under the microscope. The observation revealed the presence of ciliated
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epithelial cells (moving their cilia), cellular fragments (including spermatozoa
remains), and motile sperm in the four species. Although the presence of
motile cells could be an indicator of recent mating and not long-term stored
sperm, it should be noted that C. monstrosa were in their spawning season
and in mature phase [stage 3a according to MEDITS category (Follesa and
Carbonara, 2019)], with no body marks of recent mating (no scrapes or cuts
in fins or the body) and with a prolapse in the uteri suggesting recent egg
laying. Thus, the mating could hardly be recent. The same can be said for the
blue sharks, where motile sperm in the oviducal gland was found in one of
the females, only in the left uterus, where also were 25 pups at early stages
of development. P. glauca males insert just one clasper into the female
during mating (Pratt, 1979), thus finding only sperm in one of the oviducal
glands is plausible. Although the small concentration of motile spermatozoa
in the samples could limit the use of this technique as a sperm source to
perform artificial insemination, other studies focusing on genetics,
spermatozoa morphology, or motility patterns can still be developed.

Chondrichthyan fishes have a higher intrinsic risk of extinction compared to
other fish groups (Field et al., 2009), which leads to their being one of the
most threatened groups on the planet nowadays (Dulvy et al., 2016a). Public
aquaria play an important role in the conservation of these animals, through
ex situ conservation programs (IUCN/SSC, 2014). These programs are based
on public outreach initiatives and the establishment of an emotional
connection between the visitor and the animal (Grassmann et al., 2017), by
supporting research (including reproductive methods) of different species,
and by training professional staff for animal handling and sampling (Penfold
and Wyffels, 2019). However, real sustainability of these programs is still far,
especially when threatened species are involved (Janse et al., 2017; Buckley
et al.,, 2018). Nowadays, public aquaria still rely on captures in the wild or in
the spontaneous reproduction of the animals under their care to sustain their
zoological collections. Reproductive breeding programs using reproductive
techniques, such as sperm extraction and artificial insemination, could allow
the advance of public aquaria toward sustainability, but can also be the key
to develop reintroduction programs in the wild for threatened species of
elasmobranchs. Some shark species have never been able to reproduce in
captivity or have done so anecdotally (Janse et al., 2017). The captive
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breeding of one of the most emblematic sharks, the sand tiger shark
Carcharias taurus, has only been possible after years of effort and dedication
of multiple institutions and researchers, even when this shark species has
been kept in aquarium facilities for more than a century (Wyffels et al.,
2020b).

4. Conclusions

This work is intended to be a useful guide for veterinarians, aquarists, and
researchers who wish to delve into aspects related to the reproduction of
these animals. Knowing this specific anatomy in detail is crucial to developing
successful protocols for artificial insemination and sperm extraction.

Regarding this technique, although abdominal massage is the simplest
technique for obtaining a considerable amount of sperm, it is not the most
effective in animals not fully mature or if clean samples are required.
Cannulation allows to obtain sperm in a more precise and clean way if the
anatomy of the animal is known. Care should be taken during the sample
extraction procedure to avoid damage to internal tissues. The dissection of
specimens allows samples to be obtained directly from the sperm storage
structures, such as seminal vesicles, sperm sacs, and deferent ducts. Finally,
obtaining active sperm from the oviducal gland in females opens new
research opportunities that should be exploited in the future. Much work
remains to be done on the development and application of reproductive
techniques in Chondrichthyes, but these first steps can be crucial for the
future conservation of these animals.
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SPERM PRESERVATION PROTOCOLS

Abstract

Elasmobranchs are one of the most endangered vertebrate groups on the
planet, but despite this situation the use of reproductive techniques in
elasmobranch conservation strategies has been scarce. Among these
techniques, sperm preservation is a potential tool for ex situ conservation
and aquaria sustainability. However, there are no widespread preservation
protocols for elasmobranch sperm, and shark sperm cryopreservation has
never been achieved before. Here we present the establishment of
successful cryopreservation protocols for elasmobranch sperm, tested in
several species. We have formulated a sperm extender that can be used for
different elasmobranch species, capable of maintaining sperm motility for
several weeks. Additionally, we achieved the cryopreservation of sperm by
previously diluting it in our extender and supplementing it with different
combinations of cryoprotectants. The effects of methanol and dimethyl
sulfoxide as permeating cryoprotectants were evaluated, as well egg yolk as
a non-permeating cryoprotectant. Sperm quality was assessed by studying
the motility and membrane integrity post-thawing, demonstrating its
effectiveness in the 10 species tested, including two which are considered
Critically Endangered. This is the first time that shark sperm cryopreservation
has been reported, broadening our knowledge of the reproductive
techniques that can be applied to elasmobranchs and laying the foundations
for the first cryobanks for shark and ray sperm. Outcomes from this study will
be useful for ex situ conservation efforts developed by public aquaria. A
regular supply of frozen sperm will reduce the problems that result from the
transport of specimens, inbreeding or lack of synchronized reproductive
cycles in captivity.

87



CHAPTER 3

1. Introduction

Appearing almost 400 million years ago, elasmobranchs are nowadays an
ecologically diverse vertebrate group that plays a key role in the regulation
of the ecosystems they inhabit (Compagno, 1990; Stevens, 2000). But the
extreme life histories of sharks (Superorder Selachiomorpha) and rays
(Superorder Batoidea), with some species exhibiting long gestation periods,
high maternal investment, and slow sexual maturity (Cortés, 2000) make this
group extremely sensitive to elevated mortality from fishing (Garcia et al.,
2008; Dulvy and Forrest, 2010). Overfishing and habitat destruction are the
main drivers for the decline in elasmobranch populations, and almost one
guarter of the elasmobranch species are considered threatened according to
the criteria of the IUCN (Dulvy et al., 2014).

Given this situation, the use of ex situ conservation breeding programs could
be a strategy worthy of consideration in elasmobranch conservation plans.
Ex situ conservation involves the protection of organisms, or their progeny,
extracting or isolating them from their natural environment and keeping
them in artificial conditions (Frankel and Soulé, 1981; IUCN/SSC, 2014). In
that sense, in situ and ex situ conservation are two complementary and non-
exclusive techniques that should benefit one another and increase the
effectivity of each (Pritchard et al., 2012; Braverman, 2014).

However, to successfully develop this type of project, an essential step is to
develop successful breeding programs in aquaria using reproductive
techniques. These programs are common for a multitude of aquatic species,
but not for elasmobranchs. In fact, until now, most public aquaria tend to
rely on natural spontaneous mating events or captured wild specimens for
the maintenance of their populations (Henningsen et al., 2004; Buckley et al.,
2018). Nevertheless, some factors need to be considered when looking at
reproduction in captivity of elasmobranchs, including suboptimal population
structures and environmental factors (e.g., temperature and lighting cycles).
Indeed, these factors have limited the success of the breeding programs in
aquaria to date (Daly and Jones, 2017).

Among the reproductive techniques that can be used to deal with this
situation, artificial insemination is one that is receiving increasing attention
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(Luer et al., 2008; Daly and Jones, 2017; Daochai et al., 2020). Nevertheless,
to ensure the success of this technique a reliable supply of sperm is required,
especially in the case of endangered species. At present, cryobanking is the
most common way to guarantee the availability of viable sperm samples
when necessary (Asturiano et al., 2017; Martinez-Pdramo et al., 2017). The
use of cryopreserved sperm for artificial insemination can avoid inbreeding
and reduction of genetic variation in aquaculture companies and public
aquaria, as well as solving the problem resultant of needing males and
females with a synchronized reproductive cycle, and the need to transport
sires from one aquarium to another for reproductive purposes.

While sperm cryopreservation is a well-established procedure used in other
aquatic species (Martinez-Paramo et al., 2017; Beirdo et al., 2019; Cabrita et
al.,, 2021) information on elasmobranch sperm cryopreservation is very
scarce, being limited to just two scientific publications. These publications
offered information regarding three marine species: sparsely spotted
stingaree Urolophus paucimaculatus (Daly et al., 2011), the Australian bull
ray Myliobatis australis and the bambooshark Chiloscyllium punctatum (Daly
and Jones, 2017). While the authors reported successful results in the
cryopreservation of both batoids (U. paucimaculatus and M. australis), no
conclusive information was given about the bambooshark (C. punctatum)
besides the toxic effect of the cryoprotectant used on the sperm. To date
there is no reported information on successful shark sperm cryopreservation.

It must be noted that sperm cryopreservation results in a reduction of sperm
quality because of the effects induced in the cell by the freezing conditions
and the potential toxicity effects of the cryoprotectants (Horvath and
Urbanyi, 2020). To avoid these problems and improve sperm quality, the
researchers studying cryobiology have been working for years with various
procedures, technologies, cryoprotectants and specific supplements,
adapted to different species (Martinez-Paramo et al., 2017; Horvath and
Urbanyi, 2020). But in the case of elasmobranchs research is still in its initial
steps (Penfold and Wyffels, 2019). In addition, sperm cryopreservation
requires the use of special equipment not always affordable for researchers,
as well as supplies such as liquid nitrogen and cryoprotectants, which are not
necessarily available when working in the field.
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When cryopreservation is not possible, the alternative is to use techniques
for the short-term storage of the sperm. Short-term storage methods are
designed to preserve the integrity and quality of sperm for several days or
weeks. In general, diluents are used to keep the sperm during storage at low
temperatures (close to 0 °C) in physio-chemical conditions like those in the
seminal plasma, with the intention of maintaining high values of sperm
viability (Tan-Fermin et al., 1999; Mufioz Gutiérrez, 2011) and even increase
fertilization rates for some species (Tambasen-Cheong et al., 1995; Ohta and
Izawa, 1996). In the few studies carried out on elasmobranchs to date, ionic
solutions based on their biological fluids have been used to work with sperm,
though not with the specific goal of using those solutions as short-term
storage media. Jones et al. (1984) showed that sperm from the Port Jackson
shark Heterodontus portusjacksoni was active after being kept in a phosphate
buffer solution based on the ionic composition of the blood, and
Minamikawa and Morisawa (1996) showed that sperm from the banded
houndshark Triakis scyllium maintain motility in solutions based on blood
and uterine conditions. Luer et al. (2008) used an extender based on a poultry
semen extender modified to elasmobranch conditions through the addition
of urea, TMAO and NaCl while working with the clearnose skate Raja
eglanteria, and Daly et al. (2011) used a modified Ringer’s solution adapted
to elasmobranchs. According to Daly and Jones (2017) the exact ionic
composition of these solutions is not as important as the osmolality in which
the sperm samples are kept. In fact, Wyffels et al. (2020) showed that the
sperm of sand tiger shark (Carcharhinus taurus) remained active while
diluted in sea water.

The sperm in elasmobranchs consists of a head with acrosome, a midpiece
covered by a cytoplasmic sleeve and a slender flagellum. The external
features of the head and midpiece show some variations depending on the
species. Typically, the head is helical with a variable number of gyres (from 3
to 24) and longer (from 30 up to 93 um) than the midpiece (from 6 to 21 um).
Spermatozoa in the seminal vesicle are grouped in sperm bundles, called
spermatophores if are formed by encapsulated sperm, and
spermatozeugmata if are formed by unencapsulated masses of naked sperm
cells (Tanaka, 1995; Penfold and Wyffels, 2019).
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As occurs with cryopreservation, in fish the main application of short-term
storage for the sperm cells is in aquaculture and aquaria, to improve
breeding management by synchronizing the production of the gametes of
males and females (Gallego and Asturiano, 2019) while avoiding the
complexity and cost of cryopreservation procedures.

The aim of the study was to advance in the development of strategies for ex
situ conservation programs for elasmobranchs, through the use of short- and
long-term conservation of their sperm. For this reason, the objectives were:
(i) the development of a dilution medium (extender) to perform short-term
sperm preservation in elasmobranchs, and (ii) the development of sperm
cryopreservation protocols to be used as the foundations for the creation of
the first cryobank for shark and ray sperm (Figure 1).

Sperm dilution in
elasmobranch extender

Moadel species Sperm extraction

Cryoprotectant

Avrtificial insemination addition

Cryobank
storage Sperm
cryopreservation

S S e o

I
s

Transport

Figure 1. Experimental steps and potential applications. Scheme of the main experimental
steps of the process (obtention of the specimens, sperm extraction, sperm dilution,
cryopreservation, and storage) and potential uses derived from the outcomes of the study in
ex situ conservation programs (sperm worldwide transport, gene bank, artificial
insemination).

2. Materials and methods

2.1. Origin of Samples

Sperm samples were obtained from either dead and alive mature individuals
belonging to 10 different elasmobranch species with various conservation
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status (Table 1); 4 sharks (Selachimorpha) and 6 rays (Batoidea). Some of the
species were regularly available in fish markets, while the availability of
others was fortuitous. Maturity of the specimens was determined by their
size according to bibliography, gonad development and clasper calcification
(Ebert and Dando, 2020).

Table 1. Species in the study. Number (N) of animals from each species, size range (cm), weight
range (kg) and their origin and conservation status according to IUCN criteria for the
Mediterranean: least concern (LC), near threatened (NT), vulnerable (VU), endangered (EN)
and critically endangered (CR). Animals in aquaria were part of the Oceanografic zoological
collection (AQ). Animals from commercial fisheries were captured by gill net and shelled in
fish markets (FM) or discarded as by-catch (BC). Stranded animals appeared dead on beaches
of the Comunitat Valenciana (ST).

Common Scientific Length Weight
N IUCN Source & =

name name cm kg
Scyliorhinus

Small-spotted catshark . 11 LC AQ 43-62 0.2-0.6
canicula

Nursehound Scyliorhinus stellaris 1 NT AQ 96 2.2

Blue shark Prionace glauca 1 CR ST 297 96

Bluntnose sixgill shark  Hexanchus griseus 1 LC BC 250 72

Rough ray Raja radula 6 EN FM 47-63 1.2-1.7

Spotted ray Raja montagui 2 LC FM 55-67 1.4-1.9

Starry ray Raja asterias 2 NT FM 61-68 1.7-2.0

Thornback ray Raja clavata 1 NT BC 68 2.1

Common stingray Dasyatis pastinaca 2 VU BC 52-56 1.7-1.8
Aetomylaeus

Bull ray . 1 CR ST 103 23.3
bovinus

Dead specimens were obtained from fish markets, commercial fishing vessels
that catch in the Gulf of Valencia, or from the Comunitat Valenciana
Stranding Network. The animals from the fish markets were caught and kept
in ice approximately 20 h before their acquisition. Animals from commercial
fishing by-catch and stranded animals were dead for approximately 2 h when
they were obtained. In all the situations, sperm was recovered immediately
after the obtention of the specimen. Alive animals were obtained from a
public aquarium (Oceanografic, Valéncia). In the latter case, 11 small spotted
catsharks (Scyliorhinus canicula) and 5 nursehounds (Scyliorhinus stellaris)
were kept separately in two 8,000 L tanks with recirculating sea water
(temperature: 16—18°C; salinity: 35-37%.) and fed twice a day with herring,
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squid, and shrimps. Manipulation of animals kept in aquarium condition was
authorized by the Ethic Committee of Fundaciéon Oceanografic (Project
reference: OCE-16-19) and the sperm extraction process was carried out
under the supervision of their veterinary team.

2.2. In vivo Sperm Extraction

Tonic immobility was induced prior to sperm extraction to minimize
struggling and reduce stress during handling, as this technique carries fewer
risks to animal health than the application of anesthetics (Henningsen, 1994;
Kessel and Hussey, 2015). The procedure was carried out by holding the
animals in an upside-down position while gentle pressure was applied to its
snout. With the cloaca emerged, pressure on the abdominal area over the
seminal vesicle was enough to make sperm flow through the urogenital
papillae (Figures 2A, B). Sperm flowing form the urogenital papillae was
immediately collected using a sterile syringe or pipette. Sperm was
transferred to sterile tubes after collection.

2.3. Post-mortem Sperm Extraction

The cloacal region of the dead animals was cleaned using sea water to
remove mucus excess and other biological remains, such as blood or fishery
residues. Sperm samples were obtained through the application of pressure
to the abdominal area, over the seminal vesicle.

In fish where the amount of sperm was scarce, samples were obtained
through cannulation with a polyurethane cat catheter (BUSTER cat catheter,
1.0 x 130 mm, Kruuse) or a PVC nasogastric tube (Feeding Probe L/RX CH-05
2.67 x 50 mm) (Figures 2C,D). Sperm was obtained after necropsy through
stripping directly over the seminal vesicle in the rough ray Raja radula
(Figures 2E,F), the bull ray Aetomylaeus bovinus, and the bluntnose sixgill
shark Hexanchus griseus (Figures 2G,H).

In both processes, the sperm flowing form the urogenital papillae was
immediately collected using a sterile syringe, a steel medical spatula, or a
pipette. After collection, the sperm was transferred to sterile tubes.
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Figure 2. Sperm extraction procedures. Sperm obtained from: (A,B) live animals (Scyliorhinus

canicula) by abdominal massage. (C,D) Stranded animals (Prionace glauca) by cannulation
through the urogenital papilla. (E,F) Animals from commercial fisheries (Raja radula) by
necropsy, and (G,H) animals obtained from by-catch (Hexanchus griseus) by necropsy.

2.4. Media Composition.

An artificial elasmobranch seminal plasma extender (EE) was formulated to
be similar in composition (solutes, pH, and osmolality) to the inner fluids of
marine elasmobranchs. An aliquot of sperm extracted in vivo from small
spotted catshark (S. canicula), and post-mortem from rough skate (R. radula),
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common stingray (Dasyatis pastinaca), blue shark (Prionace glauca) and bull
ray (A. bovinus) was centrifuged to obtain the seminal plasma and evaluate
its pH and osmolality. EE solutes composition was concluded following Daly
and Jones (2017), Minamikawa and Morisawa (1996), Robertson (1989), and
Yancey (2015).

The components of the extender [in mM; 433 Urea, 376 NaCl, 120
Trimethylamine N-oxide (TMAO), 8.4 KCl, 50 Glucose, 7 CaCl>-2H,0, 3.5
NaHCOs3, 0.08 Na;S04, 1.4 MgS0, (all the solutes were purchased from Sigma-
Aldrich)] were kept in balance with physiological fluids by adjusting pH to 6.5
and the osmolality to 1,000 mOsm/kg. These values were obtained from the
literature and confirmed by our own pH and osmolality measures. TMAOQ can
be considered a limiting factor due to its price or availability in some
laboratories. Thus, an EE variant (EEV) was formulated without TMAO, and it
was used to dilute sperm samples and to test its usefulness as short-term
medium. In this case EEV osmolality was adjusted to 1,000 mOsm/kg by
increasing the amount of NaCl and urea (for a final concentration in mM of;
500 Urea, 435 NaCl) to compensate the osmolality loss because of TMAO
removal. Artificial sea water (SW) was elaborated following manufacturer’s
instructions (Tropic marine REEF salt) for a final osmolality of 1,000
mOsm/kg. Artificial sea water (SW) was elaborated following manufacturer’s
instructions (Tropic marine REEF salt) for a final osmolality of 1,000 mOsm/kg
(in mM: NaCl 354.7, MgCl; 52.4, CaCl; 9.9, Na,S0s, 28.2, KCI 9.4, in distilled
water).

2.5. Short-Term Preservation Trial

To test the effectiveness of different short-term preservation media, S.
canicula sperm samples (n = 33) were diluted with EE, EEV, or SW (dilution
ratio 1:9; sperm:dilution medium). Polypropylene 2 mL vials were filled with
the different mixtures and stored closed in a refrigerator at 4°C. Vials were
assessed after 5, 12, 19, 28, and 36 days. During each assessment, an aliquot
of each treatment was obtained from the refrigerated samples and the
percentage of sperm motility was evaluated twice (see Sperm motility
evaluation below). The assessment was done at room temperature. Only
sperm samples with an initial motility higher than 60% were considered for
the trials.
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2.6. Cryopreservation Protocols

A series of different combinations of cryoprotectants were tested according
to 7 different protocols (Table 2). Three protocols used only permeating
cryoprotectants [methanol (MET), dimethyl sulfoxide (DMSO) or the
combination of both] for a final cryoprotectant concentration of 10%. Other
three protocols used a mixture of the permeating cryoprotectants with the
addition of a non-permeating cryoprotectant [fresh egg yolk (EGG)] for a final
concentration of 20%. One last protocol only used the non-permeating
cryoprotectant (EGG) on a final concentration of 20%. Methanol was
obtained from VWR International Eurolab S.L, dimethyl sulfoxide was
obtained from PanReac Quimica SLU.

Fresh sperm obtained from the specimens was diluted with EE at 4°C and the
corresponding cryoprotectant (Table 2) inside 2 mL internal threaded
polypropylene cryotubes. In all 7 protocols the final volume of mixture in
each cryotube was 1.5 mL. The cryopreservation mixture was gently shaken
and left for an equilibration period of 15 min at 4°C to ensure the correct
performance of the cryoprotectant. Duplicate sperm samples were tested for
each protocol in order to minimize the experimental error. A cryotube filled
with 1.5 mL of fresh sperm diluted with EE (dilution ratio 1:9; sperm:EE) was
used as a control.

Table 2. Cryopreservation media composition. Percentage of the different components on the
final volume of the cryopreservation mixture. Our reference volume was 1.5 ml and the
mixture contained fresh sperm, artificial elasmobranch seminal plasma extender (EE) and

different cryoprotectants: methanol (MET), dimethyl sulfoxide (DMSO) and egg yolk. The
mixture was incubated for 15 minutes at 4 °C before freezing.

Protocol Sperm EE MET DMSO Egg Yolk
Control 10% 90% - - -
DMSO+EGG 10% 70% - 10% 10%
MET+EGG 10% 70% 10% - 10%
DMSO+MET+EGG 10% 70% 5% 5% 10%
EGG 10% 70% - - 20%
DMSO 10% 70% - 10% -
MET 10% 80% 10% - -
DMSO+MET 10% 80% 5% 5% -
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Due to the small amount of sperm obtained from skates (Raja spp.) two
protocols (DMSO + MET + EGG and EGG) were not tested on these species.
Only sperm samples with an initial motility higher than 60% were considered
for the trials.

Freezing and thawing process:

A styrofoam box was partially filled with liquid nitrogen (LN) and kept closed
until the temperature of the container was stable (the LN stopped boiling).
After the equilibration process, cryotubes were placed over a metal mesh
platform floating 1 cm over the LN, for a period of 15 min. Cryotubes were
completely submerged into the LN after that time, where they remained for
5-10 min. For the thawing process, cryotubes were extracted from the LN
and submerged for 75 s in a water bath at 70°C.

2.7. Sperm Motility Evaluation

To evaluate spermatozoa motility, a 0.5 pL aliquot was collected from each
sample and diluted in 4.5 puL of EE placed on a counting chamber ISAS
Spermtrack 10 (Proiser R + D, S.L., Spain). The assessment of motility was
done at room temperature. Samples were observed using a microscope with
a 10x magnification lens (Nikon Eclipse 80i) and videos of the sample were
recorded by a camera (Nikon Digital Sight DS-5M). The videos were then
analyzed manually, and the percentage of motile (displacing, rotating, or
actively beating flagella) and non-motile spermatozoa were recorded. A
mean of 80—100 spermatozoa were individually counted per sample. Fresh
(non-frozen) samples were also analyzed as a control.

2.8. Sperm Viability

To study the viability of the thawed spermatozoa their plasma membrane
integrity was assessed using a fluorescence LIVE/DEAD Sperm Viability Kit
(Thermo Fisher Scientific, MA, United States). The kit uses SYBR-14, which
stains intact cells green, and propidium iodide (PI) that stains damaged cells
red. For each thawed sample, a 50 uL aliquot was obtained and mixed with 1
uL PI (final concentration 12 uM) and 1.5 pL of SBYR-14 (final concentration
100 nM). After an incubation period of 10 min in darkness and at room
temperature, the samples were observed under a fluorescence microscope
(Nikon Eclipse 80i) at 10x magnification and pictures were taken. Pictures
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were analyzed to count the number of green and red spermatozoa heads. An
average of 135 spermatozoa per sample were identified as live or dead. As
mentioned above for the motility study, fresh (non-frozen) samples were
also processed and analyzed.

2.9. Statistical Analysis

Two species were selected as model species to perform the first preservation
protocols: S. canicula and R. radula. Regarding the genus Raja, preliminary
analysis showed that there were no significant differences in the motility and
viability values of the species belonging to this genus (the Mediterranean
starry ray Raja asterias, the thornback ray Raja clavata, the spotted ray Raja
montagui and R. radula), thus a common group was established for statistical
analysis.

Shapiro-Wilk and Levene tests were used to check data normality and
variance homogeneity, respectively. To analyze the EE as a short-term
preservation medium over time, a univariate General Linear Model (GLM)
was used. A One-factor ANOVA was used to compare the different
cryopreservation protocols as well the difference between EE, sea water and
EEV. A Student-Newman-Keuls (SNK) post hoc test was used in all cases. All
statistical analyses were carried out using the IBM SPSS Statistics 24
statistical software.

3. Results

3.1. Sperm Collection

Although sperm extraction was achieved for 39 animals, the obtention of
high-quality sperm was not feasible in all the specimens. This was particularly
the case with adult skates obtained in fish markets (some of which possess a
low sperm volume) and most of the S. stellaris kept in aquaria (which
exhibited low sperm motility). Table 1 shows the species and the number of
specimens (n = 28) whose sperm had enough motility (>60%) to be used in
the trials. As an exception, bull ray (A. bovinus) sperm was used despite its
low motility value (45%) because of its Critically Endangered conservation
status.
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The sperm obtained had a creamy white coloration and viscous consistency.
Under the microscope, a mass of helical heads, typical of elasmobranchs, was
clearly visible. The sperm mass disaggregated when the sample was diluted,
allowing the spermatozoa to be seen individually. The spermatozoa
concentration of the samples ranged from 2.27 x 108 to 4.22 x 102 cells per
mL and the average pH value was 6.46 (SD: 0.15).

3.2. Short-Term Preservation

Short-term preservation was evaluated by analyzing the sperm motility of
samples diluted with different solutions (EE, sea water, EEV) over time. The
motility of the samples was checked on days 0, 5, 12, 19, 28, and 36. The
results represented by Figure 3 (mean motility of each treatment after
different times) showed that there was a continuous decrease in motility in
all the samples over time.
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Figure 3. Short-term preservation. Motility variation over time in short-term preservation
trials. Scyliorhinus canicula sperm was diluted 1:9 (sperm: dilution medium) with artificial
elasmobranch seminal plasma extender (EE), artificial seminal plasma extender variant (EEV),
or seawater (SW). Motility was assessed on different days (0, 5, 12, 19, 28, 36) after initial
dilution. Lowercase letters represent statistical differences between treatments.

This reduction in motility was drastic in SW, while for EE and EEV it was more
gradual and with no significant differences between the two treatments.
Starting from an initial motility value of 85-90% for the three treatments, the
motility of sperm samples diluted in EE (Figure 4A) and EEV (Figure 4B)
decreased to values of 60-65% after 12 days, and 40% after 28 days. Then
the sperm motility values of both treatments (EE and EEV) showed a
progressive reduction until day 36 day, reaching values close to 10%.
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Figure 4. Media comparison for short-term preservation. Short-term preservation results after
diluting 1:9 (sperm: dilution medium) Scyliorhinus canicula sperm with three diluents. (A)
Artificial elasmobranch seminal plasma extender (EE); (B) artificial seminal plasma extender
variant (EEV); (C) sea water (SW). Motility was assessed on different days after initial dilution
(CONTROL). Different letters mean significant motility differences between days into every

treatment.

Overall, there were no significant differences between the two treatments
(EE and EEV) in terms of motility. In contrast, sperm samples diluted in SW
(Figure 4C) showed a significant decrease in the motility values after just 5
days, reaching values close to 30%. The sperm motility values were close to
0 on day 19 for sperm samples diluted in SW.
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3.3 Cryopreservation Protocols

Cryopreserved samples showed significantly lower motility and viability
values than the fresh samples, irrespective of the protocol used or the
species from which the sperm came. In general, skates (Raja spp., Order
Rajiformes) showed higher motility and viability results than sharks
(Scyliorhinus spp. And P. glauca, Order Carcharhiniformes, and H. griseus,
Order Hexanchiformes, which in turn showed higher values than stingrays (A.
bovinus and D. pastinaca, Order Myliobatiformes).
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Figure 5. Cryopreservation results in rays. Motility and viability results for sperm
cryopreservation protocols in skates (n = 11). Sperm obtained from Raja asterias, Raja clavata,
Raja montagui, and Raja radula were diluted with artificial elasmobranch seminal plasma
extender (EE) and frozen using different cryoprotectant combinations: dimethyl sulfoxide
(DMSO), methanol (MET) or DMSO + MET. FRESH represents the motility and viability values
in fresh sperm samples prior to freezing. Different letters mean significant differences
between viability or motility values from each protocol.

In skates (Figure 5) the use of both 10% DMSO and 10% MET rendered
motility values higher than 40%. However, the use of MET as a
cryoprotectant caused a higher variability. The protocol combining of 5%
DMSO plus 5% MET, obtained significantly lower results than the other
protocols. The viability results were like those of motility, showing that the
protocol using 10% DMSO produced higher values than the protocols which
used 10% MET and the combination of MET plus DMSO.

101



CHAPTER 3

In the case of the cryopreserved shark sperm samples (Figure 6 and Table 3)
the best motility values were seen with protocols using 5% DMSO plus 5%
MET and 10% egg yolk, or using 5% DMSO plus 5% MET, which induced
average values close to 35%.
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Figure 6. Motility after cryopreservation in sharks. Motility results for cryopreservation
protocols in small spotted catshark (n = 11). Sperm obtained from Scyliorhinus canicula was
diluted with artificial elasmobranch seminal plasma extender (EE) and frozen using different
cryoprotectant combinations: dimethyl sulfoxide (DMSO), methanol (MET) and fresh egg yolk.
FRESH represents the motility and viability values in fresh sperm samples prior to freezing.
Different letters mean significant differences between motility values from each protocol.

Overall, the addition of egg yolk as non-permeating cryoprotectant increased
the post-thawing motility values, by up to 42.1% in samples with initial
motility values of 70%. As was the case of skates, in terms of viability sharks
showed similar patterns to those found in motility (Figures 7A,B). Although
after cryopreservation samples did not reach values higher than 40%,
protocols using the combination of DMSO, MET, and EGG obtained
significantly higher viability values (around 30%) than those obtained
without this combination (10-20%). As a side note, the best motility and
viability values after cryopreservation were obtained for H. griseus samples,
reaching values of 74.3 and 73.2%, respectively, using the combination of 5%
DMSO plus 5% MET and 10% egg yolk.
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Table 3. Results for non-model species. Motility and viability results for cryopreservation
protocols in five different species Prionace glauca (n=1), Aetomylaeus bovinus (n=1),
Scyliorhinus stellaris (n=1), Dasyatis pastinaca (n=2), Hexanchus griseus (n=1), where no
sufficient data allowed for proper statistical analysis. Between parentheses standard deviation
(SD) is shown. Sperm obtained was diluted with artificial elasmobranch seminal plasma
extender (EE) and different cryoprotectant combinations: dimethyl sulfoxide (DMSO),
methanol (MET) and fresh egg yolk (EGG). FRESH represents the initial motility and viability
values prior to freezing.

Motility (%)

DMSO
Species FRESH ~ DMsO  MeT ~ DOMSO DMSO MET  \ep EGG
+MET  +EGG  +EGG

+EGG

P. glauca 65 41.7 5.9 27.8 31.8 5 36.7 15.2
A. bovinus 45 0 13 2.8 4.5 16.9 9.3 0.4
S. stellaris 86.7 - - 30.1 - - 429 1.2
D. 67.4 4.3 6.9

pastinaca (6.45) (1.3) (2.9) ) ) ) )
H. griseus 87.4 53.6 22.2 38.8 71.9 323 74.3 40.2

Viability (%)

P. glauca 56 17.7 7.9 17.9 22.2 11.1 21.5 8.8
A. bovinus 45.8 5.2 15.8 5.9 11.1 21.6 10.1 2.2
H. griseus 79.8 55.6 5.8 16.4 70.2 14.9 73.2 -

Only three stingrays were obtained from by-catch and stranding, two D.
pastinaca and one A. bovinus. Although the number of animals was too small
to perform a proper statistical analysis, some useful information was
obtained (Table 3). For the common stingray (D. pastinaca) only protocols
using 10% DMSO and 10% MET were used, because of the small volume of
sperm obtained. The protocols used on D. pastinaca were not nearly as
successful as those used in the other species tested, causing a maximum
motility value post-thawing of 6.9%.
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Fig 7. Viability after cryopreservation in sharks. (A) Viability results for cryopreservation
protocols in small spotted catshark (n = 11). Sperm obtained from Scyliorhinus canicula was
diluted with artificial elasmobranch seminal plasma extender (EE) and frozen using different
cryoprotectant combinations: dimethyl sulfoxide (DMSO), methanol (MET) and fresh egg yolk.
FRESH represents the motility and viability values in fresh sperm samples prior to freezing.
Different letters mean significant differences between viability or motility values from each
protocol. (B) Stained sperm to study the viability of the thawed spermatozoa by assessing
their plasma membrane integrity. SYBR-14 stains intact cells green, and propidium iodide (PI)
stains damaged cells red. Stained samples were observed under a fluorescence microscope
(Nikon Eclipse 80i) at 10x magnification.
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Unlike in the other species tested, the bull ray A. bovinus motility values were
lower than their viability values. MET supplemented with egg yolk induced
better results than the other protocols in both motility (17%) and viability
(21.6%), from an initial motility of 45%.

In the present study, all the samples belonging to the control protocol (sperm
diluted but no cryoprotectant added) showed motility and viability values
lower than 0.5%.

4. Discussion

Elasmobranch breeding attempts in public aquaria, to improve the
sustainability of their zoological collections, or to carry out conservation
programs are not as developed as those of other species. However, captive
breeding programs are gaining importance, especially for threatened species
(Daly and Jones, 2017). There are a wide variety of reproductive techniques
that could be used on elasmobranchs, such as the monitoring of reproductive
cycles, hormonal treatments, gamete collection, sperm cryopreservation and
artificial insemination. These techniques have been well documented in
many mammals, reptiles, birds, and bony fish, but their application in
elasmobranchs has been anecdotal (Daly and Jones, 2017; Penfold and
Wyffels, 2019). This study presents new contributions in this field, with the
intention of serving as a basis for developing affordable preservation
methods for elasmobranch sperm, without the need of expensive or complex
equipment.

Short-term storage methods are designed to preserve sperm quality, by
diluting the cells in an extender with physio-chemical conditions like those
found in the seminal plasma. In the development of our dilution medium
(EE), we considered the comments of Daly and Jones (2017) who proposed
that while is true that osmotic pressure might be more important than ionic
composition, most authors adapted their dilution media to the physiological
characteristics of elasmobranchs. Thus, they included components present
in this group such urea and NaCl. For this reason, we considered Minamikawa
and Morisawa (1996) work on banded houndshark T. scyllium because of the
description they provided on the ionic composition of the different fluids,
and especially because of their comments on hexose. They observed that the
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duration of sperm movement was longer in a hexose-rich uterine fluid-like
solution than in seawater, suggesting hexose plays an important role in
maintaining sperm cell motility in the female reproductive tract. Thus, our
proposed dilution medium has a high concentration of hexose in the form of
glucose as a possible energy source for sperm motility. We also considered
the work on osmotic constituents in S. canicula developed by Robertson
(1989) and the review of Yancey (2015) about organic solutes in
elasmobranchs, especially regarding the balance between the proportions of
urea and TMAO used.

Our results show that samples diluted with EE maintained a motility > 70%
for up to 12 days of storage, and up to 40% 28 days after dilution. It was from
day 36 when the sperm motility drastically decreased. In contrast, the
motility of samples stored after dilution in SW decreased rapidly: from an
initial 80% to approximately 30% after 5 days of storage and falling to values
under 10% after 12 days of storage. Samples diluted in EEV showed a similar
motility pattern during the first few days to that of samples diluted in EE.
Thus, for a up to 36 days storage there would be no need to include TMAO
in the medium if the required osmolality is maintained. However, we chose
EE as the extender for our cryopreservation trials for two reasons: (i) we
wanted to use an extender with a composition like seminal plasma, and (ii)
some authors considered that TMAO plays a key role in the physiology of
marine animals by enhancing the binding ability and structural stability of
proteins, thereby counteracting the negative effects of high urea and NaCl
concentrations (Yancey et al., 2002). Additionally, these authors pointed out
that it could play a role in protecting the tissues against other stressors, such
as pressure and temperature. For these reasons, we believe that TMAO
should not be discarded as a key element in the ionic composition of media
for the short-term storage and the cryopreservation of elasmobranch sperm.

Sperm cryopreservation involves its dilution in a medium containing one or
more cryoprotectants, which help to protect sperm from damage produced
in the freezing and thawing processes. Cryoprotectant effectiveness depends
on its toxicity to the spermatozoa, its concentration, the equilibration
duration time, and the diluents used. DMSO is the most used cryoprotectant
for the sperm of aquatic species such as cyprinids (Luji¢ et al., 2017), while
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MET, dimethylacetamide or glycerol are more effective in other groups such
as salmonids (Labbé et al.,, 2013). In elasmobranchs, two successful
cryopreservation trials with sparsely spotted stingaree U. paucimaculatus
(Daly et al., 2011) and Australian bull ray M. australis (Daly and Jones, 2017)
used DMSO or glycerol supplemented with egg yolk as non-permeating
cryoprotectant. Non-permeating cryoprotectants in addition to permeating
cryoprotectants can significantly increase the percentage of viable and
motile spermatozoa post-thawing in different species (Gallego et al., 2017).
In our study the best results for shark cryopreservation were obtained when
adding egg yolk to the permeating cryoprotectants, suggesting the
importance of including a non-permeating cryoprotectant in the freezing
medium. The use of egg yolk for cryopreservation is common for teleost
species reared in aquaculture, as it has a thermo-protective action, which is
exercised by the lecithin and cephaline of its lipid fraction and a preservative
action, given by the lipoproteic fraction (Robles et al., 2005). In fact, egg yolk
has been used as an additive in many cryopreservation studies, and although
positive effects have been observed in many cases, it may not be applicable
in some species. For example, the addition of egg yolk increases fertilization
times in common trout Salmo trutta after cryopreservation (Piironen, 1993)
but has a negative effect on the sperm cryopreservation of asp Leuciscus
aspius (Babiak et al., 1998).

In the present study, the cryopreserved sperm samples of sharks and skates
showed post-thawing motility values of 30-40% depending on the species,
with the notable exception of the bluntnose sixgill shark H. griseus, with a
motility value of 70%. This species can be found in depths up to 2,500 m
where is adapted to cold deep-sea conditions (Ebert and Dando, 2020). There
might be a connection between the high cryosurvival values and these
adaptations (such as high levels of TMAO), that should be considered in
future studies. The effects of DMSO also demonstrated the existence of
species-dependent reactions to cryoprotectants. While 10% DMSO worked
best for skates, it compromised post-thawed motility and viability of sharks
and stingrays due to possible toxicity after prolonged exposure. Although not
conclusive, 10% MET was the most effective protocol in A. bovinus sperm
samples, with a post-thawing motility of 17%.
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Even though the use of DMSO is highly recommended for the
cryopreservation of fish sperm due to its rapid penetration into the cells, it
can have negative effects by changing the osmolality of the medium (Garzén
et al., 2007; Pefiaranda et al., 2008). Also, DMSO can have a species-specific
toxic effect (Arciniegas et al., 2005). Other studies, such as that carried out
by Daly and Jones (2017), described the toxic effect of glycerol on
brownbanded bambooshark C. punctatum sperm despite its protective
effects in sparsely spotted stingaree U. paucimaculatus and Australian bull
ray M. australis sperm. Thus, further research should be conducted to learn
about the toxic effects of cryoprotectants in different species and whether
certain aspects of the protocols should be specifically adjusted.

The present study expands the list of elasmobranch species in which
cryopreserved sperm has been achieved. The use of two model species (the
small spotted catshark Scyliorhinus canicula and the rough ray Raja radula)
allowed us to refine protocols before testing them on other species. It is
important to note that the source of the sperm samples covers almost every
possible origin of elasmobranch gametes: aquaria collection, by-catch, fish
markets and stranded animals, confirming the possible application of these
protocols in all kinds of samples.

The protocols described here for short-term and long-term sperm
preservation can be considered a complement to ex situ conservation
projects for sharks and rays. In addition, to our knowledge this is the first
time that cryopreserved shark sperm has been achieved, not only in our
model species S. canicula but in a Nearly Threatened species, the nursehound
Scyliorhinus stellaris, a Critically Endangered species, the blue shark Prionace
glauca and a deep-sea shark species, the bluntnose sixgill shark Hexanchus
griseus. Skate sperm has also been cryopreserved for the first time in four
different species, including two Nearly Threatened species, the thornback ray
Raja clavata and the Mediterranean starry ray Raja asterias and an
Endangered endemism Raja radula. Other threatened species such as D.
pastinaca and the Critically Endangered A. bovinus expand the
Myliobatiformes list where cryopreservation has been previously achieved.
However, we were not able to design a universal protocol for elasmobranch
sperm cryopreservation, so more research needs to be carried out to assess
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the different responses of different species. Our research can potentially
help with the development of artificial insemination projects in
elasmobranchs and has expanded our knowledge on the reproductive
biology of this group of species.
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Abstract

Subclass Elasmobranchii belongs to an old evolutionary class of
Chondrichthyes that diverged 450 mya, presenting a wide diversity of
reproductive strategies while preserving the ancient mode of internal
fertilization. These species possess relatively big spermatozoa (compared to
bony fishes) with an elongated spiral shape head and tail similar to one
currently existing (but later diverged) in birds and reptiles. These structures
may be associated with the necessity to penetrate viscous ovarian fluid or
the jelly layer of eggs, suggesting environmental viscosity as the driving
pressure shaping large-sized sperm heads into spiral shapes through
evolution. We investigated the effect of surrounding media viscosity in three
Elasmobranchii species on spermatozoa motility parameters. Our
observations suggest the surrounding viscosity is critical to allow the
progression and regulation of spermatozoa motility with unique chiral head-
to-flagellum architecture. As such, it may be a key element in controlling
sperm performance during fertilization in the Elasmobranchii species.
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1. Introduction

Chondrichthyans (cartilaginous fishes, including Elasmobranchii) are an old
evolutionary class of aquatic vertebrates that diverged 450 mya (Fig. 1)
(Amaral et al., 2018). Modern cartilaginous fishes are characterized by
various reproductive strategies (Walker, 2020) while still being unique since
they preserved an ancient mode of internal fertilization in contrast to bony
fishes, in which internal fertilization appeared evolutionary later from
externally fertilizing ancestors (Fitzpatrick, 2020). As such, the cartilaginous,
particularly Elasmobranchii fish (most commonly known as sharks and rays),
are critically important for reproductive biology studies, from its
spermatology, physiology, and biophysics since their reproduction strategy
remained almost unchanged in these species for millions of years.

Spermatozoa are one of our planet's most diverse eukaryotic cell types
(Pitnick et al., 2009). While highly specific for reproduction purposes (its
primary function is to deliver the male genetic information to the female
ova), spermatozoa are taxa—specific and have morphed as a response to
different fertilization and environmental pressures. This is the fundamental
hypothesis of Darwinian sex evolution. It is predicted that due to gamete
competition, males start to produce larger amounts of smaller size cells,
which compete for fertilizing ova produced by females, which provides a safe
environment for the nourishment of the future embryo and its development.

Several studies have demonstrated that different modes of fertilization could
drive the overall length of the spermatozoa: longer cells are correlated with
internally fertilizing species and shorter cells with externally fertilizing ones
(Kahrl et al., 2021). As internal fertilization can be considered an evolutionary
primitive feature for all gnathostomes (Long et al., 2015), the evolutionary
studies of early diverged taxa, such as cartilaginous fishes, are of primary
interest for understanding the fundamental pathways leading to the diversity
of reproduction modes in vertebrates and taxa specificity of spermatozoa
morphology. Interestingly, some evolutionary later diverged birds (Stgstad
et al., 2018), reptiles (Simon et al., 1996), monotremes (Carrick and Hughes,
1982; Ecroyd et al., 2009; Nixon et al., 2016 ), and amphibians (Scheltinga
and Jamieson, 2003) share a similar sperm morphology to that of
cartilaginous fish, characterized by elongated and spiral-shaped heads.
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Figure 1. Cladogram showing the relationship between present-day vertebrates. The length
of the outer ring segments shows the number of extant species. The number next to the nodes
refers to the last common ancestor in millions of years. The yellow portion represents the
chondrichthyans, consisting of the Elasmobranchii and the Holocephali, whose proportional
representation is based on their number of extant species. The phylogenetic tree is adapted
from Amaral et al., 2018. The three species illustrated, Potamotrygon motoro, Raja radula,
and Scyliorhinus canicula are placed next to the order to which they belong.

This similarity hints that chondrichthyan fishes' spermatozoa shape is
evolutionarily ancient (plesiomorphic for vertebrates). Their distinctive
features, such as sperm head morphology and flagellar structures, could be
a specific adaptation to allow sperm to penetrate the highly viscous
environment of the ovarian fluid and the jelly layer that coats the eggs. If this
is the case, the environmental fluid viscosity could be the main driving force
while shaping large-sized spermatozoa heads into slender spiral shaped-
heads during evolution.

Generally, hydrodynamically effects associated with body shape and size are
well known to influence the swimming kinematics of microorganisms (Lisicki
et al., 2019). The sperm head shape was recently found to be essential also
for sperm swimming progression and rotation movement in two
cartilaginous fishes, rays- Rhinoptera javanica and Taeniura meyeni,
possessing the head spiral-shape with four turns (Wang et al., 2021). This
head shape was experimentally and computationally found to be essential
for adaptation to a viscous environment. However, authors observed low
progression of spermatozoa in high viscosity conditions. Thus, future studies
of viscosity's biological relevance and its effect on reproduction are still
highly interesting.

Moreover, it is unclear whether these conclusions can be transferred to all
elasmobranchs and other species with chiral spermatozoa architecture, with
a big diversity of spermatozoon shape and size (Tanaka, 1995). Other studies
suggest that sperm competition associated with postcopulatory sperm
selection also affects the sperm flagellum length in sharks, though the
reasons for diversity in spermatozoon head and midpiece shape and length
remain unclear (Rowley et al.,, 2019). Understanding the spermatozoon
structure and principles of sperm motility and physiology is an essential step
toward better predicting the different pressures driving their evolutionary
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adaptations. Also, from a more pragmatic point of view, this knowledge may
be indispensable for developing the next generation of assisted reproductive
techniques in Elasmobranchii, as many of them face extinction (Penfold and
Wyffels, 2019).

In the present study, we investigate the environmental pressures of the
surrounding fluid viscosity on spermatozoa motility traits and its ability to
swim progressively in different viscous environments. To gain a better
understanding of the role of viscosity across different species, we
investigated the sperm motility in three Elasmobranchii, known as differing
in level of spermatozoon dimensions associated with sperm head shape: (1)
Small-spotted catshark -Scyliorhinus canicula, (2) Mediterranean starry skate
Raja asterias and (3) the South American stingray - Potamotrygon motoro as
a representative of freshwater later diverged Elasmobranchii species (Fig. 1).
Our results shed light on the fundamental principles of sperm progression in
Elasmobranchii. Their unique helical head morphology and three-
dimensional flagellar beating enable sperm cells to penetrate a highly viscous
environment that would otherwise not be possible. We show that in low
viscosity, sperm cells are nonprogressive while gaining the ability to move
progressively in an environment with high viscosity. High viscosity was
required during spermatozeugmata dissociation, allowing spermatozoa to
unbundle from the others and move progressively and straightforwardly.
Increased viscosity also creates an environment under which elongated
helical heads of spermatozoa can buckle during motion, thus being able to
change direction very efficiently. In contrast, in low viscosity, it is not possible
at all. Altogether, our observations demonstrate that high viscosity is a
critical environment pressure to which these cells are specialized.

2. Experimental Model

Three Elasmobranchii species were used in this study: Scyliorhinus canicula
(n = 4), Raja asterias (n = 4), and Potamotrygon motoro (n = 3). The small-
spotted catsharks Scyliorhinus canicula were randomly selected from a
sample of 11 male individuals sharing their aquarium with no other species.
The sharks were kept in an 8,000 L aquarium with recirculating seawater
(temperature: 16—18 °C; salinity: 35—-37%o) and fed twice daily with herring,
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squid, and shrimps. All animals were adult males of an estimated age of 5
years. Maturity status could be determined by the degree of calcification of
the claspers and by having been previously used in other sperm quality
studies. Manipulation of animals was approved by the Oceanografic Animal
Care & Welfare Committee at the Fundacidon Oceanografic Valencia, Spain
(Project reference: OCE-16—-19).

The Mediterranean starry skate Raja asterias specimens came from
commercial fisheries. The animals were obtained fresh from the fish market
approximately five hours after capture and kept on ice until pick-up. The
animals came from artisanal trammel net fisheries in the Gulf of Valencia,
Spain. All animals were adult males of undetermined age. Maturity status
could be determined by the degree of calcification of the claspers and the
development of testes and epididymis. The ocellate river stingray
(Potamotrygon motoro) was kept in experimental facilities at the Faculty of
Fisheries and Protection of Waters, University of South Bohemia in Ceské
Budéjovice. These facilities are certified by the Ministry of Agriculture of the
Czech Republic for breeding potamotrygonids and using them as
experimental animals (reference numbers: 56665/2016-MZE-17214 and
55187/2016-MZE-17214). The stingrays were housed in a 900 L aquarium
with recirculating freshwater, maintained at 25-26°C and 100% oxygen
saturation, with a pH range of 7.2-7.4. They were fed twice daily with dry
pellets and frozen forage fish. All the animals used in the study were adult
males aged between 5 and 7 years. All animal manipulation procedures were
conducted in accordance with the Animal Research Committee of the Faculty
of Fisheries and Protection of Waters, following the principles based on the
EU-harmonized animal welfare act of the Czech Republic and the principles
of laboratory animal care in compliance with the national law (Act No.
246/1992 on the protection of animals against cruelty).

2.1. Method Details

2.1.1. Sample collection and sperm motility video recordings

Sperm samples were collected from a shark - Scyliorhinus canicula (n = 4),
skate - Raja asterias (n = 4), and ray species - Potamotrygon motoro (n = 3)
males after abdomen massage according to recommendations for
cartilaginous fishes (Garcia-Salinas et al., 2021b, c) and stored at 4 °C before
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motility recordings. One aliquot of sperm (0.1-0.3 ul approximately) was
deposited in 40 pl of artificial seminal fluid (ASF) on a glass slide using the tip
of an injection needle. The composition of the ASF varied according to the
target species and was formulated to mimic its natural seminal fluid
osmolality and ionic composition. For the freshwater species, P. motoro, ASF
consisted of: NaCl 130 mM, KCI 8 mM, CaCl; 0.6 mM, Glucose 0.4 mM, Tris
10 mM, pH 7.84, osmolarity 295 mOsm modified after Dzyuba et al., 2019.
For the marine species, S. canicula and R. asterias, ASF consisted of urea 433
mM, NaCl 376 mM, Trimethylamine N-oxide (TMAQ) 120 mM, KCl 8.4 mM,
Glucose 50 mM, CaCl, 7 mM, NaHCOs 3.5 mM, Na,SO4 0.08 mM, 1.4 mM
MgS0., adjusted to pH 6.5 and osmolarity 1000 mOsm (Garcia-Salinas et al.,
2021a). To vary the viscosity of ASF and cover the physiological isotonicity of
internal fluids, the concentrations of 0, 0.125, 0.5, 0.75, 1, and 2% of
Methylcellulose (MC; Sigma-Aldrich, M0512) were added (lvic et al., 2002).
These solutios have resulted in viscosity of 0, 15, 50, 200, and 4000 mPaxs
correspondingly (according to Methylcellulose M0512 manufacturer product
information).

The motility of all three species (11 males in total) was recorded under room
temperature conditions (22-24 °C) with a digital video camera (IDS Imaging
Development Systems GmbH, Obersulm, Germany) set to 193 FPS (800 x
600) and a high-speed video camera (Olympus i-speed TR, Tokyo, Japan,
providing 848 x 688 pixels spatial resolution) at 2000 FPS mounted on a
phase-contrast microscope and x20 or x100 (200 or 1000 total magnification)
objectives for several minutes (depends on experimental conditions).
Motility records were stored in AVI format before analyses.

2.1.2. Analysis of sperm motility and flagella characteristics

Digital frame-to-frame analyses of our video-microscopy recording were
performed to measure linear swimming velocity, flagellar waveform
amplitude, wavelength and frequency of wave oscillation, and sperm head-
rotational speed frequency in Imagel software (U. S. National Institutes of
Health, Bethesda, Maryland, USA). An example of estimated parameters is
shown in Fig. S1, where the sperm head- rotational speed frequency is
measured directly from the rotation motion of the spiral-shaped head, which
travels along the head axis, similarly to a propagating wave.
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Figure S1. Example of skate flagellar and head motility analysis. The black line corresponds to
the line connecting the tips of the head on each frame. The yellow and orange lines connect
the corresponding "waves" on the spermatozoa head, and the green and red connect waves
on the tails. By calculating intervals (number of frames) of the line of the same color crossing
the black line, we can estimate the time needed for one complete rotation or beat cycle (0.05
s between each frame). The number of such cycles per second will be expressed as frequency
(Hz). The distance between the green and red lines provides information about the length of
the flagellar wave (um). Recalculating the distance spermatozoa tip traveled during one
second will give us info about sperm velocity V (um/s). The amplitude of the flagella wave is
the distance between two parallel lines connecting the waves of the flagellum from both sides,
A (um). Related to STAR Methods section.

2.1.3. Analysis of spermatozoa head morphology

Frames obtained from video records were processed to measure head
length, head helix amplitude, and wavelenght, as presented in Fig. S2. The
number of helices is calculated as the total number of all crests on both sides
of the head divided by 2.

Figure S2. Example of skate head morphology
measurements. The distance from the tip of the head
to the beginning of the flagellar is measured as head
length (including midpiece). The distance between the
two parallel lines connecting the waves of the head
helix from both sides is the amplitude of the head
helix. The length of the head helix is measured as the
average distance between two wave crests on one
side of the head. The number of helices is calculated
as the total number of all crests on both sides of the
head divided by 2. Related to STAR Methods section.
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2.1.4. Electron microscopy

Sperm samples were fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer for two days at 4 °C. For Transmission Electron Microscopy (TEM),
samples were post-fixed in osmium tetroxide for 2 h at 4 °C, washed,
dehydrated through an acetone series, and embedded in resin (Poly/Bed
812; Polysciences, Inc., Warrington, USA). A series of ultrathin sections were
cut using a Leica UCT ultramicrotome (Leica Microsystems, Wetzlar,
Germany) after being counterstained with uranyl acetate and lead citrate
and examined in a TEM JEOL 1010. The fixed samples for the Scanning
Electron Microscope (SEM) were step-wise dehydrated in an acetone
concentration, dried using a critical point dryer PELCO CPD 2 (Ted Pella Inc.,
California, USA), and coated with gold in vacuum SEM Coating Unit E5100
(Polaron Equipment Ltd., California, USA). Samples were examined with an
SEM JSM 401-F or SEM JEOL 6300 (JEOL Ltd., Tokyo, Japan) equipped with a
Sony CCD camera.

2.2. Quantification and Statistical Analysis

The parameters of the sperm head are presented as mean % standard
deviation from data obtained from 18 spermatozoa of rays (3 males), 15
spermatozoa of skates (4 males) and 23 spermatozoa of sharks (4 males).

The low sample size of sperm motility and flagellum characteristics, non-
normally distributed values inside of these experimental groups (p < 0.05 in
Kolmogorov-Smirnov test), and no homogeneous variances (p < 0.05,
Levene's test) suggested application of nonparametric statistical analysis.
Thus the analogue of one-way ANOVA using the Brunner-Dette-Munk test
followed by pairwise comparisons with Bonferroni adjustments of p-values
were performed by R- software environment with the "asbio"-package
version 1.7 (MacFarland, 2012) Statistically significant differences in values
inside the same species are marked by capital letters, while differences inside
one viscosity concentration are marked by lowercase letters in
corresponding figures.

Correlation analysis was performed using Statistica (version 13, TIBCO
Software Inc., 2017, Palo Alto, CA, USA) to estimate Pearson Correlation (r)
and to determine a linear regression equation presented in the figures.
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3. Results

3.1. Spermatozoa structure

The Elasmobranchii spermatozoa structure is distinctive: it possesses a long
and helical head, an elongated midpiece, and a flagellum supplemented with
additional ultrastructural components to its axoneme. The head shape of the
ray and skate spermatozoa observed are helices turning toward the left
(counterclockwise helices), similar to a corkscrew, with a large non-
monotonic modulated pitch and diameter along its length, increasing to a
maximum before decreasing again at the connecting piece (Fig. 2A). Skate
spermatozoa had a length head of 48.1611.31 um, helix amplitude of
4.48+0.35 um, and wavelength of 11.33+£0.75 um possessed 4.5 helix were
similar in all 4 males. Ray spermatozoa had a slightly larger head, with a
length of 54.21+£1.09 pm, helix amplitude of 5.32+0.17 um, and wavelength
of 10.6310.6 um possessed 5,5 helix and also were similar in all 3 males. The
shark (Scyliorhinus canicula) spermatozoa observed, on the other hand, is a
"screw-shaped" helix turning toward the left (counterclockwise helices) with
approximately 30-35 turns, accurate measurement of which was not possible
due to a tiny diameter (3.28+0.66 um) and pitch (2.23+0.27 um) that remains
almost constant along its length 59.36+1.51 um (slightly decreasing towards
the tip of the heads; Fig. 2B).

In all species, the flagellar ultrastructure is reinforced by two accessory
axonemal columns that sandwich the axoneme in the middle (Fig. 2C). These
columns rotate clockwise relative to the 9+2 axoneme, following the same
handedness of their helical heads. Thus, they are twisted around the
axoneme in a counterclockwise helical fashion (Fig. 2E). Similar twisting is
observed at the midpiece (Fig. 2D). Interestingly, the counterclockwise
helical chirality of head-to-flagellum structures is conserved for all three
species, despite the dramatic changes in head morphology between
rays/skates and sharks.
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Figure 2. Electron micrographs of spermatozoon structures. A) - ray Potamotrygon motoro

spermatozoon head (H) and midpiece (M), B) - shark Scyliorhinus canicula, SEM of the whole
spermatozoon: head (H), midpiece (M) and flagellum (F). C) — element of the flagellum in ray
Potamotrygon motoro, transverse section of the flagellum, TEM, arrowheads - longitudinal
columns, arrow — 9+2 structure axoneme. D) - Electron micrographs of midpiece in ray
Potamotrygon motoro. E) - Electron micrographs of the flagellum in ray Potamotrygon motoro.

3.2. Spermatozeugmata: collective beating sperm bundles in large sperm
clusters

Raw sperm samples carefully placed in artificial seminal fluid (ASF) without
mixing (preserving in this way the natural physiological condition by which
sperm is found in ejaculate) contained several clusters of high-density
entangled sperm agglomerations with different shapes and sizes for all three
species (Fig. 3). We observed spermatozeugmata for all three species, sperm
not encapsulated and tails of peripheral sperm protruding in all cases.

The cluster shape of ray and skate spermatozoa are relatively similar, but
their arrangement within the spermatozeugmata is very distinct (Fig. 3A, C).
Spermatozeugmata in rays contain randomly distributed sperm, forming a
mesh-like structure similar to porous-like materials (Fig. 3A). Skate sperm
clusters ranged from dozens to hundreds of sperm cells (Fig. 3C).
Spermatozoa were all braided and coiled together by the helical heads,
aligned in parallel, in such a way that all heads seemed to work as one unit.
The parallel alignment permitted the self-organized formation of large
flagellar bundles that could beat in collective synchrony with high levels of
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order, with traveling waves propagating in the bundle from head to tail.
Shark spermatozoa were connected by the tip of the heads and at the
midpiece region, forming a symmetric arrangement of their cluster towards
a common centre. As such, sperm heads tended to be directed to the centre
while their moving flagellum formed a large-scale beating flagellar bundle in
the outer direction (Fig. 3B), similar to flagellar-like beating of actin bundles
(Pochitaloff et al., 2022).

Figure 3. Agglomeration of sperm samples observed (A) by electron microscopy in ray
Potamotrygon motoro, demonstrating randomly distributed spermatozoa inside of

spermatozeugmata; (B) by phase-contrast microscopy in skate Raja asterias
spermatozeugmata, demonstrating coiled together spermatozoa heads with synchronously
moving flagella; (C) by electron microscopy in shark Scyliorhinus canicular, demonstrating
spermatozoa connected by the tip of the heads and at the midpiece region. See also Video S1.

3.3. Sperm release from spermatozeugmata clusters

Spermatozeugmata in all three species were observed to possess intensively
beating active flagellum within the high-density clusters of spermatozoa. In
a low-viscosity medium (LVM, 0% MC in ASF), very few sperm cells escaped
the cluster entanglement, causing a very slow release of spermatozoa from
clusters. The few sperm cells that managed to break free from clusters,
however, did not manage to swim far from it. After 20 min of observation,
the spermatozeugmata conserved their structure, with most spermatozoa
residing inside the cluster despite the vigorous motion of individual cells and
their collective beating bundles. This strongly indicates that low-viscosity
environments  suppress sperm progression and release from
spermatozeugmata in these species. This scenario dramatically changes

122


https://youtu.be/BWZuVzZH7FE

CHIRAL ARCHITECTURE OF ELASMOBRANCHII'S SPERMATOZOA

under high-viscosity fluid environments (HVM, 1-2% MC in ASF). In this case,
spermatozoa release from spermatozeugmata is fast, effective, and efficient,
with 100% of all spermatozoa successfully released in a few minutes. After
20 min of observation, no remaining structure of spermatozeugmata could
be found in high viscosity media (2% MC) in all three species.

The randomly arranged spermatozeugmata of rays (Fig. 3A) was observed to
fully release sperm from its entangled clusters in HVM (Video Sla) but
remained in the cluster in LVM. In sharks, the radial configuration of
spermatozeugmata (Fig. 3B) switched into a "spikey shape" arrangement in
HVM due to the progressive collective motility of the spermatozoa bundle.
The connection between head tips was broken, and spermatozoa sheared
relative to each other towards the centre, ending with all heads pointing
outwards while still stacked at the midpiece region, with the beating
flagellum in the inner core, forming a perfect monopole configuration with
sperm cells aligned radially (Oriola et al., 2018) (Video S1b). The rate of shape
changes of the sperm cluster from a symmetrical circular arrangement to a
monopole configuration also depended on the viscosity of the media. LVM
considerably suppressed any cluster rearrangement for extended periods
compared with HVM. In 2% MC, spermatozeugmata was broken in the first
few seconds after contact with the medium, and the sperm spiked monopole
"explodes" with the sperm concentrated at the centre released and
swimming in all directions, like fireworks (Video Sic).

Skate spermatozeugmata are made of braided sperm, coiled together by
their large-diameter spiral heads whose flagellar bundle self-organizes into a
collective motion with waves traveling from head to flagellum tip. Despite its
collective motion, spermatozeugmata with motile flagella are
nonprogressive and tumble around the same region. Interestingly, sperm
reverse their flagellar beat with waves traveling from tip to head, forcing the
head to spin in the opposite direction, thus effectively unentangling all sperm
spirals from the cluster. The flagellar bundle stops entirely before the
reversal in wave progression, thus provoking a backward movement. The
backward motion and reversal in the rotating direction cause the sperm
spiral heads to "unscrew" from the dense spermatozeugmata cluster (Video
S1d). Once spermatozoa are released from nearby cells, the flagellar wave

123


https://youtu.be/BWZuVzZH7FE
https://youtu.be/BWZuVzZH7FE
https://youtu.be/BWZuVzZH7FE
https://youtu.be/BWZuVzZH7FE
https://youtu.be/BWZuVzZH7FE

CHAPTER 4

progression switches to regular beating, and all spermatozoa swim efficiently
away from the cluster. Interestingly, we observed that this switch in wave-
propagation could be equally utilized to unscrew spiral sperm from dense
structures and reverse steering to avoid obstacles, making them highly
adaptative and autonomous swimmers in a variety of environments (Video
Sle).

3.4. Cytoplasmic sleeve

Another specific structure of Elasmobranchii sperm is the so-called
"cytoplasmic sleeve." Before sperm activation, the sleeve covers the
midpiece (Fig. 2D), while it is not typically present after activation and in free-
swimming sperm. However, at the very beginning of sperm activation, some
motile spermatozoa still carry their sleeves. In some cases, it is even possible
to observe the progressive release of the sleeve as it slides and corkscrew
down the flagellum while the sperm carefully swims away due to
hydrodynamic friction acting on the sleeve (Video S2a). When the
spermatozoa leave the spermatozeugmata by their own motion, most do not
have this sleeve. The sleeves remain in the cluster "exit" area. An example of
such a phenomenon can be observed in Video S2b, where disaggregation of
skate spermatozeugmata was slow due to the relatively low viscosity of the
ASF (0.125% MC), and many sleeves can be observed surrounding the cluster
of beating spermatozoa.

3.5. Sperm motility and progression are specific for the highly viscous
environment.

After dilution in ASF, spermatozoa were released from spermatozeugmata,
forming a dilute suspension in which active motility was maintained for 30 to
40 min. As expected from the sperm morphology, the flagellar beating was
helical. The flagellum rotated around its swimming axis, causing the helical
head to spin as sperm swam freely in the fluid. During such movement, parts
of the flagellum and head were observed to go in and out of focus,
demonstrating the 3D nature of swimming behaviour (see Video S3a for a
skate in 2% HVM). Interestingly, the spermatozoa of all three species in the
LVM were almost nonprogressive, tumbling and rotating around with high
frequency, though ineffectively, and with highly asymmetric flagellar
waveforms containing coiled parts on the distal ends of their flagella (see ray
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sperm exemplar in LVM in Video S3b). The sperm progression efficiency
increased with increasing viscosity (Fig. 4). At the same time, at such
conditions, the linear velocity is strongly connected with the sperm's ability
to spin around its longitudinal axis, effectively "corkscrewing" the sperm into
the medium. The highest progressive velocity for shark sperm was observed
at 0.75% MC (Video S3c). In comparison, 1% MC instigated higher speeds in
ray and skate sperm (Video S3d, e).

Links for the videos on this Chapter:

Video S1: https://youtu.be/BWZuVzZH7FE
Video S2: https://youtu.be/7HXSrjCNL6A
Video S3: https://youtu.be/TRdzVQAjJal
Video S4: https://youtu.be/Cj5HqVLsCmw
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canicula spermatozoa at different viscosities (0, 0.75, 1, 2% MC present in ASF). A) - example
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pairwise comparisons with Bonferroni adjustments, p < 0.05). See also Video S3.
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3.6. Flagellar wave adaptation to viscosity

As seen in Fig. 4A, the flagellar shape is highly regulated by viscosity. The
increased viscosity of the fluid limits the propagation of flagella beating from
side to side, decreasing its overall amplitude and wavelength. Exceptionally,
the amplitude of ray sperm flagella seemed less affected by the increased
viscosity. However, bending waves shifted axially due to the wave
compression phenomenon (Gadélha and Gaffney, 2019), slightly decreasing
wavelength without a visible effect on flagellar amplitude (Fig. 4A; Fig. 5A,
Q).
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Figure 5. Parameters of spermatozoa and flagella motility of ray Potamotrygon motoro, skate
Raja asterias, and shark Scyliorhinus canicula spermatozoa at different viscosities (0, 0.75, 1,
2% MC present in ASF): A) —flagella amplitude; B) — flagellar wave propagation frequency; C)
— flagellar wavelength; D) — head rotation frequency. Data are presented as median, 75, and
25 percentiles (box), min, and max values (whiskers). Each experimental group has an average
of 8 (3-15) measured spermatozoa. Significant differences inside the same species are marked
by capital letters, and differences inside one viscosity concentration are marked by lowercase
letters (Brunner-Dette-Munk test, followed by pairwise comparisons with Bonferroni
adjustments, p < 0.05).
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The correlation between wavelength and tail amplitude at different viscosity
is presented for all three species in Fig. 6. Moreover, a slight wave
compression was also observed in skate and shark spermatozoa when they
were mortorquee compressed and shifted to the distal end of the flagellum.
The part of the flagellum proximate to the midpiece remains active during
such motion and oscillates with extremely high frequency and almost
undetectable amplitude (Video S3f).

Surprisingly, the sperm penetration in high viscosity was not hindered by the
fact the amplitude of the flagellar waves was very small. It may be attributed
to the induced head rotation by the flagellum. This suggests that sperm
penetration in high viscosity can be achieved with two distinct modes in
Elasmobranchii: the classical way in which large amplitude bending waves
propel the large head forwards and a novel mechanism in which bending
waves are insufficient to produce cell propulsion but sufficient to induce
torque on the helical head that subsequently corkscrew into the medium.

3.7. Helical head rotation

When the flagellum propagates helically, the whole spermatozoon spins
around its longitudinal axis. Thus, the rotation frequency could be related to
sperm velocity, especially given their chiral sperm architecture. In our study,
the observed frequency of flagellar propagation was low and sometimes
almost identical to rotation frequency, up to 6 Hz for all three species and
studied viscosities (Fig. 5B). In the condition of LVM, the frequency of head
rotation was very high, reaching rates higher than 50 Hz; but usually with the
frequency between 20 and 35 Hz for skate and ray. Increasing media viscosity
stabilized rotation frequency at approximately 10 Hz for skate and ray
spermatozoa (Fig. 5D). The correlation of velocity and total frequency of a
head rotation and flagellar wave progression under different viscosity is
presented in Fig. 7. The detection of rotation in shark sperm was challenging
due to the small radius of the head helix being partly out of focus in lower
viscosities, also restricting the number of measurements for shark
spermatozoa in 1 and 0.75% MC to 4 and 3 correspondingly. The head-
rotational speed frequency was only possible to measure at 2% MC at x100
magnification, demonstrating exceptionally high rates, around 50 Hz (Fig.
5D).
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3.8. Steering long sperm chiral bodies in high viscosity

During the regular motion of such a long, rotational helical head,
Elasmobranchii spermatozoa usually swim in a straight line. However, we
observed that steering their long helical heads was possible in high-viscosity
media through forced buckling of the elastic head, which deformed and bent
due to buckling instability (Gadélha et al., 2010; Jawed et al., 2015; Gadélha
and Gaffney, 2019). Depending on the level of helical buckling, the swimming
trajectories ranged from smooth turns (Video S4a) to sharp bends ending in

large directional changes (Fig. 8 and Video S4b).

Figure 8. Pictures of motile spermatozoa in 2% MC demonstrates buckling of the head leading
to a sperm turning, A: ray Potamotrygon motoro; B: skate Raja asterias, and C: shark
Scyliorhinus canicular. See also Video S4.

This helical buckling is unique because while it occurs, the helical head
continues to rotate around its longitudinal axis with a high rotational speed
frequency and a conserved spinning direction (Video S4b). The head buckling
could also be transient, leading to fast and sharp temporal directional
changes (Video S4c). No head helical buckling could be observed in LVM.
Even when instigated due to the higher friction from the flagellar entangled,
the helical head rapidly returned to its unstrained straight, helical
configuration (Video S4d). The backward motion of spermatozoa, which
could be used to disentangle sperm from spermatozeugmata, was also
utilized to change the swimming direction and steer spermatozoa. This
swimming reversal re-aligns the long helical sperm head to avoid obstacles
or penetrate a more viscous environment (Video S4e).

In our experiments, we also deposited sperm in the centre of the ASF drop
under the microscope and observed spermatozoa swimming for several
minutes. This allowed us to track spermatozoa motility from the moment
sperm were released from the spermatozeugmata until it reached the
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boundary of the drop. After release from spermatozeugmata, the
spermatozoa moved linearly away from the centre until they reached the
edges of the viscous drop, where the properties of media differ (due to
evaporation, surface tension, etc.). Precisely at this moment, near the drop
boundary, the swimming direction of most of the cells changed, and the
process of sperm steering was observed. An example of the different stages
of sperm release, the linear progression, and the sperm steering as the drop
boundaries are approached can be found in Video S4f.

4. Discussion

The spermatozoa of Elasmobranchii species are bigger than most internal
and external fertilizers (Kahrl et al., 2022). This leads to very distinct
elastohydrodynamic effects compared to micro-swimmers with smaller
sizes. The elastohydrodynamic sperm number parameter (Gadélha et al.,

1/4
2010; Gadélha and Gaffney, 2019), Sp = L(z_—w) , contrasts flagellar
b

bending and viscous forces acting on the tail and is proportional to the
flagellar length L, where the viscosity of the fluid is denoted by 17, frequency
of the beat is w, and the bending stiffness of the flagellum is E},. Low Sp
values are associated with effectively “stiff” tails, while large Sp is linked with
effectively “floppy” behaviour of the flagellum. Having large Sp, due to a very
long flagellum or high viscosity of the fluid, poses difficult challenges to be
overcome by the sperm, as it makes it harder to propagate waves due to the
large elastohydrodynamic dissipation continually acting along the flagellum.

Large Sp also makes the flagellum prone to flagellar buckling (Gadélha and
Gaffney, 2019) and ineffective swimming (Woolley, 2007). Interestingly,
mammalian species overcome these difficulties by reinforcing the flagellum
with large ultrastructural elements that taper along the flagellum to prevent
flagellar buckling and promote cell progression in high Sp regime (Gadélha
and Gaffney, 2019; Leung et al., 2021). Elasmobranchii species, however,
retain the longitudinal columns but distribute them helically along the
flagellum. These force the flagellum into a helical shape during the beating.
Hence, instead of pushing the long head by the beating flagellum, the
flagellum rotates around the swimming axis to induce torque around the
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elongated chiral head — the helical shape stabilizes the rotation around the
head axis. Ultimately, this induces the exquisite corkscrewing motion of the
chiral head into the thick fluid environment. However, this mechanism was
ineffective in our experiments under low-viscosity environments when Sp is
low. Overall, this avoids flagellar buckling and transfers most of the motion
in the direction which seems more effective for this size and shape of cell:
the rotation of the chiral head. Altogether, the body-to-flagellum chiral
architectures allow a matched helical motion, with rotation of the flagellum
inducing the corkscrewing of the large-sized head into the media, making
swimming more effective in highly viscous fluids. Indeed, our results
demonstrated that despite the specific shape and large sizes of the
Elasmobranchii spermatozoa, they could reach swimming speeds similar to
the much smaller mammalian spermatozoa in a similar medium, as an
example of human spermatozoa with an average of 62 um/s of progressive
velocity (Smith et al., 2009).

The above-described physical background for differences in spermatozoa
swimming with differentially shaped heads is essential for understanding
fundamental relationships between spermatozoon shape and size evolution
and its biological performances (Kahrl et al., 2022). Moreover, it is suggested
that spermatozoa physiology is a complex subject that should be studied,
considering the balance between reproduction strategy, specific
physiological environment (conditions of fertilization), and the ability of
sperm to adapt, progress, and react to the changes under this environment.
Several studies attempted to correlate the sperm size and motility in
different species, including fish, mammals, birds, etc. (Briskie and
Montgomerie, 1992; Fitzpatrick et al., 2009; Lipold et al., 2009; Immler et
al., 2011; Tourmente et al., 2011), including cartilaginous fish (Kahrl et al.,
2021; Rowley et al., 2019), sometimes reporting no or even negative
correlation (Stockley et al., 1997; Gage et al., 2002; Gage and Freckleton,
2003; Langen et al., 2019). Most of the studies simplified spermatozoa size
to a single parameter, such as flagellar length or whole spermatozoa length,
without considering the head size or shape or not optimizing the swimming
environment, which could explain the high heterogeneity of results and
sometimes contradictory conclusions.
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This study attempted to test that the head-to-flagellum shape of
Elasmobranchii species is specific to high viscosity, as found in physiological
conditions. For this, we explored the spermatozoa performance of three
Elasmobranchii species, covering different physiological situations: the
spermatozeugmata releasing, progression, and motility regulation. We
demonstrated that in all studied species, spermatozoa head-to-flagellum
chirality is specific to promote propulsion in high viscosity media that
otherwise would not be possible.

4.1. Activation of spermatozoa

All Elasmobranchii species are internal fertilizers. At the same time, the
fertilization process itself is not fully understood in these species. Males
deposit spermatozoa through specific grooves on claspers (extended pelvic
fins) during mating (Walker, 2020). However, these channels are not fully
closed, allowing contact with seawater. Also, the sperm is propelled into the
female by the accumulation and subsequent release of water from the
siphonal sacs in sharks (Gilbert and Heath, 1972; Whitney et al., 2004) or,
presumably, by secretions from claspers glands, in rays and skates (Piercy et
al., 2016). Thus, sperm motility could be activated by external factors similar
to external fertilizers (Cosson, 2004). However, our observation indicates
that it is not the case. The spermatozoa flagellum was actively beating in
seminal fluid (in undiluted samples) and ASF in all three species, even when
it was still compacted inside the spermatozeugmata. If the LVM was used,
spermatozoa were not progressive, remained tumbling in the same place,
and had difficulties leaving spermatozeugmata (if it was not destroyed
mechanically during mixing with ASF).

4.2. Spermatozeugmata and spermatophores

Similar aggregations of spermatozoa, when spermatozoa connected without
surrounding matrix (unencapsulated), were observed in different
Elasmobranchii species and called spermatozeugmata (Girard et al., 2000;
Jones and Hamlett, 2002; Del Mar Pedreros-Sierra, 2015; McClusky, 2015).
Clumped spermatozoa were also observed surrounded by additional
structures (matrix), thus being embedded inside capsules, so-called
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spermatophores, and observed in several other Elasmobranchii species
(Wyffels et al., 2019; Pratt and Tanaka, 1994).

Several authors suggest that Elasmobranchii species may store spermatozoa
after ejaculation in the terminal zone of the oviducal gland, ensuring a supply
of sperm for successive fertilization of ova released during ovulation over a
period of several weeks or months (Storrie et al., 2008; Moura et al., 2011).
Thus, the presence of spermatozeugmata or spermatophores in ejaculation
could have several biological functions. It can keep spermatozoa aggregated
during transport along the female reproductive tract if the water flow from
the siphonal sacs carries sperm close to the fertilization site (presumably, the
oviducal gland). In this case, the aggregations would not disintegrate, as the
surrounding medium (water) would be low viscosity. Another possible role
can be associated with enhanced motility of the entire group of
spermatozoa. This has been suggested for the clusters of spermatozoa that
appear in some monotremes and apparently have a similarity with rays
(Nixon et al., 2016). Last, these aggregations may be linked to sperm
competition between males in polyandrous species where multiple matings
have been described, such as elasmobranchs (Lamarca et al., 2020). In this
case, the formation of sperm bundles has been considered an adaptive
mechanism to improve the reproductive fitness of males due to selective
pressure to optimize their sperm delivery. In this way, sperm can arrive more
quickly at the storage area or more easily displace sperm from other males
(Pearcy et al., 2014; Nixon et al., 2016).

Spermatozeugmata and spermatophores could be stored safely inside the
female body for a long time, waiting for a signal to release and start a free
active movement to ensure fertilization at the right time. That mechanism
could be similar to the synchronization mechanism in external fertilizers
when sperm is activated only after ejaculation and contact with water
(Dzyuba and Cosson, 2014). Still, the elements of such a signalling cascade
should be further investigated. In some mammals, fertilization
synchronization is realized through the capacitation process when only a
small part of the sperm population is capacitated and ready to fertilize during
the ovulation period, thus prolonging the time window for successful
fertilization (Perez-Cerezales et al., 2015), but for fishes, sperm capacitation

135



CHAPTER 4

was described in only a few species (Dzyuba et al., 2019; Pérez, 2020). For
many Chondrichthyan species, synchronization may be needed to ensure
fertilization immediately after ovulation and before egg encapsulation
(Walker, 2020). At the same time, the process of spermatozoa releasing from
agglomerations and capsulation of the eggs in Elasmobranchii has not been
studied in detail. In our study, the process of sperm unbundling from
spermatozeugmata was significantly accelerated when the HVM was used
for sperm dilution, resulting in a burst of spermatozoa motility in all three
studied species. Thus, the increased viscosity may play a role in the trigger of
sperm unbundle in these species.

Moreover, we observed cytoplasmic sleeves in all of the studied species.
From our results, we cannot conclude the exact function of these sleeves and
if they are involved in spermatogenesis, playing the Hermes body's role, as
suggested before (Wyffels et al., 2019). The Hermes body, or the cytoplasmic
droplet, is a component of the sperm flagellum unique to epididymal
spermatozoa. Its role and function are unclear, but several authors suppose
it might be associated with the maturation process and acquisition of sperm
motility (Au et al., 2015; Hermo et al., 2018). Our results confirm that the
sleeves are not required for proper motility of spermatozoa. Instead, it could
be associated with the unbundling process since, spermatozoa remove them
while exiting the spermatozeugmata. Thus, we suggest that the cytoplasmic
sleeves connect spermatozoa inside spermatozeugmata. In that case, the
spermatozoon can rotate around its axis inside the sleeve (like inside a tube)
while still connecting to other spermatozoa inside the spermatozeugmata.

It should be mentioned that some of the authors reported sperm storage at
the oviducal gland involving only individual spermatozoa, which are basically
stacked inside the gland tissue in a terminal zone (Hamlett et al., 2002).
Currently, there is no direct indication of exactly how the storage of sperm is
maintained. Many questions still exist and require further study and deeper
consideration: Do the spermatophores or spermatozeugmata preserve their
structure during storage inside the female reproductive tract? What are the
exact triggers of spermatozoa activity and unbinding process in species with
different sperm aggregation structures? Are the cytoplasmic sleeves involved
in organizing spermatozoa inside spermatozeugmata or spermatophores,
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and what is their exact function? How do spermatozoa aggregates impact
sperm competition and cryptic female choice in different species? All of
those questions are fundamental for a general understanding of the
reproduction strategy. They should be further considered considering
specific spermatozoa physiology and their ability to progress and adapt to
specific environmental viscosity.

4.3. Sperm progression

After being released from spermatozeugmata, nearly 100% of spermatozoa
moved straightforwardly in HVM. However, spermatozoa stayed almost
nonprogressive in LWM, even though the flagellum is active and head
rotation frequency is high. In this situation, the rotating spermatozoa head
could move the liquid around without effective propulsion, while flagellar
waves did not produce enough forces to push forward cells with such a large
chiral head. When the medium viscosity increased, the situation changed.
Instead of rotation without propulsion, the spermatozoon head began to
screw into the media with the help of the helical shape head and the helical
flagellar wave, thus progressing forward. We could observe high viscosity
effects on the flagellum: more symmetrical flagella wave, decreasing wave
amplitude and wavelength as described previously (Smith et al., 2009).
Consequently, spermatozoa began to swim more straightforwardly since the
side-to-side movement of the head and flagellum was limited by increased
viscosity. Nevertheless, Elasmobranchii spermatozoa (particularly ray
spermatozoa) were prone to wave compression (Woolley and Vernon, 2001;
Woolley, 2007). The lateral to midpiece part of the flagellum remained highly
active, producing high-frequency shallow amplitude waves. This behaviour
suggests that different parts of the flagellum could be regulated differently,
depending on the environment, leading to the appearance of varying shapes
of waves along the flagellum. During such motion, the specific helical shape
of the head contributes to the progression since the spermatozoon is
screwing into the medium. It is possible only due to the functioning of the
flagellum, which in this respect not only pushes spermatozoa forward but
also generates the rotation of the whole spermatozoa.

The recent publication of Wang et al. suggested that head shape could
contribute up to 31% efficiency of forces used for spermatozoon
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propagation/movement. The authors tested the Heterogeneous Dual Helical
Propulsion Mechanism, explaining the high adaptability of ray spermatozoa
to different viscosities. In many aspects, the observed spermatozoa
behaviour that they described, including the rotational basis of sperm
progression, rotation frequency, and velocity of spermatozoa, are very
consistent with our observation, except for the effect of viscosity on
spermatozoa progression. In its case, the most efficient progression of
spermatozoa was observed in LVM. Our study observed the highest velocity
for shark sperm at 0.75% MC, at 1% MC for ray and skate, and a slight
decrease in higher viscosities. This difference could be related to species-
specific differences in motility regulation or the differences in the chemical
effect of compounds used to create viscosity (MC in our study and alginate
in Wang et al. study) and will require further investigations. Interestingly,
Wang et al. observed similar tail deformation in HVM due to the curling of
the flagellar tip and entangling of the flagellum on the helical head, a typical
observation in our study for ray spermatozoa in LVM. Critically, in HVYM we
found that close to 100% of observed spermatozoa were progressive,
showing efficient forward movement with highly symmetrical flagellar
waves.

As discussed above, the properties of spermatozoa observed in our study for
Elasmobranchii could be easily applied to explain sperm motility in any other
species with similar shaped spermatozoa as an adaptation to high viscosity
during fertilization, for example birds and amphibians (Muto and Kubota,
2009; Schmoll et al., 2020). This suggests that medium viscosity is a highly
overlooked parameter affecting sperm behaviour in many species. It
potentially provokes adaptation by elongating the head and applying a
helical structure for the rotational mode of progression in large-sized
evolutionarily conserved sperm types and/or decreasing size and
simplification of structure in later diverged taxa.

4.4. Sperm navigation/directional changes

After being released and finding proper conditions for cell progression, all
spermatozoa continue to move straightforwardly with the primary goal of
locating and fertilizing the egg. Recently, the common hypothesis that
fertilization is random has been replaced with the guidance hypothesis
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(Eisenbach and Giojalas, 2066). According to this hypothesis, spermatozoa
sense the changes in the environment and adapt their motility accordingly,
thus increasing the chance of encountering/meeting the egg. If the cells can
control motility dynamically (time) and spatially (navigation), the
opportunities for fertilization will be highly improved. Thus, the ability of
spermatozoa to react to environmental changes may predetermine the
fertilization success and increase the value of such males, providing
additional selection criteria. Our study showed the sperm's ability to steer
and change direction successfully despite the large sizes and complex
motility mechanism. This is done by uniquely exploiting the head buckling in
high viscosity. Simpler buckling phenomena have been explored by bacterial
hook flagellum to induce directional changes in navigation (Son et al., 2013).

In our study, in addition to the already observed and discussed phenomenon
of the backward motion of spermatozoa (Minamikawa and Morisawa, 1996;
Wyffels et al., 2019), we also demonstrated that this is involved in sperm
release from the bundle. Moreover, we observed that these long helical
spermatozoa could exploit a helical buckling instability of their heads to
change swimming direction in an advanced strategy utilized by other
microorganisms in simpler, smaller parts of their body (Son et al., 2013), as
opposed to the large-scale buckling observed here. This mechanism is
probably passive and may appear in a situation when high forces coming
from the flagellum (relatively high flagellar amplitude) push the
spermatozoon head forward while rotational speed slows down. The same
spermatozoon can quickly change the bending/turning direction and thus
could respond rapidly to changes in properties of the surrounding medium.
Interestingly, the media cannot keep the bent head's elastic forces in LVM
conditions due to the fast relaxation time associated with an effectively
“stiff” head (Coy and Gadélha, 2017), similar to a low Sp regime, as discussed
above. In such situations of LVM, we only observed the head bending after
the tail entangled the spermatozoa head during backward wave propagation
in ray spermatozoa (since it could not propagate and rotated in one place).
During this process, the spermatozoa head was bent, and after a while, the
flagellum was released, leaving the head free again. When the head was not
held by the flagellum, its shape immediately returned to its unstressed
straight configuration, indicating the head shape did not possess intrinsic
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curvatures. Apart from forming its helical shape, it responds elastically as a
passive structure.

5. Conclusions

We investigated the spermatozoa behaviour of three Elasmobranchii
species, the presence of spermatozeugmata, the bundle formation and
unbundling processes, their progressive motility, and directional changes in
navigation. Environmental viscosity was key in all aspects of spermatozoa
motion and specific set of features to allow motion in high viscosity
conditions. Our results suggest that these cells perform optimally in high-
viscosity media and should be considered for future spermatological studies
and possible artificial reproduction in these important species. The observed
chiral head-to-flagellum architecture in these spermatozoa may suggest that
high viscosity is one of the main environmental conditions affecting and
shaping the spermatozoa and their performance during evolution to the
state in which we observe them now.

Limitations of the study

The study's main limitations are connected with the sample size used for
observation during experiments, which is linked to the accessibility of mature
males in these species. Moreover, the specific helical structure of
spermatozoa (the helical motion occurs in 3D) restricts our measurements to
manual estimations of each individual spermatozoon motion characteristics,
which in turn requires more time and effort spent for the acquisition of
reliable quality records and future analyses per sample in a specific
experimental condition. At the same time, our results and conclusions are
based not only on observing individual spermatozoa but also on their
collective behaviour (when nearly 100% of spermatozoa responded), which
was highly repeatable between replicates and consistent between samples
received from different males in different species.
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1. Reproductive Anatomy: notes on sperm extraction

Chondrichthyans constitute an ancient lineage of cartilaginous fishes that
dates back over 400 million years. Throughout their evolutionary history, a
multitude of species have emerged, with over 1400 species existing today.
This significant diversity is reflected in their life histories, behaviours, body
plans, and subtle anatomical variations, which can pose challenges when
applying assisted reproductive techniques such as artificial insemination (Al)
and sperm extraction.

Both are promising techniques in management and development of breeding
plans (Penfold and Wyffels, 2019; Wyffels et al., 2021a; Adams et al., 2022).
However, to properly develop the procedures, knowledge of the
reproductive anatomy is crucial. Due to the invasive nature of some of these
techniques, and the disposition of certain delicate structures, damage may
occur that could have been avoided. In addition, the outcome of both
procedures can be greatly influenced by knowledge of the anatomy. In Al the
site of sperm deposition is key to a successful outcome, while in sperm
extraction the effectiveness of different procedures may vary (Luer et al.,
2008; Daly and Jones, 2017; Daochai et al., 2020).

Abdominal massage compresses the seminal vesicles (or analogous
structures involved in sperm storage) for sperm collection, without requiring
extensive anatomical knowledge or specific materials. The procedure yields
a substantial volume of sperm flowing through the urogenital papilla and can
be easily collected. However, there are several limitations to be considered,
such as the amount of sperm in the sperm storage structures, the presence
of certain anatomical features, and contamination risks from urine, feces, or
the environment. Despite drawbacks, it is a quick and relatively easy
technique, providing samples of good quality and volume unless aseptic
conditions are required.

Cannulation is the optimal technique for obtaining specific, uncontaminated
samples, especially when the sperm quantity is limited. By inserting a cannula
through the urogenital papilla, high-quality samples can be obtained,
extracting most of the stored sperm. However, it has limitations: the animal
must remain in tonic immobility or be anesthetized, and a thorough
knowledge of species anatomy is necessary to avoid internal damage.
However, ultrasound guidance can compensate for this limited anatomical
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knowledge. With adequate time, resources, and knowledge, cannulation
yields excellent-quality sperm.

The techniques discussed so far allow the obtention of the sperm from
terminal areas of the reproductive system. While cannulation allows access
to the final part of the vas deferens, it is not recommended to collect sperm
from upstream areas due to the ducts' fragility. To obtain sperm from these
regions, dissection of deceased animals is commonly performed, while
micropuncture can be also done on live sharks (Jones et al., 1984). Dissection
offers direct access to the sperm storage structures, enabling retrieval of all
stored sperm in a clean and aseptic manner, even from animals with limited
sperm volume. In addition to males, female animals can also have sperm
stored in the oviductal gland, which can be obtained by scraping the internal
lumen. Although the amount of recovered sperm in females is typically
limited, it suffices for morphology, motility, integrity, and potential
insemination studies. Internal reproductive structures maintain their
integrity after death for some time, and spermatozoa exhibit remarkable
stress tolerance (Montano et al.,, 2023). Under favorable conditions
(especially low environmental temperature or refrigeration), sperm can be
recovered in good condition even days after death. This capability helps to
conserve the reproductive potential of adult individuals, even after their
death, providing another tool for their conservation.

2. Development of sperm preservation protocols

Many elasmobranch species currently face an uncertain future due to
anthropic pressures on nature. In such circumstances, all possible options
available to help conserve the populations of these species should be
evaluated. Captive breeding of organisms using assisted reproduction
techniques has made it possible to carry out conservation strategies (both ex
situ and in situ) in species that were on the verge of extinction.
Unfortunately, in sharks, rays and chimaeras, the application of assisted
reproductive techniques has only recently begun to be considered. This is
especially true in the case of sperm preservation, where, despite the
promising results with Myliobatiformes (Daly et al., 2011; Daly and Jones,
2017), cryopreservation of shark sperm was an elusive goal.
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it was not until the work explained throughout chapter 3 of this thesis that
the cryopreservation of small-spotted catshark Scyliorhinus canicula, and the
rough skate Raja radula sperm was achieved for the first time, using
methanol, DMSO and fresh egg yolk as cryoprotectants (Garcia-Salinas et al.,
2021a). This accomplishment represented the first-ever cryopreservation of
shark sperm. By using these species as model organisms, protocols for sperm
collection, handling, and preservation were refined, providing valuable
insights for future conservation efforts involving threatened species such as
the bull ray Aetomylaeus bovinus (globally Critically Endangered) (Fig.8) or
the blue shark Prionace glauca (Critically Endangered in the Mediterranean
Sea) (Fig.9).

Figure 8. Batoid species used in our sperm cryopreservation trials: A-Raja undulata, B-R.
clavata, C-R. radula, D-R. asterias, E-R. montagui, F-Dasyatis pastinaca, G-Aetomylaeus
bovinus, H-Dipturus oxyrinchus, |-Myliobatis aquila, J-Glaucostegus cemiculus.

Afterwards, other authors were able to cryopreserve sperm from the
southern stingray Hypanus americanus (Gillis et al., 2021a), and the white
spotted bambooshark Chiloscyllium plagiosum (Gillis et al., 2021b), using egg
yolk with glycerol, DMSO or the combination of glycerol with N-methyl
formamide. Later, the cryopreservation of the first non-elasmobranch
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chondrichthyan, the rabbit fish Chimaera monstrosa, was achieved (Garcia-
Salinas et al., 2022). Last, the sperm of the small gulper shark Centrophorus
uyato, and the longnose skate Dipturus oxyrinchus, both deep-sea species,
was preserved. Notably, the critically endangered blackchin guitarfish
Glaucostegus cemiculus, one of the most endangered ray species globally,
also had its sperm cryopreserved (Garcia-Salinas et al., 2023).

Figure 9. Selachian and holocephalan species used in our sperm cryopreservation trials: A-
Scyliorhinus canicula, B-S. stellaris, C-Prionace glauca, D-Chimaera monstrosa, E-Centrophorus
uyato, F-Hexanchus griseus.

Despite these results, standardization of procedures for sperm preservation
in elasmobranchs remains a challenge. Different authors have varied
approaches for sample collection, short-term storage, and freezing methods,
resulting in a lack of common protocols (Penfold and Wyffels, 2019). Also,
comparing methodologies is particularly difficult due to the inherent
variability among species. Until now, sperm cryopreservation has been
successfully achieved in 19 chondrichthyan species (Table 1).
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Table 1. This table shows the 19 chondrichthyan species in which sperm cryopreservation has
been successfully performed to date (12 batoids, 6 selachians and one holocephalan).

Common name

Scientific name

Reference

Sparsely Spotted Stingaree

Urolophus paucimaculatus

Daly et al., 2011

Australian Bull Ray

Myliobatis australis

Daly and Jones, 2017

Small-Spotted Catshark

Scyliorhinus canicula

Garcia-Salinas et al., 2021a

Nursehound

Scyliorhinus stellaris

Garcia-Salinas et al., 2021a

Blue Shark

Prionace glauca

Garcia-Salinas et al., 2021a

Bluntnose Sixgill Shark

Hexanchus griseus

Garcia-Salinas et al., 2021a

Rough Skate

Raja radula

Garcia-Salinas et al., 2021a

Spotted Skate

Raja montagui

Garcia-Salinas et al., 2021a

Mediterranean Starry Skate

Raja asterias

Garcia-Salinas et al., 2021a

Thornback Skate

Raja clavata

Garcia-Salinas et al., 2021a

Common Stingray

Dasyatis pastinaca

Garcia-Salinas et al., 2021a

Bull Ray

Aetomylaeus bovinus

Garcia-Salinas et al., 2021a

Southern Stingray

Hypanus americanus

Gillis et al., 2021a

White Spotted Bamboo Shark

Chiloscyllium plagiosum

Gillis et al., 2021b

Rabbit Fish

Chimaera monstrosa

Garcia-Salinas et al., 2022

Gulper Shark

Centrophorus uyato

Garcia-Salinas et al., 2023

Longnose Skate

Dipturus oxyrinchus

Garcia-Salinas et al., 2023

Blackchin Guitarfish

Glaucostegus cemiculus

Garcia-Salinas et al., 2023

Undulate skate

Raja undulata

Garcia-Salinas et al., 2023

To begin with, there is no standardization when it comes to choosing the
medium for diluting elasmobranch spermatozoa post-extraction. In our
study, we developed an artificial seminal plasma extender that
outperformed existing formulations in terms of the capacity to maintain
sperm over time. This allowed us to work with the sperm for several days and
see its evolution over time. Usually, to achieve short- or medium-term
preservation, commercial formulations modified to suit the peculiarities of
elasmobranchs are generally used. Although they receive common names,
such as Hanks' solution adapted to elasmobranchs (Gillis et al., 2021a,
2021b), or elasmobranch ringer (Daly et al., 2011; Daly and Jones, 2017), in
practice there are considerable differences in the ionic composition between
studies (Luer et al., 2008; Wyffels et al., 2021a; Montano et al., 2023).
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Differences are particularly notable in trimethylamine oxide (TMAO)
concentration, calcium levels, and energy sources (glucose, fructose, or
sucrose) for cells. Similarly, variations exist in the composition of artificial
water (due different commercial brands) among the studies. The consistent
motility and membrane integrity responses of cells in solutions with diverse
ionic compositions suggest that osmolarity plays a more significant role than
solute ratio (Daly and Jones, 2017; Montano et al.,, 2023). However,
consensus should be established regarding the essential elements in the
medium to distinguish between experimental and interspecific variability.

Interspecific variability is clearly exemplified in cryopreservation protocols.
In our study, sharks, stingrays (Myliobatiformes), and skates (Rajiformes)
showed significant differences in freezing response. Notably, Hexanchus
griseus demonstrates exceptional cryopreservation tolerance (corroborated
in a second individual after the original publication), warranting further
research. Cryoprotectant effectiveness depends on concentration,
equilibration time and potential toxic effect on cells. As an example, glycerol
proves ineffective (Gillis et al., 2021b) and probably toxic (Daly and Jones,
2017) for the white spotted bamboo shark Chiloscyllium plagiosum, while has
been effective in several species of rays (Daly et al., 2011; Daly and Jones,
2017; Gillis et al., 2021a). Another cryoprotectant, DMSO, used in other
species of sharks, rays and a chimera (Daly et al., 2011; Garcia-Salinas et al.,
2021a, 2022; Gillis et al., 2021a) hardly has a positive effect on C. plagiosum,
or on the common stingray Dasyatis pastinaca and A. bovinus (Garcia-Salinas
et al., 2021a; Gillis et al., 2021b). These two ray species are Myliobatiformes,
as are the ray species where glycerol has been shown to be useful, so it would
be appropriate to include this compound in future tests with both species.
The only compound that appears to be useful in all species to date is egg yolk.
However, its use should be standardized, either diluted and centrifuged (Daly
et al., 2011; Gillis et al., 2021a), freeze-dried and hydrated, or fresh from the
egg (Garcia-Salinas et al., 2021a).

Just as cryoprotectants could have an interspecific effect, so could the
freezing process speed. Good outcomes obtained by Daly and Jones (2017)
in the Australian bull ray Myliobatis australis were attributed to a high
freezing speed (>10 °C/min), especially when comparing with a previous
study with the sparsely spotted stingaree Urolophus paucimaculatus (3
°C/min) (Daly et al., 2011). Opposed to this Gillis et al., 2021 showed an
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improvement in cryopreservation processes employing a slow (2 °C/min)
versus a fast (~45 °C/min) freezing method, both in the case of the southern
stingray Hypanus americanus, and in the case of C. plagiosum. The container
used for freezing samples also plays a role to be considered. Some studies
have used 0.25 ml straws (Daly et al., 2011; Gillis et al., 2021a) or 0.5 ml
straws (Gillis et al., 2021b). Others, on the other hand, have preferred to use
1.5 ml cryotubes, achieving lower freezing speeds (Garcia-Salinas et al.,
2021a, 2022, 2023).

The lack of standardization, and their interspecific variations, means that it
will probably take a long time, if ever, to find a single cryopreservation
method for all chondrichthyan species. However, ongoing research offers
hope for establishing assisted breeding programmes in a variety of
threatened species. We are still in the early stages of knowledge and
technique development, but in the future, these methods could enable ex
situ and in situ conservation strategies. Whether in aquaria, monitored areas
and research centres, or reinforcing wild populations with new recruits, new
alleles or triggering reproductive events. For sensitive endangered species,
these techniques may provide a unique opportunity to avoid extinction.

3. Viscosity, morphology, and its importance

When studying the sperm of this group of animals, three distinct
characteristics stand out. Firstly, the spermatozoa are relatively large (142
Um on average) compared to the sperm of other fish (Tanaka, 1995).
Secondly, their heads possess a helical shape with varying numbers of turns
depending on the species (Tanaka, 1995). Thirdly, the spermatozoa are
grouped in  complex structures, both spermatozeugmas and
spermatophores, which vary according to the group. The larger size of the
sperm can be attributed to the internal fertilization, since species with this
strategy have longer sperm than those species with external fertilization
(Kahrl et al., 2021). The exact purpose of these sperm aggregations is yet to
be fully understood. It may serve as a mechanism to protect and facilitate
sperm transport during ejaculation or enable synchronized swimming (Nixon
etal., 2016). It could also be a strategy for sperm competition in polyandrous
species, allowing males to deliver genetic packets and displace sperm from
previous matings (Pearcy et al.,, 2014; Nixon et al., 2016; Lamarca et al.,
2020). Chapter 4 of this study aimed to explain the helical shape of the sperm
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as an adaptive response to the more viscous environment of the uterus
compared to seawater.

Morphology has a direct impact on the hydrodynamic characteristics of
microorganisms immersed in a liquid environment (Lisicki et al., 2019), so the
peculiar shape and size of the spermatozoa must be linked to their
displacement. A parameter that relates displacement to the morphological
characteristics of spermatozoa and their environment is the
elastohydrodynamic sperm number (Sp) (Gadélha and Gaffney, 2019):

(Sp): Sp=L(nw/Ep)"(1/4)

In summary, lower Sp values are related to better swimming performance,
and higher values to worse performance. Thus, exceptionally long flagella (L),
high viscosity media (7) or low flagellum stiffness (£ led to worst
performances by hindering the propagation of waves along the axis of
displacement. However, elasmobranch flagella compensate for this by
having structures resembling longitudinal columns, which force the beating
filament to adopt a helical shape. This helical beating promotes forward
movement of the spermatozoa and causes the head to rotate along its axis.
Then, the helical head contributes to forward movement by screwing into
the medium, maintaining rotational stability and preventing bending.
Consequently, elasmobranch spermatozoa demonstrate efficient
displacement in viscous media but less effectiveness in low-viscosity media.

Assessing the motility of chondrichthyan sperm in an aqueous solution
proved challenging during the third chapter of our study. And, despite
exhibiting high flagellar movement (rotating on their axis, coiling their
flagella, or beating) the cells demonstrated limited forward movement.
However, we observed a significant improvement when we realized the role
of medium viscosity. By increasing viscosity using methylcellulose (MC) in the
diluent, the cells began to exhibit excellent longitudinal axis movement.
Specifically, a concentration of 1% MC in skates and stingrays, and 0.75% in
sharks, resulted in optimal displacement.

Increasing the viscosity revealed several specific behaviours of the
spermatozoa. Instead of moving in a straight line, the cells exhibited the
ability to change direction, bend their trajectories, and even move backwards
before redirecting. These behaviours may serve as a guidance system to
locate and fertilize the egg or reach the oviductal gland for storage. For other
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species the guidance hypothesis proposes that spermatozoa are able to
respond to environmental changes to achieve their objective (Eisenbach and
Giojalas, 2006). It would be suggestive that in chondrichthyans, instead of
active chemotaxis towards a given compound, attraction could be due to
passive chemotaxis, following a viscosity gradient that promotes
displacement.

Possibly the most unexpected and visually striking findings of this research
concerned the sperm aggregates. Altering the viscosity of the medium
resulted in the disintegration and immediate release of the spermatozoa
from these structures. Although the species studied exhibited different
aggregate morphologies, it is likely that these aggregates encounter an
environment with the appropriate viscosity in the female's uterus.

The insights gained from the study presented in chapter 4 hold significant
importance when developing and modifying assisted reproductive
techniques. Understanding the effect of the environment on spermatozoa
helps us comprehend the mechanisms of cell storage in females, and how to
improve the chances of fertilization during artificial insemination. Similarly,
in the context of short- and long-term preservation, it is crucial to understand
the behavior of the cells. For instance, during spermatozoa storage, the cells
tend to settle quickly, resulting in concentration disparities between the
medium and the cells.

Using a medium with a higher viscosity would allow a more homogeneous
distribution within the storage tubes, which is particularly vital in
cryopreservation processes. The cryoprotectants need to reach the cells at
planned concentrations, and this is challenging if the cells cannot distribute
evenly throughout the diluent. Moreover, during cryopreservation, it has
been observed that cell mortality rate within the aggregates is almost
absolute. The survival of spermatozoa could be hindered due to difficulty in
being permeated by the cryoprotectants, temperature differences, high
sedimentation rate, or other variables. Given that viscosity rapidly
disaggregates these structures, future cryopreservation media should be
designed to increase its viscosity.
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4. Future perspectives

When it comes to the development and application of techniques for the
control of elasmobranch reproduction we are still in our infancy. To make
progress, it is essential to expand our understanding of the biology, anatomy,
and ecology of various species, from cellular level to the entire organism. The
more comprehensive our knowledge becomes, the better equipped we will
be to address new challenges working with different groups.

Future work should continue with:

Detailed descriptions of reproductive systems: The list of species should be
further expanded, as phylogenetically separated from each other as possible.
Descriptions should consider the direct applicability to the procedures
described throughout the thesis. The use of technologies such as ultrasound
or computed tomography scans allows to obtain three-dimensional models
in anatomical position of seminal vesicles, sperm sacs and other structures
of interest, so their use in these descriptions should be encouraged.

New cryoprotectants: The list of cryoprotectants should be further
expanded, testing new combinations and toxicity tolerances in different
species for interspecies variation. Recently, the use of combinations of
trehalose and DMSO or glycerol has been suggested, a combination of
external and internal cryoprotectants that may be interesting in view of
previous results with these compounds (Montano et al., 2023). Similarly, the
use of additional substances, such as antioxidants, could be assessed to
improve survival after freezing (Len et al., 2019).

Check for damage to genetic material: Assessment of morphology, motility,
and membrane integrity have now been used as indicators of cell damage
after freezing (Daly et al., 2011; Daly and Jones, 2017; Garcia-Salinas et al.,
2021a, 2022, 2023; Gillis et al., 202143, b). However, damage to the genetic
material is possible, but none of these three procedures shows it directly.
The comet assay technique should be tried to observe the degradation of
genetic material, as is done for other species after freezing (Balamurugan et
al., 2019; Lee et al., 2021).

Experiment with different freezing speeds: The speed of freezing could be of
critical importance for the successful cryopreservation of some species (Daly
et al.,, 2011; Gillis et al., 2021b). For this reason, future cryopreservation
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experiments could use controlled cooling rates (using biofreezers) to observe
possible differential responses in freezing tolerance as a function of the rate
of temperature change.

Standardize the use of CASA: Until recently, the use of CASA (computer-
assisted sperm analysis) has not been possible due to the size and shape of
the sperm cells. Technical modifications developed by Montano et al. (2023)
seem to have solved this setback and should be implemented in future
studies. In addition to the formulation of diluents that allow the free
movement of sperm, other parameters such as linear or curvilinear velocity
could be accurately assessed.

Artificial inseminations using cryopreserved sperm: There would be no point
in developing cryopreservation procedures for sperm if it could not
realistically be used for artificial insemination. The technique of insemination
with fresh sperm has been tested in elasmobranchs with varying degrees of
success (Masuda et al., 2003; Luer et al., 2008; Daochai et al., 2020; Wyffels
et al., 2021a; Adams et al., 2022), but it has not yet been combined with the
use of cryopreserved sperm, so this line of work should be a priority. The use
of the technique in aquaria would allow monitoring of gestation in females
(or embryonic development in the egg) and monitoring of the ontogeny of
the neonates to ensure their correct development.

We are beginning to develop techniques and procedures that could be the
ultimate lifeline for a multitude of threatened species. However, there is still
an overwhelming amount of knowledge yet to be gained. Dealing with the
vast variability and diversity within this group of species presents a significant
challenge. Nevertheless, similar challenges have been faced in the past with
other animal groups, from birds to molluscs, and the situation has been
reversed. Initiatives such as the stAR project
(https://www.reshark.org/project-star) are attempting to demonstrate that
breeding and reintroducing sharks into the wild, it is feasible, by using a
network of aquaria and assisted reproduction specialists around the world.
It just takes effort, time, and resources. Not all species may require these
techniques, and some may present practical limitations. But it is certainly
better to have the techniques ready when they are needed than not to have
them at all. There is still a long journey ahead, with much to learn and
evaluate, but we must act swiftly and boldly because, for many of these
species, time is running out.
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Throughout the successive chapters presented in this document, the aim has

been to expand knowledge about the use and application of assisted

reproductive techniques in elasmobranchs. This relatively unexplored field of

knowledge has the potential to become a key tool for management and

conservation plans for these species in the near future. Among the most

relevant achievements of this thesis, the following stand out:

The anatomy of the reproductive system of 18 species of elasmobranchs,
and one holocephalan has been described, having a special focus on those
structures that should be considered when performing sperm extraction
and artificial insemination procedures: urogenital pores, sperm storage
structures, uteri openings, and specific glands.

. Four methods of obtaining sperm from chondrichthyans have been

described to obtain quality samples considering the purpose of the
samples and the condition of the animals. Abdominal massage allows
medium quality samples to be obtained with minimal resources and
handling. Cannulation allows better quality samples to be obtained but
requires more knowledge of the species and specific equipment.
Dissection allows the recovery of excellent quality samples in males and
females from areas that cannot be reached by other techniques.
Dissection of the oviductal gland yields stored sperm, which, although
motile and of good quality, is very scarce.

An artificial seminal plasma capable of maintaining, at 4°C, elasmobranch
sperm motility at values of 60-65% after 12 days and 40% after 28 days,
for initial motility of 85-90%, has been developed.

By adding various cryoprotectants (methanol, dimethyl sulfoxide, and
fresh egg yolk), sperm from 15 species of chondrichthyans have been
cryopreserved. For the first time, cryopreservation of sperm from sharks,
skates or holocephalans has been achieved.

The best results for sharks were obtained when sperm were diluted 1:9
with the combination of 5% methanol, 5% DMSO and 10% egg yolk, in
artificial seminal plasma, with motility and post-freezing membrane
integrity values close to 35%. In the case of rays, the best results (close to
30%) were obtained using 10% DMSO.
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Vi.

Vii.

The study of spermatozoa behaviour in three species of elasmobranchs,
using high-speed video microscopy, has allowed us to examine the
kinetics of flagellum and head movement, the process of
spermatozeugma disintegration and changes in cell navigation.
Spermatozoa displacement is due to the combined action of head
rotation and flagellum beating in the medium.

Our results suggest that these cells perform optimally in high viscosity
media. Optimal displacement and spermatozeugma disintegration were
achieved at % MC concentration in skates and stingrays, and 0.75% MC
concentration in sharks. Possibly this feature is one of the main
environmental conditions that have driven the evolution of spermatozoa
to improve their performance during reproduction.
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