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Preface

Even though there are many animals in terrestrial habitats, there is great biodiversity
to be found in aquatic ecosystems. Furthermore, aquatic animals show various
reproductive systems: many animals perform external fertilization, others show
internal fertilization without mating, some are viviparous, etc. This means that the
reproduction systems of aquatic animals are highly diverse, and they are excellent
models for studying adaptive evolution and species-specificity of fertilization. In
addition, many aquatic animals such as fish, crustaceans, and mollusks are impor-
tant as fishery and aquaculture resources. Nevertheless, their reproductive systems
are also diverse, resulting in difficulties in cultivation, especially in the production
of juveniles. Thus, comprehensive knowledge of the reproductive systems of vari-
ous aquatic animals will help us understand the systems of each animal, resulting in
breakthroughs in the research areas and aquaculture technologies. However, only a
few books overviewed the reproductive systems of aquatic animals from inverte-
brates to fishes since many researchers focused their animals of interest. Therefore,
our aim with this book was to overview the various reproductive systems of aquatic
animals.

The idea for this book was initially conceived in the International Symposium on
“AQUAGAMETE: Reproduction of Aquatic Animals” held in the Joint Meeting of
the 22nd International Congress of Zoology and the 87th meeting of the Zoological
Society of Japan, which was held from 14th to 19th November 2016 in Okinawa,
Japan. Three years have passed since the initial planning, and we have developed
the book ideation. In order to introduce up-to-date knowledge on the reproduction
systems of various aquatic animals from basic biology to aquaculture technology,
we invited up-and-coming researchers to contribute. This book consists of 17 chap-
ters and a foreword that details the history of spermatology to be read before the
main chapters. Finally, the book covers the reproductive systems of both sperm and
egg in cnidarians, annelids, arthropods, mollusks, echinoderms, ascidians, elasmo-
branchs, teleosts, and amphibians. Four chapters focus on the technological and
aquaculture aspects, in particular relating to fishes.

This book is designed for people who are neither experts/well-read/knowledge-
able in the field of reproductive biology nor aquaculture. The assumed readers are
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graduate students and postgraduates in biology and agricultural sciences and also
non-academics who are interested in the field.

We hope that this book will be useful to many readers, particularly scientists and
technicians in the field of reproductive biology and fishery science area.

Finally, we would like to thank all the authors and contributors who made this
book a reality.

Miura, Japan Manabu Yoshida
Valencia, Spain Juan F. Asturiano
September 2019
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Foreword: A Brief History )
of Spermatology e

Jacky Cosson

This foreword mostly aims to introduce, from a historical stand point, how the
notions of gametes emerged, and to describe the tortuous approach by the pioneer
scientists who first discovered and explored the functions and structure of aquatic
animal gametes and their interactions. Sperm cells most likely became of interest to
scientists due to the fact that they hold the key to life and have an incredible ability
to move, in spite of their small dimensions.

It is commonly acknowledged that spermatology is a scientific domain dealing
with the structure and function of spermatozoa. For this reason, it can be supposed
that the history of spermatology began in 1677 with Leeuwenhoek’s description of
the spermatozoon, the male entity, responsible for animal procreation and rendered
visible for the first time through his microscope. Therefore, it is considered that
spermatology starts at this date as biologists enjoy to attribute a structure to a func-
tion. For obvious reasons, this foreword mostly covers the last three-and-a-half cen-
turies, if we accept Leeuwenhoek to be the “inventor” of spermatozoa.

It is out of the present topic to discuss the history of human reproduction, in its
medical aspects. Instead, in this book, we will concentrate more specifically on the
gametes of aquatic animals with our main aim being to trace how the study of aquatic
animals can be so important in the understanding of the mechanisms of gamete
interaction.

J. Cosson (P4)
Faculty of Fisheries and Protection of Waters, Research Institute of Fish Culture and
Hydrobiology, University of South Bohemia in Ceské Budg&jovice, Vodnany, Czech Republic
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2 J. Cosson
Let Us Go Back to/Return to the Seventeenth Century

Long before the identification of the individual elements later called “spermatozoa,”
Leonardo da Vinci, by reference to Hippocrates, wrote: “The origin of our semen is
located in the brain and in the lungs and it is in the testis of ancestors that the final
mixing occurred.” This premonitory statement contains quite a lot of veracity that
modern science would finally establish as true: the brain definitely contributes
“psychologically” to the delivery of sperm to the female for reproduction; the lungs
constitute an organ making a large use of cilia which are homologue to flagella in
their constitution and the testis contributes to the efficient mixing of the ancestor’s
genomes during the meiotic process of spermatogenesis.

Already in 1623, L. Gardinius (L. du Gardin) assumed that there were fertilizing
particles in male semen, but it wasn’t until 1677 that they were in fact observed by
the human eye and described. However, the priority comes to Antonie van
Leeuwenhoek, who in that year found spermatozoa in the semen of fish, frogs, and
mammals, thanks to one of his rudimentary microscopes made of a single spheroi-
dallens. His publication to the Royal Society De Natis E Semine Genitali Animalculis
(1678) remains famous and frequently cited.

In his letter (1677), he described that there are “living animalcules” in human
semen: “The size of animalcules is ten thousand times less than a water louse. They
move like a snake or like an eel swimming in water, have globule at the end, and are
very flexible.” He supported his letter with a drawn picture of what had been seen
under the microscope (see Fig. 1). He continued to observe many other animals in
his later works and showed that the animalcules were produced by the testes.
Leeuwenhoek knew his discovery was important to the understanding of reproduc-
tion and insisted that “a sperm cell was the only thing that made an embryo, and that
the egg and uterus merely nourished it as it grew.” At that time, the prevailing view
on reproduction was that the embryo grew from the egg alone, after the semen
added a “volatile spirit” to spark its development.

In the context of his epoch, he called them animalcula and interpreted them in
Aristotelean terms that could be considered nowadays as quite male chauvinist.
“Life comes from the male whereas the female produces nutrition for it in the egg.”
Two sentences from Leeuwenhoek’s letter read as follows: “What I investigate is

Fig. 1 Drawn picture of e g oa e o3 1§
spermatozoa by ﬁ

Leeuwenhoek. (From

Leeuwenhoek, Phil.

Transact. Roy. Soc., 12:
1040-1046). This figure is
Public Domain
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only what, without sinfully defiling myself, remains as a residue after conjugal
coitus. And, if your Lordship should consider that these observations may disgust or
scandalize the learned, I earnestly beg your Lordship to regard them as private and
to publish or destroy them, as your Lordship thinks best.” Evidently, the Royal
Society did not regard the topic to be indecent as they published the letter. One
hundred years later, scientists were perhaps more prudish, as exemplified by this
statement by Herman Schiitzercranz, physician of the Swedish king: “You cannot
and ought not know whatever happens at fertilization,” which denotes a lack of
openness for a medical doctor. Whereas Leeuwenhoek’s famous letter undoubtedly
is the first description of spermatozoa, the events around his discovery are more
complex.

According to Cole (1930), Leeuwenhoek’s letter to the Royal Society in
November 1677 wasn’t published until 1679 and was preceded by a communication
to the Académie Frangaise (French Academy) by Christiaan Huygens, dated July
30th 1678. Huygens describes in this communication small animals similar to tad-
poles in the semen of a dog. His comments, after translation into English read as this
premonitory sentence: “This discovery seems very important and should give
employment to those interested in the generation of animals,” predicting the advent
of artificial propagation of animals. Nevertheless, in a letter dated March 26th
1678, Huygens admits to having seen and read Leeuwenhoek’s letter of 1677. In
August 1678, Nicolas Hartsoeker published a letter in the Journal des Savants
(drafted by Huygens because of Hartsoeker’s inability to write in French), in which
he describes animals similar to little eels in the semen of the cock; the latter differed
thus in shape from the tadpole-like animalcula of the dog. It is amazing to note that
this is the first example of comparative spermatology! In conclusion, two investiga-
tors published data on spermatozoa in the year 1678; both did so during the time
span needed for Leeuwenhoek’s letter to be translated from Dutch to Latin (in three
different versions) and printed by the Royal Society. Such huge delay in the trans-
mission of information seems incredible in today’s internet era!

Furthermore, Leeuwenhoek himself attributed the discovery of the animalcula to
a certain “Dominus Ham,” that is Mr. Ham, a person who never published anything
on semen nor its content. This man is commonly believed to be Ludwig van Hammen
of Danzig, but according to Cole (1930) it is more likely to be Johan Ham, a
Dutchman from Arnhem, born in 1650 or 1651, a student at the time of his discov-
ery, and who later became a Doctor in Arnhem. Apparently, Johan Ham was the first
person to see mammalian spermatozoa and Leeuwenhoek was informed by him;
thus, Huygens became the first to publish data on mammalian spermatozoa and
Hartsoeker the first to publish data on avian spermatozoa.

Leeuwenhoek later studied and described spermatozoa from other classes of
animals.

All observations on animalcula were met with great interest. Robert Hooke (the
first man to use the word “cell”) thus had to demonstrate the existence of spermato-
zoa to King Charles II, who expressed his delight to see the animalcula. Yet, the sig-
nificance of the animalcula remained obscure. To some philosophers, the huge
number of animalcula made no sense for any idea of conception. According to
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Leeuwenhoek: “Eventually, thousands of those animacules were agitating in a tiny
space of a sand grain size.” And after all, Leeuwenhoek had found a multitude of
small creatures when he examined scrapings from the teeth (probably bacteria). To
others, the existence of small swarming creatures validated the idea that offspring
comes from the male. The man-like homunculi depicted by Hartsoeker and
Dalenpatius are famous and classically used as illustrations in Fig. 2.

Some investigators went so far as to claim that they could see horse animalcula
in horse semen and donkey animalcula in donkey semen and that the donkey ani-
malcula had longer ears. Still others claimed that they could see male and female
animalcula and even mating and childbirth among these!

The humunculus also seemed to confirm the preformation concept, that is, the
belief that everything is present in the seed although in a miniaturized form and that
development merely consists of an increase in size. The preformationists could
either be animalculist or ovist; the latter believed that the animal is already formed
in the egg. An ovist would thus claim that he could see the chick in the unfertilized
egg. The preformationist theory has the merit that it explains original small men
were contained already in the organs of Adam and Eve. It also has the consequence
that the human race will become extinct when the stock of seed is exhausted.

The ovist school can be said to have begun with the publication by Harvey in
1651 of his influential book De Generatione with its prophetic quote on the frontis-
piece “Ex ovo omnia,” “all (animals) from eggs.” Harvey thus believed that the male
(semen) played no part in the formation of the fetus.

During an experimental dissection of a mated roe deer, he could find no sperma-
tozoa in the uterus. The debate between believers in epigenesis (i.e., the embryo and
its parts undergo differentiation of initially undifferentiated entities) and believers in
preformation went on for several centuries. If a vote had been taken in the seven-
teenth century, the preformationists would have won by a wide margin although
some thinkers, such as Descartes, were supporters of epigenesis.

Fig. 2 Drawing of
homunculi in sperm by
Hartsoeker. (Left: from
Essai de dioptrique 1694)
and by Dalenpatius (right:
from Nouvelles de la
République des Lettres,
1699). This figure is Public
Domain
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The structure and meaning of the animalcula was also debated at the end of that
century. P. Dionis (1698) asked for further inquiries as he believed that they are
formed by minute fibers in semen exposed to air. M. Lister (1698) also inquiring
about the origin of the seminal animalcula concluded (free translation from Latin):
“Homunculi in great numbers: when I reflect upon it, I leave it to be cared for by
others, to me it is a fairy tale.”

Leeuwenhoek’s importance as a microscopist is widely recognized. Less known
is the fact that he also tried to investigate inheritance by an experiment. He mated a
gray rabbit buck with a white rabbit doe and noted that all the young were gray—
another “proof” of the validity of the “seed-dominant” concept. Evidently, he did
not perform—or at least did not report—a control, that is a cross between a white
male and a gray female.

Continued in the Eighteenth Century

The uncertainty continued into the eighteenth century. E. F. Geoffroy and C. du Cerf
(1704) observed numerous, but non “fully mature” animalcula in boys, well devel-
oped and active ones in adults, few and feeble ones in old men, and no animalcula
in sterile individuals. They would conclude that animalcula are needed for repro-
duction and can hence be considered the founders of andrological spermatology.
Other opinions also prevailed; M. Schurig (1720) in his Spermatologia Historico
Medica considered the animalcula to be only an “active portion of the semen agi-
tated in a viscid mass.” A. Vallisnieri (1721) and P. L. M. de Maupertuis (1744)
admit that animalcula exist but claim that they have no direct relation to reproduc-
tion: they are entozoa (tapeworms) and keep the semen fluid. The philosopher
J. M. Gestner (1737) accepts seminal animalcula as a fact but claims that their dis-
covery is to be credited to Hippocrates who, according to Gesner, was able to see
them by his “enormous force of reason” rather than by using a microscope!

During this eighteenth century, the great naturalists were against the idea of ani-
malcula playing a role in reproduction. Carl Linnaeus (1746) believed them to be
inert “corpuscules,” P. Lyonet (1751) to be “entozoic” parasites, G. L. L. Buffon
(1752) and J. T. Needham (1749) to be aggregates of living organic molecules
derived from the mucilaginous part of the semen. The entozoa hypothesis seems to
have been very popular, and several attempts were made to include them in the clas-
sification of animals: according to Hill (1752), the animalcula are infusoria (pro-
tists) and deserve a genus name, Macrocercus, related to Vorticella and Euglena.
Spallanzani (1776) ranks them among the animals and Blumenbach (1779) again
among the “infusorial” animals, with the genus and species name Chaos spermati-
cum. Cuvier (1817) classifies them in the genus Cercaria. Bory de Saint-Vincent
(1827) similarly regards them as belonging to the family Cercariae and invents a
new genus name, Zoospermos. Carl Ernst von Baer (1827) modified that name to
Spermatozoon, a word that caught on and is still in use today.
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It was inevitable that artificial insemination would sooner or later be performed
and that the outcome of such studies would influence the thinking on the role of
spermatozoa. The first such experiment in Europe was performed by M. Jacobi in
1763, when he discovered how to fertilize fish eggs with milt. It must be noted that
the artificial propagation of fish had been developed in China many years before by
Fan Li (born in 517 B.C.), with no understanding of the fact that sperm cells were
the fertilizing elements present in milt. Not long after Jacobi, Lazzaro Spallanzani
succeeded in performing artificial fertilization not only in fish and frogs but also in
a bitch (Gabriel and Vogel 1955; Castellani 1973; Sandler 1973). He also filtered the
semen in 1784 or 1785 and noted that frog eggs were fertilized by the seminal frac-
tion that could be squeezed out of the filter paper, but that no fertilization occurred
when the filtrate was added to the eggs.

Experiments of this kind would eventually become decisive to our understanding
of the role of spermatozoa. Yet, Spallanzani himself did not draw the correct conclu-
sion. He had previously performed some experiments where he had added frog
semen, which he supposed was devoid of spermatozoa, to eggs and these had then
developed. He concluded from his various experiments that it is the “seminal aura”
outside the animalcula that is capable of fertilization. It was only much later that this
type of experiment was repeated and that the correct conclusion was drawn. The
priority thus goes to Povost and Dumas, who in 1824 published their data and inter-
pretations. The technique of artificial insemination may have a much older history
however. There is a rumor that an Arabic person, named Hegira, in 1332 had a stal-
lion ejaculate on a cloth that he then inseminated in his mare’s vagina and that a foal
was born after the expected period (Adlam 1980). The funny part of the story is that
the stallion was not his own and the semen was a theft from a competitor and was
performed in the darkness of the night by exposing the stallion to the smell of a
mare’s vaginal secretion. There may even be records of artificial insemination in the
Talmudic books. These records may, however, refer to legends rather than to actual
experiments.

Then in the Nineteenth Century

Not long after Spallanzani’s experiments, artificial insemination had even been
practiced in humans (reviewed in Adlam 1980). The first records are from the end
of the eighteenth century. More important from a scientific point of view were the
observations performed by Koelliker in 1844. He examined semen from many spe-
cies of marine animals and also performed some insemination experiments. He
could, among others, draw three fundamental conclusions: (1) semen of all animals
contain spermatozoa, (2) these are formed from cells in the testes, and (3) sperma-
tozoa have to come into contact with eggs for a fertile union to occur.

Fifteen years later, Koelliker could also conclude from more insemination exper-
iments that it is the sperm head that is essential for fertilization to occur and after yet
another 20 years, Hertwig (1892) made a statement in his doctoral thesis that made
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him famous: “Fertilization is the union of sexually differentiated nuclei.” (Die
Befruchtung beruht auf die Verschmelzung van geschlechtlich differenzierten
Zellkernen.) By this definition of “fertilization,” the important events in reproduc-
tion are those which involve the nuclei and their contents, a concept which has been
fully verified by cytogenetics, the branch of biology that developed at the beginning
of the last century as a result of the fusion of genetics and cytology.

It is interesting however to note that Hertwig advanced his thesis on the fertiliza-
tion events without having been able to see fertilization occur. The first person to
watch sperm entry into an egg (that of a sea urchin) actually was Hermann Fol dur-
ing experiments conducted in the Zoological Station in Villefranche-sur-Mer
(France). Two of the publications of Fol (1878, 1879) contain the very first descrip-
tion of the ability of a spermatozoon to fertilize and penetrate the egg of an echino-
derm. The first person to see a mammalian egg was C. E. von Baer (1827) and the
priority of transferring fertilized mammalian eggs and embryos from the biological
mother to a surrogate mother (a rabbit doe) belongs to an Englishman, Walter Heap.

Finally, it was only in 1870 that the observations of Schweiger-Scidel and La
Valette allowed the spermatozoon to acquire the status of fertilizing cell and these
notions are confirmed etymologically, as the appellation of “spermatozoon’ literally
means “semen looking like an animal.”

And Now Reaching the Twentieth Century

Improved microscopes and improved microscopical techniques were of decisive
importance for further investigation of the spermatozoa. In an effort to approach
“comparative spermatology,” initiated by Leeuwenhoek and further developed by
Koelliker, there were prominent investigators, such as La Valette St. George and Emil
Ballowitz, who published some of their observations in the last decades of the nine-
teenth century. Somewhat later, Gustaf Retzius became a leading spermatologist.
He described the detailed structure of several hundred animal species, including
many rare animals from all six continents. This is a unique investigation that could
never be repeated. He noted (as others had done before him) that related species tend
to have spermatozoa of similar structure and that it is possible to draw phylogenetic
conclusions from sperm data. The fact that pangolin, echidna, and platypus have
spermatozoa of the reptilian (sauropsid) type, whereas marsupials and other mam-
mals have not, is thus an indication that the eutherian mammals branched off the
mammalian stem before the appearance of the marsupials, and that the pangolins are
the most primitive extant eutherians. He also noted that coelenterates, polychete
worms, and mussels have small spermatozoa of a characteristic shape, which he
referred to as “primitive” spermatozoa. Half a century later, Franzn showed that
“primitive spermatozoa characterize animals that broadcast their spermatozoa into
the ambient water,” usually for external fertilization. The shape of the spermatozoa
is thus dependent both on the reproductive biology and on the phylogenetic position.
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The contribution of B. Baccetti and coll. in Sienna (Italy) and D. W. Fawcet (1970)
illustrates the continuity of the investigation field of “evolutive spermatology.”

By the turn of the nineteenth century, Frank Lillie in the famous Woods Hole Lab
observed that during fertilization sperm are controlled by a substance released from
the sea-urchin egg and was thus establishing the basis of chemotaxis as a sperm
guidance mechanism. Using sea water with a high potassium content, he also
observed parthenogenesis.

The only organelle that is sperm specific and quite widely distributed in the ani-
mal kingdom is the acrosome. It was first described by Valentine, given its present
name “acrosome” by Lenhossck and shown to contain the lytic enzymes acrosin,
initially termed lysin by Hibbard and Tyler, and hyaluronidase by Leuchtenberger
and Schrader.

The rather dramatic transformation of the acrosome upon contact with the egg or
with egg-water was first described by Jean Dan (1952) and termed the acrosome reac-
tion. Localized under the acrosome is the sub-acrosomal material, termed the perfo-
ratorium by its discoverer, Waldeyer. He also undergoes experiments on the acrosome
reaction as was described by Arthur L. Colwin and Laura H. Colwin (1955).

Other sperm organelles are those that are also found in somatic cells. This is true,
for instance, of mitochondria, flagellar axonemes, microtubular arrays, etc. In some
cases, our knowledge of these organelles has come from the study of the somatic
cells, in other cases spermatozoa have been shown to be the ideal study object. It
would take too much space to explore extensively here all the various sperm organ-
elles with morphological and biochemical tools. The book that is dealing with sev-
eral aspects of aquatic animals spermatology provides large information on
these topics.

Obviously, because of the global topic of the book devoted to Reproduction in
Aquatic Animals: From Basic Biology to Aquaculture Technology published by
Springer Nature and edited by Manabu Yoshida and Juan F. Asturiano, readers of
this book will also be able to access important information that deals with the sperm/
egg interaction that involves the egg partner of various aquatic species.
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Chapter 1
Overview: Reproductive Systems
in Aquatic Animals

Manabu Yoshida

Abstract Many animals live in aquatic habitats. Regarding reproduction, all ter-
restrial animals perform internal fertilization, whereas aquatic animals show various
reproductive systems: internal fertilization without mating, external fertilization,
viviparous, oviparous, and parthenogenesis. In this chapter, I would like to provide
an overview of the reproductive systems of aquatic animals and introduce each
chapter in this book.

Keywords Fertilization - Reproductive systems - Internal fertilization - External
fertilization - Viviparous - Oviparous - Hermaphrodite - Oocyte maturation - Sperm
function - Assisted reproductive technology

1.1 Introduction

In the animal kingdom, there are about 30 phyla. Major animal groups (phyla and
classes in Vertebrata) are shown in Fig. 1.1. Many animals belonging to the two
highly evolved phyla—Vertebrata and Arthropoda—and some invertebrates, e.g.,
earthworms (Annelida) and snails (Mollusca), live in terrestrial habitats, and some
parasitic animals, e.g., Ascaris (Nematoda) and tapeworms (Platyhelminthes) live in
the body of other animals. Almost all other animals live in the aquatic habitat.
Although they belong to Vertebrata or Arthropoda, many fishes and crustaceans live
in water. In fact, only one group of animals does not live in the aquatic environ-
ment—phylum Onychophora, a small group related to Arthropoda. Corresponding
to the diversity in aquatic animals, their reproductive system is also highly diverse.
All terrestrial animals perform internal fertilization, whereas aquatic animals show
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Fig. 1.1 Major animal groups (phyla and classes in Vertebrata), habitat, and style of fertilization

various reproductive systems; some are internal fertilizers with or without mating
and many aquatic animals perform external fertilization (see Fig. 1.1).

In this chapter, I would like to provide an overview of the reproductive systems
of aquatic animals and to help the readers understand the focus on specific animals
in each chapter.
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1.2 Taxa and Living Habitats

The salinity of water is the most important factor affecting life of all animals and
plants. There are three habitats in the aquatic environment: seawater (saline water),
freshwater, and brackish water.

1.2.1 Seawater

Seawater, or saline water, is water whose salinity is approximately 3.5% (35 g/L)
and mainly located in the oceans which cover about 70% of the surface of the earth.
As the major diversifications of modern Metazoa, e.g., the Cambrian explosion,
occurred in the ocean, most animal phyla are still seen in the seawater habitat.
Despite several difficulties in evaluation, the total number of seawater animal spe-
cies is estimated at approximately 200,000-250,000 species (Bouchet 2006). The
major animals are the mollusks (approximately 52,000-75,000 species), arthropods
(approximately 40,000-50,000 species), fish (approximately 15,000 species), flat-
worms (approximately 15,000 species), annelids (approximately 12,000 species),
and nematodes (approximately 12,000 species) (Bouchet 2006). Interestingly, even
though insects are the major group on the earth, and in terrestrial and freshwater
habitats, there are only a few insect species in the seawater habitat.

1.2.2 Freshwater

Freshwater is water containing <0.5 g salts per 1 kg water. Freshwater is located on
land, and it covers only 0.8% of the surface of the earth (Dudgeon et al. 2006).
Because low osmolality induces an influx of water and delivers a fatal blow to an
animal cell, which has no cell wall, the freshwater habitat is a more severe environ-
ment than the seawater habitat. The total number of described freshwater animal
species is approximately 126,000 species. Many of the animals are hexapods
(insects and collembolans) (approximately 76,000 species) and other arthropods
(approximately 18,000 species), and another major group is the vertebrates (approx-
imately 18,000 species) (Balian et al. 2008), which have well-developed systems for
osmotic regulation and water-resistant skins.

In contrast, 43% of all fish species (approximately 14,000 species) predomi-
nantly live in the freshwater habitat (Nelson et al. 2016); one reason being that tele-
ost fish seem to be derived from a freshwater ancestor (Carrete Vega and Wiens 2012).

Amphibians also live mainly in the freshwater habitat. Amphibians comprise
approximately 6000 species, and about 80% of these are aquatic living or water
dependent (Vences and Kohler 2008). Among them, only 144 species are salt-
tolerant (Hopkins and Brodie 2015). See Chap. 11 for details.
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1.2.3 Brackish Water

Brackish water is water whose salinity is between that of fresh water and seawater.
It exists in areas where fresh water and seawater are mixed, such as estuaries. As
salinity of the area changes irregularly, animals living in brackish water should have
a tolerance for changing osmolarity. In addition to euryhaline species, locally
adapted stenohaline species, which are typically found in seawater habitats, are also
found in these habitats (Cognetti and Maltagliati 2000). Some teleost fishes such as
mullet, seabass, flatfish, and eel are highly adapted to brackish water, and some
bivalves, annelids, and crustaceans also live in these areas.

1.3 Reproduction Systems

As described in Sect. 1.1, the reproduction systems of aquatic animals are diverse,
and they are excellent models for studying the adaptive evolution and species speci-
ficity of fertilization. In this section, I would like to introduce the types of the repro-
duction systems in aquatic animals (also see Fig. 1.1).

1.3.1 Asexual Reproduction

Although I do not want to focus on asexual reproduction because the main theme of
the book is “sexual reproduction,” asexual reproduction is a popular system in ani-
mals, and I should discuss this system first. Asexual reproduction is a type of repro-
duction producing offspring from a single parent without meiosis; that is, the
offspring does not arise from gametes but from a part of the parent’s body. Budding
and fragmentation are types of asexual reproduction in metazoans. Many aquatic
invertebrates including starfishes (Echinodermata), ascidians (Urochordata), pla-
narians (Platyhelminthes), and medusae, and corals (Cnidaria) reproduce in this
manner. For example, many hydromedusae have two life stages: one is the asexual
stage of the polyp that produces polyps and medusae by budding and fragmentation,
and the other is the sexual stage of the medusa that produce their gametes by meio-
sis. Some planarians switch their reproduction systems between the sexual and
asexual stages (Kobayashi et al. 2012). As costs of reproduction are lower and pro-
ducing offspring is faster than that by sexual reproduction, many asexually repro-
ducing animals build a colony of clone individuals, for example, corals, bryozoans,
colonial ascidians, and sponges.
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1.3.2 Parthenogenesis

Parthenogenesis is also a type of reproduction producing offspring from a single
parent, and it is usually considered as one type of asexual reproduction. However, in
this system, the offspring arises from a gamete (usually the egg) without fertiliza-
tion. Therefore, I consider that parthenogenesis is not an “asexual” (non-sexual) but
a “unisexual” reproduction system. Parthenogenesis is also observed in several
aquatic animals including vertebrates such as some amphibians, sharks, and teleosts
(Neaves and Baumann 2011).

1.3.3 Internal or External Fertilization

As cells in all animals, including gametes, must live in some aquatic conditions, all
terrestrial animals perform fertilization internally. Quite a few aquatic animals also
perform internal fertilization, such as many crustaceans, snails, elasmobranches,
and amphibians. In contrast, many aquatic animals perform external fertilization
(see Fig. 1.1). Interestingly, some animals, such as jelly fishes and bryozoans, per-
form internal fertilization without mating; they spawn their sperm into the sur-
rounding aquatic environments, their sperm swim and go into the female body, and
finally they find the egg, and fertilization occurs.

1.3.4 Viviparity or Oviparity

All animals showing external fertilization lay their eggs in the external environ-
ment, and their embryos develop outside the body of the parent. Some animals
showing internal fertilization also release their fertilized eggs and the embryos
develop in the external circumstances. This developmental style is called “ovipar-
ity.” In contrast, some animals showing internal fertilization keep their fertilized egg
in the body, and the embryos develop inside the mother’s body until larvae or juve-
niles. This developmental style is called “viviparity.” Embryos of viviparous ani-
mals are usually supplied with additional nutrition from the mother (matrotrophy),
but that of some viviparous animals use only the yolk of the eggs and are not sup-
plied with additional nutrition. The latter style is sometimes distinguished from
viviparity and called “ovoviviparity.” The most famous viviparous animals are
mammalians, but interestingly, there are viviparous animals in almost all taxa.
Viviparous animals are considered to have evolved from oviparous animals
(Blackburn 1999; Lode 2012), and the evolutionary transition from oviparity to
viviparity occurred many times; for example, viviparity has evolved between 98 and
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129 times considering only the squamate reptiles (Bystroff 2018). Among aquatic
animals, many elasmobranches are viviparous and ovoviviparous, and many
researchers have studied the variation in developmental styles. In Chap. 10, we
focus on the developmental styles observed in elasmobranches.

1.3.5 Hermaphrodite or Dioecious

One of the important features is hermaphroditism; many fishes can change their
sexes and many invertebrates are hermaphrodites. Although some hermaphrodite
animals, like the nematode Caenorhabditis elegans, perform self-fertilization, that
is, fertilize an egg and a spermatozoon from the same animal (one type of partheno-
genesis); many hermaphrodite animals prevent self-fertilization as seen in many
plants (Sawada et al. 2014). In the internal fertilizers like the sea hare, spermatozoa,
and eggs are separated and only non-self-sperm received by mating can access the
egg. However, in the case of external fertilizers, gametes themselves should recog-
nize self and non-self-partners. The ascidians (Urochordata) are well-known her-
maphrodite animals, and the system of self/non-self-recognition between gametes
has been investigated (Sawada et al. 2014). In Chap. 9, the system of ascidians is
reviewed thoroughly.

1.4 Sexual Behaviors

Sexual behavior is one of the interesting subjects in reproductive biology and
depends on the reproductive system.

Fishes are one of the major, developed animal group in aquatic animals.
Irrespective of internal fertilization or external fertilization, many fishes show mat-
ing behavior, and fertilization occurs just after spawning. Usually, the fish sperm,
especially freshwater fish sperm, have very short lives; the lifetime of these sperm is
around 30 s to a few minutes (Cosson et al. 2008). Thus, mating behavior is adapted
and optimized to perform fertilization. Furthermore, motility of the sperm is regu-
lated precisely by environmental elements: osmolarity, ions, and egg-derived factors
among others (Cosson et al. 2008). Regulation of motility in the fish sperm is
reviewed in Chap. 4.

Another interesting mating behavior has been observed in squids (Mollusca),
which is one among alternative reproductive strategies. Usually, the female squid
receives spermatophores from the male partner (called a “consort”) by mating and
stores them in the storage organ in her body (Iwata et al. 2011). The spermatozoa
await ovulation in the storage organ, and after ovulation/spawning of the egg, the
spermatozoa reach the egg on/near the oviduct in the mantle cavity. However, the
male “sneaker” comes and releases his sperm near the mouth of the female, and
some sperm succeed in fertilizing the egg. Interestingly, the sneaker spermatozoa
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behave differently from the consort spermatozoa; the sneaker spermatozoa form a
cluster even though they can swim freely (Hirohashi et al. 2013). The alternative
reproduction tactics of the squids and sperm behaviors are reviewed in Chap. 13.

The benthic invertebrates showing external fertilization, e.g., sea urchins, ascid-
ians, and corals, usually spawn their gametes directly into the external water. In
these cases, it is a hard mission for the sperm to find its partner egg. Thus, the egg
often releases sperm activation substances and attractants to ensure fertilization.
This topic is reviewed in Chaps. 3 (general introduction and ascidians), 8 (corals),
and 12 (sea urchins).

1.5 Behavior of Gametes

1.5.1 Behavior of the Egg

In general, mature oocytes are arrested at the prophase I of meiosis with the large
nucleus (germinal vesicle) in the ovary of the female body. After stimulation for
ovulation, the oocytes re-enter meiosis, induce germinal vesicle breakdown, and
become ‘“fertilization-eligible” eggs. Progression of meiosis after stimulation of
ovulation is varied and species-dependent; e.g., the unfertilized eggs of many verte-
brates, including amphibians and fish, are arrested at metaphase II, whereas sea
urchin eggs finish meiosis completely before fertilization. Maturation of oocytes is
described in detail in Chaps. 6 (fish) and 7 (invertebrates).

The ovulated “fertilization-eligible” eggs usually have vitelline coats (often
called “chorion”), and they often impede the entry of the sperm into the egg.
Especially in the fish, the chorion is too thick and too hard for the sperm to penetrate
it. Instead, there is a tiny passage on the chorion, named “micropyle,” to enable the
sperm to access the egg (Yanagimachi et al. 2013). Moreover, some guides and/or
guidance molecules are located on the chorion around the micropyle (Yanagimachi
et al. 2013; Yanagimachi et al. 2017). Chapter 5 reviews the mechanism of sperm
guidance toward the micropyle in the fish egg.

1.5.2 Behavior of the Sperm

Considering the sperm, the spermatozoa are usually immotile while stored in the
male body and initiate their motility when they are ejaculated or spawned from the
body (Yoshida et al. 2008). As described in Sect. 1.4, the sperm of many external
fertilizers show chemotactic behavior toward the egg to find the conspecific egg.
The initiation of sperm motility and sperm chemotaxis are reviewed in Chaps. 2
(overview), 3 (invertebrates), and 4 (fish). When the spermatozoa approach the egg,
spermatozoa of many animals show acrosome reaction. Interestingly, the teleost
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spermatozoa have no acrosome, and they can enter the egg without acrosome
reaction. In this context, the fish sperm cannot penetrate the chorion of the egg, so
it looks for the micropyle to access the egg (see Sect. 1.5.1).

1.5.3 Polyspermy Block

The egg should receive only one spermatozoon for fertilization that is the fusion
between female and male pronuclei, to maintain the genome in the embryo. Thus,
almost all eggs prevent multiple sperm entry. The system is called “polyspermy
block,” which is one of the interesting aspects of research on fertilization (Dale
2014). It is reviewed in Chaps. 6 (fish), 7 (invertebrates), and 11 (amphibians).

Interestingly, the egg of some amphibian species like newts, receive multiple
sperms during fertilization, but for fusion of the pronuclei, only one male pronu-
cleus is selected from the spermatozoa that enter (see Chap. 11 for details).

1.6 Issues of Reproductive Biology for Aquaculture

In aquatic animals, fish, mollusks, and crustaceans are useful as food and are a tar-
get for farming (aquaculture). In this book, we also focus on the topics of reproduc-
tive biology in aquaculture. Especially, the establishment of the complete culture
technology of some high-value fish, like tuna, eel, and sturgeon, is demanded as
these fish have become endangered because of overfishing. However, as described
above, reproduction systems of aquatic animals are varied and species-dependent.
Reproducing juveniles is one of the difficulties in establishing aquaculture methods.
In Chap. 14, the practical case of the European eel is reviewed.

Furthermore, an assisted reproductive technology is also demanded in aquacul-
ture for the conservation and propagation of the animals. One of the technologies is
cryopreservation of gametes; the technique provides flexibility in the production of
embryos/juveniles and stocking of elite broodstock and/or endangered animals.
Chapter 15 reviews the cryopreservation of sperm in aquatic animals. Another
important technique in assisted reproductive technology is germ cell transplanta-
tion, which enables surrogate production. In Chaps. 16 and 17, there are reviews of
studies on the technology used in the sturgeon and teleosts, respectively.

1.7 Conclusion

As overviewed in this chapter, reproduction systems in aquatic animals are highly
diverse, and it is difficult to grasp the whole picture of reproduction. We hope this
book helps readers understand features of the reproductive systems in each
aquatic animal.
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Chapter 2
Introduction to Sperm Motility of Aquatic
Animals

Jacky Cosson

Abstract The purpose of this chapter is to present a historical point of view on
sperm motility, showing how pioneer investigations using sea urchins as a model
species gradually radiated to other aquatic species because of their ability to
approach more specific questions.

Keywords Flagellum - Axoneme - Fish - Shellfish - Echinoderms - Jellyfish

2.1 Introduction

During evolution, aquatic animals have preceded terrestrial ones, mostly because
life appeared initially in water and, the latter remains absolutely necessary for the
maintenance of living creatures. If one tries to trace the evolution of scientific
knowledge in the field of sperm, eggs, and their association with fertilization, it also
appears that basic notions have been acquired through observations of aquatic
species.

In this regard, this book flies over a great diversity of species that will be briefly
explored in the present paragraphs: it is conceived as an overview so as to avoid
overlap with the detailed and more specific chapters coming afterward.

2.2 Interest to the Reproduction of Aquatic Animals

The first human interest to aquatic animals has probably been associated with the
possibility of rising some species, using aquaculture as a substitute to fishing, a
more hazardous activity. An overview of the main aquatic species considered as
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important in aquaculture partly overlaps the panel of species that have been used to
establish important steps in reproductive biology.

A non-exhaustive list includes: (1) fish species, either marine species (e.g., sea
bream, sea bass) as alternative to fishing or traditional freshwater species such as
those of central Europe (e.g., carp, trout); (2) shellfish such as oysters, commer-
cially important in Europe or Japan; (3) other species of interest for sport-fishing or
fishkeeping, both popular hobbies, for high-value products such as caviar from stur-
geons or jewels from black pearl oysters; and (4) research and conservation of spe-
cies as detailed afterward in the present book.

2.3 Importance of Marine Stations

These marine stations are places of predilection, mostly because they offer a source
of great diversity of biological material from the sea and are enjoyable spots of sci-
entific melting pot where to organize meetings or summer schools. As examples, let
us mention Woods Hole in Cape Cod (USA), the Zoological Station in Napoli
(Italy), the Misaki Marine Biological Station in Misaki (Japan), etc.

2.4 Various Aquatic Species Used Historically
in Reproductive Biology

2.4.1 Sea Urchin

First of all is sea urchin, a historically very important species: sea urchins allow
basic observations on sperm motility. Mostly the advantages of sea urchins are that
they provide a huge amount of milt per individual, a crucial property for early bio-
chemical studies, and they are gravid most of the year with mature sperm cells able
to swim for very long periods. As examples early studies on sea urchins were devel-
oped by F. Lillie in the Marine Biological Laboratory (MBL) in Woods Hole (USA)
then later by Barbara and Ian Gibbons (1981) in the Kewalo Marine Lab (Hawaii)
and by Charles Brokaw (Brokaw and Gibbons 1975) in the Caltech’s Kerckhoff
Marine Lab (USA) while very long ago, fertilization of sea urchin eggs was observed
for the first time by H. Fol (1879) in the Marine Station of Villefranche sur mer
(France).

The studies of Sir Gray (1955) on the description of sea urchin sperm movement
remain a fundamental pillar that underpins the resistance force theory (RFT) and
furnishes the physical basis of flagellar movement. Mostly, flagella develop waves
that initiate close to the head/tail junction and propagate backwardly towards the
distal tip. The viscosity of the swimming solution offers a resistance to the wave
propagation which, by reaction, provokes the forward translation of the whole sperm
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cell. The demonstration that molecular motors (dyneins) actuate the sea urchin
sperm flagellum has been elegantly demonstrated and are summarized in the histori-
cal review of Ian Gibbons (2017). The mechanism of sliding/bending of flagellar
microtubules (Brokaw 1990; Brokaw and Gibbons 1975; Satir 1974) that is funda-
mental to flagellar waves initiation and propagation was mainly established on sea
urchin sperm flagella observations, while the bridge for applications from sea urchins
to mammal sperm studies was developed since long (Gagnon 1995, 1998); more
details on these aspects will be found in the update of Chap. 12 in this book.

2.4.2 Ascidians

Studies on ascidians species (e.g., Ciona) were developed by Masaaki Morisawa’s
group (Yoshida et al. 1993) in Misaki Marine Biological Station (Japan) mostly
dealing with sperm/egg interaction, so-called chemotaxis. Among the main results,
the chemoattractants and the mechanisms underlying sperm attraction were clearly
established in the studies carried on ascidia (Yoshida et al. 1993). The chemical
structure of the attracting molecules as well as the tracking of sperm cells swim-
ming under control of the substance diffusing from the egg were brilliantly described
in a series of papers of Morisawa and colleagues published in the 1990s. More
details on the update are found in Chaps. 3 and 9 of the present book.

2.4.3  Jellyfish

In parallel, the description of fundamental features of chemical sperm guidance to
the egg were run on cnidaria (siphonophores) by Christian Sardet’s group (Cosson
et al. 1986) in the Villefranche Marine Station and other jellyfish by Richard Miller
(1985) on the coral reefs of Australia (see also Chap. 8 of the present book). The
importance of calcium ions in the mechanism that governs sperm chemoattraction
was emphasized by the results obtained on cnidaria sperm (Cosson 2015; Miller
1985). The book of Jacky Cosson (2015) provides an overview of the present knowl-
edge on sperm guidance in various animal species.

2.4.4 Fish

Studies on spermatozoa of fish (teleost and chondrostean) were developed by
Morisawa group (Morisawa 1985) in Misaki Marine Biological Station and by
Cosson’s group (Cosson et al. 2008) in the Villefranche Marine Station, both deal-
ing with the understanding of the motility activation step and sperm guidance in
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teleost, mostly in herrings, the latter by Gary Cherr and colleagues (Yanagimachi
et al. 1992) in the Bodega Marine Station (USA).

The main role of osmolality and ions in the mechanism of fish sperm activation
were clearly established first on trout and carp spermatozoa and also on that of
marine fish species (Morisawa 1985; Cosson 2004; Cosson et al. 2008). The succes-
sive steps of signaling cascade going from the signal perception to the activation of
the flagellar machinery are nowadays well described in several fish species (Dzyuba
and Cosson 2014) and a more detailed description can be found in the Chap. 4 of the
present book.

Studies on energetic aspects of many fish sperm motility demonstrated that ATP
stores drastically limit the duration of the motility period (Dzyuba et al. 2017).
Among fish species, it is presently only in herring that a mechanism of sperm che-
moattraction has been clearly established (Yanagimachi et al. 1992): an update can
be found in the Chap. 5 of the present book.

2.4.5 Other Animals

Worth to mention as important in the history of gamete interaction and also detailed
in this book are studies on eel sperm, their regulation and reproduction control
(Chap. 14), on frogs and amphibian fertilization (Chap. 11), and on squids
(Chap. 13).

2.5 More Practical Aspects

The accumulation of basic knowledge on the gametes of various aquatic animal spe-
cies has been, in a more recent past, paralleled by more practical studies dealing
with sperm cryopreservation aspects some being presented in Chap. 15 as well as
recent germ cell transplantation experiments on sturgeon and marine fish species as
examples (see Chaps. 16 and 17) that lead to very important applications for the
conservation of aquatic species.

2.6 Future Developments

The variety of topics covered by the present book confirms how the knowledge in
the field of gametes and their interaction owe to the studies on aquatic animal spe-
cies and constitutes a positive augury that will prolong, in the future, the brilliant
way traced by the pioneering “classical” biologists thanks to the input of other dis-
ciplines such as molecular biology, biochemistry, mathematics, or physics of fluids
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and that of modern technologies such that more and more sophisticated visualiza-
tion is attainable by optical and electron microscopy.

References

Brokaw CJ (1990) The sea urchin spermatozoon. BioEssays 12(9):449-452. https://doi.
org/10.1002/bies.950120910. [PMID: 2175174]

Brokaw CJ, Gibbons IR (1975) Mechanisms of movement in flagella and cilia. In: Wu TY-T,
Brokaw CJ, Brennan C (eds) Swimming and flying in nature. Plenum Publishing Corporation,
New York, pp 89-126

Cosson J (2004) The ionic and osmotic factors controlling motility of fish spermatozoa. Aquac Int
12:69-85. https://doi.org/10.1023/B:AQUIL.0000017189.44263.bc

Cosson J (2015) Flagellar mechanics and sperm guidance. Bentham Books Publisher, 424 pages.
isbn:978-1-68-108-128-1, 978-1-68-108-129-8. (e-Book 2015)

Cosson J, Carré D, Cosson M-P (1986) Sperm chemotaxis in siphonophores: identification and
biochemical properties of the attractant. Cell Motil Cytoskeleton 6:225-228. https://doi.
0rg/10.1002/cm.970060222

Cosson J, Dreanno C, Fauvel C, Groison A-L, Suquet M, Billard R (2008) Marine fish spermato-
zoa: racing ephemeral swimmers. Reproduction 136:277-294

Dzyuba V, Cosson J (2014) Motility of fish spermatozoa: from external signaling to flagella
response. Reprod Biol 14(3):165-175. https://doi.org/10.1016/j.repbio.2013.12.005.vivi

Dzyuba B, Bondarenko O, Gazo I, Prokopchuk G, Fedorov P, Cosson J (2017) Energetics of fish
spermatozoa: the proven and the possible. Aquaculture 472:60-72

Fol H (1879) Recherches sur la Fécondation et le commencement de L’Hénogénie chez divers
animaux. Mém Soc Phys Hist Nat Geneve 26:134

Gagnon C (1995) Regulation of sperm motility at the axonemal level. Reprod Fertil Dev 7:189-198

Gagnon C (1998) The male gamete: from basic knowledge to clinical applications. Cache River
Press, Vienna

Gibbons IR (1981) Cilia and flagella of eukaryotes. J Cell Biol 91(3 Pt 2):107s—124s. https://doi.
org/10.1083/jcb.91.3.107s. [PMID: 6459326]

Gibbons IR (2017) Discovery of dynein and its properties: a personal account. In: Dyneins.
Academic, New York, pp 1-87. https://doi.org/10.1016/B978-0-12-809471-6.00001-2

Gray J (1955) The movement of sea-urchin spermatozoa. J Exp Biol 32:775-801

Miller RL (1985) Sperm chemo-orientation in the metazoa. In: Metz CB, Monroy A (eds)
Biology of fertilization. Biology of the sperm. Academic, New York, pp 275-337. https://doi.
org/10.1016/B978-0-12-492602-8.50015-2

Morisawa M (1985) Initiation mechanism of sperm motility at spawning in teleosts. Zool Sci
2:605-615

Satir P (1974) The present status of the sliding microtubule model of ciliary motion. In: Sleigh MA
(ed) Cilia and flagella. Academic, New York, pp 131-141

Yanagimachi R, Cherr GN, Pillai MC, Baldwin JD (1992) Factors controlling sperm entry into
the micropyles of salmonid and herring eggs. Develop Growth Differ 34:447-461. https://doi.
org/10.1111/5.1440-169X.1992.00447.x

Yoshida M, Inaba K, Morisawa M (1993) Sperm chemotaxis during the process of fertilization
in the ascidians Ciona savignyi and Ciona intestinalis. Dev Biol 157(2):497-506. https://doi.
0rg/10.1006/dbi0.1993.1152. [PMID: 8500656]


https://doi.org/10.1002/bies.950120910
https://doi.org/10.1002/bies.950120910
https://doi.org/10.1023/B:AQUI.0000017189.44263.bc
https://doi.org/10.1002/cm.970060222
https://doi.org/10.1002/cm.970060222
https://doi.org/10.1016/j.repbio.2013.12.005.vivi
https://doi.org/10.1083/jcb.91.3.107s
https://doi.org/10.1083/jcb.91.3.107s
https://doi.org/10.1016/B978-0-12-809471-6.00001-2
https://doi.org/10.1016/B978-0-12-492602-8.50015-2
https://doi.org/10.1016/B978-0-12-492602-8.50015-2
https://doi.org/10.1111/j.1440-169X.1992.00447.x
https://doi.org/10.1111/j.1440-169X.1992.00447.x
https://doi.org/10.1006/dbio.1993.1152
https://doi.org/10.1006/dbio.1993.1152

Chapter 3 )
Sperm Activation and Chemotaxis b
in Invertebrates

Jumpei Ikenaga and Manabu Yoshida

Abstract The gametes of aqua-living animals are equipped with several systems to
ensure fertilization. Sperm activation and chemotaxis toward the conspecific eggs—
some factors from the eggs or female organs activate and attract conspecific sperm—
are the first two steps of authentication between sperm and eggs. Phenomena and
molecular mechanisms underlying sperm activation and chemotaxis are varied,
even in the same taxa. Considering species specificity of sperm chemotaxis, the
system may prevent crossbreeding. It is an interesting point why the system of
sperm activation and chemotaxis has been evolved with such a high diversity. In this
chapter, we reviewed the sperm activation and chemotaxis in aquatic invertebrates.

Keywords Sperm chemotaxis - Fertilization - Species specificity

3.1 Introduction

In cases of aqua-living animals, many of them perform external fertilization. Even
in animals undergoing internal fertilization, many of their males spawn spermato-
zoa into surrounding water without mating (see Chap. 1 for details). Thus, it is chal-
lenging for spermatozoa to find conspecific eggs, and they are equipped with several
processes to overcome difficulties in the aquatic circumstances such as seawater.
First, the spermatozoa start swimming when spawned into water around the male
body (initiation). When the spermatozoa get close to the egg, the motility of the
sperm is activated by chemicals from the egg or the female reproductive organs
(activation). In many cases, the spermatozoa change their swimming pattern due to
chemicals from the egg and are guided toward the egg (chemotaxis). Even in mam-
mals, the process of changing sperm motility (initiation, activation, and chemotaxis)
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has been observed. In this chapter, we reviewed the sperm activation and chemo-
taxis in aquatic invertebrates.

3.2 Sperm Activation

Spermatozoa are usually immotile while stored in the male body and become motile
when they are ejaculated or spawned from the male. Since most invertebrates living
in aquatic circumstances are external fertilizers or internal fertilizers without mat-
ing, sperm motility is activated in aquatic conditions. Initiation of sperm motility in
aquatic vertebrates showing external fertilization, such as fishes and amphibians, is
mediated by changes of osmolarity (cf. Chapters 2, 4, and 11). On the other hand, in
marine invertebrates, there is no difference in osmolarity between the seminal
plasma and the aquatic circumstances around the male body, and inducer of sperm
motility is almost unknown. The spermatozoa of several other animals are almost
quiescent when they are spawned, and some factors released from eggs or female
organs activate their motility. These female-derived “sperm-activating factors” are
proposed in many marine invertebrates, but identification of these factors have been
performed in only a few animals. Thus, the molecular mechanisms of sperm activa-
tion are almost unknown.

3.3 Sperm Chemotaxis

In many animals and plants, it is widely observed that spermatozoa sense substances
released from the eggs or female organs and are led toward the direction to the egg.
This phenomenon is called “sperm chemotaxis” and guarantees that conspecific
gametes successfully come together. Sperm chemotaxis was already observed in the
nineteenth century in ferns and mosses (Pfeffer 1884), and in animals, when
J.C. Dan first observed it in the hydrozoan Spirocodon saltatrix (Dan 1950). Similar
to the studies on sperm activation, sperm chemotaxis has been studied in marine
invertebrates, taking advantage of external fertilization. In fact, Miller studied sperm
chemotaxis extensively in many metazoan animals such as Cnidaria, Mollusca, and
Echinodermata (see review; Miller 1985b). For now, the mechanisms of sperm che-
motaxis are particularly researched in sea urchins and ascidians (see Sect. 3.4).

Although sperm chemotaxis in mammals does not seem to be species-specific,
sperm chemotaxis of many other animals, especially marine invertebrates, is
species-specific (Table 3.1). Thus, sperm chemotaxis may prevent crossbreeding,
even though little is known about the molecular mechanisms of species specificity
in sperm chemotaxis.

Sperm movement and its flagellar beating during chemotactic response have
been observed in several marine invertebrate species. On the surface of a glass slide,
the spermatozoon usually swims in a circular track with low asymmetric flagellar
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Table 3.1 Observed sperm activation and sperm chemotaxis

33

Style of Sperm chemotaxis and
Phylum Class fertilization | Sperm activation species-specificity®
Cnidaria Anthozoa External + (Morita et al. +/+ (Coll et al. 1994;
2006) Coll et al. 1995; Morita
et al. 2006)
Hydrozoa External n.d. +/+ (Carré and Sardet
1981; Dan 1950; Miller
1966; Miller 1973;
Miller 1979a; Noda and
Kanai 1981)
Staurozoa External n.d. +? (Miller 1985b)
Mollusca Bivalvia External + (Alavi et al. 2014) | n.d.
Polyplacophora | External n.d. +/— (Miller 1977)
Gastropoda External n.d. + (Riffell et al. 2002)
Cephalopoda | Internal + (Tosti et al. 2001) | + (Hirohashi et al. 2013;
(mating) Zatylny et al. 2002)
Annelida External + (Lillie 1913b) +? (Miller 1985b)
Bryozoa Internal n.d. +? (Miller 1985b)
Arthropoda Internal n.d. — (Miller 1985b)
(mating)
Echinodermata | Echinoidea External + (Hansbrough and | + (Guerrero et al. 2010;
Garbers 1981; Lillie | Ward et al. 1985)
1913a; Ohtake
1976a; Suzuki
1990)
Asteroidea External + (Nishigaki et al. +/+ (Miller 1985a)
1996)
Holothuroidea | External + (Morita et al. +/+ (Miller 1985a; Miller
2009) 1997; Morita et al. 2009)
Ophiuroidea External n.d. +/+ (Miller 1985a; Miller
1997)
Chordata Ascidiacea External + (Minganti 1951; | +/+ (Matsumori et al.
Yoshida et al. 1994) | 2013; Miller 1975;
Miller 1982; Minganti
1951; Yoshida et al.
2013; Yoshida et al.
1993; Yoshida et al.
2002)
Larvacea External n.d. + (Miller and King 1983)

Initial plus or minus means existence of sperm chemotaxis and second plus or minus means that
of species specificity. Even in class in which species specificity is “+”, not all species show species
specificity. “+?”” means that the group has species specificity but less evidence

beating in the absence of eggs nor sperm attractants. On the other hand, when the
spermatozoon shows chemotactic behavior, it draws a distinctive track: periodical
quick turn and straight swimming (see review; Yoshida and Yoshida 2011). In the
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pathway, the spermatozoon dynamically regulates its flagellar beating pattern. This
regulates sperm direction, resulting in the spermatozoon’s approach toward the egg.

In the regulation of flagellar beating, transient Ca** increase is a cue signal (see
Sect. 3.5.1 for details).

3.4 Knowledge of Sperm Activation and Chemotaxis
in Aquatic Invertebrates

As described in Sects. 3.2 and 3.3, phenomena of sperm activation and chemotaxis
have been observed in many animals. We show an overview of sperm activation and
chemotaxis in Table 3.1, and detailed descriptions are shown in Sects. 3.4.1-3.4.6.

3.4.1 Chnidarians

Studies on sperm activation and chemotaxis in animals were initially performed on
Cnidarian species. The first observation of sperm chemotaxis was on the sperm of
hydrozoan, Spirocodon saltatrix (Dan 1950), and Miller had studied extensively on
hydrozoan species (Freeman and Miller 1982; Miller 1966, 1970, 1973, 1979a,
1979b). Sperm chemotaxis was observed in many hydrozoan species, even though
they are sessile or planktonic, or internal or external fertilizers (Miller 1985b). The
sperm chemotaxis in hydrozoan is highly species-specific: Miller examined chemo-
taxis in 32 species of marine hydromedusae, and only 13 heterospecific cross-
reactions were found (Miller 1979a). The attractant seems to be released from the
egg itself (Miller 1985b) or from an extracellular structure localized around the
animal pole of the egg called the cupule (Cosson et al. 1984).

The sperm attractants in the hydrozoan species seem to be proteins or peptides:
the sperm attractant of Hippopodius hippopus seemed to be a protein with a molecu-
lar mass of 25 kDa and pl 3.5, even though it was still not identified (Cosson et al.
1986). On the other hand, the sperm attractant in the scleractinian coral Montipora
digitata was found to be the unsaturated fatty alcohol dodeca-2,4-diynol (Coll et al.
1994). In the species, three fatty alcohols were isolated as sperm activating sub-
stances, but only dodeca-2,4,-diynol had sperm-attracting activity (Coll et al. 1994).
Coll and his colleagues also found that the native sperm attractant of the soft coral
Lobophytum crissum is the macrocyclic diterpene alcohol (-)-epi-thunbergol (Coll
et al. 1995). Other coral species in the genus Acropora also showed sperm chemo-
taxis toward the egg (Morita et al. 2006), even though the sperm attractants were
still not elucidated.

In addition to that in the hydorozoan and anthozoan species, it is thought that
sperm chemotaxis is present in the Schyphozoan species.
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Like in other animals, the chemotactic movement of the Cnidarian spermatozoa
is mediated by Ca* (Cosson et al. 1983, 1984; Morita et al. 2006).

3.4.2 Mollusks

In protostome animals, fertilization of mollusks, especially in bivalves, has been
studied well due to their economic importance. Alavi and his co-workers studied
sperm activation of some bivalves (Bivalvia): Manila clam (Ruditapes philippina-
rum), Pacific oyster (Crassostrea gigas), and Japanese scallop (Patinopecten yes-
soensis) (Alavi et al. 2014). They showed that the sperm of the bivalves initiate its
motility when released into sea water, and in addition, the movement of sperm is
activated by 5-hydroxytryptamine (5-HT), one of the physiologically active sub-
stances inducing spawning and oocyte maturation in bivalves (effects of 5-HT on
reproduction of mollusks are described in Chap. 7, Sect. 7.3 for details). During the
initiation of sperm motility, 5-HT induces a Ca** influx via voltage-dependent ion
channels associated with K* efflux, resulting in the activation of CaM-dependent
flagellar beating (Alavi et al. 2014) (see Fig. 3.1). On the other hand, there is no
report showing the chemotactic response of the bivalve sperm.

Sperm chemotaxis has been observed in the primitive mollusk chitons
(Polyplacophora): Miller showed that the ethanol extracts of the eggs of several
chitons attract the spermatozoa (Miller 1977). Interestingly, sperm chemotaxis in
chitons is not species-specific (Miller 1977, 1985b). Sperm activation and chemo-
taxis is also observed in cephalopods. Spermatozoa of the octopus Octopus vulgaris
are stored in a female genital tract prior to fertilization and seem to be pre-activated
by progesterone. Progesterone-treated sperm show a breakdown of outer membrane
around the acrosomal region, which is like a process of acrosome reaction in mam-
mals (Tosti et al. 2001). Sperm chemotaxis in cephalopods is observed in Octopus
vulgaris and the cuttlefish Sepia officinalis, and their sperm attractants are identified
as the peptides named Octo-SAP (De Lisa et al. 2013) and SepSAP (Zatylny et al.
2002), respectively.

Concerning snails (Gastropoda), one of the major groups of mollusks, little is
known about their sperm activation and chemotaxis since most of them are internal
fertilizers. However, abalone, a primitive snail, is an external fertilizer, and its sperm
shows chemotactic behavior (Riffell et al. 2002, 2004). The sperm attractant of the
red abalone (Haliotis rufescens) is identified as the amino acid L-tryptophan (Riffell
et al. 2004).

Sperm chemotaxis in mollusks plays roles not only in the success of conspecific
fertilization but also in reproductive strategy. Males of some squids (Cephalopoda)
contend on females for mating, and the winner acts as a consort male, the loser a
sneaker male. In other words, the consort male accompanies the female (see the
Chap. 13). The consort male deposits his spermatophore around the opening of the
oviduct on the female mantle cavity, and the sperm will get first access to the egg
capsules. On the other hand, the sneaker male gets close to the female and scatters
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Fig. 3.1 Signaling cascades of sperm activation in animals: clams, sea urchins, and ascidians

its sperm when the female holds the egg capsules on her arm to lay it on the sub-
strate, i.e., the male is “sneaking” to fertilize the eggs. Interestingly, in the squid
Heterololigo bleekeri, spermatozoa from sneaker males make a cluster after spawn-
ing, whereas spermatozoa from consort males do not (Hirohashi et al. 2013). The
clustering of sperm is caused by sperm chemotaxis toward CO, (Hirohashi et al.
2013). Higher sensitivity of the sneaker male sperm to pH seems to cause a chemo-
tactic response only in the sneaker sperm (Hirohashi et al. 2013; Iida et al. 2017).
For details, see Chap. 13, Sect. 13.3.4.
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3.4.3 Arthropods and Other Protostomes

Knowledge of sperm activation and chemotaxis in protostomes other than mollusks
is minimal, even in Arthropoda. One of the few studies on arthropod sperm was
done in the horseshoe crab (Xiphosura) Limulus polyphemus. The Limulus sperma-
tozoa are almost immotile when spawned in seawater and are activated if they
encounter an egg-derived factor (Clapper and Brown 1980a). The egg-derived fac-
tor activating sperm release (also called a sperm motility initiating factor (SMI)) is
still not identified, but it appears to be a hydrophobic peptide with the molecular
mass of 500-2000 (Clapper and Brown 1980b; Clapper and Epel 1982). Fertilization
of arthropods are reviewed in Chap. 7, Sect. 7.2.3.

In other protostomes, existence of sperm activation and chemotaxis is suggested
in Annelida and Bryozoa (Miller 1985b), but these should be confirmed.

3.4.4 Sea Urchins (Echinodermata, Echinoidea)

Sea urchins, a group of echinoderms, have been studied well for a century, and their
sperm activation and chemotaxis are also well known. Activation of sea urchin sper-
matozoa by some factors associated with the eggs was observed a century ago
(Lillie 1913b). The sperm of the sea urchin is a traditional model for research on
sperm activation, although sea urchin spermatozoa are usually highly activated after
spawning in sea water. First, Ohtake showed that the jelly layer of eggs of
Hemicentrotus pulcherrimus contains sperm-activating substances, which activate
sperm motility and respiratory in acidic sea water (Ohtake 1976b). After that, the
decapeptide named speract and another 14-amino-acid peptide named resact were
identified as the sperm-activating substances from Strongylocentrotus purpuratus
(Hansbrough and Garbers 1981) and Arbacia punctulata (Suzuki et al. 1984),
respectively. Moreover, resact was found to be not only the sperm-activating sub-
stance but also the sperm attractant (Ward et al. 1985). Suzuki and his co-workers
expanded the work in the various sea urchin species and finally found 74 sperm-
activating peptides from 17 species distributed over five orders (Suzuki 1995).
Receptors and signaling mechanisms of the sperm-activating peptides, especially
speract and resact, have been investigated for many years. Speract and resact bind
to their receptors on the sperm membrane and activate guanylyl cyclase, which is
the enzyme for the production of cGMP (Ramarao and Garbers 1985). The receptor
of resact is a membrane-type guanylate cyclase (Shimomura et al. 1986), and as
such, resact directly activates the guanylyl cyclase and induces cGMP production.
On the other hand, the speract receptor is not a guanylyl cyclase: Speract binds to
the 77 kDa membrane protein that seems to be associated with a guanylate cyclase
(Bentley et al. 1988; Dangott and Garbers 1984; Dangott et al. 1989). In any case,
increase of cGMP induces the activation of cyclic nucleotide-gated K*-selective
channel and K* efflux, resulting in the hyperpolarization of membrane potential
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(Babcock et al. 1992; Galindo et al. 2000). Then, Ca** efflux and Na* influx via a
Na*/Ca?* exchanger and alkalization via a Na*/H* exchanger occur (Lee and Garbers
1986; Nishigaki et al. 2004). Finally, increase of Ca** in the sperm head and flagella
is observed (Bohmer et al. 2005; Guerrero et al. 2010; Kaupp et al. 2003; Wood
et al. 2005) (see Fig. 3.1). An additional pathway, cAMP can induce Ca’* increase
(Cook and Babcock 1993). In the sperm of S. purpuratus, the Na*/H* exchanger
seems to associate with a soluble adenylate cyclase, which is the enzyme for the
production of cAMP (Nomura and Vacquier 2006). Thus, this may be activated by
the signal pathway initiated from speract.

Interestingly, sperm chemotaxis in sea urchins other than Arbacia is unclear.
Chemotaxis of A. punctulata sperm has been observed in 1985 (Ward et al. 1985)
and that of A. lixula has also been detected (Yoshida, unpublished data). On the
other hand, spermatozoa of other sea urchins, including S. purpuratus and H. pul-
cherrimus, have been considered not to show chemotactic behavior toward the
sperm-activating peptides for a long time (Cosson 1990; Darszon et al. 2008; Miller
1985b). However, Guerrero and his collaborators have shown that the Lytechinus
pictus spermatozoa displayed Ca** responses similar to a sperm showing chemotac-
tic behavior, and finally the sperm has shown chemotactic behavior toward speract
even though the phenomenon is not obvious (Guerrero et al. 2010) (see Chap. 12 for
details).

Regardless, chemotactic response of the sea urchin sperm other than Arbacia is
not obvious. Why do only a small number of sea urchin species conserve sperm
chemotaxis? This is a difficult and unsolved question. A possible hint to solve the
question is that resact is the only 14-amino-acid peptide, while other sperm-
activating peptides, including speract, are mostly 10-amino-acid peptides (Suzuki
1995). In addition, the receptor of resact is different from that of other sperm-
activating peptides.

3.4.5 Echinoderms Other than Sea Urchin (Starfish, Sea
Cucumber, and Brittle Star)

Like in the sea urchin, the spermatozoa of many other echinoderms have their motil-
ity in sea water. Thus, study on sperm activation is little. In exceptional cases, the
sperm of the sea cucumber Holothuria atra is quiescent in sea water and activated
by substances from the egg (Morita et al. 2009).

Sperm chemotaxis in echinoderms other than Echinoidea are observed in star-
fishes (Asteroidea), sea cucumbers (Holothuroidea), and brittle stars (Ophiuroidea)
(Miller 1985a). In the experiments, species specificity of sperm chemotaxis has
been observed between the used species in the brittle stars, but some hetero-specific
cross reactivities were observed in starfishes (Miller 1985a). Moreover, in sea
cucumbers, hetero-specific cross-reactivities were observed in broad genus and
specificity of sperm chemotaxis was observed in limited genus (Miller 1985a). In
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the sea cucumber, sperm attractants seem to be released from the egg cell and
retained at the vitelline membrane (Morita et al. 2009). In the starfish, sperm attrac-
tants seem to exist in the jelly layer: the sperm-activating peptides named Asterosaps
that was purified from the jelly layer of the starfish Asterias amurensis (Nishigaki
et al. 1996) has sperm-attracting activity (Bohmer et al. 2005). Asterosaps are 3.8-
kDa glutamine-rich polypeptides and have an intramolecular disulfide linkage
between 8C and 32C (Nishigaki et al. 1996). In another starfish, Pycnopodia
helianthoides, the sperm attractant was identified as the 12-kDa protein named
Startrak, and the sequence of N-terminal 34 amino acids has been decoded (Miller
and Vogt 1996; Punnett et al. 1992). Interestingly, the synthetic 32-amino-acid pep-
tide, which is part of the decoded region of Startrak, has a stronger sperm-attracting
activity than the purified Startrak (Miller and Vogt 1996). Furthermore, the
N-terminus sequence of Startrak (XxAELGLCIARVRQQNQGQDDVSIYQAIM-
SQCQS) has a high degree of homology with the sequences of Asterosaps (e.g.,
sequence of Asterosap P15: GGTQFGVCIARVRQQHQGQDEASIFQAILSQCQS)
(Bohmer et al. 2005). Therefore, the region is important for the chemotaxis of star-
fish sperm.

Like resact in the sea urchin A. punctulata, Asterosaps bind to a membrane-type
guanylyl cyclase on the sperm membrane and increase [Ca®*]; via the increase in
c¢GMP (Matsumoto et al. 2003; Nishigaki et al. 2000).

3.4.6 Urochordate

Urochordate (tunicate) is one of the primitive groups (subphylum) of chordates, and
it consists of ascidians (Ascidiacea), salps (Thaliacea), and larvaceans (Larvacea).
In tunicates, ascidian species have been used as materials for developmental biology
for a century, and fertilization of ascidians has been well investigated. The first
observation of sperm behavior around the egg was observed in the ascidian Styela
partita a century ago: Conklin observed that the spermatozoa accumulated at the
vegetal pole of the egg (Conklin 1905). Several decades later, Miller studied sperm
activation and chemotaxis in the ascidians (Miller 1975, 1982; Minganti 1951). In
ascidians, the sperm activators and attractants are released from egg cells and pass
through the vitelline membranes (Yoshida et al. 1993). In ascidians, species speci-
ficity is observed in not only sperm chemotaxis but also sperm activation (Yoshida
2014; Yoshida et al. 2013), probably because the sperm attractant has both sperm-
activating and sperm-attracting activities (Yoshida et al. 1994, 2002). Thus, the
attractant of ascidians was called sperm-activating and -attracting factor (SAAF)
(Yoshida et al. 1994). Species specificity of sperm chemotaxis is not so strict: sper-
matozoa of some species show chemotactic behavior toward egg extracts from con-
generic species (Miller 1982, 1985b; Yoshida et al. 2013). Actually, the SAAF in the
ascidians Ciona intestinalis (type A; also called C. robusta) and Ciona savignyi is
the same molecule: the polyhydroxysterol sulfoconjugate (25S)-3a,4f,70,26-
tetrahydroxy-5a-cholestane-3,26-disulfate (Ciona-SAAF) (Oishi et al. 2004;
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Yoshida et al. 2002). Furthermore, we identified the SAAF of another ascidian,
Ascidia sydneiensis, as 3a,7a,8,26-tetrahydroxy-5a-cholest-22-ene-3,26-disulfate
(Assydn-SAAF) (Matsumori et al. 2013; Watanabe et al. 2018). Differences of
SAAF between the two genus (Ciona and Ascidia) comprise only of the position of
the OH group and the double bond. Such small differences in the SAAFs may be
sufficient for species-specific responses.

In the activation of the Ciona sperm, SAAF binds to the receptor, and Ca** chan-
nel is activated followed by Ca?* influx (Yoshida et al. 1994). Then, Ca’* binds to
CaM and activation of CaM/CaM kinase pathway occurs (Nomura et al. 2004).
Through the regulation of K* channel by CaM kinase, hyperpolarization occurs, and
adenylated cyclase is activated followed by an increase in the concentration of
cAMP (Izumi et al. 1999). Finally, dynein light chain and axonemal protein are
phosphorylated, triggering the sperm activation (Nomura et al. 2000) (see Fig. 3.1).

On the other hand, in spermatozoa showing chemotactic behavior, transient
increase in the intracellular Ca** concentration ([Ca’'];) is observed periodically
(Ca?* burst), and the Ca** bursts play a key role in the regulation of flagellar beating
(Shiba et al. 2008). Calaxin, a Ca**-sensor protein associating axonemal dynein
(Mizuno et al. 2009), mediates the pattern of the sperm flagellar beating during
chemotactic behavior. Calaxin and Ca®* may regulate dynein-mediated microtubule
sliding in the axonemes, resulting in the control of the propagation of asymmetric
flagellar bending (Mizuno et al. 2012).

Recently, the SAAF receptor in the sperm of C. intestinalis was identified as a
plasma membrane Ca**-ATPase (PMCA) (Yoshida et al. 2018). PMCA may prob-
ably be continuously activated by SAAF to keep [Ca?*]; at low levels, and when the
spermatozoon detects a decrease in SAAF, SAAF may detach from PMCA and
become inactivated, resulting in the Ca** bursts (Yoshida et al. 2018).

Sperm chemotaxis of tunicates other than ascidians has also been observed in the
larvacean Oikopleula dioica (Miller and King 1983).

3.5 Molecular Mechanisms of Sperm Activation
and Chemotaxis

As described in Sect. 3.4, sperm activation and chemotaxis are highly diverse sys-
tems in animals. Molecular mechanisms controlling sperm motility are well inves-
tigated in mammalian species, especially in mouse and human, but those in aquatic
animals have been studied only in a few species. Since there are many review papers
describing molecular mechanisms in sperm activation and chemotaxis (Darszon
et al. 2008; Kaupp et al. 2008; Kaupp and Strunker 2017; Nishigaki et al. 2014;
Yoshida et al. 2008; Yoshida and Yoshida 2011, 2018), in this section we describe
only the essence of common mechanisms. Summary of the signaling cascades of
sperm activation in the three animal groups—clams, sea urchins, and ascidians—
was shown in Fig. 3.1.
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3.5.1 Intracellular Ca** Concentration Is the Most Important
Factor in the Sperm Activation and Chemotaxis

The most important player for regulating sperm activation and chemotaxis is Ca**.
In a spermatozoon showing chemotactic responses, requirement of extracellular
Ca’ is seen in many animals (Yoshida and Yoshida 2011), and transient Ca>*
increases have been observed in the sea urchins and the ascidian (Bohmer et al.
2005; Guerrero et al. 2010; Shiba et al. 2008; Wood et al. 2003). Thus, Ca>* medi-
ates sperm flagellar movement during chemotactic behavior. However, the precise
role of Ca** in flagellar movement during sperm chemotaxis remains poorly under-
stood. In the ascidian, Calaxin, which is a Ca**-sensor protein associating axonemal
dynein, appears to mediate Ca**-induced asymmetrical beating of the sperm flagel-
lum (Mizuno et al. 2009, 2012), and the protein may be a global player in sperma-
tozoa of other animals.

How are the Ca?* transients controlled by the sperm attractants? In mammals, it
is known that a sperm-specific Ca** channel, CatSper, plays a crucial role in regulat-
ing sperm function (Lishko and Mannowetz 2018). Sperm chemotaxis of the sea
urchin sperm also seems to be mediated by CatSper (Seifert et al. 2015). On the
other hand, some taxon in deuterostomes, including bony fishes and amphibians,
and all protostomes seems to lack CatSper (Cai and Clapham 2008). Furthermore,
in the ascidian sperm chemotaxis, the sperm attractant seems to mediate intracellu-
lar Ca?* via the Ca** pump, even though the role of CatSper in the ascidian sperm is
not elucidated (Yoshida et al. 2018). Interestingly, the Ca** transients in the sperm
are observed when the spermatozoon swims away from the egg (Bohmer et al. 2005;
Guerrero et al. 2010; Shiba et al. 2008). The model in the ascidian easily explains
the phenomena. On the other hand, in the sea urchin sperm, the Ca** transients seem
to be induced by increases in the attractant after an appropriate delay (Bohmer et al.
2005; Kashikar et al. 2012). It seems that the sensing system of the sperm attractant
may be diverse in the animals.

3.5.2 Other Factors

Changes in membrane potential and pH are also important events in signaling in
sperm activation and chemotaxis even though these are not molecules; these two
events modulate the Ca** signals.

Change of intracellular pH—in many cases alkalization was observed in sperma-
tozoa—appears to involve a sperm-specific Na*/H* exchanger (Wang et al. 2007),
and alkalization drives the CatSper channel (Kirichok et al. 2006). In contrast, mol-
ecules regulating membrane potential in spermatozoa are varied, although hyperpo-
larization of the sperm membrane is induced by an efflux of K*. In the activation of
sea urchin sperm, hyperpolarization of the sperm was induced by cyclic nucleotide-
gated K*-selective channel (Babcock et al. 1992; Galindo et al. 2000). Although
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other players mediating K* efflux have not been identified in aquatic invertebrates,
it is known in mammalian sperm that some K* channels, such as Slo3, are involved
in hyperpolarization and Ca** regulation (Chavez et al. 2014; Schreiber et al. 1998).
For details, see the reviews (Nishigaki et al. 2014; Ritagliati et al. 2018; Yoshida and
Yoshida 2018).
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Chapter 4
Fish Sperm Maturation, Capacitation,
and Motility Activation

Luz M. Pérez

Abstract Motility activation mechanism in fish sperm has been studied only in a
few species, and there are many hypotheses about the mechanism for spermatozoa
activation that need further confirmation. This review summarizes the current
knowledge on sperm acquisition of capability to move, happening in the sperm duct
(sperm capacitation), and the ionic fluxes related to motility activation, as well as
their relation with the sperm membrane potential changes.

Keywords Teleost - Ion fluxes - Membrane potential

4.1 Introduction

The word “Fish” is not a taxonomical term, as it includes very different animals like
sharks (class Chondrichthyes), lungfish (clade Sarcopterigians, subclass Dipnoi),
sturgeons (subclass Chondrostei), gars (infraclass Holostei), and the teleost fish
(infraclass Teleostei). Teleost fish, with more than 25,000 species, are the largest
and most diverse group of vertebrates, and that is reflexed in their reproductive
strategies. Although they are generally external fertilizers, some species show inter-
nal fertilization. Spawning can be a massive event or a small release of gametes; it
can happen in the water column or on different substrates. Sperm can then be
released to freshwater, to seawater, or to the female oviduct. In general, sperm is
immotile inside the testis and sperm duct and is activated by freshwater or seawater,
but in some species, like some Cottidae, sperm can be already motile inside the
sperm duct (Koya et al. 1993). Also, some species show sperm which is immotile
both inside the sperm duct and in seawater and is activated by factors released by the
eggs, like the sperm of the pacific herring Clupea pallasi (Vines et al. 2002).
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When the spermatozoa are released to the surrounding water, it experiences an
osmotic shock, which could be either hypoosmotic (in freshwater spawners) or
hyperosmotic (in seawater spawners). Internal fish body fluids have an osmolality
around 300 mOsm/kg, higher than freshwater (Allan 1995; Wetzel 2001) and lower
than seawater (around 1000 mOsm/kg).

This situation is completely different from other marine animals, like sea urchins,
ascidians, or even sharks, whose internal salinity is similar to the surrounding sea,
and is called osmoconformers (Eckert and Randall 1989). In such cases, sperm
motility is not activated by an osmotic shock experienced at spawning.

The water chemistry where the fish sperm is released can also be very different:
the major ions are Na* and CI~ in seawater, or Ca’>* and HCO®~ in most freshwater
bodies (Table 4.1).

Sperm cells could have been evolved to face all these different environments and
reproductive strategies.

Fish sperm motility can be divided into several processes:

1. Sperm maturation and capacitation.

2. Spermatozoa activation: happens in milliseconds, the sperm cells change from
immotile to motile state. The external signal is transduced through the sperm
membrane.

3. Sperm navigation: sperm cells swim towards the egg, use energy, and enter into
the micropyle.

4. Motility stop: cessation of movement.

In this review, we focus only on the first two topics.

4.2 Sperm Maturation and Capacitation

Sperm maturation has been defined as the stage in which the non-functional gam-
etes become mature spermatozoa, with the ability to move and fertilize. It includes
physiological but not morphological changes (Schulz et al. 2010) and occurs in the
sperm duct (Morisawa and Morisawa 1988; Miura et al. 1992). In this chapter, we
use the term sperm maturation for the whole process that enables spermatozoa to
move and fertilize and the term sperm capacitation for the ultimate process of matu-

Table 4.1 Major ions in Seawater | Freshwater

nwaéltlzrzi Zggtlt;rs (Allan 1995; Ca* (mg/L) 34 63-68
Mg?* (mg/L) 17.6 17-25
Na* (mg/L) 77.2 4.5-15.7
K* (mg/L) 1.6 1.9-3.4
Cl~ (mg/L) 90.2 9.9-10.1
SO, (mg/L) 9.3 10.0-16.6
HCO;™ (mg/L) | 0.4 73.9-85.4
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ration, mediated by ionic changes in the sperm duct, which allows the sperm to be
motile in the presence of appropriate stimulus.

4.2.1 Hormonal Regulation of Sperm Maturation

It is known that fish sperm maturation and spermiation are regulated by progestins,
which could be DHP (17a,208-dihydroxy-4-pregnen-3-one), 20BS (17,208,21-
trihydroxy-4-pregnen-3-one), or both, depending on the fish species (reviewed by
Scott et al. 2010). In Japanese eel (Anguilla japonica), it has been reported that DHP
regulates sperm maturation through an increase in seminal plasma pH, which in turn
increases the sperm content in cAMP, which allows it to acquire motility (Miura
et al. 1991, 1992, 1995). DHP also increases seminal plasma pH in masu salmon
(Oncorhynchus masou; Miura et al. 1992) and rabbitfish (Siganus argenteus,
Rahman et al. 2003), with an increase in sperm motility. In contrast, rainbow trout
(Oncorhynchus mykiss) treated with DHP implants did not show altered sperm pH,
sperm motility, or altered concentrations of Na* or K* in semen (Milla et al. 2008).
The mechanism involved in the increase of the seminal plasma pH by DHP in eel is
still unclear, although the presence of carbonic anhydrases (eSRS22/CA) in the
spermatids and spermatozoa suggest its involvement in such function (Miura and
Miura 2003, 2011).

As commented, other progestin, 20pS, is involved in the sperm maturation in
other fish species: three Scienidae (Atlantic croacker, Micropogonias undulatus; red
drum, Sciaenops ocellatus; and spotted seatrout Cynoscion nebulosus) and a flatfish
species (southern flounder, Paralichthys lethostigma), where it also increases sperm
motility or hypermotility (Thomas et al. 2009). It was proposed that 208S acts on
the sperm membrane through the membrane progestin receptor alpha (mPRa). Its
action was associated with a rapid increase in the sperm intracellular Ca** (Thomas
2003) and with a transient increase in cAMP levels in the sperm cells (Thomas et al.
2004). In flounder sperm, it was suggested that progestins stimulate sperm motility
by activating an mPRo/stimulatory G protein/membrane adenylyl cyclase pathway
(Tan et al. 2014).

Different from DHP, a relation between 208S and seminal plasma pH has not
been reported as far as we now.

Progestins mediate the sperm maturation inside the seminal plasma fluid.
Seminal plasma is a heterogeneous and complex protein-rich fluid in which the
sperm cells are diluted. It is principally comprised by mineral compounds (Na*, K*,
Mg?*, and Ca**) and characterized by low concentrations of proteins as well as other
organic substances, such as hormones and pheromones, cholesterol, glycerol, vita-
mins, free amino acids, sugars, citric acid, and lipids (Ciereszko et al. 2000; Cosson
2004). The composition of seminal plasma in freshwater fish species was exten-
sively reviewed by Alavi and Cosson (2006) and Ciereszko (2008).

Some relations between DHP and the ionic composition of seminal plasma, apart
from pH, have been reported in several fish species. In rainbow trout DHP injections
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in spermiating males significantly raised the K*/Na* ratio of the seminal plasma
(Scott and Baynes 1982). When OHP (17a-hydroxyprogesterone), a DHP-related
compound, was injected to Japanese eel, seminal plasma K* decreased concomi-
tantly with a decrease in sperm motility (Miura et al. 2013). In brook trout (Salmo
fontinalis), it was observed that sperm duct absorbed Na* and secreted K* (Marshall
et al. 1989a, b), creating a seminal plasma with high ratio K*/Na*, but in this work
DHP did not affect the ion levels.

Summarizing, fish sperm maturation is mediated by changes in the sperm
duct pH, K*, and Na* in some species, which can be related with the steroid
hormone DHP. In contrast, the progestin 20fS mediates sperm maturation in
other fish species by modulating the intracellular Ca** and cAMP levels in the
sperm cells.

4.2.2 Sperm Capacitation

Fish sperm capacitation, the ultimate step of sperm maturation for acquiring motil-
ity, is mediated by changes in seminal plasma pH, HCO;~, and K*, and in some
species through changes in seminal plasma Na* or Ca’*.

Testicular sperm, which is sperm that has not yet passed by the sperm duct, is
unable to be activated by freshwater or seawater at least in rainbow trout and
Japanese eel (Morisawa and Morisawa 1986; Miura et al. 1995; Ohta et al. 1997).

In rainbow trout, it was demonstrated that the spermatozoa collected from the
testis (not from the sperm duct or ejaculated) were immotile, whereas they gradu-
ally became able to be activated (they capacitate) when they were diluted in artifi-
cial seminal plasma (Morisawa and Morisawa 1986). Then, rainbow trout sperm
capacitation (or potential to move) was acquired during incubation of intratesticular
spermatozoa in an artificial medium, mimicking the seminal plasma and containing,
besides other ionic components, 40 mM K* (which also maintained the spermatozoa
immotile) and 20 mM HCO;™ at pH 8.2 (Morisawa and Morisawa 1988). According
to these authors, HCO;™ and pH were the most important factors promoting the trout
sperm capacitation.

In eel species sperm capacitation depends on seminal plasma K*, pH, HCO;™,
and Na*. Like in rainbow trout, in Japanese eel, sperm extracted from the testis
without passing by the sperm duct is not able to acquire motility (is not capaci-
tated), unless it is incubated in solutions containing HCO;~ and/or high pH (Miura
et al. 1995; Ohta et al. 1997).

In natural conditions, Japanese eel testicular sperm is surrounded by a low pH
(pH 7.5) and high K* in the seminal plasma, but when it moves to the sperm duct, it
experiences a pH increase (up to 8.0), as well as a decrease in seminal plasma K*
concentration (Ohta et al. 1997). When Japanese eel sperm was incubated in artifi-
cial seminal plasma (ASP) containing HCO;~, sperm motility increased proportion-
ally to the HCO;™ concentration (up to 30 mM HCO;™; Ohta et al. 1997).
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Seminal plasma pH was also important for Japanese eel sperm capacitation, as
intratesticular sperm incubated in HCO;™-free ASP (incapacitating condition) was
capacitated when pH levels were increased up to 8.4-8.7, higher than seminal
plasma physiological pH levels (pH 8.1). The incapacitating effect of HCO; -free
ASP was also observed in ejaculated eel sperm, and it could be induced and reversed
several times (Ohta et al. 2001). This indicates that in Japanese eel both HCO;™ and
extracellular or intracellular pH (pH. or pH;) are involved in eel sperm capacitation.

Sperm intracellular pH in a related species, the European eel (Anguilla anguilla),
is 7.2 in immotile stage (Vilchez et al. 2017) while seminal plasma pH in this spe-
cies is 8.5 (Asturiano et al. 2004). This reveals an important pH gradient in European
eel sperm cells in quiescent stage. In this species, the acidification of the pH; (by
sodium acetate) did not affect further sperm motility, whereas alkalinization of the
pH; by NH,ClI inhibited further motility (Vilchez et al. 2017). Then, European eel
sperm capacitation was possible at low but not at high pH;.

In both Japanese and European eels, it was observed that the K* removal from the
artificial seminal plasma (ASP) induced a rapid decrease in motility, which was
reversible (Ohta et al. 2001; Vilchez et al. 2017). Therefore, K* ions in seminal
plasma are also involved in sperm capacitation in eel species.

Seminal plasma sodium is also important for European eel sperm capacitation
(Vilchez et al. 2016). In the sperm from this species, in quiescent stage, there is an
Na* equilibrium outside/inside the spermatozoa (97 vs 109 mM Na*; Vilchez et al.
2016; Asturiano et al. 2004). When Na* was removed from seminal plasma, eel
sperm motility (after seawater activation) was suppressed (Vilchez et al. 2016).

As far as we know, there are no studies in other fish species regarding the role of
pH or other ions in sperm capacitation. Despite this, variations in sperm motility
related to the ionic composition of seminal plasma have been reported in other fish
species.

In common bleak (Alburnus alburnus), sperm motility was positively correlated
with seminal fluid pH, K*, and Na* (Lahnsteiner et al. 1996).

Seasonal variations in the ionic composition related to sperm capacitation have
been observed in several species.

Variations in Na* and specially Mg** were observed in ocean pout (Macrozoarces
americanus) seminal plasma during reproductive season (Wang and Crim 1997). In
that study, higher Mg?* and lower Na* levels were found in mid-spermiating season,
when sperm showed the highest motility, in comparison with early season.

In European eel, low Ca* and Mg?* concentrations were observed in seminal
plasma of high motility samples, while K* levels increased with sperm motility
(Asturiano et al. 2004). Despite this, capacitation of Japanese eel sperm was not
affected by Ca* or Mg?* (Ohta et al. 1997).

In summary, fish sperm capacitation depends on the ionic composition of semi-
nal plasma. The variations in the ionic composition in seminal plasma observed in
different species probably reflects changes in the resting membrane potential of the
sperm cells; this topic is discussed in the next section.
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4.2.3 Resting Membrane Potential in Fish Sperm Cells

The membrane potential (V,,) is the relative difference of ionic (electric) charges
across a membrane. It is created by differential ion concentrations and maintained
by ion channels and ion transporters. In many cells, K*, Na*, and Cl~ are the main
contributors to the membrane potential (www.physiologyweb.com). The numerical
value of the membrane potential is generally negative, meaning that the inside of the
cell is negative with respect to the outside solution, which is taken as the reference
or zero value.

In mammalian sperm, V,, depends on ions K*, Na*, and CI-, but also from intra-
cellular pH; (or H*) (Navarro et al. 2007); and intracellular alkalinization induced a
rapid sperm membrane hyperpolarization, mediated by a pH-sensitive K* current
originated from the sperm flagellum.

Resting membrane potential (V,,) should then be essential for further excitation,
and it depends of the difference of ions (inorganic and organic) between the sperm
cell and the seminal plasma.

Resting V,, (that is, V,, in quiescent, immotile sperm) has been measured only in
the sperm from a few fish species. Krasznai et al. (2003a) showed that carp sperm
cells were depolarized in the seminal plasma (V,, = —2.6 mV), and they hyperpolar-
ize upon hypoosmosis-induced activation of motility to V,, = =29 mV.

In salmonids species, the absolute V,, has not been quantified, but it has been
observed, like in carp, that sperm is more depolarized in quiescent stage than in
activated stage, and it hyperpolarizes at activation (Boitano and Omoto 1991; Kho
et al. 2001). In trout sperm, the relation between seminal plasma K* and V,, was
demonstrated by Gatti et al. (1990) and Boitano and Omoto (1991). Resting V,, was
shown to be dependent from seminal plasma K*, H*, and Na* (the higher concentra-
tions inducing a more depolarized state).

Summarizing, fish sperm resting membrane potential depends on seminal plasma
ions; at least K*, pH, and Na* are involved in V,, in several fish species. Then, it is
possible to think that sperm capacitation depends on the resting membrane potential.

4.3 Sperm Activation

It is considered that “normal” fish sperm activation in the external environment can
occur in two different ways: activation by external ions, called ionic mode of activa-
tion, or activation by osmotic shock, or osmotic mode of activation (Bondarenko
et al. 2013).

lonic mode is present in salmonids and sturgeons; sperm is activated by the efflux
of intracellular K* when it is released to freshwater, due to the reduced amount of
K* in freshwater. Osmotic mode is present in other freshwater species and in marine
fish, in which sperm activation is due to hypo- or hyperosmotic shock experienced
by the sperm when released to freshwater or seawater.


http://www.physiologyweb.com

4 Fish Sperm Maturation, Capacitation, and Motility Activation

It is clear that the osmotic change is responsible for the osmotic mode of activa-
tion, as even nonionic solutions with appropriate osmotic level can activate the
sperm motility in a large number of species (Morisawa 2008; Alavi and Cosson
2006). In this sense, hypotonic non-electrolite solutions (as sucrose, mannitol, etc.)
can activate the sperm motility of many fish species from cyprinids to Tetraodontidae

(Table 4.2).

The optimal osmolality for marine sperm motility activation can vary between
480 and 1100 mOsm/kg, except for turbot, which sperm can be activated between
300 and 1100 mOsm/kg (reviewed by Alavi and Cosson 2006). According to this
review, the optimal osmolality for sperm motility in freshwater fishis 150-200 mOsm/

Table 4.2 Fish species with sperm able to be activated in nonionic solutions

Common name ‘ Scientific name ‘ Family ‘ Authors

Freshwater fish

Rainbow trout Onchorhynchus mykiss | Salmonidae Morisawa et al. (1983a)

Masu salmon Onchorhynchus masou | Salmonidae Morisawa et al. (1983a)

Goldfish Carassius auratus Cyprinidae Morisawa et al. (1983b)

Carp Cyprinus carpio Cyprinidae Morisawa et al. (1983b)

Crucian carp Carassius carassius Cyprinidae Morisawa et al. (1983b)

Dace Tribolodon spp. Cyprinidae Morisawa et al. (1983b)

Vimba Vimba vimba Cyprinidae Alavi et al. (2010)

Zebrafish Danio rerio Cyprinidae Wilson-Leedy et al. (2009)

Streaked Prochilodus lineatus Prochilodontidae | Gongalves et al. (2013)

prochilod

Pirapitinga Brycon orbingyanus Characidae Gongalves et al. (2013)

Northern pike Esox lucius Esocidae Alavi et al. (2009)

Ayu Plecoglossus altivelis Plecoglossidae | Morisawa et al. (1983a)

Marine fish

Bogue Boops boops Sparidae Lahnsteiner and Patzner
(1998)

White seabream | Diplodus sargus Sparidae Lahnsteiner and Patzner
(1998)

Gilthead Sparus aurata Sparidae Zilli et al. (2008)

seabream

Stripped seabream | Lithognatus mormyrus Sparidae Zilli et al. (2008)

Red mullet Mullus barbatus Mullidae Lahnsteiner and Patzner
(1998)

Horse mackerel Trachurus mediterraneus | Carangidae Lahnsteiner and Patzner
(1998)

European seabass | Dicentrarchus labrax Dicentrarchidae | Dreanno et al. (1999)

Halibut

Hippoglossus
hipoglossus

Pleuronectidae

Billard et al. (1993)

Senegalese sole

Solea senegalensis

Pleuronectidae

Flathead mullet

Mugil cephalus

Mugilidae

Lee et al. (1992)

Pufferfish

Takifugu niphobles

Tetraodontidae

European eel

Anguilla anguilla

Anguillidae

Martinez-Pastor et al. (2008)

Morisawa and Suzuki (1980)
Pérez et al. pers. observation
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kg (carp), up to 300 mOsm/kg (salmonidae), but is lower for sturgeons and paddle-
fish sperm, between 0 and 120 mOsm/kg, which also showed a low osmolality in
their seminal plasma. In the euryhaline freshwater acclimated tilapia (Sarotherodon
melanotheron), the optimal osmolality varies between 150 and 300 mOsm/kg, but it
varies from 300 to 800 when fish were acclimated to seawater (Legendre et al. 2016).

As nonionic hyperosmotic solutions can activate marine sperm motility
(Table 4.2), it can be deduced that the influx of ions from the external media should
not be very important for sperm motility activation, nor the ionic composition of the
external media. That hypothesis was checked in European eel sperm, as sperm acti-
vation in Ca-free, Na-free, or K-free media was similar to activation in seawater
(Pérez et al. 2016; Vilchez et al. 2016, 2017), although in some species, like puffer-
fish, some parameters can be reduced in non-ionic solutions, like sperm velocities
in pufferfish sperm activated in sucrose (Gallego et al. 2013).

Thus, if any ion exchange is involved in marine sperm activation, an ion efflux,
but not an ion influx, could be related to sperm activation. Ion fluxes during sperm
activation are reviewed in the next section.

4.3.1 Changes in Sperm Membrane Potential and Potassium
Efflux at Activation

Early studies by Morisawa’s and Tanaka’s research groups already suggested that a
sperm membrane hyperpolarization, caused by a K* efflux from the sperm cell,
induced the sperm motility activation in salmonids. Tanimoto and Morisawa (1988)
showed that K* channel blockers inhibited trout sperm motility when sperm was
activated in a K-free activation solution, and inferred that trout sperm activation was
dependent from a K* efflux, which in turn, would change the sperm membrane
potential (V,,). Tanimoto et al. (1994) demonstrated the K* efflux from the sperm
from rainbow trout and masu salmon, by measuring the K* concentrations in the
seminal plasma before and after sperm activation. Their results confirmed that a K*
efflux occurred when sperm motility was initiated by a decrease in external K*.

Inhibitors of K* channel blockers have shown to inhibit sperm motility in several
fish species. The voltage-gated K* channel inhibitor 4-AP inhibited sperm motility
in both Japanese and European eels (Tanaka et al. 2004; Vilchez et al. 2017), Atlantic
croaker (Micropogonias undulatus; Detweiler and Thomas 1998), and common
carp (Krasznai et al. 1995). Barium and TEA (tetra-ethyl ammonium), two non-
specific K* channel inhibitors, inhibited 50% sperm motility in rainbow trout
(Tanimoto and Morisawa 1988), and 25% in the European eel sperm (Vilchez et al.
2017), but did not inhibited gilthead seabream motility (Sparus aurata; Zilli et al.
2008). TEA also inhibited 50% of motility in rainbow trout sperm, but in contrast,
it did not affect European eel sperm motility (Vilchez et al. 2017).
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The first direct measurement of fish spermatozoa membrane potential (V,,) was
done by Gatti et al. (1990) in rainbow trout sperm. Sperm V,, depended on the con-
centration of K, H*, and Na* in the seminal plasma.

Boitano and Omoto (1991) also measured directly the spermatozoa membrane
potential in rainbow trout and demonstrated that K* contributed to rapid changes in
the Vm. The dependence of rainbow trout spermatozoa V,, on K* ions was also con-
firmed by Kho et al. (2001, 2003), which demonstrated a gradual decrease in sperm
V.. (a hyperpolarization) concomitantly with a gradual decrease in K* concentration
in the activation solution. Thus, at spawning in freshwater, a decrease in environ-
mental K* may cause a spontaneous efflux of K* through a K* channel, thereby
leading to membrane hyperpolarization.

The first quantitative study of fish sperm V,, was performed by Krasznai et al.
(2003a). They showed that carp sperm cells were in a depolarized state in the semi-
nal plasma (V,, = —2.6 mV), and they hyperpolarize upon hypoosmosis-induced
activation of motility (V,, = —29 mV). Same authors demonstrated that a voltage-
gated potassium channel blocker (4-aminopyridine, 4-AP) eliminated the hyperpo-
larization of the sperm cells after hypoosmotic shock, and inhibited sperm motility.
This finding suggested that an increase in potassium permeability (and an efflux of
K*) was responsible for the hyperpolarization observed in carp spermatozoa at
sperm activation.

In recent years, potassium flux has been measured in the spermatozoa from other
cyprinid species such as in zebrafish (Danio rerio). Fechner et al. (2015) character-
ized the potassium selective DrCNGK channel as responsible for K* fluxes in
zebrafish sperm. This potassium channel was modulated (gated) by the intracellular
pH, which is consistent with previous findings from Gatti et al. (1990). The authors
observed that zebrafish sperm intracellular alkalinization (which happens at sperm
activation) strongly activated the CNGK channel. The K* current was blocked by
external TEA. The presence of genes codifying CNGK channels was explored in
several fish genomes. Apart from zebrafish, the CNGK gene was also present in
rainbow trout, spotted gar, and coelacanth genomes (Fechner et al. 2015).

Regarding marine fish, the changes in the spermatozoa membrane potential at
activation have been studied in only one marine fish species, the pacific herring
(Vines et al. 2002). At activation by the egg SMIF (sperm motility initiation factor),
sperm showed depolarization, contrary to that observed in trout and carp sperm at
activation. Besides depolarization, activation also involved an elevation in intracel-
lular pH and [Ca?]; and a decrease in [Na*];. The sperm membrane depolarization (a)
was induced by the Na*/Ca’* exchanger localized in the plasma membrane (Vines
et al. 2002) or (b) was due to a K* influx into the sperm cell, through a hypothetical
K channel or K*/H* exchanger (Yanagimachi et al. 2017).

Vines et al. (2002) also demonstrated that herring spermatozoa depolarization
activated voltage-sensitive Ca** channels and that extracellular Ca** was also
required for sperm activation, which is different from the sperm from other marine
fish species. When the egg activator SMIF was not present, herring sperm could be
fully activated in diluted seawater without sodium but not in seawater containing
Na*. Then, the authors stated that sperm depolarization, sodium efflux, and calcium
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influx were unequivocally related to motility initiation in herring sperm (Vines
et al. 2002).

Apart from the CNKG potassium channel described for zebrafish, other K* chan-
nels could potentially be involved in fish sperm motility. The presence of Ksper/
Slo3, a sperm-specific K* channel essential for male fertility in mammals (Santi
et al. 2010; Zeng et al. 2011), has been demonstrated in fish genomes by Vicens
et al. (2017). Ksper/Slo3 gene was present in spotted gar (Lepisosteus oculatus),
herring (Clupea harengus), and Atlantic salmon (Salmo salar) genomes. However,
it was absent in coelacanth, zebrafish, and Tetraodon species.

Apart from Pacific herring, the membrane potential has not been measured in the
spermatozoa of any other marine fish species. It is not known if the depolarization
observed in the herring sperm at activation is a common fact for marine fish sperm,
or if the hyperpolarization observed in salmonid and cyprinid species also happens
in the sperm cells from other freshwater fish families. Then, measurements on sper-
matozoa membrane potential in quiescent and activated stage are needed for other
representative species from seawater and freshwater environments.

4.3.2 Cell Volume Changes, Water Flow, Stretch-Activated
Channels

When sperm cells are released in media with a low osmolality, they swell due to
water influx, and when they are released in seawater, they shrink due to hyperos-
motic shock and water efflux. This osmotic behavior has been observed in carp
spermatozoa (Krasznai et al. 2003a) and other fish species and is common to most
cell types. This change in cell volume is supposedly due to the influx or efflux of
water, mediated through transmembrane proteins called aquaporins. These water
pores facilitate the transepithelial flow of water through cellular membranes. For
example, they are also present in gills, intestine, or kidney. The role of aquaporins
in fish sperm activation has been recently reviewed by Cerda et al. (2017) and is not
studied in this review.

It has been proposed that the osmotic signal in fish sperm is transduced in the
sperm membrane through stretch-activated channels (SACs) (Krasznai et al. 2003b).
Synonyms for SACs are mechanosensitive channels, mechanosensitive ion chan-
nels, or stretch-gated ion channels, that is, mechanosensitive channels present in the
spermatozoa membrane. They will be activated when the sperm cell membrane
swells or shrinks in response of hypo- or hyperosmotic shock (Krasznai et al. 2003b).

The presence of this type of channels in fish sperm cells has been proved by
using a previously considered specific SAC inhibitor, the gadolinium ion (Gd**). In
carp and pufferfish, gadolinium decreases sperm motility in a dose-dependent man-
ner (Krasznai et al. 2003b), but not in human or Ciona (invertebrate) sperm, thus
indicating a role for SACs on sperm activation in carp and pufferfish.
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However, using gadolinium to identify the presence of SACs has been ques-
tioned by Caldwell et al. (1998) and others, as Gd** can also block several types of
CI" channels, it can bind to other anions present in physiological salt solutions, and
it is known that certain SACs are insensitive to Gd** (reviewed by Caldwell
et al. 1998).

Also, mechanosensitivity is considered as a phenotypic character of ion chan-
nels, and many different ion channels can be sensitive to mechanical stimulus
(reviewed by Sachs 2010). Channels previously labeled as ‘“voltage-gated” or
“ligand gated” are also mechanically sensitive (Sachs 2010). The only requirement
for mechanical sensitivity is that the channels change its shape between closed and
open states and that the membrane stress can reach the channels. There are two
basic types of mechanosensitive channels (MSCs or SACs): those gated by stress
and those gated by tension in the lipid bilayer (Sachs 2015).

The presence of this SAC or MSC channel in fish sperm deserves further
confirmation.

4.3.2.1 Cell Volume Changes at Sperm Activation

It has been observed that sperm cells from many freshwater fish increase their vol-
ume (became swollen) at activation by hypoosmotic media (carp; Krasznai et al.
2003a; Bondarenko et al. 2013), and sperm cells from marine fish reduced its vol-
ume by activation in hyperosmotic seawater (Cosson et al. 2008b). Until recently,
this reduction in size has not been measured in a marine species, the European eel
(Vilchez et al. 2016, 2017). In this species, changes in cell volume (sperm head
area) were also observed in quiescent stage when sperm was diluted in Na-free or in
K-free media; in those conditions, further motility in seawater was inhibited (Vilchez
et al. 2016, 2017). Thus, seminal plasma Na* and K* are both preserving sperm cell
size and motility in quiescent sperm from European eel.

Sperm volume changes in relation to the osmotic environment have been studied
in sperm from a few fish species. Hypoosmotic shock induced sperm head swelling
in common carp or rainbow trout (Perchec et al. 1996; Takei et al. 2015; Bondarenko
et al. 2013); however, sterlet (Acipenser ruthenus) and brook trout (Salvelinus fon-
tinalis) sperm did not changed their cell volume in response to hypoosmotic motil-
ity activation (Bondarenko et al. 2013). In European seabass, a marine fish, sperm
head became swollen after hyperosmotic activation (Dreanno et al. 1999).

Thus, sperm volume changes as a response to environmental osmolality seem to
be species-specific and need further research.

4.3.2.2 Transient Receptor Potential Channels

Some of the SACs hypothetically present in fish sperm cells could be part of the
transient receptor potential (TRP) channels. TRP channels are involved in different
responses to the external environment, including mechanosensation, temperature,
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and pressure, among others, and appear in sensory neurons and many other cell
types (reviewed by Plant 2014).

One of the four ion channels already characterized in human spermatozoa is a
TRP, specifically TRPV4 (Mundt et al. 2018). This channel is involved in the initial
step of the sperm hyperactivation. The other three ion channels in human sperm are
(1) CatSper, the specific Ca®* channel; (2) Ksper, spermatozoa specific K* cannel
controlling membrane potential; and (3) the proton channel H, 1, mediating intracel-
lular pH alkalinization (reviewed by Mundt et al. 2018).

Some TRP channels have been found in fish sperm or in fish genomes. Majhi
et al. (2013) demonstrated the presence of transient receptor potential Vanilloid
family member subtype 1 (TRPV1) in the sperm cells from freshwater teleost fish,
Labeo rohita. Activation of this channel increased the quality and duration of fish
sperm movement. TRPV1 gene was conserved in various fish lineages, but they
showed different number of copies of the gene (Majhi et al. 2013). Functional stud-
ies on this channel in fish sperm would clarify if it has a role on sperm motility, like
TRPV4 in mammals.

4.3.3 Calcium Sperm Channels and Calcium Fluxes

A Ca*-specific channel of sperm, CatSper, is essential for the initiation of the
hyperactive motility of mammalian spermatozoa prior to fertilization (Kirichok
et al. 2006; Darszon et al. 2004), mediating Ca?*; influx and then motility hyperac-
tivation. While the gene codifying Catsper is absent in teleost fish (Cai and Clapham
2008), the presence of a CatSper-like protein (44 kD) was detected by Yanagimachi
et al. (2017) in the mid piece of the spermatozoa of flounders, medaka, herring and
trout. However, spermatozoa from loach, zebrafish, and goldfish did not react to the
antibody (Yanagimachi et al. 2017).

Some fish sperm need extracellular calcium to activate sperm motility. That has
been observed in herring, tilapia, and some salmonid species (Yanagimachi 1957a,
b; Yanagimachi and Kanoh 1953; Baynes et al. 1981; Cosson et al. 1989, Legendre
et al. 2016).

Euryhaline fish, like tilapia species, are a special case regarding Ca**, and they
can reproduce in both freshwater and marine water. Tilapia sperm behavior regard-
ing Ca*" is different in freshwater-acclimated fish than in seawater-acclimated fish.
In the first ones, sperm (activated in hypoosmotic water) does not need external Ca*
for activation (Linhart et al. 1999; Morita et al. 2003; Legendre et al. 2016), but in
seawater-acclimated tilapias sperm activation in hyperosmotic media needs extra-
cellular Ca?*.

In several fish species, high concentration of external Ca?* in the activation media
inhibits sperm motility. This has been observed in striped bass (Morone saxatilis;
He et al. 2004), Java carp (Puntius javanicus; Morita et al. 2006), and muskellunge
Esox masquinongy (Lin et al. 1996), but this effect was not observed in other species
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like catfish (Clarias batrachus) or goby (Oxyeleotris marmorata) (Morita
et al. 2006).

4.3.3.1 Role of Intracellular Calcium

Studies about fish sperm motility including measurements of intracellular Ca** lev-
els in spermatozoa have been performed only in a few fish species: rainbow trout
(Cosson et al. 1989; Boitano and Omoto 1991; Tanimoto et al. 1994; Takei et al.
2012), carp (Krasznai et al. 2000; Krasznai et al. 2003a), tilapia (Oreochromis mos-
sambicus, Morita et al. 2003, 2004), redtail splitfin (Xenotoca eiseni; Liu et al.
2018), and some marine fish species: pufferfish (7. niphobles; Oda and Morisawa
1993; Gallego et al. 2013), Pacific herring (Cherr et al. 2008), and European eel
(Gallego et al. 2013; Pérez et al. 2016). In general, in such studies, it was observed
that there was an increase in sperm intracellular Ca®* at activation, but in some
cases, it was found that in Ca-free activation media the sperm was activated but
intracellular calcium did not increase, as in pufferfish (Gallego et al. 2013) and
European eel (Pérez et al. 2016). Also, some authors found a decrease of [Ca']; at
activation in some specific conditions in trout sperm (pretreated with glycerol, Takei
et al. 2012).

In pufferfish (Oda and Morisawa 1993), it was observed that [Ca*']; increased at
the osmolality-dependent initiation of sperm motility; such increase happened even
in Ca**-free conditions. Sperm motility was activated even in isosmotic conditions
when a Ca®* was introduced in the sperm cells by a Ca”* ionophore. Gallego et al.
(2013) in the same species, and the same laboratory, also found that [Ca**]; increased
when sperm was activated in hyperosmotic media, but when sperm was activated in
Ca-free media, [Ca*]; did not increase, but motility was activated. Gallego et al.
(2013) pointed that Oda and Morisawa (1993) did not use a Ca*" chelator in the
activation media, thus trace amounts of this ion could be masking their results.

Like pufferfish, European eel sperm experienced an increase in [Ca**]; during the
normal sperm activation in seawater (Gallego et al. 2014). However, if seminal
plasma was depleted of Ca** and sperm is activated without Ca®*, the increase in
[Ca?*]; was not produced, but the sperm motility was fully activated (Pérez et al.
2016). For that reason, it is considered that an increase in [Ca*]; is not necessary for
the sperm activation in the European eel.

An indirect evidence of the importance of Ca®* fluxes on fish sperm motility
comes from studies with calcium channel inhibitors. In marine species, inhibitors of
voltage-gated calcium channels reduced suppressed sperm motility; this was
observed in Atlantic croaker (Detweiler and Thomas 1998) and Pacific herring
(Vines et al. 2002). Also, inhibitors of voltage-gated calcium channels inhibited
sperm motility in different freshwater species, as the bluegill (Lepomis macrochi-
rus, Zuccarelli and Ingermann 2007) and sterlet (Acipenser ruthenus; Alavi
et al. 2011).

In Pacific herring with sperm activated by the egg molecule SMIF, the [Ca?'];
increase at sperm motility activation is due to two mechanisms: (1) reverse Na*/Ca**
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exchange (Ca?* influx, Na* efflux) and (2) activation of voltage-gated calcium chan-
nels by the depolarization of sperm membrane induced by Na*/Ca’* exchanger
(Vines et al. 2002).

Apart from promoting or inducing sperm motility, Ca’* can inhibit sperm motil-
ity in some conditions. When trout sperm (which usually needs extracellular Ca?*)
was demembranated, relatively low concentrations of Ca?* inhibited sperm motility
(Okuno and Morisawa 1989). To explain this apparent paradox, authors hypothe-
sized that the influx of Ca®* could happen transiently, to synthesize cAMP for the
flagellar motility. While trout spermatozoa was demembranated, in the intact sper-
matozoa from another freshwater fish species, bluegill, elevated Ca** levels inhibit
sperm motility but low levels permit or promote sperm motility (Zuccarelli and
Ingermann 2007).

The increase in [Ca*']; post-activation has been attributed to an influx from the
extracellular media or to the release from internal stores. In rainbow trout and carp
sperm (Cosson et al. 1989; Krasznai et al. 2000), the increase in [Ca?*]; required an
influx from the external medium, as sperm cells were immotile in Ca-free activator.
In other studies, the increase in [Ca®"]; post-activation was observed even in the
absence of external Ca®*, indicating that the increase in [Ca®*]; is due to the release
from intracellular stores (rainbow trout, Boitano and Omoto 1991; pufferfish, Oda
and Morisawa 1993; tilapia, Morita et al. 2003).

Besides the results in pufferfish and European eel (Gallego et al. 2013; Pérez
et al. 2016), Ca** is considered an important second messenger for fish sperm acti-
vation. Zilli et al. (2012) summarized the mechanisms proposed for physiological
roles of Ca’* as second messenger in fish sperm motility initiation:

(a) Ca* acts directly on the axonemal structures (European sea bass and tuna,
Cosson et al. 2008a, b).

(b) Ca* regulates Ca?*/calmodulin-dependent protein phosphorylation which in
turn activates the axoneme (pufferfish or seawater-acclimated euryhaline tila-
pia; Krasznai et al. 2003a; Morita et al. 2004).

(c) Ca* leads to a cAMP-dependent protein phosphorylation that activates axo-
neme in gilthead sea bream and stripped sea bream (Zilli et al. 2008).

Two signal transduction pathways are now hypothesized to be involved in sperm
motility initiation in fish: cAMP/PKA and Ca*/CaM/CaMK (reviewed by Zilli
et al. 2017).

4.3.4 Motility in Seminal Plasma

Three Cottidae species (Alcichthys alcicornis, Blepsias cirrhosus, Hexagrammos
octogrammos) have internal gametical association, where spermatozoa arriving at
ovarian cavity could enter into the micropyle of ovulated eggs, but not into the egg
cytoplasm for subsequent fertilization until the eggs are released to seawater
(Munehara et al. 1989).
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In those species, sperm is already motile when it is taken from the sperm duct
(Koya et al. 1993). In those species, motility in seminal plasma was not inhibited
nor by K* (seminal plasma 16-20 mM K*) or osmolality (values 290-330 mOsm/
kg). Thus, quiescence was not observed in seminal plasma. However, sperm motil-
ity depended on ions; when diluted in mannitol instead of ionic media, sperm was
immotile. When diluted in hyperosmotic seawater (1000 mOsm/kg), sperm from
B. cirrhosus and H. octogrammus was immotile, while in A. alcycornis motility was
observed.

Motility in seminal plasma was also observed in Cottus hangionensis (Ohta and
Shinriki 1998, cited in Koya et al. 2002), and in Aptocylus ventricosus. All of them
are Scorpaeniformes. In those species, ion Na™ was important for isosmotic sperm
activation, but pH had little effect, with a motility decrease only at pH < 6.0 (Koya
et al. 1993).

More studies on those species are needed to understand the whole activation
process in fish sperm.
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Chapter 5
Sperm Guidance into Teleost Fish Egg

Ryuzo Yanagimachi

Abstract Micropyle is a thin canal in the envelope (chorion) of teleost egg. This is
the only place in the chorion that permits sperm entry. Spermatozoa swimming
freely in water have one- or three-dimensional trajectory. Once in contact with egg’s
chorion, spermatozoa initiate thigmotactic (sliding) motion along the chorion sur-
face. Although this “two-dimensional” sperm movement facilitates sperm’s search
for the micropyle, there is a specific glycoprotein around the outer opening of the
micropyle which directs spermatozoa into the canal. It is called the “micropylar
sperm attractant” or MISA. In herring, there is another known factor called the
sperm “motility-initiation factor” or SMIF which renders intrinsically motionless
spermatozoa motile. For herring, both SMIF and MISA are necessary for sperm
entry into the micropyle. The herring micropyle is a thin, manhole-like canal with a
slight depression of chorion around the micropyle. This is called Type I micropyle.
Other fish with Type I micropyle, with or without a chorionic depression around the
micropyle, include flounder, pollack, and munmichog. Some other fish (e.g., salmon,
cod, and pufferfish) have a funnel-like micropyle with a wide, conical mouth (Type
II). In fish with Type I and II micropyles, except for herring, sperm entry into the
micropyle is possible without MISA; however, entry becomes inefficient as most
spermatozoa swim over the micropyle. In another group of fish (e.g., goldfish,
loach, and zebrafish), the chorion around the micropyle is deeply indented like a
large sinkhole or has radially or spirally arranged grooves (Type III micropyle).
MISA is absent from the chorion of Type III fish eggs. For fish with Types I and II
micropyles, chemical interactions between spermatozoa and chorion around the
micropyle assist sperm entry into the micropyle, whereas in those with Type III
micropyles, sperm entry is purely physical. In this case, physical configurations of
the chorion around the micropyle “directs” spermatozoa toward the micropyle.
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5.1 Introduction

Fertilization is the union of male and female gametes. Since it is a critical moment
of the life cycle of animal, Mother Nature provides all means of warranting its suc-
cess. In some fish, fertilization occurs outside of female’s body, while in others it
takes place inside of the body (oviparity vs viviparity). The mechanism by which
the sperm—egg union is warranted may be different in these two groups, but there
must be something in common to all species of fish. Fish is unique in that the fertil-
izing spermatozoon can enter the egg only through the micropyle, which is a thin
canal in the chorion. How do fish spermatozoa “find” such a tiny micropyle? This is
the subject of this review.

5.2 Sperm Guidance into Egg Through the Micropyle

5.2.1 Does Ovarian Fluid Guide Spermatozoa to the Egg?

In both oviparous and viviparous fish, fully mature eggs that are ready to be spawned
are in the ovarian (or coelomic) cavity filled with a viscous fluid. This fluid, com-
monly called the ovarian fluid (OVF), contains a protease inhibitor which prevents
eggs from spontaneous (auto-) activation (Minin and Ozerova 2008). During spawn-
ing of oviparous fish, OVF is released into water along with the eggs. While OVF
can enhance sperm motility (e.g., Butts et al. 2012; Lehnert et al. 2017; Devigili
et al. 2017) and/or extends sperm’s motile life (e.g., Yeates et al. 2013; Makiguchi
et al. 2016), it is unlikely that OVF, which is rapidly dispersing into water, “guides”
spermatozoa to the egg’s micropyle. It seems that the prime function of OVF is the
prolongation of fertile life of mature eggs and easing the release of eggs from
female’s cloaca. To understand fish fertilization, it is important to recall the behav-
ior of male and female fish during spawning. In fish that pawns in rapidly running
water (e.g., salmon and trout), a female first releases eggs and is followed by an
immediate discharge of spermatozoa by a male. In other fish (e.g., goldfish, zebraf-
ish, and pollack), female and male release eggs and spermatozoa simultaneously
while swimming rapidly side by side in close approximation. In a third example
(e.g., rice fish or medaka and clown fish), the female lays eggs first (several eggs at
one time) and a few or several seconds later, the male pours spermatozoa onto the
egg while agitating water vigorously using its anal fin. There is no evidence that
OVF stays around the egg and “directs” spermatozoa into the micropyle. Since fish
eggs washed thoroughly with a physiologically balanced salt solution (e.g. Ringer’s)
remain fully fertile, there must be mechanisms independent of OVF that warrant
sperm entry into the micropyle. The mechanism by which an egg “guides” a fertil-
izing spermatozoon into the micropyle may be different in different species of fish
(Yanagimachi et al. 2017). Here, I discusses a few examples of sperm entry into the
fish egg.
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5.2.2 Sperm Guidance in Herring

Herring (Clupea pallasii) is unique in that spermatozoa are intrinsically motionless
in seawater. Thus, it naturally raises the question as to how they fertilize eggs.
Yanagimachi and Kanoh (1953) observed that spermatozoa became vigorously
motile on contact with the egg’s chorion around the micropyle before entering the
canal. Here, it is important to emphasize that herring has an unusual spawning
behavior. A school of males approach the spawning ground first to release milt in
the seawater, producing the so-called white water. This attracts and induces spawn-
ing of females as well as other males (Hay 1985; Carolsfeld et al. 1997). Apparently,
eggs are released into sperm-suspending seawater before attaching to solid objects
such as seaweeds and rocks. Readers are referred to photographs of “white water”
and of kelp with multiple layers of eggs attached to both sides of the blade (cf.
Google: keywords: herring spawning white water; herring roe on kelp). I myself
examined several blades of kelp and found that all or almost all of the eggs on the
blade were fertilized and developed normally (Yanagimachi, unpublished observa-
tion). If eggs first attach to solid objectives (e.g., seaweeds and other eggs), many of
them would be left unfertilized as the outer opening of micropyle becomes blocked.

We previously examined and reported on sperm entry in herring egg using the
following approach: (1) Hundreds of mature unfertilized eggs were put in a dish,
with care being taken not to overlap eggs. Eggs stacked firmly to the bottom of the
dish when either fish Ringer’s solution or seawater was added to the dish.
Alternatively, eggs were spread on a dish of Ringer’s solution or seawater using a
spatula. Ringer’s solution (Hirano et al. 1971) and 1/2 diluted seawater (a mixture
of 1 part of seawater and 1 part of distilled water) were chosen because they main-
tain the eggs and spermatozoa fertile for a much longer time than natural seawater.
Eggs were fertilized and developed normally in these media. (2) Using a low-power
ordinary objective lens (x10-20), we looked for eggs with clearly visible micro-
pyles with top or semi-profile views being preferable. (3) After the micropyle was
brought into the focus of a water-immersion objective lens (x40-50), freshly pre-
pared sperm suspension (in Ringer’s solution or 1/2 seawater) was added from the
side of the objective lens. The use of a high-density sperm suspension was avoided
because it made observation of fertilizing spermatozoon into the micropyle difficult.

Using this method, we tracked sperm behavior before and after insemination
(Yanagimachi and Kanoh 1953; Yanagimachi 1957a; Yanagimachi et al. 1992). We
observed that in either Ringer’s solution or seawater, the vast majority of herring
spermatozoa were motionless. A few did a rapid frisky (jumping around) motion for
few seconds or less. In some cases, roughly 2—3% or more of spermatozoa exhibited
such motions, but again the majority were motionless at any instance. Agitating the
medium by pipetting or shaking the dish temporarily increased the number of sper-
matozoa that jumped around. Most spermatozoa remained motionless even after
insemination, but when the water current brought them into contact with the chorion
around the micropyle, they suddenly became very active. They swim along the cho-
rion surface and entered the micropyle one by one, resulting in a quick filling of the
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micropylar canal with many spermatozoa (Fig. 5.1a, b). For a movie of herring sper-
matozoa gathering around the outer opening of micropyle, see Fig. 7 of Yanagimachi
et al. (2013). The spermatozoon that entered the micropyle first entered the egg
cytoplasm (Fig. 5.1b). Within 30—40 min after insemination, spermatozoa within
the micropylar canal were suddenly pushed out of the canal by a colloidal material
of cortical granule origin (Fig. 5.1c) (Yanagimachi and Kanoh 1953;
Yanagimachi 1957b).

Figure 5.2a shows tracks of the sperm heads that entered the micropyle. Note that
all spermatozoa move along the surface of chorion counter-clockwise. Figure 5.2b
shows the degree of sperm motion on and near egg surface during the first 1 min
after insemination. In water away from eggs, spermatozoa were motionless (—). A
few displayed a “jumping around *“ motion sporadically (+). In contrast, very active
continuous sperm movement was seen in the micropyle region (++). When the same
egg was re-examined 10-20 min later, many more spermatozoa were still swarming
around the outer opening of the micropyle (+++), but none were able to enter the
micropyle canal because micropylar canal was already filled with spermatozoa.
Spermatozoa were “trying” to repeatedly enter the micropyle before going away
(Fig. 5.2¢). At this time, a fairly large numbers of spermatozoa were seen actively
swimming along chorion surface as well as in water away from the eggs (Fig. 5.2d).
They were spermatozoa that had been activated in the micropylar region. Close
examinations (Fig. 5.2e and e’) revealed that many of activated spermatozoa swam
along the chorion surface, reaching the opposite to the micropyle, while others
swam along chorion surface, “lifted up,” and swam for a while before stopping.
Another subset returned to the micropylar region to resume an active, thigmotactic
movement. The presence of a “flock” of spermatozoa swimming actively in the
micropylar region several or more minutes after insemination can give us a false

/
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Fig. 5.1 Herring spermatozoa and egg’s micropyle. (a) Herring spermatozoa are intrinsically
motionless in seawater. However, they become very active upon contact with the chorion around
the micropyle. They slide along chorion surface to enter the micropyle. (b) The micropylar canal
is soon filled with many spermatozoa. It is the first spermatozoon that enters the egg cytoplasm. (c)

Sooner or later, all supernumerary spermatozoa are pushed out of the canal by a flow of colloidal
material of cortical granule origin as a result of egg activation
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Fig. 5.2 Behavior of herring spermatozoa on chorion surface. (a) Track of the first (fertilizing)
spermatozoon before entering the micropylar canal. Note that the direction of thigmotactic move-
ment is counter-clockwise. (b) Within the first few minutes after insemination, many active sper-
matozoa are seen around the micropyle (++), but not in other areas of the egg (—). Few spermatozoa
in seawater show sporadic movement (+). (¢) Track of supernumerary spermatozoa that are unable
to enter the micropyle which is already filled with spermatozoa. Supernumerary spermatozoa often
“try to” enter the micropyle repeatedly before moving away. (d) >10 min after insemination, very
many vigorously moving spermatozoa are seen in the micropylar region (+++). Some are moving
actively (+) along the surface of chorion away from the micropyle. (e and e’) Spermatozoa acti-
vated in the micropylar region swim along chorion surface, lift up, and stop (a). Some others (b)
return to the micropylar region to continue active movement. (a, ¢, and e’ are reproduced from
Yanagimachi et al. (1992))

impression that the micropyle attracts spermatozoa from a distance. However, we
can say that herring spermatozoa brought by chance to the chorion surface near the
micropyle are activated and enter it in a chemotactic fashion. Since herring sperma-
tozoa can live in seawater for days, it is conceivable that spermatozoa that failed to
fertilize first drift in water for days before fertilizing eggs of other females. In fact,
one experiment I did supported this view. Spermatozoa moving actively around the
micropyle of an egg already fertilized were sucked in a capillary tubing. They kept
swimming for a few minutes before stopping. When they were added to fresh eggs
24 h later, they resumed active movement around the micropyle to fertilize
(Yanagimachi, unpublished observation).

How then do herring eggs activate spermatozoa? According to Oda et al. (1995),
herring spermatozoa are not activated by ovarian fluid, but they are activated by
seawater in which mature eggs are “washed” for 40—50 min. This water contains an
8 kDa protein called the herring sperm-activating protein or HSAP. It is homologous
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to the kazal-ype trypsin inhibitor (Oda et al. 1998). HSAP is synthetized by ovarian
follicular cells and is “absorbed” in the outer (adhesive) layer of the chorion except
in the area where the micropyle is present. Although Oda et al. (1995) maintain that
HSAP is released from eggs into seawater to activate herring spermatozoa, this pro-
tein is apparently not essential for fertilization because herring eggs thoroughly
rinsed in Ringer’s solution or seawater remain fully fertile. However, it is possible
that HSAP increases the incidence of “jumping around” spermatozoa to enhance
sperm—egg collisions (Cherr et al. 2008). What is essential for herring sperm activa-
tion and fertilization is a glycoprotein around the outer opening of the micropyle
(Yanagimachi 1957a, b; Yanagimachi et al. 1992, 2017). We named it the “sperm
motility initiation factor” (SMIF) (Pillai et al. 1993). Observation of the chorions
isolated from eggs indicates that SMIF is bound tightly to the outer surface of the
chorion around the micropyle. Although it cannot be removed from the chorion
surface even by vigorous washings, it is removed readily by treatment with trypsin
or weak acid (pH 3.5) (Yanagimachi 1957a). We identified SMIF as a 105 kDa gly-
cosylated polypeptide (Pillai et al. 1993; Griffin et al. 1996). It is localized on the
chorion around the micropyle (Fig. 5.3a). Sperm’s SMIF receptor is in the midpiece
region of the head (Griffin et al. 1996). This observation contrasted the claim by
Yoshida et al. (1999) that the HSAP receptor is in sperm tail.

We later reported another glycoprotein that directs activated herring spermatozoa
into the micropyle. This glycoprotein is on the surface of chorion immediately
around the outer opening of the micropyle and can be stained dark by Coomassie
blue (a nonspecific protein stain) (Fig. 5.3b). We called it micropylar sperm attrac-
tant or “MISA” (Yanagimachi et al. 2017). Similar materials were found around the
outer opening of micropyles of several other fish species (e.g., flounders, trout, and
pufferfish) (Yanagimachi et al. 2017). Treatment with trypsin or acidic Ringer solu-
tion (pH 3.5) removes both SMIF and MISA, rendering eggs infertile. At present,
we are unable to remove or inactivate SMIF and MISA separately from herring eggs.

The chemical nature of herring MISA as well as its relationship of SMIF are yet
to be investigated. These two could be separate molecules or two domains of a

A B

Fig. 5.3 Herring SMIF and MISA. (a) SMIF as demonstrated by anti-SMIF antibody. Note that
the chorion in the immediate vicinity of micropyle is less strongly reacted to the antibody.
Bar = 200 pm. (Reproduced from Griffin et al. 1996). (b) MISA stained by Coomassie blue.
Bar=10 pm
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single molecule. To understand the nature of SMIF and MISA, the origin of these
molecules is of particular interest. It is most likely that both are products of a giant
micropylar cell and nearby follicular cells. The ultra-structures of micropylar cells
in the herring and other fish have been described in detail (Ohta and Takano 1982;
Ohta and Teranishi 1982; Kobayashi and Yamamoto 1985; Nakanishi and Iwamatsu
1989, 1994), and the essential role of Hippo-signaling pathway in micropyle forma-
tion in the zebrafish (Danio rerio) was reported by Yi et al. (2018).

5.2.3 Sperm Guidance in Flounder, Salmon, and Trout

Unlike herring spermatozoa, spermatozoa of most other fish begin to move actively
upon their release from the male into the surrounding water (Morisawa 1994; Alavi
and Cosson 2006). For example, spermatozoa from flounder Pleuronectus obscurus
begin to swim very fast in seawater upon contact with seawater. The active motility
last about 30 s, then the motility declines rapidly. By 1 min, only a few (5-10%) are
barely motile. Salmonid spermatozoa also have a short motile life in freshwater.

MISA with staining affinity to Coomassie blue and lectins can be seen around
the outer opening of micropyle of flounder egg (Fig. 5.4a). Spermatozoa coming
close to the micropyle enter it (Fig. 5.4b) (for a movie of flounder sperm entering
the micropyle, see Fig. 2 of Yanagimachi et al. 2013). Although not all the sperma-
tozoa coming close to the micropyle enter it, the micropyle is quickly filled by many
spermatozoa (Fig. 5.4c). It is the first spermatozoon that enters the egg cytoplasm to
fertilize. The remaining spermatozoa are pushed out of the canal sooner or later, as
it happens in the herring. In Ca**-free seawater, spermatozoa appear to not recog-
nize the micropyle and swim over the micropyle (Fig. 5.4d). Even though few may
enter the micropyle “accidentally,” none are able to advance into the egg cytoplasm
(Yanagimachi et al. 2017).

A brief treatment of unfertilized flounder eggs with a very low concentration of
trypsin is enough to remove MISA. In the absence of MISA, much fewer eggs are
fertilized than untreated control eggs (Yanagimachi et al. 2017). Apparently, floun-
der spermatozoa can enter the micropyle without MISA, but this process is much
less efficient than when it is present. Like herring spermatozoa, flounder spermato-
zoa have Ca*-channel, CatSper (Yanagimachi et al. 2017). In Ca**-free seawater,
flounder spermatozoa swim actively, but most swim over the micropyle with only a
few entering it “accidentally” (Yanagimachi et al. 2017).

When barfin flounders (Verasper moseri) were kept in captivity (tank) for years,
they often failed to spawn (release eggs into water) despite ovulating at regular
intervals. When eggs were squeezed out of such females soon after the expected
time of ovulation, two kinds of eggs were observed. Some looked very clear while
others were opaque or translucent. The latter showed various signs of degeneration.
It is likely that the former were ovulated recently, and the latter ones were from the
previous ovulation cycle. Of course, degenerated and degenerating eggs were not
fertilized, but even normal-looking ones were fertilized very poorly or not fertilized
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Fig. 5.4 Micropyle and sperm entry into flounder egg. (a) Micropyle stained with Coomassie
blue. The diameter of the outer opening of micropyle is about 6 pm. (b and ¢) Sperm entry in nor-
mal seawater. (d) In Ca**-free seawater, spermatozoa swim over the micropyle even though few
may enter it “accidentally”

at all. We then found that spermatozoa “ignored” micropyles of eggs with and with-
out obvious signs of degradation. One likely explanation was that catepsin released
from dead or dying eggs removed MISA from the recently ovulated eggs, thus ren-
dering them infertile (Yanagimachi et al. 2017).

To examine sperm entry in salmon/trout eggs, we preferred to use isolated chori-
ons because we could follow the behavior of spermatozoa on the chorion surface
much more clearly and easily in isolated chorion than with intact eggs (Yanagimachi
et al. 1992). We found that spermatozoa of rainbow trout (Oncorhynchus mykiss)
and silver salmon (Oncorhynchus kisutch) enter the micropyle quickly, filling the
canal within roughly 15 s. In Ca”**-free media, none or sometimes one or a few
entered the micropyle, whereas in normal media the micropyle was filled with 20 or
more spermatozoa within 15 s. When chorions or rainbow trout eggs were treated
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with acidic Ringer’s solution (pH 3.5) for 2 min, Coomassie blue-affinity material
(SMIF) disappeared from the vestibule of the micropyle and sperm entry into the
micropylar canal became much less efficient than in controls (Yanagimachi, unpub-
lished data).

5.2.4 Sperm Guidance in Loach, Zebrafish, and Goldfish

In loach (Misgurnus anguillicaudatus) and zebrafish, the chorion around the micro-
pyle is deeply indented like a large sink hole (Fig. 5.5a, b), whereas that of goldfish
(Carassius auratus auratus) has many radially arranged grooves around the micro-
pyle (Yanagimachi et al. 2017). MISA is absent on the chorion of all of these fish
eggs. We observed many goldfish spermatozoa swimming along chorion’s grooves
before entering the micropyle. Goldfish eggs treated with trypsin remained perfectly
fertile (Yanagimachi et al. 2017). We also observed loach and zebrafish spermato-
zoa entering the micropyle after swimming along the surface of chorion with a deep
depression around the micropyle. This happened even in Ca?*-free water, even
though the spermatozoon reaching the bottom of micropylar canal was unable to
fuse with the egg properly.

According to Pereira-Santos et al. (2017), characid spermatozoa have a long
(>75 s) motile life in freshwater. Their eggs are small (~0.7 mm in diameter), and
egg’s chorion has grooves as well as a large micropyle (7.5 pm in diameter). These
features seem to increase the chance of fertilization in this freshwater fish. According
to Creech et al. (1998), the chorion of eggs of fathead minnow (Pimephales prome-
las) have radially arranged grooves around the micropyle (Type III micropyle). This
region of the chorion carries nitric oxides synthase which generates nitric oxide to
stimulate and guide spermatozoa into the micropyle. However, no one has con-
firmed it in this and other fish.

L AR,

Fig. 5.5 Micropyles of zebrafish (a) and loach (b). Bar =10 pm. (Reproduced from Yanagimachi
etal. (2017))
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5.2.5 Sperm Guidance in Viviparous Fish

Not much is known about fertilization in viviparous fish primarily due to difficulty
in catching the right moment of fertilization. Fertilization in the sea sculpin,
Alcichthys alcicornis (Koya et al. 2002) is of particular interest. This fish copulates
during the beginning of breeding season. Spermatozoa migrate into female’s ovar-
ian capsule where they are then stored during entire the breeding season. When the
female ovulates at intervals, spermatozoa enter the egg’s micropyle. However, they
are unable to fuse with the egg properly, perhaps due to a low (0.41 mM) Ca* con-
centration in the “ovarian” fluid. Sperm entry and egg development begin only after
eggs are shed in Ca”*-rich seawater (Munehara et al. 1989). Since the smooth lump-
sucker (Aptocyclus ventricosus) which is close to sculpins has Type II micropyle
(Yanagimachi, unpublished data), it is likely that sculpins also have this type of
micropyle. Whether MISA is involved in the sperm entry in the micropyle of this
fish remains to be investigated.

While this article was in preparation, I tried to observe micropyles of guppy
(Poecilla reticulata) and platyfish (Xiphophorus maculatus). “Mature” ovarian eggs
were examined, and neither a distinct depression nor radial grooves in the chorion
were found. The guppy has a Type I micropyle with a very wide (~20 pm) canal and
sperm head width is around ~1-2 pm (Yanagimachi, unpublished data). It is
unknown whether guppy egg has (or needs) MISA around its micropyle.

The female guppy has sperm-storage “micropockets” in the ovarian tissue right
above each of growing eggs (Kobayashi and Iwamatsu 2002). It is likely that these
micropockets “pour” spermatozoa onto the micropylar region of egg during ovula-
tion. Since guppy spermatozoa move actively in isotonic Ringer’s solution
(Yanagimachi, unpublished observations), there must be mechanisms preventing
spermatozoa from full activation until they are released from the sperm-storage
pockets. In the platyfish, spermatozoa are stored in female’s ovarian ducts (Potter
and Kramer 2000). Many spermatozoa are seen between cells of ovarian pockets
and pits, apparently without free space for tail beatings. I speculate that (a) ovarian
pocket or pit cells are loosely packed before mating, (b) spermatozoa enter the space
between the cells, (c) the space is then “closed” until ovulation begins, and (d) freed
spermatozoa then fertilize eggs (Yanagimachi, personal view).

5.2.6 Addendum: Examination of Sperm Entry in Micropyle

The following describes how we examined fish spermatozoa moving into the micro-
pyle. First, we must have media that permit eggs and spermatozoa to maintain their
viability for a significant period of time such that we can treat/manipulate them
before mixing (insemination). Second, we must have media allowing normal fertil-
ization and embryo development. Eggs and spermatozoa of many fish quickly lose
their fertility in water where they spawn. For example, salmon eggs become infertile
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within few minutes after being shed in freshwater due to “activation” by hypotonic
water. Salmon sperm in water move actively for only half minute or so. Thus,
Ringer’s solution is better than freshwater for examining sperm entry into eggs. In
this medium, salmon eggs remain fertile for hours, and spermatozoa can enter eggs
normally. However, inseminated eggs must be transferred to freshwater to allow
them to activate and develop. In the rice fish (medaka, Oryzias latipes), freshwater
is the natural media in which fertilization and embryo development take place.
However, Ringer’s solution is a better medium for insemination and embryo devel-
opment because eggs remain fertile much longer than in freshwater. In the herring,
fertilization and embryo development occur normally in Ringer’s solution. Ringer’s
solution or half strength seawater (1:1 dilution of seawater with distilled water) is
the medium of choice. Herring eggs remain fertile much longer than in natural sea-
water and fertilization, and embryo development can occur normally. Whenever we
use a new species of fish for fertilization studies, we must first select (or prepare
novel) solutions that allow eggs and spermatozoa to remain fertile for a significant
period of time. We then find media supporting normal fertilization and embryo
development. In short, seawater or freshwater in which fish normally spawn are not
necessarily the best to examine sperm entry into eggs. Media suitable for egg and
sperm handling, insemination, and embryo development must be specifically devel-
oped for each species. Table 5.1 lists media we have been using for our studies of
fish fertilization.

To examine sperm entry in the egg, we prepare the following with slight varia-
tions depending on species-specific characteristics of eggs: plastic or glass dishes
(~50-90 mm in diameter) (Fig. 5.6a), microscope slides with four spots of vaseline—
paraffin—beeswax (9:1:0.5) mixture (Fig. 5.6b) (Yanagimachi 2014), and micro-
scope slides with two small pieces of glass glued to the slide (Fig. 5.6c). The
thicknesses of the wax spot and the glass pieces varies dependent on the diameter of
the egg to be examined. Eggs with “sticky” chorion are allowed to stick to the bot-
tom of the dish. Rinse eggs with Ringer’s solution to remove debris and ovarian
fluid. Non-sticky eggs can be stuck to the dish by coating slide or coverslip with
poly-I-lysin prior to use (Andoh et al. 2008). While eggs are in Ringer’s solution,
examine the eggs using a low-power objective lens (x10-20). Look for the micro-
pyle with a proper viewing angle (top or semi-profile view) (Fig. 5.6d). Once it is
found, change the objective lens to a water-immersion objective lens (x40-50) for
clearer viewing of the micropyle. Replace Ringer’s solution with seawater or fresh-
water (depending on species of fish) and pour freshly prepared sperm suspension
from the side of the objective lens. The use of a dense sperm suspension must be
avoided in order to see the movement of individual spermatozoa clearly. The micro-
pyle can also been seen after compressing eggs lightly between a slide and coverslip
(Fig. 5.6e). Buoyant (floating) eggs may stick to the coverslip coated with poly-I-
lysin (Sigma) or Cell-Tak (Discovery Lab, Corning). The use of isolated chorions
may be preferable for examining sperm entry in very large eggs (such as trout eggs)
(Fig. 5.6f, Yanagimachi et al. 1992).

Sperm entry into the micropyle can also be seen after mounting eggs between a
slide and coverslip after lightly compressing eggs under the coverslip. The eggs of
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Table 5.1 Media recommended for gamete pretreatment, insemination, and examination of sperm
entry in micropyle

Treatment before Medium that Medium for insemination and
insemination initiates sperm examination of sperm entry in
Species Eggs Sperm movement micropyle
Herring Ringer’s | Ringer’s ASW or Ringer’s solution
solution solution or
ASW?
Flounder Ringer’s | Ringer’s ASW? ASW?
solution solution
Trout/ Ringer’s K-rich Ringer’s solution or | Ringer’s solution or 1/100
salmon solution Ringer’s 1/100 Ringer’s Ringer’s solution®
solution solution®
Pufferfish Ringer’s | Ringer’s ASW? ASW?
solution solution
Medaka Ringer’s | —¢ Ringer’s solution or | Ringer’s solution or 1/100
solution 1/100 Ringer’s Ringer’s solution
solution
Zebrafish/ | Ringer’s | Ringer’s 1/100 Ringer’s 1/100 Ringer’s solution
goldfish solution solution® solution

“Natural seawater is, of course, a good medium, but artificial seawater (ASW) with known compo-

sitions is preferable for analytical studies of fertilization processes

"River water or tap water can be used, but for analytical studies of fertilization, 1/100 Ringer’s
solution is preferable. 1/100 Ringer’s solution denotes the mixture of 1 part of Ringer’s solution
and 99 parts of distilled water
°At present, we do not know artificial medium which keeps medaka sperm alive without movement
9Zebrafish sperm remain motionless in Ringer’s solution without losing their fertility. Goldfish
sperm, in contrast, begin to move fairly actively in Ringer’s solution, but in 1-2 min they become
motionless. They display very active movement when transferred to 1/100 Ringer’s solution

TS LT =T

dis

cover slip

water

slide glass

Fig. 5.6 Dish and slides necessary for the examination of egg’s micropyle and insemination. For

explanations, see the text
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some species (like those of the eel) do not stick to glass/plastic even after PLL coat-
ing. This method should work. Replacement of the medium (e.g., from Ringer’s
solution to seawater) as well as insemination can be done by running a medium (or
sperm suspension) under the coverslip. The speed of the fluidic flow can be con-
trolled through the proper use of a piece of filter paper applied to an edge of the
coverslip.

5.3 Variations in the Structure and Sperm Attractant
of Micropyle

Although different types of micropyle in fish eggs have been classified in several
different ways (e.g., Riehl and Schulte 1977; Kunz 2004), we classified fish egg
micropyles into three (Fig. 5.7) (Yanagimachi et al. 2017).

Type I: manhole-like. The chorion around the outer opening of micropylar canal
is “flat” with or without shallow indentation around the outer opening of micropyle.
Micropyles of the herring, flounder, pollack, seabream, and mummichog (Fundulus
heteroclitus) are examples of this type. Here, MISA is present on the surface of
chorion immediately around the outer opening of the micropyle.

Type II: funnel-like. The micropyle is like a funnel with a wide, conical mouth
and a narrow long stem, with or without an indentation in the chorion around the
outer opening of micropyle, which is commonly called the “vestibule.” MISA is in
the conical mouth of this type of micropyle. The micropyles of the salmon, trout,
cod, pufferfish, and medaka are examples of this type.

Type II: sinkhole like. The chorion around the micropyle is deeply indented or
have radially or spirally arranged grooves. Here, MISA is absent. Micropyles of
goldfish, loach, zebrafish, and rosy barb are examples.

Fig. 5.7 Diagrams of three types of micropyle in fish egg. Type I, manhole-like, with or without
shallow depression of chorion around the micropyle. Type II, funnel-like. Type III, sink-hall-like
or radial/spiral groove bearing
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Table 5.2 Characteristics of egg and spermatozoa of various fish

Sperm

Eggs Presence (+) or absence

Micropyle type (—) of CatSper channel | Examples of fish

I (manhole-like) + Herring, cod, eel, sea-bream, flying
fish, mummichog, puffer

1I (funnel-like) + Salmon, trout, anchovy, medaka,
rockfish, lump sucker, sandfish

III (sinkhole-like or grooves in | — Zebrafish, carp, goldfish, loach,

chorion around micropyle) dace, smelt, stickleback

When these three types of micropyles are mapped on a fish phylogenetic tree,
Type I is found in species of relatively ancient clads. Type II micropyle appeared in
recently diversified species (>130 million years ago). Type II and III micropyles
seem to have emerged independently from the phylogenetic lineage and perhaps as
the result of quick adaptation of each species to a particular environment
(Yanagimachi et al. 2017). It would be of particular interest to know what types of
micropyle the gar (Xenentodon cancila) and the bowfin (Amia calva) have. Ancestors
of these fish diverted from those of all other teleosts 390 million years ago.

Physical (structural) and chemical characteristics of the micropyle and of the
nearby region of the chorion must be determined by specific genes which are pres-
ently unknown. According to mitogenomic study by Ramsden et al. (2003),
Esociformes (pika, pickerels, and mudminnows) is the sister group of Salmonidae
(salmon, trout), not of Osmeroidei (smelt, galaxiids, and icefishes). As shown in
Table 5.2, salmon has Type II micropyle, whereas smelt has Type III micropyle.
Whether there is any relationship between phylogeny of fish and micropyle type of
eggs remains to be investigated. Variations in the structure of micropyle in different
species may appear vast, but the fundamental structure is the same in all fish
(Fig. 5.8). One or a few groups of genes may be responsible in determining the
structure of micropyle and its adjacent area.

5.4 Importance of Thigmotactic Movement of Spermatozoa
in Fish Fertilization

Spermatozoa swim along interphase of water-air and water-solid. All kinds of sper-
matozoa exhibit this contact reaction (Lillie 1919; Cosson et al. 2003). Dewitz
(1885) seemed to be the first who stated this clearly: “Cockroach spermatozoa
maintain contact with slide bodies and free surfaces of liquid; thigmotactic rotations
on the surface of the egg finally result in the penetrations of this micropyle of this
hard-shelled egg” (cited from Lillie). In fish, this two-dimensional sperm movement
(instead of one or three dimensional) highly increases the chances of spermatozoa
reaching the vicinity of the micropyle (Cosson et al. 2008; Ishimoto et al. 2018). A
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Fig. 5.8 Geometrical
comparison of three types

of micropyle Type llI

Type Il

Type |

deep-depression of chorion around the micropyle or the presence of radially or
spirally arranged grooves in the chorion around the micropyle, as seen in goldfish
and zebrafish, further enhances thigmotactic sperm approach to the micropyle. In
many other fish (e.g., the herring, flounder, salmon, pufferfish), the chorion does not
have a large depression or grooves. Instead, they have MISA around the micropyle
which acts to “guide” sliding spermatozoa into the canal. Sperm entry into the
micropyle (fertilization) is possible without MISA, but it is far less efficient than
when it presents.

5.5 Specificity of Sperm Entry in Micropyle

The occurrence of live hybrids between closely related fish is well known, suggest-
ing that sperm—egg interaction in fish is not strictly species-specific. As previously
stated, herring spermatozoa are intrinsically immotile in seawater and become
motile (activated) by SMIF around the egg’s micropyle. Thus far, eggs of all other
marine fish I have tested were unable to activate herring spermatozoa.

When eggs of three species of flounders (black flounder (Pleuronectus obscu-
rus), starry flounder (Platichthys stellatus) and barfin flounder (Verasper moseri))
were cross-inseminated in dish, sperm entry into the micropyle of homologous spe-
cies was always far more efficient than that between heterologous species
(Yanagimachi, unpublished observation). Almost all spermatozoa of heterologous
species run over the micropyle. However, some entered the micropyle “acciden-
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tally.” In the case of barfin flounder spermatozoa added to black flounder egg, the
head of the barfin flounder spermatozoon was too large to pass through the lower
half of the micropylar canal of the black flounder egg. The widths of sperm head and
micropylar canal as well as interaction between spermatozoa and egg’s MISA seem
to be two major factors limiting hybridization in fish. The time and site of spawning
as well as behavioral differences between species seem to also be the major factors
preventing/reducing hybridization.

I purposely inseminated isolated chorions of fish eggs with sea urchin spermato-
zoa. Chorions had been kept frozen or stored in 10% formalin. When they were
thoroughly rinsed and inseminated with sea urchin spermatozoa in seawater, I
observed spermatozoa entering the micropylar canal. The chorions tested include
those of the black flounder, rainbow trout, zebrafish, and medaka (Yanagimachi,
unpublished data). Here, I want to emphasize again that fish spermatozoa can enter
the micropyle by a “random” movement, but their entry is maximized by MISA or
sperm-guiding structure of the chorion around the micropyle.

5.6 Sperm Guidance into Micropyle and Possible Role
of Sperm Trypsin in Fish Fertilization

Even though fish spermatozoa can enter the micropyle “accidentally,” both physi-
cal and chemical factors around the outer opening of micropyle seem to maximize
their success. In fish with Types I and II micropyles, MISA (micropylar sperm
attractant) tightly bound to the chorion surface around the micropyle maximizes
the chance of successful sperm entry into the egg. At present, we know little about
the molecular basis of chemical interactions between spermatozoa and
MISA. Herring which I studied for many years is an excellent material for studying
sperm—egg interaction, but this fish may not be readily accessible to many investi-
gators. Trout and salmon, on the other hand, are much more readily accessible in
many countries and may be better suited for this kind of study. Fortunately, MISA
of salmon eggs has affinity to FITC-conjugated lectins like wheat germ agglutinin
(WGA) (see Figs. 2 and 4 of Yanagimachi et al. 2017). After eggs are treated with
such lectins, MISA can be separated from other components of the chorion for
further purification and chemical identification. Sperm’s receptor for MISA can
then be isolated and identified.

It is puzzling that fish spermatozoa have trypsinogen or trypsin-like proteinase
(Miura et al. 2006; Ohta et al. 2008; Rajapakse et al. 2014). It is membrane-bound
(Ohta et al. 2008). Since trypsin (proteinase) is an acrosomal enzyme in other ver-
tebrates, it is natural to raises a question as to why acrosome-less fish spermatozoa
have an enzyme like trypsin? Is this merely developmental or evolutional relics of
spermatogenesis? However, it is possible that sperm trypsin serves for both sperm
entry into the egg and egg activation. At least in the herring, soybean trypsin inhib-
itor (0.2%), benzamidine (1 mM), and TLCK (1 mM) in insemination medium
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completely blocks herring fertilization by preventing sperm activation in the
micropylar region. Fertilization block is reversible with soybean trypsin inhibitor
and benzamidine, but not with TLCK (Yanagimachi et al. 2017). The incidence of
fertilization in the flounder is also largely reduced by soybean trypsin inhibitor,
TLCK and benzamidine (Yanagimachi, unpublished data). In fact, Miura et al.
(2006) and Ohta et al. (2008) previously reported that the rate of fertilization in the
eel and bass was reduced by anti-eel-trypsin antibody and serine protease inhibi-
tors. It is very puzzling that FITC-conjugated soybean trypsin inhibitor binds very
strongly to the heads of herring, and flounder spermatozoa only after sperm death
or spermatozoa were killed by membrane-disrupting agents (Yanagimachi, unpub-
lished data). The site and role of trypsin-like proteinase in fish fertilization remain
to be investigated.

5.7 Chemical Basis of Sperm-MISA Interaction in Herring

As stated already, herring spermatozoa are unique in that they are intrinsically
immotile in seawater. They may move sporadically for a few seconds, but remain
motionless until they come in contact with the chorion surface around the micro-
pyle. It is water current, not the egg, that brings the eggs and spermatozoa in con-
tact. Sperm motility-initiation factor (SMIF) is bound tightly on chorion surface and
is not diffusible. It is tightly bound to chorion surface around the micropyle and is
not readily removable. It is very specific. Herring spermatozoa are not activated by
the chorion around the micropyle of any other fish species thus far tested (flounders,
salmon, pufferfish, and sea urchin; Yanagimachi, unpublished). Except for Na*-free
medium (Vines et al. 2002), the only agent that is known to activate herring sperma-
tozoa is Ca?* ionophore which permits Ca** entry into the cell or allows the release
of intra Ca®* release from internal store. However, active movement continues for
only a few minutes. In contrast, herring spermatozoa around the micropyle kept
moving for hours.

In herring, intra- and extracellular Na*, K*, and Ca’" all play essential roles in
sperm activation in the micropyle region of egg (Yanagimachi et al. 2017). When
we preloaded herring spermatozoa with Fluo-4 AM (fluorescent indicator intracel-
lular Ca?*), we observed some spermatozoa “sparkling” for a second or so. On the
chorion around the micropyle, hundreds of “green” spermatozoa were soon
observed, many of them passing one by one through micropylar canal of mechani-
cally isolated chorion (see a movie Fig. 7b of Yanagimachi et al. 2013). Rising in
intracellular Ca?* is obviously an important component of sperm activation in the
micropylar region. Our current working hypothesis of the sequence of events
orchestrating activation of herring spermatozoa around the micropyle involves:
intra- and extracellular Na*, K*, H*, and Ca*", adenylyl cyclase, and CatSper Ca**
channels (Fig. 5.9).
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Fig. 5.9 Working model of events leading to sperm entry into herring egg (reproduced from
Yanagimachi et al. 2017). Here SMIF and MISA are considered a single molecule with two active
domains. Binding of SMIF-MISA to sperm receptor (a) activates adenylyl cyclase (b) that causes
an increase in intracellular cAMP of spermatozoa. This in turn activates a presumptive KSper
channel and K*/H* exchanger (c), allowing an influx of K* from seawater and an elevation of intra-
cellular pH. This causes a marked change in the membrane potential of the plasma membrane and
mitochondrial membrane (d), resulting in the activation of a Na*/Ca* exchanger (e) in the plasma
membrane. An increase in intercellular Ca?* brings immotile spermatozoa into an active state (f).
When motile spermatozoa come in contact with SMIF-MISA (g) around the micropyle, protein
pumps in the sperm plasma membrane are activated. Further increase of intracellular pH (h) acti-
vates CatSper (i) in the plasma membrane or CatSper/Ca’* channel in the outer mitochondrial
membrane (i'), resulting in further increase of intracellular Ca®* concentration (j) by Cainflux from
seawater and/or Ca?* efflux from mitochondria. This secondary increase of intracellular Ca** con-
centration alters sperm’s tail beating pattern, which facilitates sperm entry into micropylar canal

5.8 Herring and Shad

Both herring (Clupea sp.) and shad (Alosa sp.) are fish of the family Clupeidae.
Herring lives and spawns in ocean or brackish water. Shad, like salmon, spends
most of their life in sea but spawns in freshwater exclusively. Characteristics of egg
and spermatozoa of these two must be quite different. I know that the chorion of
herring egg swells rapidly in freshwater, micropyle is closed, and eggs disintegrate
(Yanagimachi, unpublished data). The fertilization and embryo development of the
Pacific herring (Clupea pallasii) occurs best in water with salinity of 16-20 ppt
(ocean water has 35-37 ppt) (Griffin et al. 1998). It would be interesting to know if
shad eggs can survive, be fertilized, and develop in seawater with a salinity of
16-35 ppt. Perhaps, not. It is interesting to consider why the eggs and spermatozoa
of herring and shad are so different in their salinity tolerance? How does shad
micropyle look like? Does shad need SMIF and MISA for fertilization, like herring?
What sort of genes and gene activities are responsible for such differences in these
two fish? These are just a few of interesting questions to be answered.
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Chapter 6 )
Structure of Mature Oocytes b

Oliana Carnevali, Isabel Forner-Piquer, and Giorgia Gioacchini

Abstract In aquaculture, the growth and maturation of oocyte associated with the
quality of egg represent a crucial point for reproductive success and therefore, for
breeding in aquaculture. Knowing the components that make up an oocyte, their
natural distribution and abundance in the various stages of maturation turns out to
be of fundamental importance for the understanding of the oogenesis process. This
chapter describes the different components present within the oocyte and their
origin.

The components have been described in relation to the different phases of oocyte
maturation and in several experimental models with different reproductive strate-
gies. A focus was also addressed to the endocrine control of oocyte growth and
maturation and to the detrimental effects of contaminants with hormonal activity on
oocyte growth and maturation.

Keywords Egg envelope - Vitellogenesis - Yolk - Cortical alveoli

6.1 Introduction

Fish have developed a variety of reproductive strategies, where the predominant
pattern is the gonochorism (two separate sexes: male and female, eggs and sperm
housed in two separate sexes). However, some species display hermaphroditism
during their life span, it means, they may produce mature gametes of both sexes and
undergo one or more sex changes.

Basically, there are two types of hermaphroditism:

1. Sequential or successive: The most current, when the organisms are male for the
first part of their lifetime and then, sex inversion occurs to become female (pro-
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tandrous, i.e., Sparus aurata, Pagrus pagrus) or vice versa, from female to male
(protogynous, i.e., labrids) (Jalabert 2005).

2. Simultaneous/synchronous hermaphroditism: It is characterized by the simulta-
neous presence of testicular and ovarian tissues in the same gonad.

Teleosts are mostly oviparous with external fertilization; however, viviparism
(seahorses, pipefishes) and ovoviviparism (guppies family, Poecilia reticulata) are
existing even if less frequent.

Teleosts can also be divided among pelagic and demersal spawners. Pelagic
spawners are characterized by the release of larger number of eggs with smaller size
and lesser yolk. Differently, the demersal/benthonic spawners tend to produce big-
ger eggs with higher quantity of yolk (Olivotto et al. 2017). Furthermore, the oocyte
envelope among pelagic and demersal eggs is different depending on the character-
istics of the surrounding environment (Berois et al. 2011; Jiang et al. 2010).

Three modes of ovarian development have been identified in teleost, according
to the oocyte growth pattern (Khan and Thomas 1998; Lubzens et al. 2010):

1. Synchronous: All oocytes present in the ovary are in the same stage of develop-
ment. Generally, this strategy is found in species that spawn once a year or once
in their lifetime and then, die (i.e., Salmo trutta, Oncorhynchus kisutch).

2. Group—synchronous: Mainly two populations or clutches of oocytes at different
developmental stages are simultaneously present during the reproductive season.
Basically, several egg layings happen during a spawning season (Asturiano et al.
2000), where the smaller oocytes will be recruited and spawned the following
breeding season (Murua and Saborido-Rey 2003) (i.e., Seriola dumerili, Umbrina
cirrosa, Oncorhynchus mykiss). This is the most common condition among tele-
ost (Wallace and Selman 1981).

3. Asynchronous: All oocyte stages are present within the same ovary, without a
dominant population. The eggs are usually spawned along different batches (i.e.,
Sparus aurata, Pagrus, Danio rerio, Fundulus heteroclitus, seahorses).

The development of an egg is a multifaceted process. Upon ovulation, the egg is
self-sufficient to protect and sustain the developing embryo until hatching, with
very little take-up from the surrounding environment. Therefore, all the contents of
an egg, whether in the form of mRNA, nutrients, or hormones, must be incorporated
during its development as an oocyte. The production of a good-quality egg relies
upon the correct progression of oogenesis, and this coordinated assembly is con-
trolled by an interplay of endocrine and intra-ovarian factors, both paracrine and
autocrine (Tyler and Sumpter 1996). During oogenesis, fish oocyte autonomously
makes most of the components of the machinery for DNA and protein synthesis, as
well as “maternal” mRNAs, needed immediately after fertilization. However, non-
ovarian tissues, mainly the liver, produce typical egg constituents such as yolk pro-
teins, cholesterol, lipoproteins, some zona radiata (ZR) proteins and vitamins. The
assembly of the developing egg is therefore a fascinating example of interplay
among oocytes and extra-oocyte tissues, finely regulated by endocrine paracrine
factors. However, several cultured species exhibit some degrees of reproductive
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malfunction since that interplay among the reproductive axis is altered, requiring
hormonal therapies (Mylonas and Zohar 2007). For that reason, oogenesis as well
as spermatogenesis must be fully understood to improve the reproductive processes
of cultured species.

This chapter reviews the current knowledge on teleost mature oocyte and the
processes involved in oocyte maturation. It briefly describes the different stages of
the oocyte growth, the processes involved in the oocyte maturation, the morphologi-
cal aspects of the mature eggs, as well as the endocrine processes to achieve the
complete oogenesis.

6.2 QOocyte Growth

To date, almost all the teleosts studied present the same basic pattern of oocyte
growth. Generally, the oocyte growth can be classified into six steps (Tyler and
Sumpter 1996) that will be shortly detailed below. However, since the aim of the
present chapter is to describe the structure of the mature oocyte, the formation of the
primordial germ cells (PGC) and their transformation into oogonia will be omitted.

6.2.1 Qogonia

Each oogonia is a diploid cell, with two copies of each chromosome. For each chro-
mosome, a sister chromatid pair from the mother and from the father are present.
Afterward, the granulosa and theca cells, together constituting a real primary folli-
cle, will surround this primary oocyte.

6.2.2 Primary Oocyte

At the beginning of this stage, the oocyte contains a meager amount of cytoplasm
and a large centrally located nucleus or germinal vesicle (GV), which will increase
in size and where many nucleoli will appear (Wallace and Selman 1981). Another
characteristic of this stage is the formation of lampbrush chromosomes (Wallace
and Selman 1981) and the intense RNA synthesis (Tyler and Sumpter 1996).

The primary oocyte growth is initiated with the first meiotic division. During the
prophase, the nuclear material (paternal and maternal chromatids) experiences sev-
eral structural changes to finally be arrested in the diplotene stage, where each chro-
matid pair will be packed in dense complexes (Le Menn et al. 2007).

Additionally, Balbiani body develops from material aggregations and migrates to
the periphery to be dispersed into smaller fragments. The Balbiani body will be a
key factor for later embryogenesis (Elkouby and Mullins 2017).
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At the onset of oocyte primary growth, the oocyte extends microvilli. These
microvilli will elongate from the oocyte surface toward the granulosa cells (GC) and
will become indispensable for the exchanges of essential macromolecules for oocyte
growth. At this stage, the oocyte starts to build in the space between the oolemma
and the granulosa cells (GC), an extra-oocyte matrix, the zona radiata (ZR), starting
from the base of these microvilli (Le Menn et al. 2007; Selman et al. 1993). The
term “zona radiata” is due to the structure of this protective layer, which perfectly
describes the radial channels, formed by the deposition of the ZR around the
microvilli.

The GC and theca cells (TC) highly proliferate, constituting a regular epithelium
around the oocyte. Furthermore, during this stage, the oocytes will gain consider-
ably size concomitant with the reduction of nucleus—cytoplasmic ratio (Wallace and
Selman 1981).

6.2.3 Cortical Alveolus Stage

The cortical granules are the first structures to appear in the oocyte.

As they increase in size and number, they move forming a peripheral ring.
Contemporarily with cortical alveoli formation and ZR deposition, accumulation of
lipid droplets occurs.

6.2.4 Vitellogenesis

This stage is characterized by the uptake of vitellogenin (VTG) into the oocytes.
VTG is synthesized mainly in the liver, under the regulation of estradiol (E,) (Babin
et al. 2007), and circulates as a large phosphoglycolipoprotein dimer. The VTG,
once in the plasma, reaches the oocyte by passing from the theca capillaries to the
granulosa layer, coming at the oocyte surface through the pore canals of the
ZR. Then, it is sequestered by a receptor-mediated endocytosis in specialized areas
of the membrane called “coated pits.” Coated pits pinch off into the peripheral cyto-
plasm and give rise to coated vesicles that fuse with lysosome-like multivesicular
bodies. In those multivesicular bodies, proteolytic cleavage of VTG into yolk pro-
teins occurs by aspartic endopeptidases named cathepsins (Carnevali et al. 1999a,
b). The VTG after its proteolytic cleavage is stored as yolk, constituting an essential
element for the embryo development and the major food supply for the embryos.
However, the accumulation of yolk for the oncoming embryo is an important meta-
bolic effort for the maternal organism (Jalabert 2005), and depending on the spe-
cies, the vitellogenesis shows variable durability, from 1 day to several weeks. At
the end of the vitellogenic growth, the ZR is fully formed.

During the vitellogenesis, the ovary is reaching an important volume before the
ovulation. Generally, the vitellogenesis is the principal factor for the growth of the
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oocyte. However, in other species, rather than vitellogenesis, the hydration at the
end of the egg growth is the main responsible for the enlarged size.

At this point, the oocytes are not fertilizable, and the nucleus is still in diplotene
stage and centrally located. However, at the end of the vitellogenesis, the nucleus
will move to the periphery, indicating the start of the final maturation.

6.2.5 Qocyte Maturation

This stage is accurately described in the next sections.

Briefly, at the end of growth phase, maturation is an essential process before
ovulation to render the oocyte fertilizable, which basically consists of a “nuclear
maturation” characterized by the resumption of meiosis, the breakdown of the ger-
minal vesicle (GVBD), the chromosome condensation, and the formation of the first
polar body (Nagahama and Yamashita 2008); and a “cytoplasmic maturation” char-
acterized by the reduction or stopping of endocytosis, yolk globule coalescence,
cytoplasm clarification, and the increase of the oocyte volume due to hydration
process (Jalabert 2005) (Fig. 6.1).

6.2.6 Ovulation

Once matured, the egg is ovulated surrounded by the ZR (or chorion). In the mature
eggs, we can find the micropyle, the structure through which the spermatozoa will
enter into the egg for its fertilization.

Fig. 6.1 (a) Swordfish oocyte in maturation; (b) swordfish mature oocyte. GVM germinal vesicle
migration, ZR zona radiata, ZRI zona radiata interna, ZRE zona radiata externa, OD oil droplets,
OG oil globule, CA cortical alveoli, YG yolk globules, YC yolk coalescence, YP yolk platelet

Pownloaded cfeom Vat-e¢ Books.com



98 O. Carnevali et al.

The separation from the follicle layers and the expulsion of the egg are triggered
by several signals including prostaglandins, gonadotropins, and proteases, among
others, regulating the dissolution of the extracellular matrix of the follicular layers.

6.3 Structure of the Mature Qocyte

When fish oocyte maturation completes the process, it results in a fertilizable female
gamete or egg (Guraya 1986).

In this section, structural changes occurring to the cellular component (egg enve-
lope, cortical alveoli, vitellogenin vesicles, oil droplets, and nucleus) during oocyte
maturation will be described (Fig. 6.2).

6.3.1 Egg Envelope

Two major cell layers, an outer TC layer and an inner GC layer, and an acellular
envelope, the ZR, surround teleost oocytes, as in other vertebrates.

6.3.1.1 Cellular Components
Ovarian follicular cells play a significant role during teleost oogenesis supporting

and controlling the process (Nagahama and Yamashita 2008). The ovarian follicles
comprise two main somatic cell layers, an inner GC layer and an outer TC layer,
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Fig. 6.2 Structure of a mature follicle. 7Cs theca cells, BL basal lamina, GCs granulosa cells, ZR
zona radiata, ZRI zona radiata interna, ZRE zona radiata externa; Mi microvilli, Po porus, Nu
nucleus, CA cortical alveoli, YP yolk platelet
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separated by a rather thick basement membrane consisting of a series of membra-
nous layers. Within the oocyte growth, the GCs undergo morphological changes.
During the maturation phase, they change from squamous to cuboidal or colum-
nar shape. The TC layer is composed of fibroblast-like cells, collagen fibrils, blood
capillaries, and a small number of special thecal cells (ST cells), which are larger
than the ordinary TCs and contain a centrally located nucleus.

During early maturation, dramatic structure alterations become apparent in the
GC as maturation proceeds, resulting in a drastic reduction of microvilli and in a
reduction of macromolecular exchange with the oocyte. During nuclear migration,
the GCs become stretched, and some wide intercellular spaces appear between adja-
cent cells due to the loss of intracellular GAP junction (Matsuyama et al. 1991).

6.3.1.2 Zona Radiata (ZR)

Vertebrate eggs are surrounded by an acellular envelope, known by several syn-
onyms as the egg envelope, vitelline membrane, zona pellucida, or ZR (Litscher and
Wassarman 2018).

This envelope consists mainly of 2—4 major proteins, the zona radiata proteins
(ZRP) (Modig et al. 2006, 2007). In fish, the synthesis of ZRPs occurs in the liver,
or in the ovary or both (Conner and Hughes 2003; Hyllner et al. 1995, 2001). In any
case, the ZRP precursors synthesized by the liver are transported to the ovary, where
they are incorporated by the oocyte via endocytic-coated pits and modified with
oligosaccharides within the Golgi apparatus. Then, they reshuffled via vesicles to
the oocyte plasma membrane and deposited in the innermost layer of the thickening
ZR (Abraham et al. 1984).

ZR continues differentiation throughout the growth of the oocyte and becomes
highly ordered and architecturally complex (Le Menn et al. 2007; Modig et al.
2007). When the ZR is fully formed at the end of vitellogenic growth, it is generally
composed of a thin outer layer and a thick inner layer (Hyllner et al. 1995). ZR
internal and external architecture differs among fish species and does not seem to be
similar even in species of one genus (Kaviani et al. 2013). The outer layer, the ZR
externa (ZRE), is the first to be laid down. The inner layer, the ZR interna (ZRI), is
deposited in the extra-oocyte matrix, gradually displacing the ZRE toward the GCs.
Unlike the amorphous structure of the ZRE, the ZRI has reticulated deposits with
twisted arrangements, giving the arched appearance of a polymerized fibrillar secre-
tion deposited in a matrix. After germinal vesicle breakdown (GVBD), the ZRI
becomes more compact, and there is a loss of all the microvilli connecting oocyte to
GC from the pore canals. Prior to ovulation, the ZR becomes denser, striated, with-
out pore canals, and spaced from GCs.

ZR plays an important role during fertilization. Glycoproteins of ZRE apparently
have an affinity for spermatozoa and guide the single spermatozoa into the micro-
pyle to reach the egg cell. After the egg is activated by the spermatozoa, the micro-
pyle closes preventing polyspermy (Amanze and Iyengar 1990; Hart 1990). ZR also
provides protection against mechanical disturbances for the developing embryo



100 O. Carnevali et al.

during the first fragile period (Jiang et al. 2010; Riehl and Patzner 1998). Finally,
ZR possesses antimicrobial and antibactericidal functions, protecting the egg
(Modig et al. 2007).

In some teleosts, such as sturgeon and medaka, outside the ZRE, follicular cells
synthesize an additional layer called extrachorion. This enables females to attach
the eggs in a position with optimal environmental conditions (Murray et al. 2013;
Zelazowska 2014; Zelazowska 2010).

6.3.2 Yolk Mass (YM) Components

Teleost egg contains a substantial yolk mass that serves as a protein- and lipid-rich
source of nutrients for embryonic development and larval growth. Two distinct
types of yolk components can be found in teleost oocyte: vitellogenin vesicles (or
globules) and oil droplets, which are composed by extra-ovarian materials selec-
tively incorporated, modified, and stored by the oocyte during secondary growth.

The changes occurring in the cytoplasm during maturation are collectively
referred as “cytoplasmic maturation,” which includes fusion of yolk granules (or
globules) and clarification of the ooplasm, coalescence of neutral lipid droplets, if
present, and hydration of the ooplasm leading to an increase in oocyte volume
(Cerda et al. 2013; Finn 2007). The rise of oocyte volume is small in most freshwa-
ter teleosts (~1- to 3-fold) but become more evident in marine species producing
pelagic eggs (~3- to 8-fold), and it is due to a significant increase in oocyte water
content, typically ranging from 76 to 93% in pelagic eggs but only from 54 to 76%
in eggs of benthophil teleosts (LaFleur et al. 2005). The increased water content
may serve as an adaptation to the hyperosmotic conditions of seawater, providing a
water reservoir in the embryos until osmoregulatory organs develop, improving
oxygen exchange by increasing the surface area of the eggs or assisting in dispersal
of the eggs due to their higher buoyancy in seawater (Chauvigné 2011).

6.3.2.1 Yolk Vesicles

A large portion of the yolk mass is represented by components derived from vitel-
logenins (VTGs). VT Gs are phospholipoglycoproteins found in the blood of all
oviparous vertebrate females during vitellogenesis. A number of studies indicated
that teleosts have at least three different VTGs: VTGAa, VTGAD, and VTGC, and
all of them are incorporated in the oocyte. Their amino acid sequence can be divided
into several domains located in linear fashion: NH,-heavy chain of lipovitellin
(LvH)-phosvitin (polyserine domain)-light chain of lipovitellin (LvL)-p’component
(B’c)-COOH. VtgC is similar to VtgAs but lacks the phosvitin domain. Proteolytic
cleavage of VTG into yolk proteins occurs by aspartic endopeptidases named
Cathepsins (Amano et al. 2010; Carnevali et al. 2006; Selman et al. 1993). Most
evidences indicate that protein uptake into oocytes continues during the maturation
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phase, but abruptly stops at the germinal vesicle breakdown (Wallace 1985), when
the oocyte initiates the final step toward a non-sequestering, relatively imperme-
able egg.

During oocyte maturation, especially in pelagophil species, yolk proteins are
further cleaved, generating free amino acids (FAAs) and small peptides used for
oocyte hydration. During this process, the yolk globules fuse among them forming
a central mass of liquid yolk, and the internal crystalline structures disassemble
conferring to the mature oocytes their characteristic transparency (Carnevali et al.
2006). The hydrolysis of VTGAa- and VTGAb-derived yolk proteins occurs con-
comitantly by the action of cathepsin L and/or cathepsin B that are specifically
activated during maturation (Babin et al. 2007; Carnevali et al. 1999a, b, 2001). In
most species, LvHb (from VTGB) is dissociated into two monomers, LvHa (from
VTGA), phosvitins, and p-component are extensively degraded to produce FAA,
and LvLs are partially hydrolyzed. Thus, the degradation of the LvHa fundamen-
tally contributes to the pool of FAAs for oocyte hydration, whereas the LvHb and
LvL remain stored in the oocyte as a source of nutrients for further embryonic
development (Ohkubo et al. 2006). VTGC-derived yolk proteins are only slightly
hydrolyzed during oocyte maturation, and therefore, they do not seem to be major
contributors to the hydration of the oocyte (Amano et al. 2010). In benthophil spe-
cies, however, only the LvHa is partially cleaved, while phosvitins are fully
degraded, and altogether results in a more modest increase of the FAA pool (Finn
2007; LaFleur et al. 2005). The increase in the osmotic pressure in the ooplasm of
maturing oocytes due to the increase of FAAs is the major driving force for oocyte
hydration in marine teleosts (Skoblina 2010). However, a specific role in teleost
oocyte hydration was assigned to aquaporins (AQPS), which are members of a
superfamily of integral membrane proteins that act as molecular pores or channels
to facilitate the rapid and selective flux of water or other small solutes across bio-
logical membranes. Aquaporins transport water along an osmotic gradient, where
the direction and force of water flow is determined by the orientation and steepness
of the gradient, respectively (Cerda et al. 2013).

In freshwater teleosts spawning demersal eggs, the VTG-derived yolk proteins
can represent 80-90% or more of the dry weight of the ovulated eggs (Le Menn
et al. 2007). In addition to the proteins source, VTG is an important carrier of lipids
into growing oocytes of species that spawn demersal eggs lacking a prominent oil
globule (Tyler and Sumpter 1996; Wallace 1985). Teleost VTG contains ~20% lipid
by weight, and about 60—80% of this lipid can be phospholipids such as the polar
lipids, phosphatidylcholine, or phosphatidyl-ethanolamine, which are typically rich
in polyunsaturated fatty acids and are important membrane components in all organ-
isms (Johnson 2009; Silversand and Haux 1995).
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6.3.2.2 Oil Globules

In teleosts spawning pelagic eggs, especially marine perciforms, full-grown oocytes
contain oil droplets which occupy up to half or more of ooplasm volume (Lgnning
et al. 1988). A common feature of oocyte “cytoplasmic maturation” in species with
prominent oil droplets in their ooplasm is the coalescence and fusion of these drop-
lets to form one or few larger oil globules that are present at the vegetal pole in the
ovulated egg (Kagawa et al. 2011, 2013; Lubzens et al. 2010). In contrast with the
VTG-associated lipids, oil globules contain mainly neutral lipids such as triglycer-
ides and wax or steryl esters. These neutral lipids are rich in monounsaturated fatty
acids that, in fishes, preferentially serve as metabolic energy reserves (Modig et al.
2006). Thus, it appears that VTG mainly transports structural lipids and essential
fatty acids into growing oocytes to support embryo tissue growth, whereas neutral
lipids are taken up by other means and stored as isolated oil inclusions for meeting
the energy demands during embryogenesis until the last stages of endogenous larval
nutrition (Wiegand 1996).

6.3.2.3 Other Yolk Components

Although yolk proteins and lipids constitute the bulk of material in fish eggs, there
are other molecules that are accumulated during oogenesis and could be produced
by the oocyte itself or derived from sources outside of the oocyte, such as vitamins
and metals that are equally required for enzyme activities. Their content in fish eggs
is related to egg and offspring viability (Emata et al. 2000; Izquierdo et al. 2001;
Kjorsvik et al. 1990; Palace et al. 2006).

Among the vast number of maternal RNAs present in the yolk egg are those
encoding for hormones, hormone receptors, and binding proteins. Additionally, sex
steroid hormones, corticosteroids, and thyroid hormones that may function in very
early development, before the zygote is capable of its own synthesis are present (Li
et al. 2012; Paitz et al. 2015; Vassallo et al. 2014).

6.3.3 Cortical Alveoli

In addition to the YM, ooplasm is characterized by the presence of a number of
cortical alveoli containing materials produced by the oocyte itself during the pri-
mary growth phase. Cortical alveoli are specialized membrane-limited vesicles of
variable size, originating from Golgi apparatus and later displaced toward the oocyte
cortex, containing a complex protein mixture including hyaline, hyosophorins, lec-
tins (i.e., C-type lectin, rhamnose-binding lectin), and proteases including alveolin
(Finn 2007; Gallo and Costantini 2012; Shibata et al. 2012; Viana et al. 2018). Their
relative depth increases as they grow in size and number and then decreases during
later vitellogenic growth as yolk accumulates centripetally in the oocyte. Their
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content is released to the egg surface after fertilization as part of the “cortical reac-
tion.” This release leads to the restructuring of ZRPs forming the chorion preventing
polyspermy (Selman et al. 1993).

6.3.4 Nucleus

During maturation phase, nucleus undergoes several dramatic changes including
resumption of meiosis (completion of the first meiotic division followed by progres-
sion to metaphase II), the germinal vesicle migration (GVM), chromosome conden-
sation, assembly of the meiotic spindle, the germinal vesicle breakdown (GVBD),
and the formation of the first polar body.

Oocyte in late vitellogenesis is arrested in prophase I of meiosis with a central,
large GV containing many nucleoli and a very high transcriptional activity. In an
oocyte in maturation, the centrally positioned GV must be repositioned to the periph-
ery in order to produce the unequal cell division resulting in the first polar body and
the secondary oocyte. The exact mechanism of GVM is not still fully understood, but
it probably involves changes in the oocyte cytoskeleton and may also use the inher-
ent polarity and density differences in ooplasm to allow “buoyancy” and to propel
the GV toward the oocyte periphery (Lessman 2009; Lessman et al. 2007).

Concomitantly to the migration, dissolution of the outer GV membrane (GVBD),
which is a prerequisite for fertilization, occurs. Disassembly or dissolution of the
nuclear envelope is an integral part of the higher eukaryote cell division process and
is generally involving changes in Lamin phosphorylation resulting in vesiculation
of the nuclear membranes (Yamaguchi et al. 2006).

During the period of meiotic arrest, the chromatin is in a de-condensed confor-
mation, but during oocyte maturation, it changes to a condensed conformation,
which is accompanied by the global transcriptional repression that precedes GVBD.

6.4 Hormonal Control of Maturation Process

The endocrine regulation of oocyte maturation has been extensively investigated in
fish (Nagahama et al. 1993, 1995; Nagahama and Yamashita 2008; Ramezani-Fard
et al. 2013). Studies using well-characterized in vitro systems as well as in vivo
systems have revealed that oocyte maturation in fish is regulated by three mediators:
the gonadotropin luteinizing hormone (LH), maturation-inducing hormone (MIH),
and maturation promoting factor (MPF) (Fig. 6.3).

In many teleosts, LH blood levels begin to rise at or near the time when the vitel-
logenic growth is completed (Khan and Thomas 1998). Although LH is the primary
endocrine factor responsible for the induction of oocyte maturation, this hormone
does not seem to act directly on the oocyte to induce meiotic maturation. LH binds
its receptor on follicular cells and stimulates a sequence of events, including increased
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Fig. 6.3 Endocrine paracrine control of follicle maturation in teleosts. A teleost follicle contains
an oocyte (O), one layer of granulosa cells (GCs) and one layer of theca cells (TCs) separated by
a basement membrane (BL). As a consequence of the LH binding with its receptor (LHR) in theca
cells membrane, the synthesis of 17alpha-hydroxy-progesterone (17a-HP) is induced. This hor-
mone diffuses into the GCs where it is converted to 17,20-dihydroxy-4-pregnen-3-one (17,20p3-
HP), one of the common forms of MIH. MIH binds its membrane receptor (mMIHR) located in
oolemma and let the activation of the maturation promoting factor (MPF) composed by cyclin B
and Cdc2. Subsequently, MPF induces GV migration (GVM), germinal vesicle breakdown
(GVBD), chromosome condensation, and the extrusion of the first polar body. (The model is based
on Nagahama et al. 1995 and Nagahama and Yamashita 2008)

Ihr transcripts, and an LH-induced switch in the follicular steroidogenic pathway
from E, to progestin production (Nagahama and Yamashita 2008). In particular, the
cellular machinery that induces the resumption of meiosis consists on changes of
sex steroids levels. In thecal cells, the synthesis of 17a-hydroxyprogesterone (17a-
HP) becomes predominant respect to androgens while in granulosa cells, the 20p3- or
20pB,21-hydroxylation of 17a-HP leads to the synthesis of maturation-inducing hor-
mone (17a,20p-HP or MIH).

The second step of the hormonal control of oocyte maturation consists on the
capacity acquisition to respond to the MIH signal (termed “oocyte maturational
competence,” OMC) concomitant with the expression of the membrane progester-
one receptor (mMIHR) in the oocyte (Patifio et al. 2003). Finally, the last step of
this hormonal cascade involves the MIH-induced activation of maturation-promot-
ing factor (MPF) which trigger the meiotic arrest in prophase I (Nagahama and
Yamashita 2008). Possibly due to a decline in oocyte cAMP levels, this transduc-
tion pathway activates cytosolic MPF, which consists of cyclin B and Cdc2
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(Nagahama 1997). Active MPF directly causes the resumption of meiosis
(Ramezani-Fard et al. 2013).

Although MIH is generally considered a necessary and sufficient mediator of
LH-induced meiotic resumption in teleost ovarian follicles, a number of other fac-
tors may also mediate or modulate this process. For instance, insulin-like growth
factors (IGF) (Irwin et al. 2012), activins (Ge 2000), epidermal growth factor (EGF),
transforming growth factor a (TGFa) (Kohli et al. 2005), among others, have been
shown to induce meiotic resumption in maturational competent follicles of teleosts.

In addition to the stimulatory control of oocyte maturation induced by LH, mei-
otic arrest is maintained by E, and other growth factors (such as bone morphoge-
netic protein [BMP15], growth differentiation factor [GDF9], and TGFf) (Pang and
Thomas 2009; Van Der Kraak and Lister 2011).

6.5 Alterations of the Oocyte Maturation by External
Factors

The formation and development of teleost oocyte is a large process that comprises
hormonal coordination and environmental stimuli. However, failures of such pro-
cess are existing in farmed species due to the existence of an artificial environment
and the human manipulation, inducing deficiencies on the reproductive perfor-
mances (Mylonas and Zohar 2007).

In addition to the farmed conditions, the raising of the water temperatures due to
climate change and the presence of pollutants pose new threats to fish reproduction.

In fact, a wild variety of endocrine-disrupting chemicals (EDCs) have been
detected in aquatic systems (i.e., plasticizers, pesticides, surfactants, pharmaceuti-
cal compounds). According to the World Health Organization, an EDC is “an exog-
enous substance or mixture that alters function(s) of the endocrine system and
consequently causes adverse health effects in an impact organism, or its progenies,
or (sub)populations” (World Health Organization 2002). Indeed, to date, several
studies have been published regarding the effects of different EDCs on the teleost
gametes and reproductive system (Carnevali et al. 2018). For instance, it was
recently evidenced that the plastic component bisphenol A at environmental con-
centrations induced morphological alterations in mature follicles of zebrafish and
alter the gene expression of oocyte maturation markers (Santangeli et al. 2016). The
plasticizer di-isononyl phthalate (DiNP) decreased the frequency of mature oocytes
in zebrafish ovaries (Santangeli et al. 2017) and changed the biochemical composi-
tion of the vitellogenic oocytes. In female murray rainbowfish (Melanotaenia flu-
viatilis), the plasticizer di-n-butyl phthalate (DnBP) reduced the thickness of the
chorion in late vitellogenic oocytes (Bhatia et al. 2013). Another xenobiotic, the
medicine tamoxifen used for breast cancer, stimulated oocyte maturation on zebraf-
ish (Tokumoto et al. 2005) as well as the organophosphate flame retardant, TDCPP,
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which increased the frequency of mature oocyte in zebrafish ovaries (Wang
et al. 2015).

Water temperature is an essential regulatory factor for fish reproduction, involved
in the control of all reproductive process, from gametogenesis to larval survival.
Certainly, temperature alterations have the capacity to affect the hypothalamus—
pituitary—gonadal axis (Pankhurst and Munday 2011). For instance, as reviewed
by Pankhurst and King, exposure to elevated temperatures may impair reproduction
of the Atlantic salmon and the rainbow trout among other species (Pankhurst and
King 2010). In the Arctic charr, the rising of the temperatures inhibited the ovula-
tion, reduced the sensitivity to 17,20BP and inhibited LH secretion, impairing the
oocyte maturation (Gillet et al. 2011).

To solve reproductive dysfunctionalities in farmed species, the aquaculture
industry has been dealing with several external factors, as temperature, photoperiod,
or hormonal treatments to improve the reproductive outcomes (Mylonas et al. 2010,
2017; Mylonas and Zohar 2007). Recently, an improvement in broodstock nutrition
has been proved to enhance the gamete quality, opening a potential new window for
captivity reproduction. For instance, the beneficial use of probiotics on reproduction
have been studied in several species (reviewed in Gioacchini et al. 2014). Specifically,
probiotics supplements induced responsiveness to MIH toward the oocyte matura-
tion (Gioacchini et al. 2012), increased the expression of genes coding for oocyte
maturation markers in zebrafish (Gioacchini et al. 2011, 2012) and varied the bio-
chemical composition of mature oocytes (Giorgini et al. 2010).

6.6 Conclusions and Future Prospective

In the present chapter, the composition and the structure of the different layers sur-
rounding the oocyte together with the cytoplasmic components of fish oocyte were
described. Within the eggs of fish, as in other oviparous vertebrates, all nutrients
necessary to support further embryo development are stored while on its surface
macromolecules are deposited to protect it. A coordinated transport of all these
components occurs during oogenesis to guarantee a good egg quality.

Recently, changes in oocyte maturation as well as an increase of apoptotic pro-
cess were observed when fish were exposed to environmental relevant concentra-
tions of EDCs, providing clear evidences about their effects on epigenetic control.
In addition, we are aware that climate changes could also affect the endocrine sys-
tem and in turn, could lead to alterations in the reproductive system and decrease the
fitness of the wild populations and farmed species.

The oocyte structure and components may be used as an early warning for repro-
duction toxicity in polluted aquatic environment or associated with inappropriate
diet or climate changes. The morphological alteration of the oocyte is generally
associated with physiological dysfunction that may compromise the reproduction
and consequently, the availability of good quality eggs and so of larvae for the aqua-
culture industry. The identification of morphological markers of egg quality may
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support the farmers in providing appropriate diet and environmental conditions to
improve larval survival.
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Chapter 7

Gametogenesis, Spawning,

and Fertilization in Bivalves and Other
Protostomes

Ryusaku Deguchi and Makoto Osada

Abstract The diversity of protostomes is demonstrated by the classification of
these animals into more than 20 phyla and 1,000,000 species. Many species of
aquatic protostomes are considered valuable for basic studies of reproduction as
well as for fishery resources. The aim of this chapter is to provide a brief overview
of the process and mechanism of fertilization in three protostome groups, the mol-
lusks, annelids, and arthropods, in which various modes of sexual reproduction have
evolved. Regarding the series of interactions between oocytes and sperm at fertiliza-
tion, we have described the structural changes in gametes and the regulatory mecha-
nisms of polyspermy block and increases in intracellular Ca**, which enable the
successful fertilization of oocytes. Prior to fertilization, oocytes and sperm are pro-
duced and matured in gonads and released at the optimal time. The second half of
the article focuses on gonial cell multiplication, oocyte growth, and spawning
(oocyte release and sperm release) in bivalve mollusks, in which these processes are
precisely regulated by endocrine systems. Although bivalves share many endocrine
regulatory molecules with vertebrates, they also employ unique mechanisms such
as the use of the neurohormone serotonin (5-hydroxytryptamine, 5-HT), which acts
directly on oocytes and sperm to induce oocyte maturation, sperm activation, and
spawning.
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7.1 Introduction

Both protostomes and deuterostomes are characterized by the presence of three
germ layers and bilateral symmetry. During the embryogenesis of most (but not all)
protostomes, the fate of the initial gastrulation site blastopore forms the mouth,
whereas the anus is formed later at a different site. The opposite situation is observed
in deuterostomes (Hejnol and Martindale 2009). Recent molecular phylogenetic
analyses support the concept of two main protostome clades, Spiralia (e.g., mol-
lusks, annelids, and nemerteans) and Ecdysozoa (e.g., arthropods and nematodes),
although traditionally, annelids and arthropods have been considered closely related
because of their similarly segmented body plans (Dunn et al. 2014). Compared with
the approximately 70,000 described species of deuterostomes, protostomes include
a more diverse range of more than 1,000,000 described species (Chapman 2009). In
particular, mollusks, annelids, and arthropods include many taxa and species that
have expanded their habitats from ocean to fresh waters and even to terrestrial envi-
ronments, leading to the diversification of their reproductive modes.

Various protostomes are captured or cultivated worldwide to benefit humans.
Many species of mollusks, such as bivalves (clams, mussels, oysters, and scallops),
gastropods (abalones and snails), and cephalopods (squids and octopuses), as well
as arthropods such as crustaceans (shrimps, lobsters, and crabs), are important to
marine or freshwater fishery resources. Annelids, such as lugworms and earth-
worms, are used as food for animal cultivation and as bait in the fishing industry.
The fruit fly Drosophila melanogaster (Markow 2015) and the nematode worm
Caenorhabditis elegans (Frézal and Félix 2015) are considered excellent “model
organisms” for various types of biological studies, given their rapid life cycles,
small sizes, ease of laboratory cultivation, and abundant molecular information.
However, studies of oocyte maturation and fertilization in protostomes have been
mainly conducted in “non-model species” that live in aquatic environments and are
fertilized externally, and this research area has only recently expanded to fruit flies
and nematodes (e.g., Von Stetina and Orr-Weaver 2011; Singaravelu and Singson
2013; Kaneuchi et al. 2015).

In Sect. 7.2, we have provided a brief overview of the process and mechanism of
fertilization in three protostome groups: mollusks, annelids, and arthropods. In Sect.
7.3, we have provided a more detailed description of the endocrine systems that
regulate gonial cell multiplication, oocyte growth, and spawning in bivalve mollusks.
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7.2 Overview of the Fertilization Process and Mechanism
in Protostomes

7.2.1 Mollusks
7.2.1.1 Mode of Sexual Reproduction

The phylum Mollusca comprises eight classes (Smith et al. 2011; Kocot et al. 2011),
including Bivalvia (Pelecypoda), Gastropoda, and Cephalopoda. Approximately
85,000 mollusk species have been described (Chapman 2009), of which a majority
of them are ocean dwellers; however, some bivalves and gastropods inhabit fresh-
water niches, and some gastropods are terrestrial. Most aquatic mollusks possess
gills for respiration, and land snails and land slugs can take up oxygen from the air
using the mantle cavity as “lung” (Hsia et al. 2013).

Mollusks such as bivalves, limpets (patellogastropods or “true limpets”), and
abalones are generally dioecious; the sexually mature adults release either oocytes
or sperm to achieve external fertilization. In these animals, fully grown oocytes are
stored in the ovaries in a state of arrest at the first prophase (PI) of meiosis, whereas
naturally spawned oocytes either remain arrested at PI or resume meiosis toward the
second arrest point, i.e., the first metaphase (MI) (Costello et al. 1957; Longo 1983;
Deguchi et al. 2015; Table 7.1). In the oocytes of the former PI-type mollusks, fer-
tilization triggers germinal vesicle breakdown (GVBD) and subsequent meiotic
events. In contrast, in the latter MI-type species, GVBD has been initiated or com-
pleted by the time of spawning, and the remaining meiotic divisions occur after
fertilization.

Most aquatic gastropods, including the mud snail Ilyanassa (Tritia) obsoleta
(experimental species for spiral cleavage and morphogenesis) (Costello et al. 1957;
Goulding and Lambert 2016) and the river snail Viviparus viviparus (viviparous
species wherein fertilized oocytes develop into young snails inside the mothers)
(Jakubik 2012), are dioecious; they copulate to achieve internal fertilization.
Conversely, gastropods such as sea hares (including Aplysia californica, which is
used in studies of learning and memory), sea slugs, land snails, and land slugs are
simultaneously hermaphroditic (Heller 1993), although these animals do not nor-
mally self-fertilize; rather, self-sperm are usually transferred to other individuals via
copulation. The males of cephalopods such as squids implant spermatophores (i.e.,
sperm-containing capsules) in the internal mantle cavities or on the external body
surfaces of female animals (Iwata et al. 2011, 2015). In females, internal fertiliza-
tion may occur near these sperm storage sites, although the process has not yet been
observed directly.

In contrast to the above-mentioned reproductive patterns wherein fertilized eggs
or offspring receive genetic information from both parents, some mollusks also
serve as examples of uniparental inheritance (gynogenesis and androgenesis). In the
freshwater gastropods Melanoides tuberculata (Samadi et al. 1999) and Tarebia
granifera (Miranda et al. 2011), a female can parthenogenetically produce the
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offspring and brood them to young juvenile states. These characteristics have
enabled both species to expand their habitats as biological invaders in various
regions of the world. The hermaphrodite freshwater triploid clam Corbicula leana
provides a rare example of natural androgenesis. This clam simultaneously releases
Ml-arrested oocytes and non-reductional (triploid) sperm; in an MI-arrested oocyte,
the axis of the meiotic apparatus is parallel to the surface, and during the first mei-
otic division after fertilization, the two sets of female chromosomes and centro-
somes are emitted as two polar bodies (Komaru et al. 1997, 1998, 2000). The
fertilized oocyte, which comprises only a male pronucleus, skips the second meio-
sis, undergoes mitotic divisions, and develops into a triploid larva in which chromo-
somes are all derived from the fertilizing sperm (Komaru et al. 1998).

7.2.1.2 Gamete Structures and Fertilization Process

The changes occurring in gamete structures at fertilization have been investigated in
detail in marine bivalve, limpet, and abalone species that conduct external fertiliza-
tion. In most bivalve species previously investigated, the diameters of unfertilized
oocytes range from 50 to 70 pm, whereas Septifer virgatus (Mytilisepta virgata)
produces much larger oocytes (120-130 pm in diameter) (Table 7.1). Among repre-
sentative bivalves, including the surf clam Spisula solidissima (PI type) and the
mussels Mytilus edulis and M. galloprovincialis (MI type), the oocyte plasma mem-
brane is surrounded by a thin vitelline envelope (0.5-0.7 pm in width) over a very
tiny perivitelline space (0.2-0.3 pm in width), and numerous microvilli (1 pm in
length) extend into this envelope (Dan 1962; Humphreys 1962; Rebhun 1962;
Longo and Anderson 1970; Kyozuka and Osanai 1994; Fig. 7.1). The outermost
structure of the oocyte is a thin jelly coat (<10 pm in width) (Allen 1953; Dan 1962;
Rebhun 1962). The morphological features of limpet and abalone oocytes are basi-
cally similar, although they are generally larger (100-230 pm in diameter) and
equipped with a thicker jelly coat (Sakai et al. 1982; Guerrier et al. 1986; Vacquier
and Lee 1993; Deguchi 2007; Kolbin and Kulikova 2011; Balkhair et al. 2016). In
limpet oocytes, the perivitelline space is scarce and almost invisible under normal-
light microscopy (Guerrier et al. 1986; Buckland-Nicks and Howley 1997). In con-
trast, abalone oocytes have a wide perivitelline space; for instance, the oocytes of
Haliotis rufescens have an approximate diameter of 175 um, a perivitelline space
width of approximately 35 pum, and a jelly coat width of approximately 55 pm
(Vacquier and Lee 1993). In abalone oocytes, microvilli do not arrive at the vitelline
envelope (Sakai et al. 1982; Mozingo et al. 1995).

The males of most marine bivalves, limpets, and abalones release so-called prim-
itive sperm, which comprise a relatively large, conically or cylindrically shaped
acrosome, a nucleus containing highly condensed chromatin, a midpiece compris-
ing 4-7 globular or spheroidal mitochondria, and a flagellum exhibiting a typical
9 + 2 structure (Niijima and Dan 1965; Longo and Dornfeld 1967; Longo 1976;
Lewis et al. 1980; Sakai et al. 1982; Hodgson and Chia 1993; Buckland-Nicks and
Howley 1997). Bivalve and abalone sperm possess a well-developed axial rod
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Fig. 7.1 Process of sperm—oocyte fusion in Mytilus galloprovincialis. (a, b) The tip of the acroso-
mal process of an acrosome-reacted sperm that has fused with microvilli traversing the oocyte
vitelline envelope at 30 s post-insemination. (¢) Formation of the fertilization cone at 1 min post-
insemination. (d) Engulfment of the sperm head into a fertilization cone at 1.5 min post-
insemination. AP acrosomal process, FC fertilization cone, MV microvillus, N nucleus, VE vitelline
envelope. (From Kyozuka and Osanai (1994), with permission)

(bundle of actin filaments) even before the acrosome reaction, and this rod some-
times extends from the posterior part of acrosome to the anterior part of the nucleus
(Niijima and Dan 1965; Longo and Dornfeld 1967; Lewis et al. 1980; Sakai et al.
1982). Only a few species of limpets produce such a prominent preexisting axial rod
in the sperm head (Hodgson and Chia 1993; Buckland-Nicks and Howley 1997).
In mollusk sperm, an acrosome reaction is initiated on or near the vitelline enve-
lope after passage of the jelly coat (Longo 1976; Sakai et al. 1982; Kyozuka and
Osanai 1994; Togo et al. 1995; Buckland-Nicks and Howley 1997; Fig. 7.1).
Consequent to the acrosome reaction, materials inside the acrosomal vesicle (includ-
ing the protein lysin in some species) are released outside the sperm, and the ante-
rior end of the sperm is elongated by the actions of actin filaments to form an
acrosomal process. In bivalves and limpets, the tip of the acrosome process fuses
with microvilli exposed on the outer surface of the vitelline envelope, after which
the sperm is engulfed by the oocyte (Longo 1976; Kyozuka and Osanai 1994; Togo
etal. 1995; Buckland-Nicks and Howley 1997; Fig. 7.1). In abalones, each acrosome-
reacted sperm creates a hole (3 pm in diameter) in the vitelline envelope via a non-
enzymatic action of lysin, through which the sperm swims and fuses with the oocyte
plasma membrane (Lewis et al. 1982; Sakai et al. 1982; Vacquier and Lee 1993).
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In abalones, sperm acrosomal lysin (a non-glycosylated protein comprising
126-138 amino acids) and vitelline envelope receptor for lysin (VERL; a glycosyl-
ated protein comprising ~3700 amino acids) have been identified as the molecular
partners responsible for the initial recognition between gametes (Vacquier and Lee
1993; Swanson and Vacquier 1997; Kresge et al. 2001; Galindo et al. 2002). Lysin
and the initial two domains of VERL (VL1 and VL2) appear to have evolved rapidly
under positive Darwinian selection (Vacquier et al. 1997; Metz et al. 1998; Galindo
et al. 2003), thus enabling lysin to dissociate VERL in a species-specific manner.
Recent structural analyses have revealed the specific properties of lysin that may
facilitate rapid evolution (Wilburn et al. 2018), as well as the conformational simi-
larities between the sperm recognition sites of VERL and of ZP2, a mammalian
zona pellucida protein (Raj et al. 2017). In Mytilus, three proteins (M3, M6, and
MT7) able to dissolve the vitelline envelope have also been isolated from the sperm
acrosome (Takagi et al. 1994). They are considered as Ca’*-dependent carbohydrate-
binding proteins and do not share homology with abalone lysin.

Following sperm penetration, bivalve, limpet, and abalone oocytes do not exhibit
an obvious cortical reaction such as cortical granule exocytosis (Dan 1962;
Humphreys 1967; Longo and Anderson 1970; Longo 1976; Guerrier et al. 1986;
Vacquier and Lee 1993; Kyozuka and Osanai 1994), a process observed typically in
many other animals, including crustaceans (see later). Nonetheless, the perivitelline
space widens slightly in some species, such as Spisula (Longo and Anderson 1970).

7.2.1.3 Polyspermy Block

In most animals, polyspermy, defined as the entry of more than two sperm into the
oocyte or egg cytoplasm, causes embryonic death during the subsequent develop-
mental process. Therefore, the fertilized oocytes or eggs of many species undergo a
rapid change in membrane potential, which acts as a polyspermy block (reviewed
by Gould and Stephano 2003; Iwao and Izaki 2018; Jaffe 2018), although it remains
unclear whether this mechanism is indeed necessary under physiological conditions
(Dale 2016). In all previously examined mollusks, fertilization causes a membrane
depolarization event (i.e., positively directed shift in the membrane potential) with
a duration of 10 s to 20 min, depending on the species (Finkel and Wolf 1980;
Stephano 1992; Togo et al. 1995; Leclerc et al. 2000; Gould et al. 2001; Guo et al.
2017; Table 7.1). This depolarization can be attributed mainly to the influx of Na*
because the amplitude or duration of depolarization was shown to decrease in low-
Na* or Na*-free seawater (Togo et al. 1995; Gould et al. 2001) as the number of
polyspermic oocytes increased (Finkel and Wolf 1980; Togo et al. 1995). Ca?* influx
also appears to contribute to depolarization (Gould et al. 2001) and affect the rate of
polyspermy (Guo et al. 2017). These data support the view that depolarization con-
tributes to the polyspermy block in fertilized mollusk oocytes.

In various other animals, including echinoderms and vertebrates, the vitelline
envelope of a fertilized oocyte or egg (sometimes referred to as fertilization mem-
brane) serves as a barrier to prevent additional sperm from entering the perivitelline
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space; thus, the envelope functions as a late block to polyspermy (reviewed by
Wessel et al. 2001; Gould and Stephano 2003; Liu 2011). However, mollusks might
not adopt this type of vitelline envelope-mediated polyspermy block. Indeed, after
fertilization, the vitelline envelope allows extra sperm to undergo an acrosome reac-
tion and to dissolve it (Lewis et al. 1982; Togo et al. 1995). Nonetheless, acrosome-
reacted sperm cannot fuse with the plasma membrane, even after membrane
depolarization has ceased (Togo et al. 1995). Currently, the molecular basis of the
non-electrical polyspermy block on the plasma membrane observed in mollusks
remains completely unknown. In mammals, expression of the oocyte receptor Juno,
which binds the sperm protein Izumo1, becomes undetectable on the plasma mem-
brane after fertilization; accordingly, Juno is assumed to play a central role in the
non-electrical polyspermy block on the plasma membrane (Bianchi et al. 2014;
Bianchi and Wright 2014). Finally, Mytilus oocytes appear to possess an additional
late polyspermy block mechanism, wherein an aminopeptidase-like protease(s)
released from fertilized oocytes reduces the acrosome reaction rate in sperm arriv-
ing after fertilization (Togo and Morisawa 1997).

7.2.1.4 Oocyte Activation via Intracellular Ca? Increase

In all previously studied animals, oocytes or eggs exhibit a transient increase in the
intracellular (cytoplasmic) Ca*" concentration at fertilization (reviewed by Stricker
1999; Miyazaki 2006; Horner and Wolfner 2008; Kashir et al. 2013; Swann and Lai
2016). These changes in intracellular Ca®* levels can be measured after directly
injecting oocytes with Ca®* indicators or exposing oocytes to acetoxymethyl (AM)
ester forms of Ca** dyes. Both methods work well and produce similar results in
mammals. In marine invertebrates (e.g., bivalves), however, the two methods yield
different patterns of Ca®* changes even in the same species (Table 7.1).

In oocytes of the Pl-type bivalve Mactra chinensis, a large increase in Ca**
immediately after fertilization appears as a centripetal Ca*" flow that originates at
the whole cortex and spreads to the center (Deguchi and Morisawa 2003). This type
of Ca?* increase, which is often described as a cortical flash, is followed by a plateau
phase of Ca’* elevation that lasts for approximately 10 min and ceases near the time
of GVBD. These intracellular Ca** changes depend almost entirely on the influx of
Ca?*, which likely occurs through voltage-dependent Ca?* channels; the premature
cessation of an intracellular increase in Ca?* in the absence of external Ca*" or the
presence of Ca®* channel blockers inhibits GVBD or the resumption of meiosis
from PI. Several lines of evidence suggest that the resumption of meiosis in other
PI-type bivalves also depends on the influx of Ca?* at fertilization (Deguchi and
Osanai 1994b and references therein). An increase in the intracellular pH is another
important ionic event related to the resumption of meiosis from PI. Indeed, the
oocytes of PI-type bivalves, including Spisula and Mactra, exhibit an increase in
intracellular pH or the release of acid at fertilization; however, an intracellular pH
above a threshold level is necessary but not sufficient to induce GVBD (Deguchi
and Osanai 1994b; Dubé and Eckberg 1997). This situation contrasts strikingly with
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the oocyte maturation process observed in some MI-type bivalves and limpets, in
which an increase in intracellular pH is sufficient to induce the resumption of meio-
sis from PI without an increase in Ca?* (Guerrier et al. 1986; Deguchi and Osanai
1994b, 1995; Gould et al. 2001).

In contrast to PI-type bivalves, the fertilized oocytes of MI-type bivalves exhibit
repeated increases in Ca’* (i.e., Ca®* oscillations) (Deguchi and Osanai 1994a;
Deguchi 2007; Kashir et al. 2013; Table 7.1; Fig. 7.2), although AM ester Ca** dyes
can only detect a blunt single increase in Ca** (Abdelmajid et al. 1993; Leclerc et al.
2000; Shi et al. 2017). During Ca** oscillations, an initial cortical flash is followed
by point-source Ca** waves that initiate at one cortex (that does not necessarily cor-
respond to the sperm entry site) and propagate to the antipode (Kashir et al. 2013;
Fig. 7.2). These Ca?* oscillations may be mediated mainly by the release of Ca*
through inositol 1,4,5-trisphosphate (IP;)-gated Ca®* channels on the endoplasmic
reticulum (Deguchi et al. 1996). Consistent with this process, the oocytes of MI-type
bivalves may continue to undergo Ca®* oscillations and resume meiosis from MI
even after the removal of external Ca** (Deguchi and Osanai, 1994a). In contrast,
the increase in intracellular Ca** observed in MI-type limpets exhibits a pattern and
external Ca®* dependency similar to those observed in PI-type bivalves, rather than
MlI-type bivalves (Deguchi 2007; Table 7.1). In limpets, the poorly developed IP;-
dependent Ca?* release mechanism and cortical endoplasmic reticulum (ER) clus-
ters may be partly responsible for the lack of Ca’* oscillations at fertilization
(Deguchi 2007). An increase in the intracellular pH is neither observed at fertiliza-
tion nor required for the resumption of meiosis from MI in bivalve and limpet
oocytes (Deguchi and Osanai 1995; Gould et al. 2001).

In mollusks, the molecules that act downstream of a Ca®* increase (and pH
increase) at fertilization to regulate the resumption of meiosis from PI or MI remain
largely unknown. Experiments involving commonly used agonists and antagonists
suggest that protein kinase C (PKC) is a downstream target leading to GVBD in
Spisula (Eckberg et al. 1987; Colas and Dubé 1998). However, short-lived and con-
stitutively synthesized proteins are likely required for MI arrest and should be
degraded or inactivated at fertilization in MI-type bivalves and limpets (Dubé and
Dufresne 1990; Colas et al. 1993; Néant and Guerrier 1988; Colas and Dubé 1998).
Mitogen-activated protein kinase (MAPK) is one candidate that may be responsible
for MI arrest, although this event may also involve other proteins (Portillo-Lépez
et al. 2003).

7.2.2 Annelids
7.2.2.1 Mode of Sexual Reproduction
Recent molecular analyses suggest that Annelida includes other taxonomic groups

that were formerly considered separate phyla (e.g., Echiura and Sipuncula) (Dunn
et al. 2008; Weigert et al. 2014; Struck et al. 2015). To date, approximately 17,000
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Fig. 7.2 Intracellular Ca®* increases in a Mytilus galloprovincialis oocyte at fertilization. Relative
changes in fluorescence were measured using the Ca** indicator Calcium Green-1 dextran (MW
10,000) injected into an oocyte. The fertilized oocyte exhibited an initial Ca®* transient (a), fol-
lowed by a sustained Ca®* elevation and subsequent repetitive Ca®* increases (b). Sequential
images acquired every 0.4 s demonstrate that the initial Ca** transient increase takes the form of a
cortical flash (a), whereas each subsequent Ca®* increase appears as a Ca?* wave propagating from
one cortical site to the antipode (b)
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species belonging to Annelida (including these related phyla) have been described
(Chapman 2009). Many annelids, including polychaete (currently thought to be
paraphyletic), echiuran, and sipunculid worms, typically live in the ocean, whereas
clitellates, such as earthworms and leeches, are abundant in freshwater or moist ter-
restrial environments. Some polychaete species possess gills for efficient gas
exchange, whereas many other annelids respire entirely through their skin (Storch
and Alberti 1978; Graham 1988; Chuang et al. 2006).

Similar to mollusks, annelids exhibit a wide range of sexual reproduction modes.
Most marine inhabitants are dioecious and external fertilizers (Prevedelli and
Simonini 2003; Ram et al. 2008) and are categorized as either PI-type or MI-type
species (Costello et al. 1957; Deguchi et al. 2015; Table 7.1). The marine polychaete
Dinophilus gyrociliatus exhibits a marked sexual dimorphism that is evident even at
the egg stage, wherein small “male-type” eggs (40 pm in diameter) develop into
dwarf males and larger “female-type” eggs (80—100 pm in diameter) develop into
adult females (~1 mm in length) (Prevedelli and Simonini 2003; Simonini et al.
2003). Males copulate with juvenile females (sisters) inside the same capsule and
then die. In these females, sperm are thought to have already penetrated the growing
oocytes before vitellogenesis (Masui 1985). The females then emerge from the cap-
sule and grow as free-living individuals. Earthworms and leeches are generally her-
maphroditic and internal fertilizers; in these animals, sperm are implanted into the
partner via copulation (Ferndndez et al. 1998; Kutschera and Elliott 2010). Some
species of earthworms or freshwater worms (7ubifex worms) conduct parthenoge-
netic reproduction, as confirmed by isolation experiments, cytological observations,
and molecular analyses (Shen et al. 2012; Marotta et al. 2014; Mustonen et al. 2017).

7.2.2.2 Gamete Structures and Fertilization Process

Studies have mainly explored the fertilization processes of polychaete and echiuran
worms that spawn gametes in seawater or brackish water for external fertilization.
Previous fertilization experiments have used unfertilized polychaete oocytes rang-
ing from 50 to 300 pm in diameter (Costello et al. 1957; Table 7.1). These oocytes
exhibited morphological features similar to those observed in mollusks and are
enclosed by a vitelline envelope (0.5-1.5 pm in width) into which microvilli are
inserted, regardless of the width of the perivitelline space (Fallon and Austin 1967,
Anderson and Eckberg 1983; Sato and Osanai 1983, 1986; Kluge et al. 1995; Shin
et al. 2005; Nakano et al. 2008, 2014). Primitive-type polychaete sperm undergo an
acrosome reaction on the outermost layer of the vitelline envelope; the subsequent
elongation (or not) of an acrosomal process is species-dependent (Anderson and
Eckberg 1983; Sato and Osanai 1983, 1986). Subsequently, in some species, the
acrosome-reacted sperm fuses with microvilli before penetrating the vitelline enve-
lope whereas, in other species, it fuses with the oocyte plasma membrane after pass-
ing through a vitelline envelope via a lysin-mediated process (Colwin and Colwin
1960, 1961; Anderson and Eckberg 1983; Sato and Osanai 1983, 1986). In
Pseudopotamilla occelata and Sabellaria vulgaris oocytes, a wide perivitelline
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Fig. 7.3 Fertilization-induced morphological and intracellular Ca’* changes in Pseudopotamilla
occelata oocytes. (a) Bright-field images of a fertilized oocyte acquired every 5 s after the forma-
tion of a cytoplasmic protrusion was initiated. Of the two sperm bound to the vitelline envelope
(arrow and arrowhead), the left (arrow) was engulfed into the tip of the protrusion. Scale bar:
20 pm. (b) DAPI-stained sperm nucleus at the tip of the protrusion. Scale bar: 100 pm. (c)
Fluorescence images of a fertilized oocyte injected with the Ca®* indicator Calcium Green-1 dex-
tran (MW 3,000); the images were acquired every 1 or 5 s and normalized by division in a pixel-
to-pixel manner by the resting image obtained immediately before the Ca®* increase (=5 s). An
initial local Ca** increase was followed by the formation of a cytoplasmic protrusion, which was
retracted after a subsequent large cortical flash. (From Nakano et al. (2008), with permission)

space (12—15 pm) forms during oocyte maturation (Waterman 1934; Novikoff 1939;
Nakano et al. 2008). In these species, the binding of sperm to the vitelline envelope
stimulates the oocyte to produce a large cytoplasmic protrusion that extends up to
its inner surface and then engulfs the sperm (Fig. 7.3).

Following fertilization, cortical granule exocytosis occurs in some polychaete
species such as Nereis limbata (Alitta succinea) and Platynereis dumerilii, resulting
in the formation of a jelly coat and perivitelline space (Lillie 1911; Fallon and
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Austin 1967; Kluge et al. 1995). In contrast, no obvious post-fertilization changes
in cortical granules are observed in Chaetopterus pergamentaceus, despite the for-
mation of a perivitelline space (Eckberg 1981). The presence or absence of cortical
granule exocytosis may be species-specific even within the genus of Urechis (Gould
and Stephano 1989; Shin et al. 2005). Unfortunately, little molecular information is
known about lysin or the other substances responsible for sperm—oocyte interac-
tions in annelids.

7.2.2.3 Polyspermy Block

In the fertilized oocytes of Urechis caupo (PI-type), a large membrane depolariza-
tion (from —30 to +50 mV) that depends mainly on Na* influx and partly on Ca*
influx is thought to act as a fast electrical polyspermy block during the initial
5-10 min of fertilization (Gould-Somero et al. 1979; Jaffe et al. 1979; Gould and
Stephano 1989; Table 7.1). The observed occurrence of a long-lasting membrane
depolarization immediately after insemination (Jaffe 1983) and external Na'-
dependent polyspermy (Eckberg and Anderson 1985) suggest that Chaetopterus
oocytes (MI-type) may employ a similar polyspermy block mechanism.
Polychaete oocytes seem to be equipped with species-specific mechanisms that
enable a late but permanent polyspermy block. These mechanisms include a plasma
membrane-level block in Urechis that prevents the fusion of acrosome-reacted
sperm with the oocyte microvilli or plasma membrane independently of the mem-
brane potential (Gould and Stephano 2003), a vitelline envelope-level block in
Chaetopterus and other polychaetes that may be attributable to the disappearance of
microvillus tip vesicles (i.e., putative sperm receptor sites) or the retraction of
microvilli from the vitelline envelope (Eckberg and Anderson 1985; Sato and
Osanai 1986; Shin et al. 2005), and a jelly coat-level block in Nereis wherein the
jelly substances released outside the vitelline envelope transport the extra sperm
away from the oocyte surface to leave a single fertilizing sperm (Lillie 1911).

7.2.24 Oocyte Activation via Intracellular Ca?* Increase

Fertilized Urechis oocytes exhibit an increase in intracellular Ca** that comprises an
initial cortical flash and subsequent plateau phase (Stephano and Gould 1997a;
Table 7.1). The results of electrophysiology analyses (see above), °*Ca uptake mea-
surements (Johnston and Paul 1977; Jaffe et al. 1979), and experiments using Ca>*
channel inhibitors strongly suggest that the increase in Ca** at fertilization depends
mainly on an influx of Ca*, although Ca®* released from IP;-dependent internal
stores may play a supplementary role (Stephano and Gould 1997a). Urechis oocytes
also exhibit an increase in intracellular pH at fertilization (Gould and Stephano
1993), and both the increases in Ca** and pH are required for the resumption of
meiosis from PI (Stephano and Gould 1997a), similar to the above-described situa-
tions in PI-type bivalves.
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In contrast, fertilized Chaetopterus oocytes exhibit apparent Ca** oscillations for
several minutes; the initial transient increase in Ca*" always appears as a point-
source non-propagated Ca** wave, which is followed by fully propagating Ca?
waves (Eckberg and Miller 1995; Table 7.1). Chaetopterus oocytes can utilize two
Ca?*-mobilizing systems, voltage-dependent external Ca?* influx and IP;-dependent
internal Ca’* release (Eckberg and Miller 1995; Thomas et al. 1998; Howell et al.
2003; Yin and Eckberg 2009), although to what extent each mechanism contributes
to fertilization-induced Ca** oscillations remains uncertain.

Pseudopotamilla oocytes exhibit a unique two-step increase in Ca** at fertiliza-
tion. In the first step, a non-propagated Ca** wave that depends mainly on IP;-
dependent Ca’* release occurs in one cortical region and causes the expansion of
this region toward the vitelline envelope to engulf a fertilizing sperm, as described
above (Nakano et al. 2008, 2014; Fig. 7.3). In the second step, a cortical flash causes
a global increase in Ca?* that persists for approximately 10 min. This latter step may
be due to a voltage-dependent Ca’* influx and is responsible for the retraction of the
cytoplasmic protrusion, disappearance of microvilli in the perivitelline space, and
resumption of meiosis from MI in fertilized oocytes (Nakano et al. 2008, 2014;
Fig. 7.3).

In Urechis sperm, an acrosomal protein containing the active domain VAKKPK
binds to the oocyte surface and induces all fertilization-associated events, including
membrane depolarization (Gould and Stephano 1991), intracellular increases in
Ca?* (Stephano and Gould 1997a) and pH (Stephano and Gould 1997b), and the
resumption of meiosis from PI (Gould and Stephano 1991). In Pseudopotamilla, the
local application of a soluble sperm extract to an unfertilized oocyte mimics a non-
propagated increase in Ca’* and, subsequently, the formation of a cytoplasmic pro-
trusion, as seen at fertilization (Nakano and Kyozuka 2015). These externally
applicable “sperm factors” in Urechis and Pseudopotamilla provide a marked con-
trast to phospholipase C-zeta (PLC{) in mammalian sperm, which is delivered to the
oocyte cytoplasm after the sperm—oocyte fusion step and thus induces Ca** oscilla-
tions and oocyte activation (Kashir et al. 2013; Swann and Lai 2016).

7.2.3 Arthropods
7.2.3.1 Mode of Sexual Reproduction

Arthropoda is the largest phylum in the animal kingdom, with many more than
1,000,000 extant species (Chapman 2009). Most species are insects (~1,000,000
described species) that possess exoskeletal spiracles through which air enters
the trachea (Maina 2002; Hsia et al. 2013), and thus these animals thrive in terres-
trial but not marine environments (Ikawa et al. 2018). By contrast, crustaceans
(~47,000 described species), the second largest group of arthropods, are predomi-
nantly found in ocean waters, although freshwater and terrestrial species also exist
(Chapman 2009). Most aquatic crustaceans, as well as the horseshoe crab (a marine
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chelicerate species), use gills for respiration (Farley 2010). In contrast, terrestrial
crustaceans absorb oxygen through various mechanisms; for instance, woodlice can
breathe using lungs located in their legs (Hsia et al. 2013).

Similar to insects, aquatic crustaceans and horseshoe crabs are typically dioe-
cious; in contrast, many species of barnacles, a type of sedentary marine crustacean,
are simultaneous hermaphrodites (Yamaguchi et al. 2013). Crustaceans and horse-
shoe crabs are either internal or external fertilizers, and their strategies for success-
ful fertilization are highly diverse, even within closely related species. In the
American horseshoe crab Limulus polyphemus, oocytes released from a female are
immediately inseminated by sperm released from a mated male, as well as from
“satellite males” that surround the pair (Mattei et al. 2010). In many species of
shrimp, external fertilization occurs immediately after a female releases her oocytes
together with the sperm that were obtained from copulating male partners and stored
in seminal receptacles (Pillai and Clark 1987; Goudeau and Goudeau 1989b). The
stalked barnacle Pollicipes polymerus conducts “spermcast mating,” wherein sperm
released from one individual to the surrounding seawater are captured by neighbor
individuals and used to fertilize their oocytes in mantle cavities (Barazandeh et al.
2013). Many other barnacles use their penises to transfer self-sperm to partners via
“pseudo-copulation.” In any case, marine and freshwater arthropods differ from
other various aquatic animals because they do not adopt the system of free-spawning
broadcast fertilization, which occurs between two types of gametes released simul-
taneously. In addition to bisexual reproduction, arthropods frequently undergo par-
thenogenesis; in some species or strains of aquatic crustaceans, such as the water
flea Daphnia (Hiruta et al. 2010), the brine shrimp Artemia (Maccari et al. 2014),
and the crayfish Procambarus (Vogt et al. 2015; Kato et al. 2016), as well as in vari-
ous species of insects, the females can produce offspring in the absence of males.

7.2.3.2 Gamete Structures and Fertilization Process

Mature oocytes collected immediately after ovulation or isolation from the ovaries
of aquatic arthropods used in fertilization experiments exhibit a remarkable range of
diameters from 100 pm (Pollicipes polymerus) to 2.5 mm (Limulus polyphemus)
(Brown and Humphreys 1971; Lewis 1975; Table 7.1). These oocytes commonly
contain cortical vesicles inside the plasma membrane, which is covered with a vitel-
line envelope (e.g., Klepal et al. 1979; Bannon and Brown 1980; Goudeau 1984;
Talbot and Goudeau 1988; Pongtippatee-Taweepreda et al. 2004; Dupré and Barros
2011; Niksirat et al. 2015). In barnacles, shrimps, lobsters, and crabs, MI is the
arrest point of meiosis before oocyte activation (Walley et al. 1971; Goudeau 1982;
Goudeau and Goudeau 1986b, 1989a, b; Lindsay et al. 1992; Table 7.1).

Male horseshoe crabs release primitive and motile sperm that comprise four
parts: the apical acrosome, nucleus, mitochondria, and flagellum (9 + 2 or 9 + 0
axoneme pattern) (Brown and Humphreys 1971; Yamamichi and Sekiguchi 1982;
Ishijima et al. 1988). Barnacle sperm are also flagellate and motile but are structur-
ally modified to contain an elongated nucleus located alongside three quarters of the
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axoneme, as well as a single mitochondrion just behind the nucleus (Walley et al.
1971; Kubo et al. 1979; Klepal 1990). Decapods, including shrimp, lobsters, cray-
fish, hermit crabs, and crabs, produce atypical and immotile sperm for internal or
external fertilization. Despite the species-specific morphological characteristics,
these decapod sperm share common structures such as a well-developed acrosomal
vesicle in the anterior portion and a nucleus composed of uncondensed chromatin in
the posterior region. However, these sperm generally lack a flagellate tail containing
the axoneme, as well as a mitochondrial midpiece (e.g., Lynn and Clark 1983b;
Griffin and Clark 1990; Tudge et al. 2001; Klaus et al. 2009; Sime¢ et al. 2010;
Dupré and Barros 2011; Wang et al. 2015).

Crustacean oocytes undergo cortical modifications and meiotic divisions from
MI after spawning or exposure to seawater. In penaeid and caridean shrimps, expo-
sure to seawater triggers the full process of oocyte activation, regardless of the pres-
ence or absence of sperm (Goudeau and Goudeau 1989b; Pillai and Clark 1987,
Goudeau et al. 1991; Lindsay et al. 1992; Clark and Griffin 1993). Mg?* has been
identified as an essential seawater component that triggers oocyte activation in
shrimp (Pillai and Clark 1987; Goudeau and Goudeau 1989b; Pongtippatee et al.
2010), although in one exceptional species, normal activation occurs even in the
presence of a very low concentration of Mg?* (Rojas and Alfaro 2007).

Oocytes of the penaeid shrimp Penaeus monodon (~275 pm in diameter) undergo
two-step cortical modifications upon release into seawater (Pongtippatee-
Taweepreda et al. 2004). In the first step, cortical rods (10 pm wide and 35-40 pm
long, ~400 per oocyte) containing jelly precursor substances are expelled from
invaginations of the oocyte cortex (i.e., cortical crypts) within the first minute to
form a jelly layer (Fig. 7.4). In the second step, which occurs independently of jelly
layer formation and is completed after approximately 15 min, exocytosed cortical
vesicles modify the vitelline envelope into a thicker fertilization membrane (i.e.,
“hatching envelope”) and induce the appearance of the perivitelline space (0.5-3 pm
in width) (Fig. 7.4). Meiotic divisions from MI, which manifest as extrusions of the
first (3—5 min) and second polar bodies (10—15 min), proceed in parallel to these
cortical modifications (Fig. 7.4). A similar sperm-independent process of oocyte
activation has been observed in other penaeid shrimp species, although the time
course is greatly affected by differences in species and experimental conditions
(e.g., temperature) (Clark et al. 1980; Pillai and Clark 1987; Lindsay et al. 1992;
Clark and Griffin 1993; Rojas and Alfaro 2007; Ikhwanuddin et al. 2015). In fact,
emissions of the first and second polar bodies in Sicyonia ingentis oocytes incubated
at 21°C occurred at intervals of 35—40 and 45-50 min, respectively, after exposure
to seawater (Lindsay et al. 1992). Palaemon serratus oocytes can also be fully acti-
vated in the absence of sperm (Goudeau and Goudeau 1986b, 1989b; Goudeau et al.
1991), although neither the cortical rod-like structure nor initial jelly layer formation
is detectable in this or other species of caridean shrimps (Lynn and Clark 1983a;
Goudeau et al. 1991; Kim et al. 2007; Dupré and Barros 2011).

The shrimp sperm binds to the oocyte vitelline envelope via an apical appendage,
the anterior spike, and undergoes an acrosome reaction that appears to be initiated
by molecules in “egg water” (which contains jelly layer components) but not in the
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Fig. 7.4 Light and scanning electron micrographs of Penaeus monodon oocytes obtained during
the activation process. (a) Bright-field images revealing cortical modifications and cell cycle pro-
gression in oocytes or eggs. Following exposure to seawater (a), oocytes extrude cortical rods for
the formation of a jelly layer (b—e), elevation of a hatching envelope (f-h), and emission of the first
and second polar bodies (f-h) before the first mitotic cleavage (i). PB first polar body, HE hatching
envelope. (b, ¢) Scanning electron microscopy images of the oocyte surface before and 15 s after
exposure to seawater. CC cortical crypt, CR cortical rod, C vitelline envelope (i.e., investment
coat). (From Pongtippatee-Taweepreda et al. (2004), with permission)

vitelline envelope (Griffin and Clark 1990; Kruevaisayawan et al. 2008;
Ngernsoungnern et al. 2012). Multiple sperm cells can penetrate the vitelline enve-
lope and enter the perivitelline space shortly after binding (Lindsay et al. 1992;
Pongtippatee-Taweepreda et al. 2004). However, sperm—oocyte fusion does not
occur within the initial 30 min period in Sicyonia ingentis (Lindsay et al. 1992). In
the caridean shrimp Rhynchocinetes typus, an umbrella-like sperm equipped with
9-13 radial arms (each containing uncondensed chromatin extending from the cell
body) binds to the vitelline envelope via an anterior spike, enters the perivitelline
space and fuses with the oocyte plasma membrane without indicating an apparent
acrosome reaction (Dupré and Barros 2011).

In contrast to shrimps, oocyte activation in other crustaceans, such as barnacles
(Walley etal. 1971; Lewis 1975; Klepal et al. 1979), lobsters (Goudeau and Goudeau
1986a; Talbot and Goudeau 1988), and crabs (Goudeau and Becker 1982; Goudeau
and Goudeau 1989a, b), depends partly or mostly on the presence of sperm. In
crabs, for instance, exposure to seawater (or the presence of 30-50 pM Ca** in
Mg?>*-free seawater) stimulates the oocytes to release one of two distinct popula-
tions of cortical vesicles containing a fine granular material for lifting the vitelline
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envelope and encourages the resumption of meiosis from MI. Fertilization induces
the slow and long-lasting exocytosis of another type of cortical vesicle, which con-
tains ring-shaped elements and is responsible for the formation of a thick fertiliza-
tion membrane (Goudeau and Becker 1982; Goudeau and Goudeau 1989a, b).

7.2.3.3 Polyspermy Block

Generally, shrimp oocytes that are spawned naturally into normal seawater are
mixed with sperm released simultaneously from the same female and are thus
monospermic (Lynn and Clark 1983a; Goudeau and Goudeau 1989b; Lindsay et al.
1992). Polyspermy can be induced by incubating spawned oocytes in low-Mg?* or
Mg>*-free seawater, as this delays or suppresses both a series of cortical modifica-
tions and the resumption of meiosis from MI (Lindsay et al. 1992; Pongtippatee
et al. 2010). Immediately after spawning, the oocytes extrude cortical rods that push
away most of the potentially binding sperm (Lindsay et al. 1992; Pongtippatee-
Taweepreda et al. 2004), and the subsequent formation of a fertilization (hatching)
membrane prevents sperm from belatedly entering the perivitelline space
(Pongtippatee-Taweepreda et al. 2004). Therefore, cortical modifications may help
to eliminate excess sperm around the shrimp oocytes. However, these changes alone
are not sufficient to block polyspermy, as multiple sperm can pass through the vitel-
line envelope immediately after contact, as described above.

Unfertilized Palaemon oocytes that have been preincubated in Mg>*-free seawa-
ter to avoid activation and inseminated simultaneously with the replacement of
external medium by normal seawater were shown to exhibit a series of changes in
the membrane potential, namely an initial transient hyperpolarization phase fol-
lowed by depolarization and final hyperpolarization phases (Goudeau and Goudeau
1986¢, 1989b). However, no significant differences in the membrane potential pat-
tern were observed between oocytes that incorporated sperm and those that failed to
fertilize, suggesting a lack of “fertilization potential” in oocytes of this species.
Therefore, the mechanism by which only one of multiple sperm in the perivitelline
space can fuse with the shrimp oocyte plasma membrane remains unclear.

Immediately after artificial insemination in normal seawater, the membrane
potential of an oocyte from the crab Maja squinado becomes hyperpolarized (from
—54 to —80 mV) due to an increase in K* permeability (Goudeau and Goudeau
1989a, b; Fig. 7.5). Voltage clamp experiments have shown that sperm can incorpo-
rate into oocytes clamped between —65 and —75 mV but not those clamped at <
—60 mV or > —80 mV (Fig. 7.5). Naturally spawned Maja oocytes are monosper-
mic, and their membranes remain hyperpolarized for several hours (Goudeau and
Goudeau 1989a, b). Therefore, membrane hyperpolarization at fertilization likely
enables the crab oocyte to incorporate a single fertilizing sperm during an initial
short time window and prevents the entry of additional sperm during subsequent
long periods. Sperm-induced membrane hyperpolarization has also been detected in
lobster oocytes, although its role in polyspermy block is unknown (Goudeau and
Goudeau 1986a, 1989b).
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Fig. 7.5 Membrane hyperpolarization in Maja squinado oocytes at fertilization. (a) Changes in
the membrane potential at fertilization were recorded at slow (left) and high speed (right) in two
different oocytes. Downward and upward white arrows indicate the times when a microelectrode
was inserted into and withdrawn from the oocyte, respectively. (b) Sperm entry into voltage-
clamped oocytes. Numbers in parentheses indicate the total numbers of oocytes used for the exper-
iments. In the oocytes that were clamped at —75, —70, and —65 mV and permitted sperm entry, an
average of 3—6 sperm nuclei were observed in the cortices. (From Goudeau and Goudeau (1989a),
with permission)

7.2.3.4 Oocyte Activation via Intracellular Ca? Increase

In shrimp oocytes, Ca*" ionophores such as A23187 and ionomycin have been
shown to trigger cortical modifications and meiosis resumption from MI even in the
absence of external Mg?* (Goudeau and Goudeau 1986b; Goudeau et al. 1991),
indicating that an intracellular increase in Ca?* plays a role in Mg**-induced oocyte
activation. Indeed, Sicyonia oocytes exposed to external Mg?* exhibit a propagating
Ca’ wave that initiates from the cortical site (i.e., the side that first comes into con-
tact with Mg?*) (Lindsay et al. 1992; Lindsay and Clark 1994). This initial increase
in Ca?* lasts for a few minutes, during which the oocytes undergo cortical contrac-
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tions associated with the formation of a jelly layer (Lindsay et al. 1992). However,
the direct injection of Mg?* into oocytes cannot induce an increase in Ca?* (Lindsay
et al. 1992), and several other data suggest the existence of an “Mg** receptor” on
the oocyte surface that stimulates IP;-dependent Ca?* release, rather than external
Ca?* influx (Lindsay and Clark 1994). In activated Sicyonia oocytes, the second Ca**
wave occurs at approximately 15 min post-spawning, although the underlying
mechanism or function remains unclear (Lindsay et al. 1992). Intracellular changes
in Ca®" in response to external Mg?* have also been detected in Palaemon oocytes;
here, an initial transient increase in Ca** is followed by Ca** oscillations lasting for
70-80 min, during which the oocytes undergo the first polar body formation and
cortical modification (Goudeau and Goudeau 1996, 1998). These changes in Ca*
can be reversibly interrupted by the absence of external Mg?* and have been proven
to be mediated by an IP;-dependent Ca?* release, although a capacitive (i.e., store-
operated) Ca** entry also appears to contribute to later Ca?* oscillations.
Unfortunately, no information about the molecules involved in downstream of Ca?*
changes in these shrimp species is available.

Recent studies have demonstrated that Drosophila oocytes exhibit an intracellu-
lar Ca** wave at ovulation; the onset and propagation of this wave require an influx
of Ca?* through mechanosensitive channels and an IP;-dependent release of Ca**,
respectively (Kaneuchi et al. 2015). Importantly, in Drosophila oocytes, the Ca*
wave proceeds independently of sperm, as observed in shrimp oocytes. The sperm-
independent increase in Ca?* and oocyte activation in arthropods provide a striking
contrast to the sperm-triggered changes in many other animals. These differences
might have facilitated the evolutionary appearance of parthenogenetic species,
which are frequently observed in this phylum.

7.3 Overview of the Endocrine System Associated
with Reproduction in Bivalves

7.3.1 Preface

In the fishery industry, bivalve species are commercially important organisms har-
vested as capture and aquaculture products. The reproduction of bivalve species is
an essential subject in terms of the biological evaluation of brood stock and the
environmental evaluation of aquacultural areas. However, knowledge about the
endocrine control associated with gametogenesis and the spawning of bivalve mol-
lusks is limited, and a realization of the stable artificial seed production based on
reproductive control is thirsted to improve productivity in aquaculture industry.
The development of oocytes and sperm during gametogenesis iS commonly
observed in oviparous organisms. During oogenesis, primary germ cells (stem cells)
undergo mitotic division, give rise to oogonia (Sastry 1979), and then develop into
oocytes upon the accumulation of yolk materials. In the testis, stem cells undergo a
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series of mitotic divisions associated with decreasing cytoplasmic volume, give rise
to spermatogonia (Sastry 1979), and undergo meiosis to form spermatozoa through
spermatocytes and spermatids, followed by spermiogenesis. Normally, gametogen-
esis is an annual cycle, and the changes in gonadal development have been qualita-
tively classified into several stages; in the scallop, the undifferentiating, early
differentiating, growing, mature, spawning, post-spawning, and degenerating stages
(Osanai 1975) have been determined based on the characterization of overall
gonadal morphology, rather than the quantitative analysis of germ cells.

In this section, the mitotic process during early germ cell development, the
oocyte growth process following vitellogenesis, and spawning processes based on
oocyte maturation and sperm motility in bivalves are described from the compara-
tive endocrinology point of view.

7.3.2  Multiplication of Gonial Cells

The development of gonial cells must be quantified to better understand the endo-
crine control of early germ cell development in bivalves. The mitotic division of
gonial cells has been quantified in some bivalve species. In the blue mussel Mytilus
edulis, autoradiography was used to demonstrate the incorporation of [*H] thymi-
dine into young germinal cells, particularly spermatogonia, in the mantle tissue
(Mathieu 1987). The incorporation of [*H] thymidine into dissociated cell suspen-
sions of mantle tissue was associated with the estimated aspartate transcarbamylase
activity. Consequently, this phenomenon was used to quantitatively evaluate the
mitogenic influence of an endogenous factor on spermatogonial multiplication
(Mathieu 1985, 1987). In a cytologic analysis of the Yesso scallop Patinopecten
(Mizuhopecten) yessoensis, the incorporation of BrdU into gonial cells during early
development revealed that the proliferation of these cells could be divided into
phases I and II (Osada et al. 2007). In phase I, the oogonia and spermatogonia
underwent slow proliferation. In phase II, oogonia exhibited a termination of prolif-
eration, followed by development into vitellogenic oocytes, whereas spermatogonia
underwent rapid proliferation. In vertebrates, developing spermatogonia can be
classified into two types: non-proliferated type A spermatogonia or spermatogonial
stem cells and type B spermatogonia or differentiated spermatogonia (Miura and
Miura 2001). Osada et al. (2007) proposed that in bivalves, proliferation potency
could be used to classify spermatogonia as spermatogonial stem cells and a devel-
opmental series of differentiated spermatogonia during early spermatogenesis.

7.3.2.1 GnRH Peptides in Mollusks

Mollusks have extremely large nerve cells and are therefore useful to scientists
involved in the study of neurophysiological responses. The effects of neural factors
on gonial mitosis in mollusks were first reported in Mytilus as follows. In an in vitro
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mussel organ culture experiment, the cerebral ganglia stimulated gonial mitosis as
well as the resumption of meiosis in males and previtellogenesis and vitellogenesis
in females; however, the ablation of the ganglia did not affect the reproductive func-
tion in vivo (Mathieu and Lubet 1980; Lubet and Mathieu 1982). The involvement
of neural factors in germ cell multiplication has also been reported in a gastropod, a
slipper limpet (Le Gall et al. 1987). Mathieu et al. (1988) reported the occurrence of
a neural factor, gonial mitosis-stimulating factor, from the cerebral ganglia of the
mussel. This factor had a molecular mass of <5 kDa; it is known to stimulate the
incorporation of [*H] thymidine into dissociated cell suspensions of mussel mantle
tissue and was detected in the hemolymph and circulatory cells. In bivalve mol-
lusks, this neural factor was thought to be associated with a gonadotropin-releasing
hormone (GnRH).

The GnRH superfamily, which includes GnRH, adipokinetic hormone (AKH),
corazonin (Crz), and AKH/Crz-related peptides, is almost ubiquitous in bilateral
animals (Roch et al. 2011). In vertebrates, GnRH is synthesized in the preoptic area
of hypothalamus and transported to the pituitary to promote the release of gonado-
tropic hormone, which comprises follicle-stimulating hormone and luteinizing hor-
mone (LH). The hypothalamus—pituitary—gonadal axis (HPG axis) connects the
brain and gonads via the pituitary and forms the basis for both the neural and endo-
crine regulation of reproduction in all vertebrates. Interestingly, a-mating factor, a
tridecapeptide mating pheromone of yeast, has been identified as a homolog of
GnRH and can induce LH release from gonadotrophs at high doses, suggesting that
the structural and functional properties of GnRH-related peptides have been con-
served during evolution (Loumaye et al. 1982).

Subsequently, the existence and functions of GnRH-like peptides in mollusks
have been demonstrated using heterologous GnRH antibodies. In the cephalopod
Octopus vulgaris, immunopositive GnRH-like peptides were detected in the optic
gland, a major endocrine organ (Di Cosmo and Di Cristo 1998). Furthermore,
GnRH was detected throughout the central nervous system (CNS) and in both the
male and female reproductive ducts (Di Cristo et al. 2002), suggesting that GnRH
may have a reproductive function in the octopus. In gastropods, the nervous system
of Hellisoma (Planorbella) trivolvis exhibited characteristics consistent with the
existence of a GnRH-like peptide that was identified as functionally similar to mam-
malian GnRH (m-GnRH) (Goldberg et al. 1993). GnRH-like neurons were detected
in the nervous systems of freshwater snails, including Hellisoma, leading research-
ers to hypothesize a possible reproductive role (Young et al. 1999). Studies of the
marine sea hare, Aplysia californica, suggested the presence of multiple forms of a
GnRH-like peptide (Zhang et al. 2000), and heterologous GnRH antibodies were
used to localize the expression of these peptides to specific sites within the CNS of
Aplysia (Tsai et al. 2003).

As mentioned above, Mathieu et al. (1988) first reported an in-depth study of the
indirect use of mollusk GnRH; here, extracts from the cerebral ganglion and hemo-
lymph of Mytilus were shown to promote the incorporation of [*H] thymidine and,
consequently, mitosis in gonial cells. Subsequently, the same research group showed
that vertebrate GnRHs could also affect the mitosis of gonial cells from the Pacific
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oyster Crassostrea gigas, as well as the mussel, and identified GnRH-like neurons
in the CNS of the mussel (Pazos and Mathieu 1999). GnRH signals may be trans-
duced into cells via a membrane receptor, as indicated by the cloning of a GnRH
receptor ortholog from the gonads of oysters (Rodet et al. 2005, 2008). Furthermore,
mass spectrometry was used to confirm the presence of two GnRH-related peptides
(PQNYHFNSNGWQP-NH, Cg-GnRH-a; amidated undecapeptide and pQNYHF-
NSNGWQPG Cg-GnRH-G; non-amidated dodecapeptide) in the CNS of
Crassostrea (Bigot et al. 2012). However, the specific affinity of the GnRH receptor
orthologs for the identified endogenous oyster GnRH-like peptides (Bigot et al.
2012) has not yet been confirmed. In the scallop, Nakamura et al. (2007) detected a
GnRH-like peptide in the neurons and fibers of CNS using anti-m-GnRH antibody,
whereas no immunopositive GnRH nerve fibers were detected in the gonad. The
neural factors extracted from the CNS and the hemocyte lysate, and m-GnRH
strongly stimulated the mitosis of spermatogonia in vitro. The reactions of neural
factor and m-GnRH were abolished by absorption with an anti-m-GnRH antibody
and competition with m-GnRH-specific antagonists, which interfere with the bind-
ing of GnRH to the GnRH receptor; these phenomena suggested the presence of an
endogenous GnRH-like peptide and GnRH receptor-like receptor. These results
suggest that the neural factor and m-GnRH are antigenically similar and that the
function of this neural factor in the testis may be mediated through an m-GnRH
receptor-like receptor via a neuroendocrine pathway.

The full cDNA sequences of GnRHs in the scallop and the oyster were cloned as
py-GnRH and cg-GnRH, respectively. The GnRH-like peptide sequences of both
bivalve species were highly similar to oct- and ap-GnRHs (Treen et al. 2012).
Similar to other mollusk species, an extra dipeptide insertion after the N-terminal
pyro-glutamate residue was detected in both bivalve species (Osada and Treen
2013). The logically predicted pPQNFHYSNGWQP-NH, (py-GnRH11AA-NH,), an
amidated undecapeptide, was synthesized and shown to stimulate the proliferation
of spermatogonia in a tissue culture of the scallop testis, similar to the findings of a
previous culture with m-GnRH (Treen et al. 2012). However, this synthesized pep-
tide failed to induce the release of LH release from the quail pituitary, suggesting
that although the conserved fundamental molecular structure of mollusk GnRHs
might be similar to that observed in other animals, the mollusk forms may not bind
to vertebrate receptors (Treen et al. 2012). The predicted peptide pQNFHYSNG-
WQP-NH, (py-GnRH11AA-NH,) was confirmed via a mass spectrometry analysis
of the scallop CNS as an endogenous GnRH-like peptide, together with pQN-
FHYSNGWQPG-OH (py-GnRH12AA-OH) (Nagasawa et al. 2015c) as two types
of GnRHs in the oyster (Bigot et al. 2012).

In mollusks, GnRH has been suggested to play several other physiological func-
tions besides spermatogonial proliferation. oct-GnRH-immunopositive nerve fibers
were identified in both the CNS and peripheral organs, suggesting that GnRH may
act to modulate higher brain functions in addition to its role as a reproductive factor
(Iwakoshi-Ukena et al. 2004; Kanda et al. 2006). oct-GnRH was shown to modulate
the contractions of the heart and oviducts (Iwakoshi et al. 2000; Iwakoshi-Ukena
et al. 2004). Moreover, oct-GnRH stimulated the production of progesterone, testos-
terone, and estradiol-17p (E,) in both the octopus testis and ovaries, suggesting a
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reproductive role for this factor (Kanda et al. 2006). Ovarian development in the
octopus was found to associate with fluctuations in the sex steroid hormones (Di
Cosmo et al. 2001; Di Cristo 2013). Ap-GnRH is distributed in the central tissue and
modulates behavioral attributes that control parapodia and foot and head movement,
but does not act as an acute reproductive trigger for the development of ovotestis or
the secretion of egg-laying hormone (Tsai et al. 2010; Sun and Tsai 2011; Sun et al.
2012). Previous findings suggested the presence of multiple forms of GnRH in
Aplysia (Zhang et al. 2000), and ap-AKH was found to share a common ancestry
with AKH/RPCH (red pigment concentrating hormone), as well as ap-GnRH, and
to inhibit feeding with consequent reductions in the body and gonadal masses
(Johnson et al. 2014). In the scallop, both a py-AKH-like gene and py-AKH recep-
tor gene were found to be expressed predominantly in the CNS (Nagasawa et al.
2017). Bigot et al. (2012) used mass spectrometry to identify two types of GnRH in
the oyster CNS, although the functions have not yet been confirmed. In vivo, the
scallop py-GnRH accelerated spermatogenesis in the scallop gonad, which was
associated with a significant increase in testis mass; conversely, this factor inhibited
oocyte development in a process involving apoptosis, suggesting that py-GnRH is
associated with an early phenotypic alteration leading to masculinization (Nagasawa
et al. 2015a). The py-GnRH signal that induces spermatogenesis and masculiniza-
tion is thought to be transmitted via the py-GnRH receptor, which is broadly
expressed in various tissues, including the gonad and CNS (Nagasawa et al. 2017).

In mollusks without a pituitary, GnRH may be involved in spermatogonial prolif-
eration via the mediation of gonadal steroidogenesis (Osada and Treen 2013).
Immunological methods were used to detect estrogen-synthesizing cells along the
outside and inside acinar walls of the ovary and testis of the scallop, respectively;
notably, this localization pattern was similar to that of Leydig cells and Sertoli cells
in the testis, respectively (Matsumoto et al. 1997; Osada et al. 2004b). The observed
increases in aromatase activity and E, content were synchronous with reproductive
progress (Osada et al. 2004b). In vertebrates, E, is involved in spermatogenesis (Hess
et al. 1997; Pierantoni et al. 2009). Interestingly, oct-GnRH was shown to induce the
steroidogenesis of testosterone, progesterone, and estrogen (Kanda et al. 2006), and
data mining and PCR cloning have been used to suggest a biosynthetic pathway for
sex steroids in the scallop, wherein the mRNA expression of steroidogenesis-related
genes was found to associate with gametogenesis (Thitiphuree et al. 2019). Possibly,
py-GnRH stimulates estrogen synthesis, which in turn promotes spermatogonial
mitosis; both py-GnRH and E,-induced spermatogonial proliferation could be
blocked by an estrogen antagonist (Osada and Treen 2013). Possibly, py-GnRH-
stimulated spermatogonial proliferation might be mediated by estrogen, which itself
was synthesized via a process induced by py-GnRH (Osada and Treen 2013).

7.3.2.2 Steroid Production

Steroid production and function in the context of mollusk reproduction have been
well examined using vertebrate steroids, and these studies have enabled the quanti-
fication of steroids via immunological methods and HPLC, the identification of
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putative steroid production sites, and the induction of sex reversal and oogenesis
(see Lafont and Mathieu 2007). However, endogenous steroids and their function in
mollusks are recently in contention because convincing evidence for biosynthesis of
endogenous steroids by mollusks and the biological effects of endogenous steroids
on mollusks are required (Scott 2012, 2013). On the other hand, a potential pathway
of steroid synthesis in the scallop has been proposed as stated above (Thitiphuree
et al. 2019). Future studies should explore and elucidate the functions of the series
of enzymes that compose steroid synthetic pathways and determine the structures of
endogenous steroids and their affinities with mollusk-specific receptors.

7.3.3 QOocyte Growth
7.3.3.1 York Protein

The oocyte increases rapidly in size during growth and development. During these
phases, the oocytes accumulate large amounts of yolk protein. Vitellin (Vn), a major
yolk protein, is stored in the yolk granules of oocytes and used as a nutrient during
embryogenesis. In vertebrates, this yolk protein is synthesized from a precursor,
vitellogenin (Vtg), which is produced by the liver and transported to the oocytes via
the blood circulation system. A few biochemical studies have evaluated yolk pro-
teins in bivalves (Osada et al. 1992b; Suzuki et al. 1992). Yolk protein was purified
from Crassostrea and Patinopecten, and the distribution of this protein in these
organisms was detected using a specific antiserum against the purified protein. The
detection of this protein in the oocytes confirmed its identity as Vn. In the oyster, the
ovarian Vn content increased as the oocyte developed and decreased after spawning.
This expression pattern correlated with the profile of the oocyte diameter and the
results of histological observations of the ovaries (Li et al. 1998). In the scallop, the
Vn content remained low level until the growing stage and reached a peak upon
maturation stage, followed by a marked decrease in the degenerating stage after
spawning. The level of GI was lowest during the early stage of differentiation and
gradually increased to reach a peak immediately before spawning. In the scallop
ovary, the Vn content increased in parallel with ovarian development (Osada et al.
2003). These results indicate that oocyte growth depends on the internal accumula-
tion of Vn during vitellogenesis. The finding that no other organ reacted with anti-
Vn serum led researchers to predict that Vn is synthesized inside the ovary.
Additionally, immunoreactivity against an anti-scallop Vn antibody was also
observed in auxiliary cells, which suggested the possibility of Vtg synthesis in these
cells (Osada et al. 2003). Low levels of Vn were also detected in the hemolymph of
mature females, particularly during the spawning season. This protein appeared to
originate from degenerated oocytes. Oocyte degeneration and resorption are not
unusual processes in bivalves, and both may be induced by a variety of environmen-
tal conditions (Pipe 1987b).
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7.3.3.2 Place of Vitellogenesis

The mechanisms associated with vitellogenesis were determined through molecular
investigations (Matsumoto et al. 2003; Osada et al. 2004a). The expression of Vtg
mRNA peaked during the growing or developing stage, and this level was main-
tained during the mature stage. In a RT-PCR analysis, Vtg mRNA was detected in
the ovary but not the digestive diverticula, consistent with the results of immunohis-
tochemistry analyses. In situ hybridization analyses revealed detectable Vtg mRNA
signals in the ovarian follicle cells. Similarly, Vtg mRNA expression was detected
in scallop auxiliary cells. In marine bivalves, morphological evidence suggests that
autosynthetic yolk formation in the oocytes is the main type of vitellogenesis (Pipe
1987a; Dorange and Le Pennec 1989; Suzuki et al. 1992; Eckelbarger and Davis
1996). In oyster and other bivalve species, the ovarian acini contain only developing
oocytes and associated follicle cells within a thin germinal epithelium. Although the
functions of follicle cells in the bivalve ovary are not well understood, these cells are
thought to play a role in oocyte nutrition. Taken together, the results of RT-PCR, in
situ hybridization, and immunocytological analyses indicate that Vtg is synthesized
in the auxiliary cells that surround the vitellogenic oocyte via a heterosynthetic
pathway and is transferred directly to the oocyte. Similar to bivalves, the Vtg gene
is expressed in the follicle cells of the abalone ovary (Matsumoto et al. 2008). In
both abalone species and bivalves, follicle cells are present on the stalks of develop-
ing oocytes in the maturing ovary. A recent study revealed immunoreactivity to an
anti-Vn antibody in abalone ovarian follicle cells and indicated that Vtg gene tran-
scription and translation occur in these cells (Awaji et al. 2011). In addition,
immunoreactivity to an anti-Vn antibody was first detected in the stalks of oocytes
during the early phase of yolk accumulation; the follicle cells adjacent to the stalks
also exhibited positive staining. These observations imply that Vn or Vtg is trans-
ported from the follicle cells to the oocyte through the extracellular space around
the oocyte stalk. In the scallop, Vn immunoreactivity was detected in the oocytes
and auxiliary cells (Osada et al. 2003). Likely, the oyster and scallop employ similar
systems of yolk protein transport.

7.3.3.3 Hormonal Control of Vitellogenesis

Previous research in oviparous vertebrates has clearly established the regulation of
Vtg gene expression by E, through the ER (Polzonetti-Magni et al. 2004). The
presence of steroids in marine bivalves has also been reported; for example, the
structural identities of endogenous steroids as vertebrate-type sex steroids (proges-
terone, androstenedione, testosterone, E,, and estrone) were demonstrated in the
mussel using gas chromatography and mass spectrometry (Reis-Henriques et al.
1990). In oysters and scallops, E, has been detected in the ovary, and HPLC analy-
ses revealed that the profile of this steroid was synchronous with gametogenesis
(Matsumoto et al. 1997). In the scallop ovary, estrogenic cells were identified by
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observing immunoreactivity against P450 aromatase and E,, which were found to
be distributed along the outside of the acinar wall. Moreover, the levels of aroma-
tase activity and E, peaked during the mature stage before spawning (Osada et al.
2004b), while Vtg synthesis was shown to terminate during this stage (Osada et al.
2003, 2004a). These results suggest that E,, which is synthesized in estrogenic cells
via P450 aromatase, may be involved in the induction of Vtg synthesis. The physi-
ological role of estrogen in vitellogenesis has also been reported in various mol-
lusks, although this role remains debated (Scott 2013). Estrogen-induced Vn
synthesis has been observed in the scallop (Osada et al. 2003) and oyster (Li et al.
1998). In vitro, E, treatment induced an increase in Vn levels in ovarian tissues.
Furthermore, an in vitro culture of scallop ovarian tissue that contained cerebral
plus pedal ganglion (CPG) extract led to a greater increase in the Vn content.
Accordingly, the CPG appears to contain a vitellogenesis-promoting factor (VPF)
that regulates Vtg synthesis. However, although E, promoted the expression of Vtg
mRNA in the ovarian tissue cultured in vitro, VPF had no effect (Osada et al.
2004a). VPF appears to promote vitellogenesis at the level of translation. ER-like
immunoreactivity was observed in both growing oocytes and auxiliary cells, which
also exhibited Vn immunoreactivity and Vtg mRNA (Osada et al. 2003). These
findings suggest the potential involvement of E, in the control of ER-mediated
vitellogenesis (Fig. 7.6).

acinar wall

estrogen-synthesizing
cell

oocyte

Fig. 7.6 Potential central nervous system—gonadal control of vitellogenesis in scallops. The syn-
thesis of vitellogenin (Vtg) in the auxiliary cell is closely associated with oocyte growth. Estradiol-
17p (E,) promotes the transcription of Vtg mRNA, while vitellogenesis-promoting factor (VPF)
from the cerebral plus pedal ganglion (CPG) enhances translation. The GnRH peptide secreted
from the CPG is thought to be transported by hemocytes in the circulation system and received by
estrogen-synthesizing cells along the outside of the acinar wall to stimulate the secretion of E,. It
remains unknown whether the estrogen receptor (ER) mediates vitellogenesis, although ER immu-
noreactivity has been detected in auxiliary cells
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7.3.3.4 Estrogene Receptors in Mollusk Eggs

ERs are members of the nuclear receptor (NR) superfamily. These receptor proteins
share several common features and can be divided into six domains. The DNA-
binding domain (DBD) and the ligand-binding domain (LBD) are the most highly
conserved domains among species. The DBD recognizes and binds to specific
responsive DNA elements. The LBD regulates the hormone-dependent transcrip-
tion of target genes, such as Vtg.

The oyster ER homolog (Matsumoto et al. 2007), which is highly similar to the
ERs of other mollusks such as Aplysia californica (Thornton et al. 2003), Thais
(Reishia) clavigera (Kajiwara et al. 2006), and Octopus vulgaris (Keay et al. 2006),
was isolated to facilitate an understanding of estrogen signaling during vitellogenesis
in bivalves. A phylogenetic analysis revealed that the isolated oyster ER is an ortholog
of Aplysia ER, snail ER, and octopus ER. Furthermore, this oyster ER did not activate
the expression of luciferase in the presence of E, and led to the constitutive activation
of reporter transcription. The addition of E, did not further enhance this upregulation
of reporter gene, consistent with findings from analyses of other mollusk ERs.

The mollusk ER ortholog is described as ER, given its high level of sequence simi-
larity to vertebrate ERs; however, this ER can activate transcription in the absence of a
ligand and does not bind to steroid hormones. In the annelid ER, which is responsive
to estrogen, the architecture of the ligand pocket has been exceptionally well conserved
(Keay and Thornton 2009). The X-ray crystal structure of oyster ER revealed that the
ligand pocket is filled with bulky residues that prevent ligand occupancy (Bridgham
et al. 2014). The oyster genome possesses 43 putative NR sequences (Vogeler et al.
2014). Specifically, it contains two members of NR3, sex steroid hormone receptor
analogs, an ER homolog identified as oyster ER, and an estrogen-related receptor
homolog that is constitutively activated and unlikely to bind estrogen. Additional NR3
members that might interact with vertebrate sex steroids were not identified. The
results of prior studies of estrogen-induced vitellogenesis suggest that the effects must
be mediated by ER activation-independent mechanisms in the presence of estrogens.

Although the functions of mollusk ERs remain uncertain, ER mRNA was
detected in the ovary and cerebral ganglia of snails (Kajiwara et al. 2006), and ER
expression was observed in both sexes of octopus, although the highest levels were
detected in the ovary (Keay et al. 2006). ER mRNA was detected in all tested oyster
tissues, and the highest levels were detected in the ovary. Immunohistochemistry
with an antiserum against synthetic oyster ER peptide was used to localize oyster
ER to the nuclei of follicle cells, the sites of Vtg synthesis, and the oocytes
(Matsumoto et al. 2007). In Mytilus, two novel forms of ER-like genes were isolated
and identified as an ER and estrogen-related receptor (ERR); these proteins were
localized to the oocytes and the follicle cells associated with developing oocytes in
the ovary, as well as Sertoli cells in the testis and ciliated cells in the gill (Nagasawa
et al. 2015b). Furthermore, significant increases in ER and Vtg mRNA expression,
but not ERR, were observed when mussels were exposed to estrogens during the
early stage of gametogenesis (Ciocan et al. 2010). We cannot rule out the possibility
that the ability of E, to activate Vtg gene expression in the ovary might be mediated
through alternative NRs. Nevertheless, the roles of mollusk ERs remain uncertain.
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7.3.4 Spawning
7.3.4.1 Inducion Mechanisms of Spawning

In marine invertebrates, including bivalve mollusks, spawning is considered to cor-
relate with changes in temperature, lunar age, illumination, salinity, phytoplankton
abundance, food availability, physical shock, tidal surge, drying, and radical oxy-
gen. These environmental fluctuations reportedly act as natural triggers that induce
spawning via endogenous regulation mechanisms (Giese and Kanatani 1987). Blake
and Sastry (1979) reported that neurosecretion associated with stage V of the CNS
neurosecretory cycle was associated with spawning in the bay scallop Argopecten
irradians. Spawning-associated histological changes in the ganglion and the induc-
tion of spawning following ablation of the ganglion have led to the suggestion that
the cerebral ganglion is involved in spawning (see Barber and Blake 2006). The role
of the CNS in bivalve spawning has long been predicted, although the endogenous
and specific factors that control this process have not yet been identified.

The relationship between specific neurosecretory substances and spawning was
initially investigated in Patinopecten. Exogenous serotonin (5-hydroxytryptamine,
5-HT) was shown to strongly induce spawning in the scallop in vivo and has been
suggested to play an important mechanistic role in bivalve spawning (Matsutani and
Nomura 1982). This phenomenon of 5-HT-induced spawning has been reproduced
in several other types of marine bivalves (Gibbons and Castagna 1984; Braley 1985;
Tanaka and Murakoshi 1985). In the scallop, the 5-HT neuron was identified immu-
nologically in the pedal ganglion, cerebral ganglion, and accessory ganglion adja-
cent to the visceral ganglion, and 5-HT nerve fibers were also detected around the
gonoduct and along the outside of the germinal acini (Matsutani and Nomura
1986a). The localization pattern of the 5-HT neurons and nerve fibers strongly sug-
gests that endogenous 5-HT regulates the spawning process in the gonad. UV ray-
irradiated seawater is known to induce spawning in both the scallop and the abalone,
Haliotis discus hannai (Kikuchi and Uki 1974; Uki and Kikuchi 1974), and the
underlying mechanism has been pharmacologically demonstrated. Briefly, UV ray-
irradiated seawater stimulates serotonergic mechanisms via dopaminergic mecha-
nisms to induce spawning, and this process is modulated by prostaglandins
(Matsutani and Nomura 1986b).

7.3.4.2 Role of Endocrine Systems in Spawning

A quantitative analysis of monoamine and prostaglandin expression during bivalve
spawning was conducted to determine the role of each endogenous substance. In
Patinopecten, Osada et al. (1987) reported a significant decrease in the levels of
dopamine in the CNS and gonads of both sexes after UV ray-irradiated seawater-
induced spawning, suggesting that the release of dopamine might stimulate the
serotonergic mechanisms needed to induce spawning. In another type of scallop,
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Argopecten purpuratus, thermal stimulation-induced spawning led to changes of
the levels of dopamine, noradrenaline, and serotonin in the CNS, muscle, and gonad
(Martinez et al. 1996). Seasonal variations in the gonadal levels of prostaglandin
F,(PGF,,) and prostaglandin E, (PGE,) correlated closely with the reproductive
cycle, suggesting that these molecules might be involved in the sexual maturation
and spawning of scallops (Osada and Nomura 1990). PGF,, and PGE, levels in the
gonad were shown to decrease significantly during spawning in females but were
found to increase in males. In an in vitro experiment, PGF,, significantly inhibited
the 5-HT-induced release of oocytes from ovarian tissue, while PGE, enhanced the
function of 5-HT; these results suggest that PGF,, and PGE, act as suppressive and
acceleratory modulators of 5-HT-induced oocyte release, respectively (Matsutani
and Nomura 1987). These findings suggest that PGF,, may be a suppressive modu-
lator in the spawning of females and an acceleratory modulator in the spawning of
males (Osada et al. 1989).

5-HT can modulate the induction of spawning via steroids, as well as by PGs.
The response to artificial stimulation with UV-irradiated seawater tended to increase
during sexual maturation (Uki and Kikuchi 1974), suggesting a potential increase in
sensitivity to 5-HT upon spawning, depending on maturity. In bivalves, estrogen has
been identified as a potential stimulator of gametogenesis, as the seasonal variations
associated with gametogenesis and vitellogenesis are accelerated by estrogen
(Matsumoto et al. 1997; Li et al. 1998; Osada et al. 2004a, b). Pretreatment with
estrogen has promoted 5-HT-induced oocyte release from sections of scallop ovary
(Osada et al. 1992a). In bivalves, the 5-HT receptors that transduce 5-HT signals
from the surfaces to the interiors of germ cells have been subjected to several phar-
macological characterizations. Specifically, pharmacological characterizations have
revealed a mixed profile of 5-HT,/5-HT, subtypes and the 5-HT, subtype in the
oocyte membranes of the scallop and oyster (Osada et al. 1998). A unique type that
showed mixed pharmacological properties in the oyster (Kyozuka et al. 1997), a
mixed 5-HT,/5-HT; type in the surf clam (Bandivdekar et al. 1991, 1992) or a novel
type that was distinct from any mammalian 5-HT receptors in the same surf clam
(Krantic et al. 1991, 1993a, b), and an original type in the zebra mussel (Fong et al.
1993) were also reported in the oocyte and sperm. Osada et al. (1998) reported that
in the scallop oocyte membrane, 5-HT receptor expression could be induced phar-
macologically by E, via a genomic mechanism, suggesting that estrogen-induced
5-HT receptors are distributed on the oocyte membrane and increased during oocyte
growth. This phenomenon leads to the increased sensitivity to 5-HT associated with
spawning.

5-HT exerts neurohormone activity and thus directly mediates the resumption of
meiosis in Pl-arrested oocytes (Osanai 1985; Hirai et al. 1988; Osanai and Kuraishi
1988; Krantic et al. 1991; Varaksin et al. 1992; Guerrier et al. 1993; Gobet et al.
1994; Fong et al. 1997), as demonstrated by GVBD (Matsutani and Nomura 1987)
in oocytes isolated from Spisula solidissima, Spisula sachalinensis, Crassostrea
gigas, and Ruditapes philippinarum. In the scallop, it is impossible to isolate oocytes
from the ovary because of cytolysis after detachment from the germinal epithelium.
Here, oocytes exhibiting GVBD were observed in paraffin sections of ovarian tis-
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sues treated with 5-HT, and the dose dependency was identical that observed in a
variation of SHT-induced oocyte release (Tanabe et al. 2006). These results suggest
that 5-HT plays a primary role in the induction of oocyte maturation during spawn-
ing. These facts suggest that the 5-HT receptor is distributed on the surface of the
germ cell membrane, as mentioned above.

In mollusks, the primary structures of seven 5-HT receptors were determined
through molecular cloning. Six 5-HT receptor cDNAs were cloned from the CNS
and reproductive system of the pond snail Lymnaea stagnalis and the sea hare
Aplysia californica (Sugamori et al. 1993; Li et al. 1995; Gerhardt et al. 1996;
Angers et al. 1998; Barbas et al. 2002). A full-length cDNA encoding a putative
5-HT receptor was isolated from the ovary of the scallop and identified as a 5-HT,,,
(Tanabe et al. 2010). This 5-HT,, was classified as a vertebrate serotonin receptor
subtype, 5-HT, based on the molecular architecture, homology searches, and a phy-
logenetic analysis. The 5-HT,, was characterized at a high level of probability as an
ancestral 5-HT receptor and a member of the 5-HT) receptor family coupled with G
protein, based on the absence of introns in the coding region of the gene, a relatively
long third cytoplasmic loop, and a short fourth inner terminal domain (C-terminal
tail) (Albert and Tiberi 2001; Tierney 2001). A positive 5-HT,, signal was ubiqui-
tously observed in both the peripheral tissue and the nervous system, as well as the
spermatid, oocyte, and ciliated epithelium of the gonoducts of both male and female
gonads (Tanabe et al. 2010). These results suggest that 5-HT, possibly via 5-HT,,
could mediate a series of spawning-related events comprising the induction of
oocyte maturation, sperm motility, and the transport of mature oocytes and sperm
through the ciliated epithelium of the gonoducts. In the ovarian tissues, the gene
expression of 5-HT,,, was significantly upregulated by E, (Tanabe et al. 2010), con-
sistent with the pharmacological observation that the expression of the 5-HT recep-
tor in the oocyte membrane was induced by E, via a genomic action. This expression
increased sensitivity to 5-HT in relation to spawning and explained the observed
increase in sensitivity to external spawning stimuli associated with maturity (Uki
and Kikuchi 1974; Osada et al. 1998).

7.3.4.3 Activation of Sperm Motility and Oocyte Maturation

The 5-HT signal is transmitted into the oocytes and sperm after the binding of 5-HT
to 5-HT receptors on the membranes. Sperm cells remain in a quiescent state imme-
diately before ejaculation from the testis. The transduction of a 5-HT signal into the
sperm via the 5-HT receptor was suggested to initiate 5-HT-dependent and
osmolality-independent sperm motility in marine bivalve mollusks, a process asso-
ciated with K* efflux and Ca?* influx via voltage-dependent ion channels under alka-
line conditions (Alavi et al. 2014). Moreover, Na* influx was thought to be an
important initiator of sperm motility, likely via the regulation of Ca** exchange
(Fig. 7.7) (Alavi et al. 2014). Immediately before ovulation, the oocytes of ovipa-
rous animals are generally arrested in the late prophase of meiosis I. At this stage,
the oocyte possesses a developmental stage-specific nucleus, the GV, which corre-
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Fig. 7.7 Required ionic flux for the initiation of sperm motility in marine bivalves. The stimula-
tory effect of serotonin (5-HT) on the initiation of sperm motility is associated with potassium (K*)
and proton (H*) efflux and calcium (Ca?") influx through a voltage-dependent K* channel, a proton
channel and both L-type and T-type voltage-dependent Ca®* channels, respectively. A sodium
(Na*)/Ca* exchanger regulates Na* influx to control intracellular Ca** levels during the motility
period. These steps stimulate Ca’*-dependent or calcium-calmodulin (CaM) protein phosphatase(s)
in the flagellum to initiate sperm motility. (From Alavi et al. (2014), with permission)

sponds to the dictyate stage of the oocyte. Meiosis resumption, a process of oocyte
maturation, is indicated by GVBD. In the invertebrate species of hydrozoan jelly-
fish, starfish, and bivalves, oocyte maturation and spawning are initiated by W/
RPRPamide, 1-methyladenine, and serotonin, respectively (Kanatani et al. 1969;
Hirai et al. 1988; Osanai and Kuraishi 1988; Takeda et al. 2018). In bivalves,
5-HT-induced oocyte maturation was thought to result from a combination of 5-HT
signal transduction mechanisms and the cross-talk associated with 5-HT-induced
oocyte maturation (Krantic and Rivailler 1996). 5-HT-mediated signaling may
reduce cyclic AMP levels in the oocyte cytoplasm, thus inhibiting G; protein-
coupled adenylate cyclase. This 5-HT signal could simultaneously induce the con-
version of phosphatidylinositol-4,5-bisphosphate (PIP,) into IP; and diacylglycerol
(DAG), which activate G, protein-coupled phospholipase C and increase the uptake
of Ca**, which finally activate the G, protein-coupled, membrane voltage-dependent
Ca* channels. These pathways activate protein kinase A (PKA), PKC, and MAPK,
which in turn activate the maturation promoting factor, which comprises cdc2 and
cyclin B, and induce oocyte maturation.
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Because 5-HT plays roles in the maturation of oocytes and initiation of sperm
motility, the in vivo administration of exogenous 5-HT must induce spawning in
bivalves. Interestingly, fully grown oocytes in bivalve ovaries are arrested at the
dictyate stage; this stage corresponds to the late prophase of meiosis I, which is
commonly observed in marine invertebrates (Krantic and Rivailler 1996). Once the
highest level of 5-HT-specific binding to the oocyte membrane has been achieved,
this state of arrest is maintained for 2 months until spawning (Osada et al. 1998).
Furthermore, exogenous 5-HT does not always successfully induce spawning, and
the number of released oocytes was found to vary widely among individuals
(Matsutani and Nomura 1987). These observations indicate that the modulatory
mechanisms regulating 5-HT-induced oocyte/sperm maturation and spawning are
driven by maturation-competent extracellular signals. In mammals, the oocyte mat-
uration inhibitor and granulosa cell factor have been identified as heat-stable poly-
peptides with molecular masses of <2 and 6 kDa, respectively (Sato and Koide
1984; Hillensjo et al. 1985; Tsafriri and Pomerantz 1986; Franchimont et al. 1988).
In Spisula, the Spisula factor, which has a mass <1 kDa (Sato et al. 1985; Kadam
and Koide 1990), and an oocyte membrane component with a mass of >18 kDa
(Sato et al. 1992) have been identified as oocyte-produced substances that inhibit
5-HT-induced oocyte maturation. However, the bivalve gonad does not contain a
vertebrate-like follicle structure, and the endocrine roles of the Spisula factor have
not been clearly demonstrated.

7.3.4.4 Modulator of 5-HT

As mentioned in Sect. 7.3.4.2, PGF,, has been identified as a potentially suppressive
neuromodulator of 5-HT during bivalve spawning. In fact, PGF,, was shown to
block the 5-HT-induced release of oocytes from ovarian tissue via the gonoduct but
did not inhibit 5-HT-induced oocyte maturation, suggesting that PGF,, might inhibit
the cilioexcitatory activity of 5-HT in the gonoducts during the transport of mature
oocytes (Tanabe et al. 2006). In addition to PGF,,, a novel inhibitor of 5-HT-induced
oocyte release from ovarian tissue was identified in the CNS tissues from scallops
of both genders. This oocyte maturation arresting factor (OMAF) mainly arrested
5-HT-induced oocyte maturation (Tanabe et al. 2006). OMAF was identified univer-
sally in bivalve species of both genders and was thought to be transported from the
CNS to the ovary via blood circulation, given the function of OMAF and its identi-
fication in the hemolymph. OMAF may prohibit 5-HT-induced oocyte maturation
and sperm motility by interfering with the influx of external Ca** into oocytes and
may eventually inhibit spawning (Tanabe et al. 2006; Yuan et al. 2012). The internal
amino acid sequences of OMAF, which has a molecular mass of 52 kDa, were deter-
mined, and an antibody against a partial peptide of OMAF strongly enhanced the
5-HT-induced release of oocytes and sperm by neutralizing endogenous OMAF and
its suppressive activity. These results confirm that OMAF inhibits 5-HT-induced
oocyte maturation and sperm motility (Yuan et al. 2012). Taken together, the data
identify 5-HT as an essential neurohormone for oocyte maturation and sperm motil-
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Fig. 7.8 Tllustration of the transduction of extracellular signals that regulate oocyte maturation,
sperm motility, and spawning in scallops. OMAF, via Ca* ions, negatively regulates the stimula-
tory effects of 5-HT on oocyte maturation and sperm motility via the 5-HT receptor. 5-HT and
PGF,, regulate the transportation of activated oocytes and sperm through the gonoduct

ity after bivalve spawning. The modes of action of 5-HT on germ cell and gonoduct
activation, which are regulated by OMAF and PGF,,, are expected to explain the
phenomena of arrested oocyte maturation and sperm motility prior to spawning, as
well as simultaneous spawning in nature (Fig. 7.8). Moreover, the receptor mecha-
nisms of OMAF and PGF,, and the process by which bivalves can be released from
the suppressive effects of OMAF and PGF,, and induced to secrete 5-HT to trigger
simultaneous spawning must be elucidated.

7.3.5 Prospective

Compared with other animals, including model invertebrates such as fruit flies and
nematodes, few genetic studies have focused on mollusks. However, data from
genetic analyses of mollusks have begun to accumulate, and molecular studies are
contributing to an understanding of the physiological mechanisms in bivalves. The
development of next-generation sequencing has accelerated the ability to sequence
large amounts of genome transcripts from any type of organism. Accordingly, the
genomes of the pearl oyster Pinctada fucata (Takeuchi et al. 2012), Pacific oyster
(Zhang et al. 2012a), and Yesso scallop (Wang et al. 2017) have been sequenced and
used to construct a draft genome database. This database has since been used as a
platform for the identification of specific genes related to calcification, an essential
phenomenon involved in ornamental pearl production, stress adaptation, shell for-
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mation, and larval development. The released pearl oyster draft genome has been
further screened for genes associated with reproduction (Matsumoto et al. 2013).
De novo transcriptome sequencing and analysis have improved our understanding
of sex determination and differentiation, oocyte maturation, growth, and stress
responses (Hou et al. 2011; Dheilly et al. 2012; Ghiselli et al. 2012; Pauletto et al.
2014; Teaniniuraitemoana et al. 2014). It is generally difficult to isolate a specific
gene based on a conserved region obtained from an alignment of a few mollusk
sequences or even taxonomically distant vertebrate sequences; therefore, genome
and transcriptome databases will provide strong tools for comprehensive studies of
the reproductive mechanisms of bivalve mollusks in the future. The biological func-
tions of genes identified from genomic and transcriptomic resources should be
investigated in each animal to clarify their primary physiological functions in
bivalve mollusks.
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Chapter 8
Reproduction in the Coral Acropora

Masaya Morita and Seiya Kitanobo

Abstract The speciose reef coral Acropora spp. has synchronous spawning. Many
of its congeners spawn at the same time; hence, gametes of the different species mix
in the water column. Nevertheless, the different species are generally reproductively
isolated, although introgressive hybridization has been reported for several conge-
ners. The complex reproductive isolation mechanisms in Acropora species depend
on spawning synchronisms and gamete recognition at fertilization. The reticulate
evolution that results from introgressive hybridization in Acropora is thought to be
related to speciation in the genus. In this chapter, we introduce reproductive isola-
tion in Acropora, focusing on spawning synchronization, regulation of sperm motil-
ity, gamete-species recognition, and the potential for hybridization in nature.

Keywords Coral - Synchronous spawning - Gamete recognition - Hybridization -
Sperm limitation

8.1 Introduction

The coral genus Acropora comprises more than 150 species. Sympatric species
spawn simultaneously (Babcock et al. 1986; Willis et al. 2006; Baird et al. 2009,
2010; Fogarty et al. 2012). On the Great Barrier Reef (GBR), more than 30 species
spawn synchronously in an event termed “mass spawning,” which only occurs on a
portion of the GBR. Multispecific spawning has been reported in many other Indo-
Pacific locations (reviewed by Baird et al. 2009). Inter-specific crossings occur in
one-third of sympatric synchronously spawning congeners, with a frequency that
varies from high to low (Willis et al. 1997, 2006; Hatta et al. 1999; Fukami et al.
2003; Fogarty et al. 2012; Isomura et al. 2013). Introgressive hybridization occurs
in the intercrossing species group, but in most cases, an intercrossing barrier is
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maintained by pre- and post-zygotic reproductive isolation mechanisms. Pre-zygotic
isolation occurs in a suspended mixture of conspecific and heterospecific gametes,
and post-zygotic isolation is expressed as reduced fertility in interspecific hybrids.
Here, we review pre-zygotic reproductive isolation in Acropora, focusing on gam-
ete production, spawning synchronisms, and species-recognition in the gametes.

8.2 Spawning Synchronism

Spawning synchronisms in the many species of Acropora have previously been
described. Here, we focus on synchronized spawning in congeners, and the poten-
tial for encounters among gametes from different species.

8.2.1 Months and Hours of the Day in Which Acropora
Spawns

Most Acropora species set their gamete bundles in the evening between 20:30 and
21:00, and release the eggs and sperm from the bundles between 21:30 and 22:30.
Prior to spawning, gamete bundles appear on the surfaces of the colonies (Fig. 8.1).
The colonies start releasing bundles, which float to the surface of the water column
(Fig. 8.2). Most species off Sesoko Island (Okinawa, Japan) begin spawning
between 21:30 and 22:30 (Table 8.1), but A. fenuis and A. donei begin spawning 2 h
later (Table 8.1). Most species off Aka Island and at other locations also start spawn-
ing between 21:30 and 22:30 (Hatta et al. 1999; Fukami et al. 2003). The time of
spawning is similar among species. The gamete bundles are released gradually from
the colonies, and not all polyps release their bundles. Spawning dates are mostly

Fig. 8.1 “Setting” prior to
spawning in the coral
Acropora digitifera.
Simultaneous
hermaphrodite Acropora
specimen forming sperm/
egg bundles. White arrows
point to bundles increasing
to the surface of the colony
1.0-1.5 h before spawning
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Fig. 8.2 Spawning of the coral Acropora tenuis. Single colony of the coral A. fenuis beginning to
release gamete bundles

Table 8.1 Spawning time of some species of the coral Acropora spp. at the Sesoko Island

Spawning
Species Spawning month | time Specific points in the spawning
Acropora tenuis End of 19:20-19:50 | Releases large amounts of gametes
May-June (Fig. 8.2)
Acropora donei End of 19:50-20:10 | Many colonies do not spawn vigorously
May—June
Acropora digitifera | End of 21:40-22:30 | Spawns vigorously
May—June
Acropora florida End of 21:40-22:20 | Spawns vigorously
May-June
Acropora End of 22:00-22:50 | Spawns vigorously
intermedia May-June
Acropora September 21:00-21:15 | Spawns vigorously
devaricata
Acropora sp.1 August 22:00-22:40 | Spawns vigorously

coincident among species, although they can span two or three calendar days. Most
species primarily spawn on a single “major spawning day” within the range of
potential spawning dates. The major spawning days are often different among spe-
cies. For example, the intercrossing species A. intermedia and A. florida often have
different spawning days around Sesoko Island. Gametogenesis is likely earlier in
A. intermedia than in A. florida. Most spawning in A. intermedia occurs when the
full moon is in late May, but A. florida spawns on the following full moon. Hence,
the date of the spawning is likely influenced in part by the timing of
gametogenesis.
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b)

100 um

Fig. 8.3 Gamete bundles and gamete production in the coral Acropora tenuis. (a) Gamete bundles
immediately after release during spawning. Each bundle comprises sperm surrounded by eggs. The
arrow points to a wrapping membrane-like structure. Sperm and eggs separate after disruption of
the membrane-like structure. (b) Hematoxylin-eosin stained coral fragment 7 days prior to a full
moon in June. Arrowheads indicate eggs; arrows point to mature spermatozoa

8.3 Acropora Gametes

8.3.1 Gametes Bundles

Acropora is a simultaneous hermaphrodite that produces both sperm and eggs. At
spawning, the colonies release packages of sperm and eggs in “gamete bundles”
(Fig. 8.3a). Histological analyses have shown that sperm and eggs are produced in
distinctive tissues lying in close proximity (Fig. 8.3b). Montipora capitata is also a
member of the family Acroporidae. It forms gamete bundles 1-2 h before spawning
(Padilla-Gamino et al. 2011). The egg—sperm bundle is formed by a mucus layer
secreted by the oocytes. Little information is available on the wrapping membrane
that encloses each bundle.
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8.4 The Period Between the Activation of Sperm Motility
and Fertilization

There are no precise descriptions of the events extending from egg—sperm interac-
tion through subsequent membrane fusion in Acropora. However, numerous studies
have examined the potential for fusion between heterospecific gametes. Here, we
review gamete interaction with sperm motility regulation, cross-fertilization of het-
erospecific gametes in vitro, and descriptions of pre-zygotic reproductive isolation
observed in sperm choice experiments.

8.4.1 Gamete Interaction with Sperm Motility Regulation
8.4.1.1 Separation of Bundles into Sperm and Eggs After Release

Wrapped gamete bundles separate into sperm and eggs after release (Figs. 8.3a and
8.4). The duration of time between release and separation of the gametes has been
reported for several species (Wolstenholme 2004); the durations are highly variable
(5 min—4 h, Wolstenholme 2004). Self-fertilization between sperm and eggs is
strongly repressed; fertilization between allo-gametes is preferred (see details in
Sect. 8.4.2.2).

8.4.1.2 Sperm Dilution and Limitation

After bundle separation into sperm and eggs, the sperm disperses rapidly and fertil-
ization success depends on the degree of dilution; strong dilution is termed “sperm
limitation” (e.g., Levitan and Petersen 1995; Yund 2000). Field observations show
that an appropriate sperm concentration is maintained for only 1-2 h (Omori et al.
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Fig. 8.4 Behavior of sperm in the coral Acropora tenuis
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2001), and sperm concentration is positively associated with fertilization success
(see details in Sect. 8.4.2.1).

8.4.1.3 Egg-Dependent Sperm Motility Regulation

As in most marine sessile and benthic invertebrates, sperm motility regulation in the
coral Acropora largely depends on substance(s) produced by the eggs. In the acro-
porid Montipora digitata, three highly unsaturated fatty alcohols in the eggs attract
sperm (Coll et al. 1994, 1995). The species specificity of sperm attraction is likely a
function of the particular mixture combination of these three alcohols. Thus, sperm
navigation toward the eggs appears to be mediated by these alcohols, and hybridiza-
tion is prevented by egg-dependent sperm navigation. A preliminary description of
sperm motility regulation in Acropora was provided by Morita et al. (2006)
(Fig. 8.4). Our ongoing study has shown that the attractant substances were eluted
in a distinct fraction containing water-soluble and relatively water-insoluble compo-
nents. The specificity of sperm activation is still a contentious issue, but extracts
from “slicks” (aggregates of eggs from many congeners) activate sperm motility in
the most studied species (i.e., A. florida and A. digitifera). Thus, slicks formed by
the eggs of many species may activate sperm motility in multiple congeners, and
sperm motility activation in Acropora may not be crucial for pre-zygotic reproduc-
tive isolation in nature.

8.4.1.4 Activation of Flagellar Movement in Sperm

Activation of sperm flagellar movement is required prior to fertilization. Sperm is
mostly quiescent immediately following release into the water. Flagellar motion is
activated in response to substance(s) exuded from the eggs (see above). Sperm fla-
gellar motility is activated when the internal pH (pH;) increases; Ca*/calmodulin
(CaM) cascade(s) are likely involved in activation. In a previous study, we showed
that CaM was present in sperm proteins and that inhibition of the Ca?*/CaM-
dependent protein kinase suppressed sperm flagellar movement activation. In many
marine invertebrates, the influx of Ca’* triggers a chemotactic behavior that changes
the direction of sperm movement. For example, sperm of the ascidian Ciona intes-
tinalis rapidly changes swimming direction via an increase in the principal band
angle (Shiba et al. 2008; Mizuno et al. 2012). This chemotactic behavior is regu-
lated by Ca*" influx, and the reactions occur in response to a chemo-attractant
sperm-activating and -attracting factor (Yoshida et al. 2002; Shiba et al. 2008). As
in other species, sperm of the corals A. digitifera, A. tenuis, and A. gemmifera
respond to an increase in Ca’, and their trajectories become more circular when
they are treated with the Ca’* ionophore A23187 (Morita et al. 2006). Classic exper-
iments have identified a possible role for Ca?* in the chemotactic behavior of
Acropora (Morita et al. 2006). However, details of the involvement of Ca?*/CaM in
chemotactic behavior and motility remain unclear.
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8.4.2 Fertilization
8.4.2.1 Self-Fertilization

When gametes are packed in bundles, sperm and eggs from the same parent colony
do not fuse (i.e., self-fertilization does not occur). In vitro experiments have shown
that self-fertilization rarely occurs after the separation of sperm and eggs (Heyward
and Babcock 1986). Gametes of single hermaphrodite Acropora individuals have
strict allo-recognition that prevents self-fertilization; gametes preferentially fuse
with those from other colonies.

8.4.2.2 Sperm Concentration for Fertilization Success

The synchronization of spawning is predicted to promote hybridization.
Synchronization benefits reproductive success in broadcast spawning Acropora.
The rapid dilution of gametes, particularly sperm, reduces fertilization success and
is termed “sperm limitation” (Levitan and Petersen 1995; Yund 2000; also see Sect.
8.4.1.2). Sperm concentration is positively associated with fertilization success in
Acropora (Willis et al. 1997; Nozawa et al. 2015). Previous studies have indicated
that optimal concentrations are ca. 10° sperm/mL. High concentrations of sperm
(termed “polyspermy”) do not appear to negatively impact fertilization success.
Fertilization rates decrease with declining sperm concentrations below 10 sperm/
mL. The optimal concentration of ca. 10° sperm/mL) persists for approximately
1-2 h following spawning (Omori et al. 2001). The densities of spawning coral
colonies likely determine sperm concentrations in the water column. The rare spe-
cies A. papillare is able to successfully form zygotes at low sperm concentrations
(Nozawa et al. 2015). Hence, there may be selective pressure to increase gamete
adhesion rates at low sperm concentrations. Indeed, some sea urchin genotypes
have a gamete adhesion protein, bindin, that promotes high rates of fertilization suc-
cess at low sperm concentrations (Levitan and Ferrell 2006; Levitan 2012).
Surprisingly, the proportions of bindin genotypes have not changed with changing
sea urchin population numbers over 200 years (Levitan 2012). There is no informa-
tion on evolutionary changes in the relationship between gamete-recognition pro-
teins and fertilization success in Acropora. This relationship may prove crucial
during a period of mass bleaching and coral death.

8.4.2.3 Species-Specific Fertilization In Vitro

Species recognition during fertilization is robust, although some exceptions do
exist. Robust species recognition is necessary because many congeners spawn syn-
chronously, and gametes need to choose conspecific gametes from other colonies.
Gamete species recognition facilitates species-specific fertilization. However,
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several Acropora species are able to cross with heterospecifics. Intercrossing with
heterospecifics occurs in about one-third of sympatric and synchronous spawning
species (reviewed by Willis et al. 2006), and hybridization is possible. Natural
hybrids of Caribbean A. cervicornis x A. palmate have been reported (Vollmer and
Palumbi 2002). Most of the hybrids were F1, and their fertility is doubtful, although
one-way introgression has been reported (Vollmer and Palumbi 2002). These
hybrids likely propagate through vegetative reproductive mechanisms such as frag-
mentation. Hybridization between conspecifics and heterospecifics do occur, but
post-zygotic reproductive isolation (low fecundity of gametogenesis) prevents “suc-
cessive” introgressive hybridization between these two species of Acropora.
Nevertheless, population genetics studies have demonstrated introgression between
these species (Vollmer and Palumbi 2002; Palumbi et al. 2012). Spawning synchro-
nization increases introgression between intercrossing species on the GBR (Van
Oppen et al. 2000). Hybridization may occur across a range of intercrossing species.
However, in vitro fertilization experiments do not provide adequate data for demon-
strating that hybridization occurs in wild populations. Population genetics studies
do not clearly support the existence of ongoing hybridization.

8.4.2.4 Sperm Choice Experiments

Among intercrossing species, gametes preferentially fuse with conspecific gametes
rather than with those of heterospecifics when both conspecific and heterospecific
gametes are available. Thus, hybridization in between intercrossing species rarely
occurs in nature. Based on in vitro studies on mixtures of isolated gametes from
single species pairs (i.e., male gametes from one species, and eggs from another, or
vice versa), we can conclude that most distinctive species have the potential to inter-
cross. However, synchronized spawning of sympatric species forms a multispecies
gamete mixture. Preferential conspecific mating in this mixture would markedly
reduce the chances of hybridization. Sperm choice experiments clearly demonstrate
that eggs preferentially fuse with conspecific sperm at optimal sperm concentrations
(Kitanobo et al. 2016). A. intermedia and A. florida are able to produce hybrids, but
the eggs of both species preferentially fuse with conspecific sperm when sperm
concentrations are optimal (10° sperm/mL). Our preliminary study showed that
eggs of the intercrossing species A. fenuis and A. donei also fuse with conspecific
sperm when sperm of both species are mixed at optimal sperm concentrations
(Morita et al., under review). The frequency of hybridization increases in A. florida
when sperm are in low concentrations. Thus, the frequency of hybridization in this
species is determined by the sperm concentration, which in turn depends in part on
the densities of coral colonies. However, although A. florida is able to hybridize
with A. intermedia at low sperm concentrations, the eggs of A. intermedia do not
fuse with sperm of A. florida at any sperm concentration. Hence, the effects of
sperm concentrations on hybridization rates are species-specific. The species pref-
erence traits of gametes may differ between sperm and eggs prior to membrane
fusion. Eggs may fuse with conspecific or heterospecific sperm depending on sperm



8 Reproduction in the Coral Acropora 175

concentrations. Sperm have a stronger affinity for conspecific eggs. Consequently,
gamete fusion is conspecific when sperm concentrations are high, but at low con-
centrations eggs are able to fuse with both conspecific and heterospecific sperm
because the frequency of encounters with conspecific sperm is reduced. Thus, the
relative conspecific versus heterospecific preferences of eggs and sperm may relate
to hybridization rates in nature. The species-recognition protein of Acropora gam-
etes has not been fully characterized. The expression of this protein likely has a role
in the non-rigorous species recognition of intercrossing species. Further investiga-
tions are required to expand understanding of this topic.

8.5 From Spawning to Fertilization

Acropora is a broadcast spawner. Spawning synchronization is thought to influence
the rates of fertilization success in reef-building corals (Van Oppen et al. 2002;
Levitan et al. 2004; Fogarty et al. 2012; Teo and Todd 2018). The stages of spawn-
ing span gamete release from the bundles, sperm—egg interactions and finally gam-
ete fusion to form zygotes. Numerous studies have identified possible relationships
between intercrossing, spawning synchronisms, and introgressive hybridization, but
detailed information on these relationships is currently unavailable. In situ observa-
tions are essential for a fuller understanding of the reproductive mechanism from
spawning to fertilization. Dilution rapidly reduces sperm concentrations in seawa-
ter. Optimal concentrations are maintained for only a short period of time. We col-
lected seawater off Sesoko Island immediately after the spawning of A. fenuis and
A. donei. The sperm concentration was very low (<10° sperm/mL); nevertheless,
most gametes fused to form zygotes (Kitanobo et al., unpublished data). The dis-
crepancy in the relationships between fertilization success and sperm concentra-
tions between in situ and in vitro studies should be resolved in further studies.

8.6 Conclusion

Reproductive success in the coral Acropora spp. has many determining elements,
including spawning synchronism, numbers of released gametes, and fertilization
preferences. These elements may relate to the speciation process in the Acropora
group. Although detailed information is not available for some of the components of
reproduction, such as gamete recognition and ongoing hybridization events, it is
clear that sexual reproduction in Acropora is a crucial life cycle event.
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Chapter 9
Self- and Nonself-Recognition of Gametes
in Ascidians

Check for
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Hitoshi Sawada and Maki Shirae-Kurabayashi

Abstract Ascidians (Tunicata) are hermaphroditic sessile marine invertebrates,
which release sperm and eggs nearly simultaneously to the surrounding seawater
during the spawning season. To avoid inbreeding, several species, including
Halocynthia roretzi (Stolidobranchia) and Ciona intestinalis type A (Ciona robusta)
(Phlebobranchia) possess a self-sterility system. In H. roretzi, a 70-kDa vitelline
coat (VC) protein consisting of 12 EGF-like repeats with polymorphisms, desig-
nated as VC70, appears to be involved in gamete interaction and also in self/nonself-
recognition. A cysteine-rich secretory protein, designated as Urabin and a type 1I
transmembrane serine protease-1, called TTSP-1, are candidate sperm-borne bind-
ing partners for VC70. In C. intestinalis type A, on the other hand, a fibrinogen-like
VC protein, v-Themis-A and v-Themis-B, and sperm PKDRE]-like protein,
s-Themis-A and s-Themis-B, are highly polymorphic among individuals and these
proteins appear to play a pivotal role in self/nonself-recognition during gamete
interaction. It was recently suggested that three pairs of v-Themis and s-Themis
genes (s/v-Themis-A, s/v-Themis-B, and s/v-Themis-B2) are responsible for this sys-
tem. After sperm attachment to the VC of self-eggs, drastic Ca?* influx is elicited,
resulting in sperm vigorous movement on the VC followed by sperm detachment
from the VC, or by cessation in sperm motility. The C-terminal Ca**-permeable
cation channel domain in s-Themis-B/B2 may be involved in Ca** influx. Although
s/v-Themis homologous genes with polymorphisms were detected in the genome of
H. roretzi, it is not known whether s/v-Themis is involved in self/nonself-recognition
of H. roretzi. Since flowering plants utilize family specific S-determinant proteins
for self-incompatibility, the mechanism of self/nonself-recognition may be different
between stolidobranch and phlebobranch ascidians.
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9.1 Introduction

Most living organisms adopt sexual reproduction as a reproductive strategy to create
genetic diversity in the next generation. Whereas most animals are dioecious, most
flowering plants are hermaphrodites. It is known that approximately 60% of angio-
sperms show self-incompatibility to avoid inbreeding (De Nettancourt 1977), but
the others are self-compatible species. Although the mechanisms of self-
incompatibility in flowering plants have been studied well, little is known about the
mechanism of self-sterility in hermaphroditic animals. Animal self-sterility is
achieved by gamete recognition, whereas plant self-incompatibility is achieved by
the interaction between non-gamete cells such as pollen and stigmatic cells. In this
chapter, therefore, we distinctly utilize the terms “self-sterility”” for gamete interac-
tion in animals and “self-incompatibility” for non-gamete interaction in plants.
Before focusing on the self/nonself-recognition mechanisms in ascidians, various
flowering plant self-incompatibility systems are summarized as follows.

In Brassicaceae, a small-molecular-mass protein with allelic polymorphism,
called SP11/SCR, from anther tapetum is attached to the surface of pollen. After
attachment of pollen to stigmatic papilla cells, SP11/SCR is recognized by S-locus
receptor kinase (SRK) in the stigma. If it is recognized as self, pollen germination
and tube growth are inhibited, resulting in the block to double fertilization (Sawada
etal. 2014; Iwano and Takayama 2012; Takayama and Isogai 2005). In Papaveraceae,
a gene pair of pollen PrpS and stigmatic PrsS is adjoining and highly polymorphic.
If PrpS recognizes the PrsS as self, Ca?* influx takes place in pollen, resulting in
execution of caspase-like protease-mediated apoptosis in pollen to prohibit self-
fertilization. In Solanaceae, it is thought that S-RNase in the pistil penetrates into
pollen tube and degrades RNA, where multiple S-locus F-box proteins (SLF/SBP),
a ubiquitin ligase E3, expressed in the pollen tube covalently label ubiquitin to non-
self S-RNase, resulting in proteasome-mediated degradation of nonself S-RNase.
As a result, self S-RNase can degrade RNAs in self-pollen tube, leading to the pre-
vention of self-fertilization (Iwano and Takayama 2012; Takayama and Isogai 2005).

In contrast to angiosperms, mechanisms of self/nonself recognition during fertil-
ization of hermaphroditic marine animals are not well known. Ascidians
(Urochordata or Tunicata) are hermaphroditic sessile marine invertebrates and
release sperm and eggs almost simultaneously to the surrounding seawater during
the spawning seasons. Several ascidians, including Ciona intestinalis type A
(recently proposed to be renamed Ciona robusta (Brunetti et al. 2015)) and
Halocynthia roretzi, show self-sterility, although several species such as Phallusia
mammillata are self-fertile. Whereas these phenomena are well known, the molecu-
lar mechanism of self/nonself recognition is poorly understood. Ascidian eggs are
covered with glycoproteinaceous investment called the vitelline coat (VC), cellular
investments called test cells within the perivitelline space, and a single layer of fol-
licle cells attached to the outer surface of the VC. Since the VC-deprived eggs are
self-fertile, it is thought that the self/nonself recognition is achieved at the process
of sperm attachment to the VC of the eggs.
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Halocynthia roretzi (Order Stolidobranchia) is a useful ascidian for biochemical
studies of fertilization (Numakunai and Hoshino 1980; Sawada 2002), since a large
quantity of readily fertilizable sperm and eggs can be easily obtained from sexually
mature individuals, which are cultured in Onagawa Bay and Mutsu Bay, Japan.

Ciona intestinalis type A (Order Phlebobranchia), a cosmopolitan species, has
many advantages for molecular biological and genetic studies, because the genome
database is available since 2002 (Dehal et al. 2002), and also because genetic analy-
sis and genome editing experiments are possible in this species (Satou et al. 2005;
Kawai et al. 2012; Sakuma et al. 2013).

In the present chapter we mainly focus on the mechanisms of self-sterility in
Halocynthia roretzi and Ciona robusta as a representative of stolidobanch and phle-
bobranch ascidians, respectively.

9.2 Self/Nonself-Recognition During Fertilization
in Stolidobranch Ascidians: VC70 and Its Binding
Partners

Halocynthia roretzi is a strictly self-sterile solitary ascidian, inhabiting the rocky
subtidal of Japan and Korea. It is known that the attachment of follicle cells to the
VC is needed for fertilization in this species (Fuke 1983). Self-sterility in H. roretzi
is achieved in the interaction of sperm with the VC but not with the follicle cells,
since the VC-deprived eggs are self-fertile and also since the eggs having allogeneic
follicle cells on the VC are still self-sterile (Fuke 1983).

Immature oocytes in the ovary and mature oocytes treated with acidic seawater
(pH 2-3) for 1 min are self-fertile (Fuke and Numakunai 1996). In connection with
this, it is interesting to note that the amount of a 70-kDa main component of the VC,
referred to as VC70, significantly increased during oocyte maturation, a process of
acquisition of self-sterility, and the VC70 is solubilized by 1-5 mM HCI from the
isolated VC, which coincided with the fact that the self-sterile eggs become self-
fertile by the treatment with pH 2-3 seawater. Furthermore, nonself-sperm, rather
than self-sperm, efficiently bound to VC70-immobilized agarose beads. Fertilization
ratio decreased when sperm were pretreated with VC70 of nonself eggs rather than
HrVC70 of self eggs. VC70 consists of 12 EGF-like repeats, which seem to be gen-
erated by the processing of follicle cell trypsin-like protease, ovochymase (Mino
and Sawada 2016) from a precursor protein VC120, which is expressed in the
oocytes (Harada and Sawada 2007), having an N-terminal signal peptide, 13 EGF-
like repeats and C-terminal zona pellucida (ZP) domain (Sawada 2002; Sawada
et al. 2002). VCI20 is expressed in the gonad but not in the other organs or cells.
VC70 shows significant but not high polymorphisms in amino acids among indi-
viduals (probably among alleles), mostly at the regions between the third and fourth
cysteine residues in each EGF domain and a region between respective EGF
domains. No nucleotide substitution was observed in 3rd, 4th, 6th, and 12th EGF
domains among 12 EGF domains so far examined. Each EGF domain corresponds
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to a single exon. Since a single amino acid substitution impaired the functions of
EGF-like repeats resulting in Notch signaling disease (Artavanis-Tsakonas et al.
1995), individually variable VC70 protein appears to be a promising candidate for a
self/nonself-recognition protein during fertilization in H. roretzi (Sawada et al.
2004) (Table 9.1).

Processing and maturation of a certain allorecognition protein, which is pro-
duced in follicle cells, have been proposed in H. roretzi, since trypsin inhibitors
suppressed the acquisition of self-sterility during oocyte maturation and also since
exogenous trypsin was capable of inducing self-sterility in defolliculated immature
oocytes (Fuke and Numakunai 1996, 1999). Their finding well coincided with our
hypothesis that follicle cell trypsin-like protease ovochymase may produce VC70
from VC120 by limited proteolysis (Mino and Sawada 2016).

In another species in the same genus, Halocynthia aurantium, a similar protein
VC80, whose precursor is a 130-kDa VC130, has been identified (Ban et al. 2005).
VC130 in H. aurantium is highly homologous to VC120 in H. roretzi (amino acid
identity, 83.4%) and polymorphic regions were also similar to those in VC70. Since
two alleles of VC80 cDNA were detected in each individual, VC80 appears to be in
a diploid expression. One distinct difference between VC70 and VC80 in each spe-
cies is observed in the eighth EGF domain: eighth domain of VC70 seems to be
duplicated in VC80 during Halocynthia evolution. Taking into account that a single
domain duplication in the sperm receptor would cause a disruption in gamete inter-
action, these changes in VC80/VC70 could trigger speciation.

Sperm binding proteins toward VC70 were identified by Far Western blotting:
the sperm membrane fraction was subjected to SDS-PAGE followed by blotting
onto a nitrocellulose membrane and overlaid with VC70 (Urayama et al. 2008).
Then VC70-interacting protein was identified by Western blotting using anti-VC70
antibody. A 35-kDa protein, referred to as Urabin, located in the sperm RAFT
(LD-DIM) fraction, showed a binding ability to VC70. This protein is a member of
the cysteine-rich secretory protein (CRISP) family, containing a C-terminal GPI-
anchor signal. In fact, Urabin seems to be a GPI-anchor protein since it was solubi-
lized from the membrane fraction by PI-PLC (Urayama et al. 2008). Deglycosylation
of Urabin with PNGase F reduces the molecular weight, and this deglycosylated
form failed to bind to VC70, suggesting the importance of N-linked carbohydrate
chain in Urabin activity. Some, but not all individuals, express 50-kDa Urabin-L,
which was detected by anti-Urabin antibody. Interestingly, however, Urabin-L is
unable to bind to VC70 regardless of almost identical sequence to Urabin except for
C-terminal (EXADGD); repeat. Urabin showed little or no polymorphism and no
self/nonself recognition ability in the binding to VC70. However, since anti-Urabin
antibody inhibited the allorecognizable sperm binding to VC70-Sepharose and fer-
tilization, Urabin appears to participate in self/nonself-recognition during gamete
interaction (Urayama et al. 2008).

Another VC70-interacting protein, referred to as TTSP-1 (type II transmembrane
serine protease-1), was identified by yeast two-hybrid screening. This is a 337-kDa
protein, which is made up of 3087 amino acids, including an N-terminal signal
peptide, a transmembrane domain, 23 sushi domains, 2 ricin domains, a CUB
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Table 9.1 Sperm and egg proteins involved in self/nonself-recognition and gamete interaction in

ascidians

Species and events

‘ Sperm proteins

Egg or VC proteins

References or URL

Phlebobranch ascidians

Ciona intestinalis type A

Self/

s-Themis-A, B and

v-Themis-A, B and B2

Harada et al.

nonself-recognition | B2 (2008) Sawada et al.
(2020)
Trypsin-like v-Themis-like Otsuka et al. (2013)
protease?
Gamete interaction | 70-kDa protein Apolipoprotein B-like | Yamada et al. (2009)
Urabin VC57 Yamaguchi et al.
(2011)
o-L-Fucosidase Fucose (VC Rosati and De Santis
glycoprotein?) (1980)
Hoshi (1986)
Lambert and Koch
(1988)
ND Gln-enriched VC Kawamura et al.
peptides (1991)
hsp70 Marino et al. (1998,

1999)

Ciona savignyi

Self/
nonself-recognition

s-Themis-A and -B?

v-Themis-A and -B?

ANISEED database

Stolidobranch ascidians

Halocynthia roretzi

Self/ Urabin VC70 Sawada et al. (2002,
nonself-recognition 2004)
Urayama et al. (2008)
TTSP-1 VC70 Harada and Sawada
(2007)
s-Themis? v-Themis? ANISEED database
Gamete interaction | Proacrosin, Vitellogenin (VC Akasaka et al. (2010,
Spermosin protein) 2013)
o-L-Fucosidase Fucose (VC Matsumoto et al.
glycoprotein?) (2002)
Halocynthia
aurantium
Self/ ND VC80 Ban et al. (2005)
nonself-recognition
s-Themis? v-Themis? ANISEED database

ND Not determined
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domain, and a C-terminal serine protease domain (Harada and Sawada 2007).
Recombinant TTSP-1 is capable of interacting with VC70, but it is not known
whether TTSP-1 can distinguish self and nonself VC70. Further studies are neces-
sary to identify sperm protein(s), other than Urabin or TTSP-1, which are involved
in self/nonself-recognition during fertilization. One of the candidates is s-Themis
as described in Sect. 9.3. In Ciona intestinalis type A, three pairs (A, B and B2) of
s(sperm)-Themis and v(vitelline-coat)-Themis proteins seem to be an allele-
recognition partner. These proteins are highly polymorphic and appear to recog-
nize the same haplotypic alleles. We have identified four alleles (haplotypes) of
s/v-Themis genes in the genome of H. roretzi by using ANISEED genome database
(Brozovic et al. 2016). Furthermore, we detected s/v-Themis mRNA expression in
the gonad and polymorphism of v-Themis cDNA among individuals (Shirae-
Kurabayashi et al. unpublished data). Although the polymorphism of H. roretzi
v-Themis is not so prominent compared to C. intestinalis type A v-Themis the
amino acid substitutions of H. roretzi v-Themis are much more variable than that
of H. roretzi VCT0.

In addition to the allorecognition proteins, protein interactions between sperm
a-L-fucosidase and the VC glycoprotein containing fucose residue (Matsumoto
et al. 2002), and also between sperm trypsin-like proteases, including proacrosin
and spermosin, and the vitellogenin C-terminal fragment attached to the VC
(Akasaka et al. 2010, 2013) may also support the allorecognition system.

Functional analyses of the genes involved in self-sterility are very difficult in
H. roretzi because this species takes 3 years to reach sexual maturity in contrast to
3 months in C. intestinalis type A. Thus genetic analysis or knockout analysis using
genome editing is not easy. Neutralizing antibodies against extracellular domain of
the candidate proteins would reveal the function of the proteins involved in self-
sterility in this species.

9.3 Self/Nonself-Recognition During Fertilization
in Phlebobranch Ascidians: s-Themis, v-Themis,
and Other Proteins

In the early part of the twentieth century, Thomas Hunt Morgan reported the mode
of self-sterility in the ascidian Ciona (Morgan 1910, 1923, 1939, 1942, 1944). As
described in our previous review (Harada and Sawada 2008; Sawada et al. 2017),
Morgan first discovered that self-sterile Ciona eggs become self-fertile after treat-
ment with acidic seawater (pH 2.6) for 2—5 min or after removal of the VC (Morgan
1910, 1923). He also found that nonself-sterile combination was observed in self-
fertilized siblings, which was scarcely observed in natural crossing. From these
results, he concluded that self-sterility in Ciona must be genetically controlled
(Morgan 1939, 1942, 1944), which was later re-examined and reconfirmed (Murabe
and Hoshi 2002).
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Furthermore, Morgan discovered a one-way sterile combination between self-
fertilized F1 siblings, i.e., sperm of individual A can fertilize the eggs of individual
B, but sperm of individual B cannot fertilize the eggs of individual A. In order to
explain these phenomena, he proposed a “haploid sperm hypothesis,” in which hap-
loid expression of sperm S(self-sterility)-determinant and diploid expression of egg
S-determinant were assumed (Morgan 1944). If a single locus (locus A) is involved
in self-sterility, there are two populations of sperm in A/a heterozygous individual
(“A”-expressing sperm and “a”-expressing sperm) but one population of oocytes
expressing both alleles (A/a-expressing egg) in heterozygote. (Since ascidian
oocytes are arrested at the first metaphase, the diploid expression is reasonable.) In
this case, homozygous eggs (A/A-egg or a/a-egg) can be fertilized by heterozygous
sperm (a mixture of A-sperm and a-sperm) because either A-sperm ligand or
a-sperm ligand is absent in the VC of homozygous eggs, which enables fertilization.
In contrast, heterozygous eggs (A/a-egg) cannot be fertilized by homozygous sperm
because both A-sperm ligand and a-sperm ligand are present in the VC, which pre-
vents fertilization of A-sperm and a-sperm. In this case, when one-way sterile com-
bination is observed, putative locus A should be homozygous in “male” and
heterozygous in “female.” Based on these criteria, 70 gene markers were tested
whether each gene is homozygous or heterozygous by PCR analysis. By this posi-
tional cloning, two candidate loci (locus A in chromosome 2q and locus B in chro-
mosome 7q) have been identified as S-determinant loci (Harada et al. 2008).

Among 20 genes in locus A, only one gene product similar to fibrinogen-C-
terminal was identified in the VC by LC/MS/MS analysis, and this protein was
designated as v(vitelline coat)-Themis-A. On the other hand, among 20 genes, four
genes were expressed in the testis, among which only one gene product (PKDI)
showed a polymorphism among individuals. Therefore, this protein was thought to
be a promising candidate for sperm allorecognition protein, and this was designated
as s(sperm)-Themis-A. v-Themis-A sequence showed an allelic variety in the entire
region, whereas s-Themis-A showed a hypervariable region (HVR) among alleles at
an N-terminal side. Similar gene pairs, referred to as v-Themis-B and s-Themis-B,
were identified in locus B regardless of the absence of overall genomic syntheny.
Whereas both v-Themis-A and B are highly variable proteins in their entire regions,
s-Themis-A and B possess an N-terminal signal peptide, hypervariable region
(HVR), GPS (G-protein-coupled proteolytic site) domain, and LH2 (lipoxygenase
homology) domain, followed by C-terminal five transmembrane domains in
s-Themis-A or by 11 transmembrane domains in s-Themis-B (Fig. 9.1). Interestingly,
s-Themis-B possesses a Ca’*-permeable cation channel (PKD channel) domain in
its C-terminus. v-Themis genes are encoded in the first intron of s-Themis genes, but
transcribed in the opposite direction (Harada et al. 2008, Fig. 9.1). We recently
examined several allelic genes of s-Themis-B and v-Themis-B to investigate the
exon/intron organization of five alleles. Our preliminary data showed that exon/
intron organization of v-Themis and s-Themis is similar but not identical: v-Themis
genes were always encoded in the first intron of respective s-Themis genes (Yamada
et al. unpublished data).
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A
Chromosome 2q et Hyper-variable region REJ domain

| S | [
s-Themis-A e e eeeee——] 2
v-Themis-A

Stop Met

Chromosome 7q et IHyper-varlable reglonI REJ domain

s-Themis-B/B2 z
v-Themis-B/B2 —

Stop Met 0.5 kb

B <s-Themis-A> <s-Themis-B/B2>

Hyper-variable region Hyper-variable region

REJ REJ
GPS

| I |
LH2 LH2 PKD Channel

Self-sperm

Vitelline
coat (VC)

Nonself-sperm

Fig. 9.1 Working hypothesis of the self-sterility mechanism in Ciona robusta. (a, b) In C. robusta,
it is proposed that sperm PKDREIJ-like proteins having an N-terminal hypervariable region, s-The-
mis-A, B, and B2 interact with fibrinogen-like polymorphic proteins, v-Themis-A, B, and B2 on
the VC, respectively. (¢) If the alleles of s-Themis and v-Themis are from the same haplotypes in
A, B and B2, sperm recognizes the VC as self-egg, which allows Ca** influx, probably via the Ca**-
conducting cation channel (PKD channel) at the C-terminus of s-Themis-B/B2 (b). This causes the
increase in sperm motility resulting in sperm detachment from the VC or in the eventual decrease
in sperm motility (c). The s- and v-Themis-mediated self/nonself-recognition process may be sup-
ported by the interaction between sperm a-L-fucosidase and fucose residue in the VC and also
between sperm Urabin and VC57. v-Themis-like may be involved in the formation of a complex
of v-Themis-A and -B
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Fig. 9.2 Phylogenetic trees of s/v-Themis-A and s/v-Themis-B. Comparison of phylogenetic trees
of s-Themis-A and v-Themis-A (a), and those of s-Themis-B and v-Themis-B (b). Phylogenetic
tree pattern of s-Themis-A well coincided with that of v-Themis-A, except three alleles, such as
JGI, AP1, and H10. On the other hand, s-Themis-B and v-Themis-B showed a similar pattern in
respective phylogenetic trees (Yamaguchi et al. unpublished data)

Molecular phylogenetic patterns between s-Themis-A and v-Themis-A, and also
between s-Themis-B and v-Themis-B are very similar except several s/v-Themis-A
alleles such as AP1, GJI, and H-10 haplotypes (Fig. 9.2). These results imply the
coevolutional relationship between s-Themis-A and v-Themis-A, and also between
s-Themis-B and v-Themis-B (Yamaguchi et al. unpublished data).

Respective gene pairs of s-Themis and v-Themis always make a single haplotype.
There is no exception in the fixed allelic partner so far studied, suggesting the strong
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partnership between s-Themis-A and v-Themis-A, and also between s-Themis-B
and v-Themis-B (Sawada et al. 2020). We cannot rule out a possibility that a certain
haplotype, showing no coevolutional relationship, may not function as a self-recog-
nition partner. In fact, we recently identified a novel s/v-Themis-A-like gene pair,
tentatively designated as s/v-Themis-A2, located at 2200 kbp apart from s/v-Themis-
A gene pair. However, this gene pair appears to be a pseudogene, since several ter-
mination codons exist in their ORFs (Yamamoto et al. unpublished data). Therefore,
the alleles showing the different patterns of phylogenetic trees may not function as
current self-recognition partners but as an intermediate making a new haplotype
during evolution.

Haploid expression of s-Themis must be regulated by an unknown mechanism,
since spermatids are mutually connected with a cytoplasmic bridge forming a mul-
tinuclear cell. s-Themis proteins localized on the sperm head membrane may be
anchored to a certain region during spermiogenesis. Further studies are necessary to
prove the “haploid sperm hypothesis” proposed by Morgan.

After sperm binding to the VC of self-eggs, but not nonself-eggs, drastic Ca**
influx in sperm takes place, which allows vigorous movement on the VC resulting
in the sperm detachment from the VC or cessation of the sperm motility (Saito et al.
2012). Since s-Themis-B possesses a cation channel domain in its C-terminus, it is
plausible that sperm s-Themis-A and B recognize the same haplotypic v-Themis-A
and B, respectively, on the VC, which allows Ca’* influx, probably via the Ca?*-
permeable cation channel (PKD channel) in s-Themis-B.

s-Themis-A and B appear to be localized on the tip of sperm head and mitochon-
drial region in addition to tail region by immunocytochemistry using the antibodies
raised against REJ domain (Saito et al. unpublished data). Very interestingly,
s-Themis-A and B may be degraded after Ca** influx elicited by Ca®* ionophore
ionomycin, since little or no fluorescence of anti-s-Themis-REJ antibody was
observed after treatment of sperm with ionomycin (Saito et al. unpublished data).
These results imply that allele-specific strong interaction between s-Themis and
v-Themis allows Ca*" influx, which trigger detachment of sperm from the vitelline
coat by cleaving the s/v-Themis interaction. Such an allorecognition process may be
faster than, or a preceding process of, the activation of lysin, because sperm penetra-
tion of the VC is not allowed in self-gamete combination. Our preliminary data
showed that low Ca** ASW allows self-fertilization (Hashimoto et al. unpublished
data). These results also support the above hypothesis.

Furthermore, we also found that one additional gene pair, designated as s/v--
Themis-B2, resides approximately 70 kbp downstream from original s/v-Themis-B
gene (Sawada et al. 2020). Although nucleotide sequences of s/v-Themis-B2 genes
were very similar to those of s/v-Themis-B, a common haplotype has not been
observed in s-Themis-B and B2. Classical genetic analysis suggested the participa-
tion of s/v-Themis-B2 in addition to s/v-Themis-A and B in self-sterility (Sawada
et al. 2020).

Recently, Satou et al. (2014) reported that inbred strain of Ciona robusta showed
heterozygosity only in s/v-Themis-B HVR but not in s/v-Themis-A or other regions,
suggesting the possibility that the copy number of HVR of Themis-B, B2 is variable
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for each individual. Independently, we also found that several alleles of s/v-Themis-
B were detected in locus B. Therefore, we are now analyzing mRNA expression of
each allele for getting more information about the functional alleles (Shirae-
Kurabayashi and Sawada unpublished data).

Before our discovery of s/v-Themis, several models had been proposed about
self-sterility in Ciona. De Santis and her colleagues reported that only nonself-
sperm can tightly bind to the VC of glycerinated eggs (Rosati and De Santis 1978)
and also that heat shock protein 70 (hsp70) attached to the VC may be responsible
for self/nonself recognition (Marino et al. 1998). They also proposed that self-
derived peptides, which are produced by the follicle cell proteasome, may be trapped
with hsp70 on the VC (Pinto et al. 1995; Marino et al. 1999). However, the putative
trapped peptides have not yet been identified. On the other hand, Kawamura and his
colleagues found that acid-extract of the egg is able to inhibit the fertilization of
eggs inseminated with nonself-spermatozoa. This factor was partially purified but
not yet identified (Kawamura et al. 1991).

In addition to s/v-Themis-A, B and B2, the following protein interactions have
also been proposed in gamete interaction in Ciona, i.e., the interactions between
sperm Urabin and the VC57 (C. intestinalis type A homolog of H. roretzi VC70)
(Yamaguchi et al. 2011), between sperm a-L-fucosidase and fucose-containing VC
glycoprotein (De Santis et al. 1983; Hoshi 1986) and between sperm 70-kDa
ApoBL-interacting protein and ApoBL (apolipoprotein B-like protein) (Yamada
et al. 2009). Furthermore, a novel v-Themis-like VC protein, referred to as
“v-Themis-like,” has been identified as a main component of the acid-extractable
VC proteins (Otsuka et al. 2013). This protein, possessing fibrinogen-like domain,
showed little or no polymorphism but interacted with s-Themis-B. The binding
partner of v-Themis-like on spermatozoa has not been identified, but yeast two
hybrid screening suggested that sperm trypsin-like protease is a candidate binding
partner for v-Themis-like (Otsuka et al. unpublished data).

9.4 Conclusions

Molecular mechanisms of self/nonself-recognition during gamete interaction have
been gradually unveiled. Halocynthia roretzi (Order Stolidobranchia) utilizes the
VC protein VC70 and sperm proteins urabin and TTSP1 as promising self/nonself-
recognition proteins. Although it is still unknown whether urabin and TTSP-1 are
directly involved in self/nonself-recognition, they are capable of binding to VC70, a
polymorphic EGF-like repeat protein involved in self/nonself-recognition. Although
polymorphic s/v-Themis homologous genes and their expression were detected in
the gonad of H. roretzi, it remains elusive whether s/v-Themis genes are responsible
for self/nonself-recognition during fertilization in H. roretzi.

In contrast, Ciona robusta (Order Phlebobranchia) has the self-recognition sys-
tem, which is mediated by sperm receptors s-Themis-A, B, B2 and their cognate VC
ligands v-Themis-A, B, B2, respectively. v-Themis proteins are highly polymorphic,
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whereas s-Themis proteins contain an N-terminal hyper-variable region. Since
s-Themis-B and B2 contain a C-terminal Ca**-permeable cation channel domain,
Ca?* influx after sperm binding to the VC of self-eggs may be mediated by this cat-
ion channel. v-Themis-like and other gamete proteins may also be indirectly
involved in allorecognition during gamete interaction. Further studies on the
protein-protein interaction and three-dimensional structure are necessary for eluci-
dation of the molecular mechanisms of self/nonself-recognition during ascidian
fertilization.
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Chapter 10
Reproduction of Chondrichthyans

Terence I. Walker

Abstract Species of the class Chondrichthyes (sharks, rays, and chimaeras) exhibit
diverse reproductive modes ranging from strictly lecithotrophic oviparity to viviparity
with varying matrotrophic nutritional supplement (histotrophy, ovatrophy, adelphotro-
phy, and placentatrophy). Compared with invertebrate and bony fish taxa, chondrich-
thyan fishes are long-lived and produce small numbers of large offspring. These
characteristics underlie their high vulnerability to harvest as only a small proportion of
their populations can be taken annually to ensure sustainable catches and to avoid popu-
lation depletion. These characteristics also produce challenges for their conservation in
the wild and their husbandry associated with commercial fish farming in sea cages and
display in aquaria. There is a growing need to address these issues through improved
facilities for scientific study and breeding of animals in captivity. Improved conserva-
tion of wild stocks and husbandry of captive chondrichthyan animals require a quantita-
tive approach to investigating their maturity, maternity, fecundity, and productivity.

Keywords Oviparity - Viviparity - Maternity - Demography

10.1 Introduction

The class Chondrichthyes comprises squalomorph sharks, galeomorph sharks,
batoids (rays), and holocephalans (chimaeras) in 14 taxonomic orders of extant spe-
cies occurring throughout the world at all depths in the oceans, coastal seas, and
some inland freshwater systems. Chondrichthyan fishes form a diverse group of
1250 presently recognised species (Dulvy et al. 2017) sharing the distinguishing
features of a cartilaginous skeleton and jaws. The sharks and rays classed as elasmo-
branchs have common ancestors living about 200 million years ago whereas elas-
mobranchs and holocephalans originated about 420 million years ago.
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Onshore aquaculture and at-sea fish farming facilities and husbandry techniques
have in recent years developed rapidly for invertebrate and teleost species, but
slowly for chondrichthyan species. The low value of the products from sharks, rays,
and chimaeras in the past compared with those from invertebrate and teleost species
partly explains this slow development. Life history characteristics such as compara-
tively large body size, high longevity and age at maturity, long reproductive cycles,
and a small number of offspring have discouraged captive breeding programs. Most
current understanding of the husbandry of chondrichthyan species is from commer-
cial aquaria facilities holding fishes for public display and from research facilities
undertaking studies on captive fish. Nevertheless, there are growing needs for
improved technologies for aquaculture and sea-cage farming (ranching) specific to
chondrichthyan species.

Demand is increasing for the products, such as meat, fins, liver oil, cartilage,
corneas, and leather, from chondrichthyan species in response to severe depletion of
many stocks from past unsustainable harvesting practices. However, this demand
alone is an insufficient economic stimulus for new aquaculture and fish farming
industries. Captive breeding programs for supplying these products are not eco-
nomically feasible at this time, although the retention of full-term embryos and
artificial feeding of captured animals in sea cages for further growth and body-mass
gain provide opportunities for adding value to existing fully developed fisheries.

Other drivers for such facilities arise from the need for improved information for
better management of the wild stocks best obtained by studying the animals under
captive conditions. Such information includes determining levels of cryptic fishing
mortality on escaped and released chondrichthyan animals following capture in
fishing gear. Other required information includes assessing the effects of other
anthropogenic hazards on habitats associated with mineral and hydrocarbon extrac-
tion, shipping constructions inshore, and climate change (notably changed currents,
water temperature, and pH). Proper evaluation of all these effects requires appropri-
ate facilities with highly controlled conditions for experimentation testing physio-
logical (Bouyoucos et al. 2018; Frick et al. 2009; Frick et al. 2010a; Frick et al.
2010b; Frick et al. 2012; Guida et al. 2016; Heard et al. 2014; Martins et al. 2018;
Skomal and Mandelman 2012; Van Rijn and Reina 2010), behavioural (Martins
2017), and transgenerational (Guida et al. 2017) changes in response to specific
anthropogenic stressors.

Successful captive breeding programs for chondrichthyan species will have to
account for a wide range of reproductive modes associated with diverse morpho-
logical and physiological mechanisms and behaviours for ensuring successful copu-
lation, internal fertilisation, embryogenesis, and parturition conditions suitable for
the survival of the neonates. Present understanding of behaviour comes mostly from
observations of animals held in captivity. Mating involves a range of complex
behaviours during precopulatory courtship to ensure the males gain an adequate
grip on the female and insert one or both claspers to ensure successful copulation.
Observations include females resisting particular males, male co-operation during
copulation, and multiple paternity within litters for numerous species (Carrier
et al. 2004).
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10.2 Chondrichthyan Reproductive Biology

The study of the reproductive biology of chondrichthyan species draws on the
diverse fields of anatomy, taxonomy, genetics, physiology, immunology, endocri-
nology, and demography, and can be related to the behaviour, zoogeography, phy-
logeny, and ecology. These fields underpin better information to improve sustainable
use and to rehabilitate depleted and fragmented populations of these species. More
quantitative approaches to reproduction studies enable ecological vulnerability
assessment to the stressors of climate change (Chin et al. 2010), fishing (Hobday
et al. 2011; Walker 2005a), and other anthropogenic hazards; fisheries assessment
(Punt and Walker 1998); species extinction risk assessment (Dulvy et al. 2014); and
development of captive breeding programs. Quantitative approaches require apply-
ing models that represent the population dynamics of species, where the models
range from simple demographic models to highly complex synthetic models com-
bining not only elements of the biology of a species but characteristics of the fishing
gear, vessels and fishers (Pribac et al. 2005; Punt et al. 2000). Application of such
models to the populations of chondrichthyan species leads to bias without careful
distinction of the conditions of maturity, pregnancy, and maternity of the females.
These three conditions require determination of the timing and periodicity of repro-
ductive events such as ovulation, gestation, and egg laying or parturition
(Walker 2005b).

Maturation and seasonal changes in reproductive condition are under the control
of the endocrine system. Environmental cues initiate secretion of gonadotropin-
releasing hormone from neurons in the hypothalamus and other parts of the brain.
This hormone stimulates the pituitary gland to produce gonadotropins, which in
turn promote gametogenesis (oogenesis in females and spermatogenesis in males)
and secretion of reproductive steroids in the ovaries or testes. The gonadal ste-
roids—predominantly testosterone, dihydrotestosterone, estradiol, and progester-
one—orchestrate sex differentiation and the timing of maturation and reproductive
cycles. Thyroid hormones and other hormones such as relaxin and calcitonin appear
to have accessory roles (Awruch 2013; Gelsleichter 2004).

10.2.1 Female Reproductive System

Female chondrichthyan fishes have a pair of reproductive tracts and either paired
ovaries or a predominant single ovary where the second is vestigial or absent. Each
reproductive tract typically consists of a funnel-shaped ostium, anterior oviduct,
oviducal gland, isthmus for some species, uterus, and cervix, leading posteriorly to
the urogenital sinus common to both tracts and opening into the cloaca (Fig. 10.1).
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Fig. 10.1 Female
chondrichthyan
reproductive system. The
diagram showing the
reproductive tract (pale
grey shading) and other
structures (textured colour)
is a generalised
representation and not of a
particular species. Ca
corpora atretica, Ce cervix,
Co corpora luteum, Eg
epigonal gland, Is Isthmus,
Od oviduct, Of ovarian
follicle, Og oviducal gland,
Os ostium, Ov ovary, Us
urogenital sinus, Ut uterus

10.2.1.1 Ovary and Oogenesis

The chondrichthyan ovary, embedded in the lymphomyleloid tissue of the epigonal
gland, is located in the anterior region of the body cavity dorsal to the liver and
attached to the dorsal wall by the mesovarium mesentery. The ovary typically con-
sists of follicles of various sizes, atretic follicles, and corpora lutea bound in con-
nective tissue stroma and produces oocytes (germ cells) by oogenesis. As for
vertebrates in general, oogenesis involves several stages of transition from female
germ cells to mature ova. Primordial germ cells in the germinal epithelium of the
ovary proliferate into oogonia and then primary oocytes by several mitotic divisions.
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Diploid primary oocytes then divide by the first meiotic division to form haploid
secondary oocytes, but the second meiotic division of a secondary oocyte pauses
until reactivation with the formation of an ovum at the time of fertilisation (Waltrick
et al. 2017).

Each follicle is an oocyte enveloped by proliferating granulosa cells delimited by
a basal lamina. In immature animals, the oocytes are small with little or no yolk
(Hamlett and Koob 1999). As the animals mature, theca and granulosa cells synthe-
sise and secrete steroid hormones, and the oocytes enlarge through vitellogenesis,
whereby phosvitin and lipovitellin of hepatic origin accumulate in the oocytes.
Ovulation occurs seasonally when the ovary serially releases the largest oocytes,
and the wall of each follicle collapses to form a corpora luteum consisting of a lipid-
filled cell derived from the granulosa cells (Storrie 2004). As the period of ovulation
ends, enlarged preovulatory follicles undergo resorption of yolk from the oocytes,
to form corpora atretica through the process of atresia.

10.2.1.2 Female Reproductive Tracts

Following ovulation, each ovulated oocyte (ovum) is released into the body cavity
and propelled anteriorly by cilia into the ostium that bifurcates into the left and right
oviducts. The ovum then passes through one of the oviducts and into the oviducal
gland. Fertilisation of the ovum and the formation of a protective egg membrane or
egg case occur as it passes through the oviducal gland and then the isthmus into the
uterus. Depending on the species, the encapsulated egg either undergoes embryo-
genesis in utero or in an egg case following oviposition to a suitable external habitat.
Eggs and embryos in utero are sealed between two uterine sphincters (the isthmus
and cervix).

Each of the paired oviducal glands has four distinct zones (proximal club zone,
papillary zone, baffle zone, and terminal zone) for several functions. The oviducal
glands of egg-laying species are more prominent than of species retaining the fertil-
ised eggs in utero during embryogenesis (Hamlett et al. 2005b). Although observed
only in a small number of shark, batoid, and holocephalan species, sperm storage in
the oviducal gland most likely occurs for all chondrichthyan species to ensure fer-
tilisation immediately after ovulation and before egg encapsulation. The oviducal
gland produces a tertiary egg envelope and egg jelly to surround the zygote and
yolk. The tertiary egg envelope can be the egg case of oviparous species, the thin
transient egg candle capsule of yolk-sac species, and the thin egg envelope of most
placental sharks.

10.2.1.3 Mode of Reproduction, Lecithotrophy, and Matrotrophy

Broadly classed as oviparity (egg-laying) and viviparity (live-bearing), chondrich-
thyan species have eight modes of reproduction depending on lecithotrophy (nutri-
tion of embryos from egg yolk) and matrotrophy (nutrition of embryos from egg
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yolk supplemented maternally from other sources) (Hamlett et al. 2005¢). Oviparity
characterised by highly lecithotrophic fertilised eggs protected in tough leathery
egg cases occurs as two reproductive modes: single oviparity and retained oviparity.
Single oviparity is where pairs of eggs, one from each uterus, are oviposited sequen-
tially over an extended egg-laying season for external embryonic development.
Retained oviparity is where the egg cases remain in the reproductive tract for most
of the period for embryonic development before oviposited in habitat suitable for
neonates. Viviparity includes six modes of reproduction characterised by fertilised
eggs contained in an egg envelope in utero for the duration of gestation. The vivipar-
ity modes relate to the absence or presence of several types of nutritional supple-
mentation of egg yolk in the uterus: histotroph (histotrophy), ova (ovatrophy),
siblings (intrauterine cannibalism or adelphotrophy), and placental transfer (placen-
tatrophy) (Hamlett et al. 2005¢). Yolk-sac viviparity occurs as three recognised
modes: yolk-sac viviparity without nutrient supplement, yolk-sac viviparity with
limited histotrophy, and yolk-sac viviparity with lipid histotrophy. Other recognised
viviparity modes are carcharhinid oophagy, lamnid oophagy, and placental vivipar-
ity. For the carcharhinid oophagy mode, large numbers of unfertilised ova are pack-
aged together with the developing embryo in the same egg capsule for ingestion by
the embryo. For the lamnid oophagy mode, the developing embryo hatches in utero
following depletion of its yolk reserves, and then egg capsules containing small ova
are packaged together in the oviducal gland and provided to the embryo for inges-
tion. In Carcharias taurus, the first embryo hatched in each uterus consumes all the
other embryos and continues to feed on ova (Gilmore et al. 2005). For the placental
viviparity mode in a small number of shark species, the yolk sac of the embryo
forms an attachment with the uterine epithelium to form a placenta, and the yolk
stalk elongates to form an umbilical cord. Following initial depletion of the yolk
stores in the yolk sac, embryonic development depends next on mucoid histotroph
and finally on maternal secretions at the placental site. A blood transfer of nutrients
via the placenta is unlikely for any species of shark (Hamlett et al. 2005a).

The eight modes of reproduction occur widely among species of Chondrichthyes
in five orders of the super-order Squalomorphii, four orders of the Galeomorphii,
four orders of the Batoidea, and one order of the Holocephali (Table 10.1). The pres-
ence of oviparity in all living species of the Holocephali and a broad range of spe-
cies across the other super-orders with the one exception of the Squalomorphii
supports a long history of the argument for oviparity as the ancestral mode. However,
the frequent occurrence of viviparity among extinct holocephalans and the extant
Squalomorphii, Galeomorphii, and Batoidea provide evidence for yolk-sac vivipar-
ity as the original mode (Musick and Ellis 2005).

10.2.1.4 Female Maturity
The period from the onset of maturity (start of vitellogenesis) to the first ovulation

and start of the first pregnancy in most vertebrate species is comparatively short, and
the ovarian cycle is annual or less, with only a few exceptions such as among large
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Table 10.1 Modes of reproduction by chondrichthyan taxonomic group

Super-order/order

Sub-order or family (where
required to subdivide order)

Mode of reproduction

Squalomorphii (squalomorph sharks)

Echinorhiniformes (bramble
sharks)

Yolk-sac viviparity with no
histotroph

Hexanchiformes (sixgill and
sevengill sharks)

Yolk-sac viviparity with no
histotroph

Pristiophoriformes
(sawsharks)

Yolk-sac viviparity with no
histotroph

Squaliformes (dogfishes)

Yolk-sac viviparity with
limited or no histotroph

Squatiniformes (angelsharks)

Yolk-sac viviparity with no
histotroph

Galeomorphii (galeomorph sharks)

Carcharhiniformes (ground
sharks)

Scyliorhinidae (catsharks)
excluding six species

Single oviparity

Scyliorhinidae including five
species of genus Halaelurus

Retained oviparity

Scyliorhinidae including only
Galeus melastomus

Retained oviparity

Proscylliidae (finback catsharks)
excluding one species

Yolk-sac viviparity with no
histotroph

Proscylliidae including only Single oviparity
Proscyllium habereri
Pseudotriakidae (false catsharks) Carcharhinid oophagy

Leptochariidae (barbelled

Placental viviparity

catsharks)
Sphyrnidae (hammerhead sharks) | Placental viviparity
Triakidae (hound sharks) Yolk-sac viviparity with

limited or no histotroph

Hemigaleidae (weasel sharks)

Placental viviparity

Carcharhinidae (requiem sharks)
excluding one species

Placental viviparity

Carcharhinidae including only
Galeocerdo cuvier

Yolk-sac viviparity with no
histotroph

Heterodontiformes (horn
sharks)

Single oviparity

Lamniformes (mackerel
sharks)

Lamnid oophagy

Orectolobiformes

Brachaeluridae (blind sharks)

Yolk-sac viviparity with no
histotroph

Hemiscylliidae (bamboo sharks)

Single oviparity

Ginglymostomatidae (nurse sharks)

Yolk-sac viviparity with no
histotroph

Orectolobidae (wobbegongs)

Yolk-sac viviparity with no
histotroph

(continued)
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Table 10.1 (continued)
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Super-order/order

Sub-order or family (where
required to subdivide order)

Mode of reproduction

Parascylliidae (collar carpet sharks) | Single oviparity
Rhincodontidae (whale sharks)

Yolk-sac viviparity with no
histotroph

Stegostomatidae (zebra sharks)
excluding one species

Single oviparity

Stegostomatidae including only Retained oviparity

Stegostoma fasciatum

Batoidea (rays)

Myliobatiformes (stingrays
and relatives)

Myliobatoidei (stingrays)

Yolk-sac viviparity with
lipid histotrophs

Platyrhinoidei (thornback rays)

Yolk-sac viviparity with no
histotroph

Zanobatoidei (panrays)

Yolk-sac viviparity with no
histotroph

Rajiformes (skates)

Single oviparity

Rhinopristiformes
(guitarfishes & sawfishes)

Yolk-sac viviparity with no
histotroph

Torpediniformes (electric
rays)

Yolk-sac viviparity with no
histotroph

Holocephali (chimaeras)

Chimaeriformes (chimaeras) ‘ ‘ Single oviparity

Sourced from Musick and Ellis (2005)

mammals. For chondrichthyan species, this period can also be annual or less, but in
other species, the period between successive ovulation cycles can be two, three, or
for some species possibly more years. For the species with long ovarian cycles (i.e.,
long period of vitellogenesis), the period from fertilisation to parturition for vivipa-
rous species can be, but not necessarily, more than 1 year. Fertilisation occurs dur-
ing the relatively short period following ovulation when the ovum passes through
the oviduct and oviducal gland before encapsulation and entry to the uterus. Storage
of sperm in the terminal zone of the oviducal gland (Hamlett et al. 2002a; Smith
et al. 2004; Storrie et al. 2008) ensures a supply of sperm for successive fertilisation
of ova released by ovulation over a period of several weeks or months. Sperm stor-
age ensures that fertilisation occurs before egg encapsulation and it avoids accumu-
lating eggs in utero obstructing or retarding fresh sperm transiting the uterus to the
oviducal gland.

For a mature female’s first pregnancy, the period of the first ovarian cycle,
together with the subsequent period of pregnancy (i.e., the period of eggs or embryos
in utero), is more than 1 year for most species. However, for subsequent pregnan-
cies, the follicles can enlarge through vitellogenesis during part of the ovarian cycle
concurrently with pregnancy so that parturition can be annual or, for some species,
more frequently. For species producing large-sized follicles, such as Galeorhinus
galeus (Triakidae) (Walker 2005b), orectolobids (Huveneers et al. 2007), and
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squaliforms (Braccini et al. 2006; Collonello et al. 2016; Hanchet 1988; Rochowski
et al. 2015a) from coastal or upper-slope waters (~40 mm diameter) and mid-slope
(60-87 mm diameter) (Girard and Du Buit 1999; Guallart and Vincent 2001;
Rochowski et al. 2015b; Yano and Tanaka 1988) the period for vitellogenesis is two,
three, or possibly more years.

Female maturity in chondrichthyan species assumed by the presence of enlarged
follicles is ambiguous without specification of a specific follicle size. This assump-
tion is arbitrary, subjective, and likely to provide unrepeatable results for a species
that has a long ovarian cycle. Less ambiguous criteria for classing an observed
female as mature or immature might include a minimum level of selected steroid
hormones in the blood plasma, the presence of vitellogenic oocytes, the presence of
sperm in the oviducal gland, or the presence of eggs or embryos in utero. However,
whether a female is designated mature or immature inevitably varies depending on
the criterion adopted. Furthermore, applying a mix of these criteria further confuses
the definition of maturity.

The procedure most readily applied and independent of observer bias when
undertaking a dissection is to record the colour and diameter of the largest follicle
or diameters of a group of the largest follicles. Selecting a follicle diameter that
coincides with the size when the oocytes begin vitellogenesis provides a consistent
criterion. The criterion of follicle diameter of 0-3 mm as pre-vitellogenic (generally
white) (immature) and oocytes >3 mm diameter as vitellogenic (yellowish) (mature)
applies to Galeorhinus galeus (Walker 2005b), Mustelus antarcticus (Triakidae)
(Walker 2007), and Heterodontus portusjacksoni (Heterodontiformes) (Tovar-Avila
et al. 2007). The criterion of follicles >1 mm as vitellogenic applies to Urolophus
bucculentus, U. cruciatus, U. paucimaculatus, and U. viridis, and >3 mm as vitel-
logenic applies to U. gigas and Trygonoptera imitata (Myliobatoidei) (Trinnie et al.
2014). The criterion of oocytes >11 mm as vitellogenic (mature) applies to Squalus
chloroculus (Rochowski et al. 2015a) and Deania calcea (Squaliformes) (Rochowski
et al. 2015b), of yellow oocytes as vitellogenic applies to Orectolobus spp.
(Huveneers et al. 2007), and yellow and >14 mm to Squalus megalops (Braccini
et al. 20006).

In fisheries science, the assumption that the number of mature animals in a popu-
lation (or mature biomass) equates to the number (or biomass) contributing to
recruitment is valid for teleost and invertebrate species but not necessarily for all
chondrichthyan species. Because the reproductive cycle of many chondrichthyan
species exceeds 1 year, it is necessary to invoke the concept of maternity to provide
a more accurate predictor of recruitment.

10.2.1.5 Maternity and Pregnancy

The concepts of the periods of pregnancy and maternity underlie the development
of one of several equations required for estimating the number of births for vivipa-
rous species or the number of egg cases oviposited for oviparous species. The
required equation expresses the proportion of the female population producing
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offspring by the end of the period of parturition or oviposition and thereby contrib-
uting to annual recruitment (O+-year-old cohort) at the beginning of the following
year referred to as the recruitment year.

The period of pregnancy for a female population is often seasonal and differs
between viviparous and oviparous species. For viviparous species, the period of
pregnancy is from the start of the period of eggs in utero when the first ovulated egg
enters the uterus until the end of the period of macroscopically visible embryos in
utero with birth (parturition) of the last embryo. For oviparous species, the period of
pregnancy is from the start of the period when the first ovulated egg encapsulated
enters the uterus until the end of the period with oviposition of the last egg case. A
date to demarcate the end of parturition or oviposition is required to set the last day
of the period of maternity and to define the following day as the recruitment date
(first day of the recruitment year).

For viviparous species, the period of maternity for a female population has a
duration of precisely 1 year immediately preceding the recruitment date and does
not necessarily cover the entire period of pregnancy. Establishing the recruitment
date and period of maternity provides a basis for classing all females observed in the
population as either in maternal condition or non-maternal condition. Any female
observed in a pregnant condition before or after the period of maternity is non-
maternal. Also, a female in a postpartum condition shortly before the end of the
maternal period is probably in maternal condition. The pattern of distribution of the
proportion of the females in maternal condition against maternal size provides a
basis for determining whether individual females have a period of parturition every
1, 2, or 3 years. Parturition annually, biennially, triennially or longer implies one,
two, three, or more years, respectively. Figure 10.2 shows the patterns of the periods
of various reproductive conditions with the recruitment date set arbitrarily to 1
January for Galeorhinus galeus and Mustelus antarcticus.

For oviparous species, the reproductive cycle is annual, and each female with
eggs in utero or distended uteri from egg-laying is in maternal condition. The
recruitment date immediately follows the egg-hatching period.

10.2.2 Male Reproductive System

Male chondrichthyan fishes have external paired claspers at the bases of the pelvic
fins used as intromittent organs for internal fertilisation, although holocephalan spe-
cies do have additional copulatory appendages. The internal system consists of
paired testes and paired reproductive tracts where each consists of genital ducts and
a Leydig gland. The genital ducts cover the elongate kidneys embedded in the dorsal
abdominal wall and consist of the testis efferent ductules, epididymis, ductus defer-
ens (also vas deferens or Wolffian duct), and seminal vesicle (also ductus deferens
ampulla), enclosed by the peritoneum (Fig. 10.3). Also, sharks possess paired
siphon sacs whereas batoids have alkaline glands and clasper glands.



sa10ads y10q 10J Arenue( [ SI 9Jep JUSUWIINIOAI PAJI[AS AY) $(L00T) IOM[BA\ WOIJ SNO1IUDIUD SNJ2Isnpy pue (QS007)
S I[eAN WOIJ $N2JDE SNUIYA02]PL) J0J PIJINOS ST UOHIBWLIOJUT PIAR[ASIP 9], "UONIPUOD [BUIdJBW UT I AU} UayM 10J sarjdde 10quiado—IoquIdAoN AJUo Jnq dwr)
o Au® Je IN220 ULD UONIPUOD g = /) Y], "sa10ads snorediara Jo sajdwrexe om) ur 124 A)uIoiew SUTUTULIANOP JOJ SUONIPUOD TUIPAAIQ PAAIASQO Jo Sutwl], 7°0] "SI

(9=n) uonipuod wnyred-)sog
UONIPUOD [BUIDIBW-UOU JUBUSI]
UONIPUOD [BUIBIN

uonIpuod Jueuald

(6=n) yuesaxd soA1qud o1n uy
($=n) yuesaxd s339 o1on Uy

SNI1POAIDIUD SN]ISH JA]

(9=0) uonrpuoo wnyred-1sog

(——— UOHIPUOO [PUIO}RUI-UOU JUBUSI]

UON)IPUOD [BUIOJRIA

uonIPuoo JuBUIoIJ

(6=n) yesaid soA1quid 019N Uy

I (v=n) Iuosoxd s380 o1omn uf
Snap8 snuty.102px)

Ke 1dy IeJN qo uef |99 AoN 100 dog Sny [nf unf Aejy 1dy 1B o uer |99 AoN 100 dog Sny [nf ung

(1234 JUAUINIINY) Ayuadjewr 3uIssasse A0J

234 [eUId)eW-)S0 g BUEYN (RGN ] 1834 [BUI)RW-AL  UONIPUOD IANI0AdI PIAIISqO

10 Reproduction of Chondrichthyans




204

Fig. 10.3 Male
chondrichthyan
reproductive system. The
diagram showing the
paired reproductive tracts
(pale grey shading) and
associated structures
(textured colour) is a
generalised representation
and not of a particular
species. Cl clasper, Dd
ductus deferens, Ed
efferent ductules, Eg
epigonal gland, Ep
epididymis, Lg Leydig’s
gland, Sv seminal vesicle,
Te testis, Up Urogenital
papilla

10.2.2.1 Testis and Spermatogenesis

T. I. Walker

Paired testes perform the functions of spermatogenesis (germ cell generation) and
steroidogenesis (secretion of steroid hormones). Each testis is associated with lym-
phomyleloid tissue in the anterior portion of the epigonal glands and attached to the
dorsal wall by a peritoneal fold forming a mesorchium in the anterior region of the
body cavity dorsal to the liver. The right testis is often slightly smaller than the right,
and dorsoventral flattening of the testes is more pronounced in batoid species than
in the species of other chondrichthyan groups. The testis of immature animals con-
sists of germ cells and somatic cells of separate embryonic origin. In maturing and
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mature animals, germ cells located in a gonadal zone derived from dividing and
differentiating stem cells originating from the yolk stalk migrate to the testis (Engel
and Callard 2005; Hamlett 1999).

Spermatogenesis is the transition of a male germ cell through the stages from
gonocyte through spermatogonium, spermatocyte, and spermatid to spermatozoon.
The process begins in the germinal zone with a spermatogonium (germ cell) and
single pre-Sertoli cell (somatic cell) forming a spermatocyst supported in a testicu-
lar matrix of connective tissue. Each of the two cells undergoes a series of diploid
mitotic divisions where the number of divisions (e.g., 13 for Squalus acanthias) and
the ratio of daughter spermatogonia to Sertoli cells in a spermatocyst at any step of
the divisions (e.g., 1:1 during the first nine divisions for S. acanthias) are predict-
able (Engel and Callard 2005). The germ cells develop not as individual cells, but as
isometric clones where the daughter cells, formed by a succession of synchronous
divisions of a primary spermatogonium, remain structurally and functionally con-
nected. At the spermatocyte stage with the onset of meiosis, the spermatocysts
enlarge markedly in response to the growth of the germ cells and cytoplasm in
Sertoli cells. Each of two meiotic haploid divisions doubles the number of sper-
matocytes, and the Sertoli cells relocate to the periphery of the spermatocyst. During
the spermatid stage, the spermatocyst further enlarges as each Sertoli cell forms a
large space containing a group of elongating spermatids orientated with the heads
peripherally embedded in the basal lamina and tails orientated towards the lumen.
The spermatids with emerging flagella are then tightly bundled into mature sperma-
tozoa, which are shed into the interstitial spaces of the testis as the spermatocyst
disintegrates before passing through the efferent ductules of the testis into the epi-
didymis. Depending on the time of the year, some of the spermatocysts contain
germ cells at various stages of degeneration associated with apoptotic cell death
(Engel and Callard 2005; Hamlett 1999). The proportions of spermatocysts at dif-
ferent stages of spermatogenesis vary seasonally for Sphyrna tiburo (Sphyrnidae)
(Parsons and Grier 1992).

During spermatogenesis, the spermatocysts contain germ cells at different stages
of maturation radiating spatially from the germinal zone with the most mature fur-
thest away according to one of three patterns: compound (notably Batoidea), radial
(Lamniformes), or linear (mostly Squalomorphii, Galeomorphii, and Holocephali).
The compound pattern has spermatocysts formed at each of multiple germinal zones
on the dorsal surface radiating in columns across the testis in separate lobes of the
testis. The radial pattern is similar to the compound pattern, with the exception that
germinal zones occur both on the dorsal surface and at various depths within the
testis. The linear pattern has a single germinal zone along the length of the testis
opposite the epigonal gland and the sequence of maturing spermatocysts traverses
the diameter of the testis (Pratt 1988). Steroid hormones appear to be synthesised by
Sertoli cells distributed between spermatocysts (Gelsleichter 2004).
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10.2.2.2 Male Reproductive Tracts

Spermatozoa occur throughout the lumena of the paired epididymis, ductus defer-
ens, and seminal vesicles, with secretions from the genital ducts. The process of
spermiogenesis, where spermatids mature into motile spermatozoa, occurs in these
genital ducts, and sperm bundles form in a matrix as spermatophores (sperm encap-
sulated) or spermatozeugmata (sperm not encapsulated but tails of peripheral sperm
protruding) (Hamlett 1999).

In the holocephalan Callorhinchus milii (Chimaeriformes), the epididymis lying
laterally to the testis is highly convoluted in mature males with a small luminal
diameter continuous with the widening ductus deferens. The ductus deferens then
narrows to an isthmus opening into the seminal vesicle, which enlarges during
spring when filled with spermatophores and seminal fluid. The ductus deferens lies
against the Leydig gland and the seminal vesicle against the paired kidneys (Reardon
et al. 2002). The Leydig gland, formed from the anterior portion of the mesoneph-
ros, is a branched tubular structure. The epithelium is ciliated, and its secretions
contribute to seminal fluid and matrix for spermatophores (Hamlett et al. 2002b).
This description is similar for the heterodontid shark Heterodontus portusjacksoni
and the batoid Raja eglanteria (Rajiformes) (Jones et al. 2005).

Ciliated epithelial columnar cells lining the lumen convey the spermatozoa
through the genital ducts; only the seminal vesicles have a muscular wall. During
copulation and ejaculation, sperm transfer from the seminal vesicle narrowing
through the urogenital sinus and urogenital papilla to the dorsal groove on each
clasper. Spermatozoa acquire the potential for modest motility while in the terminal
regions of the genital ducts, but acquire active, robust motility at ejaculation
(Hamlett 1999).

10.2.2.3 Male Copulatory Structures

Male chondrichthyans have external paired claspers extending from the posterior
bases of the pelvic fins. As they mature, the claspers calcify, and each articulates
freely at the base (basipterygium).

Male sharks possess paired siphon sacs or siphons, expanded epithelia-lined
tubular structures surrounded by firm muscle located ventrally under the skin, that
open posteriorly through the single apopyle positioned proximally near the clasper
grooves. The presence in siphon secretions of serotonin, known to stimulate muscu-
lar contraction, suggests it may play a role in the ejaculation of males and uterine
contractions in females to move spermatozoa or spermatozeugmata anteriorly, per-
haps to the oviducal gland for sperm storage. The siphons are ~12% of body length
in Squalus acanthias and ~30% in Mustelus canis (Jones et al. 2005).

Male batoids lack siphons but possess a nonhomologous structure referred to as
the alkaline gland. The gland, located in the posterior region of the body cavity,
consists of two separate sacs, each with an efferent duct leading to a genital opening
on or near the urinary papilla in the cloaca. In stingrays (Myliobatoidei), but not
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skates (Rajiformes), each efferent duct merges with the ductus deferens to form a
common duct opening on the urinary papilla. Both genital openings and the urinary
opening are separate on the urinary papilla. The gland is thought to increase the
motility and possibly longevity of spermatozoa (Lacy 2005).

Male skates and stingrays also possess a pair of sub-dermal clasper glands at the
base of each pelvic fin and clasper either side of the cloaca. Each clasper gland con-
nects with the apopyle or proximal region of the groove (or in some species the
distal end of the groove known as the hypopyle). The function of the clasper gland
is uncertain, but the presence of secretory fluids in the tissue mass suggests a poten-
tial role in facilitating the transfer of spermatozoa during copulation (Lacy 2005).

In holocephalans, males possess paired pre-pelvic claspers, a tenaculum posi-
tioned on the rostrum of the head, and gland beneath the pre-pelvic claspers with a
protruding cartilaginous tube thought to produce secretions to facilitate copulation.
The females have a pair of pre-pelvic abdominal slits that probably receive the male
pre-pelvic claspers. The females also possess a sperm pouch posterior to the cloaca
to receive sperm (Jones et al. 2005).

10.2.2.4 Male Maturity

Potential indicators of male maturation include minimum levels of selected steroid
hormones in the blood plasma, the condition of the testis, contents of the reproduc-
tive tract, and calcification of claspers. The most commonly used indicators for
classing males as mature or immature are a macroscopic inspection of claspers
(indices C = 1-3), testes (indices 7= 1-3), and seminal vesicles (indices V = 1-3)
(Table 10.2). Assessment of maturity from the degree of calcification of the claspers
is feasible for live animals, whereas assessment from testes development or
presence-absence of seminal fluids requires dissection of the animals.

Another indicator of maturity is the stage of spermatogenesis as described in 18
and 7 stages for Scyliorhinus canicula (Scyliorhinidae) (Mellinger 1965) and
Sphyrna tiburo (Parsons and Grier 1992), respectively. Applied to Mustelus ant-
arcticus (Walker 2007), the assumed mature condition is when in spermatocysts
tightly packed spermatid heads are in contact with Sertoli cells (Stage 17), and
mature spermatocytes enter the interstitial spaces of the testis as the spermatocyst
disintegrates before passing through the efferent ductules of the testis (Stage 18).
The disadvantage of this approach is sectioning testis tissue and histological
preparation.
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Table 10.2 Indices or staging reproductive condition

Maturity
Organ or tissue | Index | Description assumption
Female
Ovary O =1 |Largest follicles white and of diameter <2 mm Immature
O =2 | Largest oocytes yolking and of diameter 2-3 mm | Immature
O =3 | Largest oocytes with yellowish yolk and of Mature
diameter >3 mm?*
O =4"| Yolked oocytes of diameter >3 mm and corpora Mature
atretica readily visible
Uterus U=1 | Uniformly thin tubular structure Immature
U =2 | Thin tubular structure partly enlarged posteriorly | Immature
U =3 | Uniformly enlarged tubular structure Uncertain
U =4 |In utero eggs present without macroscopically Mature
visible embryos present
U =5 |In utero embryos macroscopically visible* Mature
U =6 | Enlarged tubular structure distended® Mature
Male

Thin translucent walls and seminal fluids absent Immature

Seminal vescicle

Thickened opaque walls and seminal fluids present | Mature

Thickened opaque walls and seminal fluids absent | Mature

NNI<I<<
I
=W =

Testis = Thin tissue strip with epigonal gland predominant | Immature
= Thickened strip with epigonal gland tissue Immature
extensive
T =3 |Enlarged and predominant with epigonal gland Mature
tissue negligible
Clasper® C =1 | Pliable with no calcification Immature
C =2 | Partly calcified Immature
C =3 |Rigid and fully calcified Mature
Spermatogenesis | S =1 | Microscopically visible spermatocytes at Stage Immature

<17 (Mellinger 1965)

S§'=2 | Microscopically visible spermatocytes at Stages Mature
17-18 (Mellinger 1965)

Criteria for classing mature and immature condition and uterus condition used together with time
of year for classing maternal and non-maternal condition; adapted from Walker (2005b; 2007) and
Trinnie et al. (2016)

*Oocyte diameters adopted for Galeorhinus galeus (Walker 2005b) and Mustelus antarcticus
(2007)

"Not applicable to oviparous species (see Table 10.1)

‘Flaccid with extensive trophonemata and histotroph for the sub-order Myliobatoidei (see
Table 10.1; Trinnie et al. 2016)

10.3 Quantitative Reproductive Biology

The stability of the population of a species depends on its birth and death rates,
while immigration and emigration rates among subpopulations affect populations in
separate regions. Birth rate relates to the number of live births for viviparous species
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and the number of eggs encapsulated in egg cases oviposited for oviparous species.

10.3.1 Sampling for Reproduction Studies

Quantitative studies of reproduction for population biology require the collection of
specimens of the species of interest for dissection. It is best to undertake the dissec-
tions and record the mass and sizes of various parts of each animal when fresh to
avoid measuring error and loss of mass associated with dehydration, freezing, and
rigor mortis.

Essential data required from animals of both sexes include the total length, total
body mass, and mass of gonads, and for species landed beheaded and eviscerated in
fisheries, partial length and landed carcass mass. Data for females include the diam-
eter of one or more of the largest ovarian follicles, the presence-absence (preferably
number) of corpora atretica and corpora lutea in the ovary and, for pregnant ani-
mals, the number of eggs and embryos in each uterus. Other data include the length,
sex, uterus (left or right), and mass (with and without yolk sac) of each embryo and
the mass of each in utero egg, and whether the egg is addled (infertile, discoloured,
and crenated surface). Appropriate indices for recording the condition of the ovary,
oviducal gland, and uteri from the rapid visual inspection are in Table 10.2. Ovary
index (O) represents the size and colour of the follicles (O = 1-4), oviducal gland
index (G) the size and shape of the gland (G = 1-3), and uterus index (U) appear-
ance, size, and contents of the uteri (U = 1-6).

Data required for males include the length of one or both claspers (from the
basipterygium to the distal end) and indices for recording condition of the testes,
seminal vesicles, and claspers. Testis index (7) represents shape, size, and relative
predominance of testis tissue to epigonal gland tissue (7 = 1-3), seminal vesicle
index (V) represents the appearance, width, and presence-absence of seminal fluid
(V = 1-3), and clasper index (C) represents appearance and rigidity (C = 1-3)
(Table 10.2). Collection and fixation of two or three pieces of testis tissue (4—8 mm
thick) removed by transverse section from a testis enable subsequent histological
preparation and analysis of spermatogenesis.

10.3.2  Quantitative Methods

Simple mathematical equations with appropriate parameters can represent the rela-
tionships between pairs of biological variables in reproductive studies for subse-
quent application in population models. Fitting an implied equation to available
data for a pair of selected variables by an appropriate regression method provides
estimates of the parameters.

Determination of appropriate equations relating various reproductive variables
depends on whether reproduction is continuous or seasonal and whether the
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reproductive cycle is synchronous or asynchronous among the animals in the popu-
lation. A discrete reproductive cycle synchronous among the animals might be clear
from the timing of ovulation or parturition for a species with an annual cycle.
However, to ensure the cycles are not other than annual, it is also necessary to deter-
mine the synchronicity and periodicity of oogenesis and gestation among the
females and the seasonality of male reproductive condition.

10.3.2.1 Ovarian Cycle and Growth of Follicles

The period of the ovarian cycle is the time from the start of vitellogenesis of a pre-
vitellogenic follicle to enlargement ready for ovulation and defined as the period
from completion of ovulation commencing one pregnancy to completion of the next
ovulation commencing the subsequent pregnancy. For species with synchronous
cycles, scattergrams of the size of the largest follicle against the time of year for
each of uterus conditions U = 3 and U = 5 (Table 10.2) indicate the period of the
ovarian cycle.

A scattergram for the U = 5 condition females (pregnant with macroscopically
visible embryos) can indicate the rate of follicular growth. For U = 3 females at any
time of the year, the largest follicles cluster about one, two, or three sizes, which
provide evidence for periods of ovarian cycles of 1, 2, or 3 years, respectively.
Verification of the period requires superimposing a straight line, determined by
regression of follicle diameter against the day of the year for U =5 females, onto the
scattergram for U = 3 females. If the superimposed line passes through a single
cluster of the points, then the ovarian cycle is likely to be annual. Alternatively, if a
wide scatter of data points occur above the line, then extrapolating the regression
line for 2 or 3 years indicates whether the ovarian cycle is 2 or 3 years. The linear
relationship between the largest follicle diameter, f, against the day of the year, ¢, is
given by

f=a+bt,

where a and b are parameters estimated by linear regression from a sample of
U =5 females.

Application of this method to viviparous species demonstrates ovarian cycles
that are annual for Trygonoptera imitata (Trinnie et al. 2009) and Urolophus pauci-
maculatus (Trinnie et al. 2014). Examples of biennial ovarian cycles include U. buc-
culentus (Trinnie et al. 2012) and Squalus megalops (Braccini et al. 2006) and of
triennial cycles include Squalus chloroculus (Rochowski et al. 2015a) and
Galeorhinus galeus (Walker 2005b). For three Orectolobus spp. with triennial
reproductive cycles, the method shows that most vitellogenic growth occurs during
the third year of the ovarian cycle (Huveneers et al. 2007). For the oviparous species
Heterodontus portusjacksoni, vitellogenesis of an oocyte is 18 months, and although
the ovarian cycle is biennial, multiple cohorts of enlarging follicles enable annual
ovulation and hence an annual reproductive cycle (Tovar—Avila et al. 2007). For
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Mustelus antarcticus, the method indicates an annual ovarian cycle in the western
region of southern Australia and a biennial cycle in the eastern region (Walker 2007).

Several other species also exhibit different ovarian cycles in separate regions.
The ovarian cycle of M. asterias is annual in the Mediterranean Sea and biennial in
the North Atlantic Ocean (Farrell et al. 2010). The ovarian cycle of Carcharhinus
acronotus in the West Atlantic Ocean is annual off northern Brazil (Hazin et al.
2002) and biennial off the southeastern USA (Driggers et al. 2004). Carcharhinus
isodon in the central northern Gulf of Mexico has animals with either annual or
biennial ovarian cycles in the one discrete locality (Driggers and Hoffmayer 2009).
Similarly, separate animals of Manta alfredi (Myliobatoidei) with annual and bien-
nial ovarian cycles occur together off southern Mozambique (Marshall and
Bennett 2010).

10.3.2.2 Period of Gestation and Growth of Embryos

The period of gestation for an embryo is the time from ovulation when fertilisation
of the ovum occurs in the oviducal gland until parturition for a viviparous species or
until hatching for oviparous species. Although there are many stages of embryogen-
esis, the two periods of macroscopically visible eggs versus embryos need distin-
guishing for the mothers. This distinction helps to categorise females as maternal or
non-maternal, and where the growth of the embryos is synchronous among pregnant
females, to represent the growth of embryos graphically. Plots of the mean length of
embryos (with standard deviation bars) and values of zero for eggs observed for a
sample of pregnant females against the day of the year indicate whether the growth
of embryos is seasonal and synchronous among the mothers. Plots of mean embryo
wet mass and mean yolk-sac wet mass against mean embryo length indicate ~50,
~100, ~1000, and ~6000-7000% wet mass gain from egg to full-term embryo,
respectively, for Squalus megalops (Braccini et al. 2007), Galeorhinus galeus
(Walker 2005b), Mustelus antarcticus (Walker 2007), and Urolophus bucculentus
(Trinnie et al. 2012).

Among oviparous species, incubation periods range 9—12 months for Hydrolagous
colliei (Chimaeriformes) and three species of Heterodontus spp., 5—8 months for
five species of Raja spp. and ~15 months for R. marginata (Rajiformes) (Wourms
1977). From measurements of ovarian follicle diameter and presence of egg cap-
sules in utero for Heterodontus portusjacksoni indicate an egg-laying period of
~6.5 months (mid-August—February), hatching period of ~5.5 months (June-mid-
October), and an incubation period of ~10 months (Tovar-Avila et al. 2007). For
Cephaloscyllium laticeps, mature females in captivity oviposit eggs all year but in
the wild most eggs are laid over a period of ~6 months (January—June) coinciding
with changes in steroid hormone levels in blood plasma (Awruch et al. 2009). Egg-
laying, hatching, and incubation periods for Callorhinchus milii vary markedly with
temperature in the wild among separated egg capsule sampling sites (Lyon
et al. 2011).
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Among viviparous species, depending on species, an extended period of eggs in
utero, preceding the period of macroscopically visible embryos, is diapause
(Simpfendorfer 1992; Waltrick et al. 2012; Waltrick et al. 2014). For chondrich-
thyan species, diapause is mostly obligate diapause where embryogenesis is slowed
or delayed ensuring that parturition occurs at the time when seasonal conditions are
favourable for the survival of the neonates. Alternatively, facultative diapause is
where embryogenesis can be delayed for more than a year until conditions are suit-
able, as suggested for Urolophus cruciatus (Trinnie et al. 2016). Urolophus crucia-
tus has a short (4-6 months) and highly synchronous period of embryonic growth
where only a small proportion of the pregnant females observed have macroscopi-
cally visible embryos while most have eggs in utero all year. For U. cruciatus, it
appears that the period of diapause can be several years depending on favourable
conditions at an interannual timescale.

For most viviparous species, the period of macroscopically visible embryos is
less than 12 months, even for species exhibiting biennial or triennial reproductive
cycles. For example, Galeorhinus galeus (Walker 2005b) and Orectolobus spp.
(Huveneers et al. 2007) have triennial reproductive cycles but periods of
10-11 months for the growth of embryos. Similarly, for Mustelus antarcticus
(Walker 2007) and M. manazo (Yamaguchi et al. 2000), which have either annual or
biennial reproductive cycles in separate regions, have periods of growth of embryos
of 12 or fewer months. Species with unusually short periods of growth of embryos
include Trygonoptera imitata (5—7 months) and 7. personata (5 months) (Trinnie
et al. 2016). Examples exceeding 12 months are Urolophus bucculentus
(14-19 months) (Trinnie et al. 2012) and Squalus acanthias (Hanchet 1988),
S. choroculus (Rochowski et al. 2015a), and S. megalops (Braccini et al. 2006) at
~2 years.

10.3.2.3 Synchronicity and Periodicity of Reproductive Cycle

The timing of specific reproductive events in a maturing or mature animal relates to
its overall reproductive cycle. The female cycle starts with the growth of follicles by
vitellogenesis followed by ovulation, fertilisation, and encapsulation for each of a
series of sequentially ovulated oocytes as ova. For species of single oviparity, paired
fertilised eggs (zygotes) encapsulated in tough egg cases and oviposited over a pro-
tracted egg-laying season undergo embryogenesis before hatching from the egg
cases in habitat suitable for neonates. For species of retained oviparity, embryogen-
esis begins in utero and finishes in the egg cases during the period between oviposi-
tion and hatching. For viviparous species, the zygotes encapsulated in egg
membranes pass through a period of eggs in utero, then a period of embryonic
growth (referred to here as the period of macroscopically visible embryos), and
finally a short period of parturition. The male reproductive cycle is annual for most
species and relates to the female cycle to ensure adequate reserves of spermatozoa
in preparation for mating before female ovulation begins. The period of female
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reproductive cycles varies widely among species from 3 times a year to 3 years or
possibly longer.

The reproductive cycles are either seasonal and highly synchronised among the
females of a population or nonseasonal and asynchronous depending on species.
Determination of the period of the cycle and timing of specific events from year-
round observations of animals in the wild population is more straightforward for
species with synchronous cycles than for species with asynchronous cycles.
Seasonal synchrony is evident for most species with demersal or pelagic lifestyles
in waters of depth <200 m, but for many of the 46% of the world’s chondrichthyan
species inhabiting the waters of the continental slopes and abyss (i.e., >200 m
depth), the cycles are unknown (Kyne and Simpfendorfer 2010) or appear asynchro-
nous. Asynchronous cycles are evident for squaliform sharks in both deep and
waters <200 m, e.g., Squalus acanthias (Collonello et al. 2016; Hanchet 1988),
S. chloroculus (Rochowski et al. 2015a), S. megalops (Braccini et al. 2006), Deania
calcea (Irvine et al. 2012; Rochowski et al. 2015b), and D. quadrispinosa (Irvine
et al. 2012).

Synchronous reproductive cycles are evident in oviparous species from observa-
tions of captive animals and animals sampled in waters <200 m for reproductive
condition based on reproductive indices (Table 10.2) or reproductive hormone lev-
els in the blood plasma (Awruch et al. 2009; Barnett et al. 2009). Many of these
species oviposit egg cases throughout the year, whereas others have distinct annual
egg-laying periods. For example, Callorhinchus milii and Hydrolagous colliei
(Chimaeriformes) have egg-laying seasons of ~4 months (Bell 2012) and 6—8 months
(Barnett et al. 2009), respectively. Heterodontus portusjacksoni has a ~6-month sea-
son (Tovar-Avila et al. 2007). Several species of the family Scyliorhinidae exhibit
discrete seasons, whereas others produce egg cases throughout the year.
Cephaloscyllium laticeps (Scyliorhinidae) oviposits egg cases at all times of the
year but produces most within a 6-month period (Awruch et al. 2009).

The reproductive cycles in viviparous species inhabiting waters of depth <200 m
are mostly synchronous among maturing and mature animals in a population, but
the period of the cycle is highly variable among species. Differences in the duration
of the female reproductive cycle are particularly evident among species of the fam-
ily Urolophidae (Myliobatoidei) which all exhibit yolk-sac viviparity with lipid his-
totroph. The shortest reported duration of a cycle is triannual for Urotrygon rogersi
with three short periods of peak parturition each year (Mejia-Falla et al. 2012). An
example of a biannual reproductive cycle is Urobatis jamaicensis, which has two
seasonal ovulation and parturition periods each year (Fahey et al. 2007). Annual
cycles occur for most investigated species of the genera Trigonoptera and Urolophus,
but a biennial cycle is evident for U. bucculentus and possibly a lengthier and vari-
able duration for U. cruciatus (Trinnie et al. 2016). Similarly, triannual, biannual,
and annual reproductive cycles occur for the family Dasyatidae (Myliobatoidei)
(Ramirez-Mosqueda et al. 2012). Two periods of seasonal ovulation in Rhinobatis
leucorhynchus (Rhinopristiformes) is consistent with a biannual cycle (Romero-
Caicedo and Carrera-Fernandez 2015).
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The period of the reproductive cycle is the period from completion of ovulation
in one season to completion of ovulation in the following season. Alternatively, it
can be defined as the period from completion of parturition (or oviposition) in one
season to completion of parturition (or oviposition) the following season.
Determination of the period of the reproductive cycle is supported by determining
the period of the ovarian cycle and the period of the pregnancy cycle. Although the
reproductive cycle for species where the cycle is nonsynchronous among individu-
als and hypothesised, there are advantages supporting field observations of repro-
ductive condition with analyses of blood plasma levels of steroid hormones.
Figure 10.4 illustrates an example of each of an annual and biennial reproduc-
tive cycle.

10.3.2.4 Maturity-at-Size and Maternity-at-Size

The form of the equation is the same for expressing three relationships between (1)
the proportion of animals mature in the female population and length, (2) the pro-
portion of animals mature in the male population and length, and (3) the proportion
of maternal animals in the female population and length. Each relationship between
the proportion in a population, P, and length, /, is given by the probit curve

[

where each of maturity and maternity is a dichotomous variable with a value of O or
1, and a, b, and c are parameters. In preparation for estimating the three parameters
by probit regression for each of the three relationships, each animal in mature
female condition (or mature male condition or maternal condition) has a value of 1,
whereas each animal in immature condition (or non-maternal condition) has a value
of 0 (Walker 2005b).

For a species with annual parturition or oviposition (i.e., maternity is annual),
then ¢ = 1.00. If parturition or oviposition is biennial or triennial then ¢ = 0.50 or
¢ =0.33, respectively. For probit regression analysis, ¢ has a value of 1.00, which is
appropriate for the annual maternity and maturity equations. However, if ¢ < 1.00,
then determination of the parameters for the maternity equation requires additional
steps. (1) Calculate the proportion of animals in maternal condition for each length
class (e.g., 100 mm). (2) Divide the proportion in each length class by ¢ but if the
value of the proportion divided by ¢ exceeds 1.00, then adjust the value to 1.00. (3)
Undertake the probit regression. (4) Multiply by ¢ the value of the proportion in
each length class determined by probit regression (Walker 2005b). Species with
biannual or triannual maternity, respectively, have two or three recruitment events
each year where ¢ = 1.00 for each event.

Reformulation of the equations determined by probit regression provides more
biologically meaningful parameters as
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(a) Mustelus antarcticus annual reproductive cycle in the western region of southern Australia
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(b) Mustelus antarcticus biennial reproductive cycle in the eastern region of southern Australia
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Fig. 10.4 Examples of annual (a) and biennial (b) reproductive cycles. The reproductive cycle is
the period from parturition at the end of one pregnancy cycle to the end of the following pregnancy
cycle or the period from ovulation at the end of one ovarian cycle to the end of the following ovar-
ian cycle. The displayed information for the first two reproductive cycles is sourced for Mustelus
antarcticus from Walker (2007). (a) Mustelus antarcticus annual reproductive cycle in the western
region of southern Australia. (b) Mustelus antarcticus biennial reproductive cycle in the eastern
region of southern Australia
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where P, is the maximum proportion of animals for the mature female condi-
tion, mature male condition, or maternal condition (equivalent to c), and /5, and /os
are the lengths with the proportions of 50 and 95% of P, at those lengths, respec-
tively (Punt and Walker 1998; Walker 2005b).

See Fig. 10.5 for examples of plots of maturity-at-length and maternity-at-length
relationships (ogives). Differences occur in the female maturity and maternity
ogives between the western (Fig. 10.5a) and eastern (Fig. 10.5b) regions of southern
Australia for M. antarcticus. Maturity and maternity are reached at smaller sizes in
the western than the cooler eastern region, and maternity is annual in the western
region and biennial in the eastern region (Walker 2007). The maternity cycle for
Galeorhinus galeus in southern Australia is triennial (Walker 2005b) (Fig. 10.5¢).
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Fig. 10.5 Examples of female (a, b, and ¢) and male (d) annual maturity ogives, annual (b) and
biennial (¢) maternity ogives for Mustelus antarcticus, and a triennial (d) maternity ogive for
Galeorhinus galeus. The displayed information for M. antarcticus and G. galeus is sourced from
Walker (2007) and Walker (2005b), respectively. In southern Australia, the Eastern Region is east
of Kangaroo I and the Western Region is to the west. Years 1973-1976 in the east and 1986-1987
are presented because targeting of M. antarcticus increased after those periods to the extent of
biasing of maturity and maternity ogives by the effects of length-selective fishing mortality associ-
ated with the use of gillnets by the fishing industry. (a) Mustelus antarcticus: Western region
1986—1987, female annual maturity and annual maternity. (b) Mustelus antarcticus: Eastern region
1973-1976, female annual maturity and biennial maternity. (¢) Galeorhinus galeus: Female annual
maturity and triennial maternity. (d) Mustelus antarcticus: Eastern region 1973—-1976, male annual
maturity
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Male maturity based on different methods produces slightly different ogives and
parameter estimates for Mustelus antarcticus (Fig. 10.5d).

10.3.2.5 Litter Size

The relationship between the number of macroscopically visible embryos in utero
for viviparous species or number egg cases oviposited for oviparous species in a
season, p, and maternal length, /, is often linear given by
p=a+bl,

where parameters a and b are estimated by linear regression. This relationship
occurs for the viviparous species of Squalus acanthias (Jones and Ugland 2001),
Mustelus canis (Conrath and Musick 2002), and Galeorhinus galeus (Walker
2005b) and batoids Trygonoptera imitata (Trinnie et al. 2009) and Urolophus buc-
culentus (Trinnie et al. 2012). As presented for M. antarcticus (Lenanton et al. 1990;
Walker 2007), an example of a curvilinear relationship between p and maternal [ is
given by

bl
pzcem ,

where a and b are parameters estimated by linear regression after reformulation to
In(p) = a + bl, and c is a constant to correct for bias caused by the natural logarith-
mic transformation of p for the regression (Beauchamp and Olson 1973).

For oviparous chimaeriform species, examples of estimates of the number of egg
cases laid annually range 19.5-28.9 for Hydrolagus colliei based on the number of
eggs posited weekly over 6-8 months by two captive females (Barnett et al. 2009),
and 27 for Harriotta raleighana and 31 for Rhinochimaera pacifica based on the
number of enlarged ovarian follicles observed in two animals (Finucci et al. 2017).
A study of Callorhinchus milii with observations of 92 egg capsules posited by the
equivalent of 4.7 captive mature females for the egg-laying season gives an annual
estimate of 19.5 eggs oviposited per mature female. This estimate is consistent with
the number of observed enlarged ovarian follicles ranging 1624 early during the
egg-laying season, where the number of enlarged follicles correlates positively with
maternal length. Diver field surveys indicate that egg cases with dead embryos and
holes bored by invertebrates vary from ~30 to >95% in different years (Bell 2012).
The number of pre-ovulatory follicles as an indicator of the number of eggs laid
annually for Heterodontus portusjacksoni range 6-20 (mean = 14, standard devia-
tion = 3.71, n = 29) with a positive correlation with maternal length (Tovar—Avila
et al. 2007).

For viviparous species, reports of the number of neonates produced at each preg-
nancy range from 2 (one in each uterus) for the adelophagous species Carcharias
taurus (Lamniformes) to >300 for Rhincodon typus (Rhincodontidae) (Joung et al.
1996). Typical litter-size ranges widely for Mustelus antarcticus (1-57) (Walker
2007), Alopias spp. (1-7), Prionace glauca (1-135), Carcharhinus falciformis
(2-16) (Carcharhiniformes), Pteroplatytrygon violacea (2—13) (Snelson et al.
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2008), and for Urolophus paucimaculatus (1-6) (Myliobatoidei) (Trinnie
et al. 2014).

10.3.2.6 Embryo Sex Ratio and Distribution Between Uteri

For viviparous pregnant females with macroscopically visible embryos, it is usual
for the sex ratio and the ratio of the number of embryos in the left uterus to the
number in the right uterus not to differ significantly from 1:1. Examples of this pat-
tern include Deania calcea (Rochowski et al. 2015b), Squalus chloroculus
(Rochowski et al. 2015a), Orectolobus ornatus, O. maculatus (Huveneers et al.
2007), Triakis semifasciata (Ebert and Ebert 2005), Galeorhinus galeus (Walker
2005b), and Mustelus antarcticus (Walker 2007). However, for M. antarcticus, the
number of addled eggs in the left uterus is significantly higher than the number in
the right uterus. For pregnant females with eggs only in utero, the ratio of the num-
ber of eggs in the left to right uteri does not differ significantly from 1:1 for G. galeus
or M. antarcticus. A significant departure from the 1:1 ratio in the number of
embryos and eggs combined between the uteri occurs, but not in the sex ratio, for
Squalus megalops (Braccini et al. 2006). Several studies report the presence of
addled in utero eggs, which represent a minimum occurrence of infertile eggs; e.g.,
4.1% for Squalus acanthias (Hanchet 1988), 3.4% for G. galeus (Walker 2005b),
and 6.8% for M. antarcticus (Walker 2007).

10.3.2.7 Total Body Mass-at-Size

The relationship between total body mass, w, and length, /, is commonly given by
the power curve
w=acl’,

for sharks (Olsen 1954) and bony fishes (Ricker 1958) without the constant c,
where a and b are parameters determined by linear regression of In(w) against In(/),
and c is a factor correcting for biases caused by natural logarithmic transformation
(Beauchamp and Olson 1973; Walker 2005b).

Sexual dimorphism is common for sharks, rays, and chimaeras where females
attain a longer maximum length than males and where for some species the mean
body mass of the females exceeds that of males with increasing length. For some
species, this difference in body mass between the sexes can be explained by addi-
tional body mass from pregnancy. For example, four species of Myliobatoidei of the
genus Urolophus—U. bucculentus (Trinnie et al. 2012), U. paucimaculatus (Trinnie
et al. 2014), U. viridis (Trinnie et al. 2015), and U. cruciatus (Trinnie et al. 2016)—
exhibit no differences in body mass at any length between females and males yet a
fifth species Trygonoptera imitata does exhibit a difference (Trinnie et al. 2009).
However, for some of these species, body mass is higher for pregnant females than
for non-pregnant females and males. For Mustelus antarcticus (Walker 2007),
Galeorhinus galeus (Walker 2005b), Squalus chloroculus (Rochowski et al. 2015a),
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and Heterodontus portusjacksoni (Tovar-Avila et al. 2007) body mass is higher in
females than males at any length, but body mass is not affected by pregnancy. Body
mass of H. portusjacksoni, however, is affected by region.
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Chapter 11 )
Fertilization in Amphibians: The Cellular
and Molecular Events from Sperm
Approach to Egg Activation

Check for
updates

Yasuhiro Iwao and Mami Watabe

Abstract The mechanism of fertilization is important for understanding the role of
sexual reproduction in animals. Amphibians are one of the most suitable systems to
investigate the cellular and molecular mechanisms of fertilization. Inseminated
sperm approach the egg by initiation of motility and chemotactic guidance in
response to substances secreted from oviducts on the egg surface. Sperm undergo-
ing the acrosome reaction penetrate the vitelline envelope, and then fuse with the
egg plasma membrane. The fertilizing sperm induces an increase in the intracellular
Ca* concentration, causing egg activation, and initiation of embryonic develop-
ment. The activated egg elicits several blocks to polyspermy, ensuring development
from only one sperm. Recent advances in cellular and molecular mechanisms in
amphibian fertilization are summarized and their important roles for establishment
of amphibian fertilization are discussed.

Keywords Sperm motility - Acrosome reaction - Egg activation - Polyspermy
block

11.1 Introduction

Most amphibians are adapted for life on land and live in moist environments, such
as under trees in the forest. However, they reproduce in fresh water ponds and small
streams. Amphibians can be classified into three orders: Anurans (frogs and toads),
Urodela (newts and salamanders), and Caecilian (limbless amphibians) (Table 11.1,
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Table 11.1 Mode of fertilization in amphibians
Fast block by | Slow block
positive by Very slow
Typical fertilization fertilization | block in egg
Order species Mode of fertilization | potential envelope cytoplasm
Anura Ascaphus Internal | nd* nd nd nd
truei
Discoglossus | External | Polyspermy® | —° +d -
pictus
Xenopus External | Monospermy | + + -
laevis
Bufo External | Monospermy | + + -
Jjaponicus
Rana pipiens | External  Monospermy | + + -
Urodela | Hynobius External | Monospermy | + - -
nebulosus
Andrias External | Polyspermy | nd - +
Jjaponicus
Cynops Internal | Polyspermy |— - +
pyrrhogaster
Caecilian | Siphonops Internal® | nd nd nd nd
annulatus

“Not determined

*Occasionally polyspermy

‘With a positive-going fertilization potential
4Animal dimple granules

*Viviparity in most species

Duellman 2003; Larson et al. 2003; Wilkinson and Nussbaum 2006). Anurans seem
to have branched early from Urodela and Caecilian at the beginning of the Mesozoic
period and the divergence between Urodela and Caecilian is estimated to have
happened in the late Mesozoic period (Feller and Hedges 1998). As amphibians
evolved to adapt to various environments on land, their mode of reproduction varied
among species. Most anurans exhibit monospermy, but internal fertilization is
observed in a few species, such as the tailed frog, Ascaphus truei (Sever et al. 2003).
In urodeles, most of species exhibit internal fertilization, although a small number
of primitive species, such as the clouded salamander, Hynobius nebulosus, and the
Japanese giant salamander, Andrias japonicus, exhibit external fertilization (Iwao
2000a). Caecilians exhibit internal fertilization and are viviparous in most species
(Gomes et al. 2012).

Full-grown oocytes, surrounded only with a thin vitelline envelope (VE) 5-10 pm
in thickness, are ovulated from the ovary into the body cavity (coelom). They pass
through the oviduct before oviposition from the cloaca. Mature oocytes are sur-
rounded by several layers of oviductal sections on the VE (Fig. 11.1a). These extra-
cellular coats have several important roles for establishment of fertilization, such as
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Fig. 11.1 (a) Fertilized C. a
pyrrhogaster eggs

surrounding several jelly

layers (J). (b) The X. laevis

sperm consisting of head

(H), midpiece (M), and tail
(axoneme, T), showing
mitochondria stained by
MitoTracker Green

(green). A merge between

DIC and fluorescence

images. (¢) The H.

nebulosus sperm stained

with acridine orange,

showing a nucleus (N,

yellow) and an acrosome

(A, red) at the top of sperm

head. Upper panel, DIC o]
image; Lower panel,

fluorescence image. (d)

The acrosome of C.

pyrrhogaster sperm (A,

left panel, DIC image),

showing a protease activity

against fluorescence-

quenching casein (right

panel, green). Bar, 1 mm

(a), 10 pm (b and ¢), 5 pm (o]
(D

activation of sperm motility, sperm chemotaxis, acrosome reaction, and polyspermy
block. Ovulated oocytes undergo resumption of meiosis to reach metaphase of the
second meiotic division before fertilization. Thus, oocytes (eggs) acquire fertility
during passage through the oviduct.
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11.2 Initiation of Sperm Motility and Sperm-Binding
on the Vitelline Envelope

The sperm of amphibians are released outside of males and acquire fertility in
response to the egg. The extracellular coat surrounding amphibian eggs includes an
outer thick jelly layer and an inner thin VE (Fig. 11.1a). The jelly layers of the
Japanese toad, Bufo japonicus, consist of a sugar (60-70%) and a protein (30-40%)
portion (Katagiri 1973), and a major component of the high-molecular sugar moi-
eties is mucin-like proteins with o-linked glycosylation (Guerardel et al. 2000).
Oligosaccharide structures of the jelly layers of anuran eggs are well investigated
(Plancke et al. 1995; Strecker et al. 1995; Tseng et al. 1997, 2001; Guerardel et al.
2000; Zhang et al. 2004; Li et al. 2011). The jelly layers contain several important
factors for establishment of fertilization. The sperm, with mitochondria and axo-
neme (Fig. 11.1b), are immotile in the male reproductive organs, such as the testes
and sperm ducts, or in the storage organs of sperm, such as spermathecae and the
sperm storage tubes in females exhibiting internal fertilization (Sever et al. 2003).
In the South African clawed frog, Xenopus laevis, sperm motility is suppressed
by seminal osmolality in the male body and initiated by a decrease in osmolality
when the eggs are inseminated in hypotonic fresh water (Inoda and Morisawa 1987).
Sperm of the Mediterranean painted frog, Discoglossus pictus, initiate motility
immediately after immersion in egg jelly extract, as well as after immersion in
hyposmotic solution, indicating a sperm motility-activating factor in the jelly layers
(Takayama-Watanabe et al. 2012). In the South American toad, Rhinella (Bufo) are-
narum, hypotonic shock triggers activation of sperm motility, but components of the
egg jelly layers induce motility shifts to a progressive pattern (Krapf et al. 2014)
concomitantly with a rise in the intracellular cAMP level and activation of protein
kinase A (PKA) (O’Brien et al. 2011). Calcineurin and protein kinase C (PKC)
seem to be involved in the acquisition of progressive motility (Krapf et al. 2014). In
the red-bellied newt, Cynops pyrrhogaster, which exhibits internal fertilization, the
motility of sperm stored in the spermathecae is initiated after insemination just
before oviposition (Watanabe and Onitake 2003; Watanabe et al. 2003). Sperm
motility increases in response to sperm motility-initiating substance (SMIS) on the
surface of the egg jelly layers (Watanabe et al. 2010). SMIS, consisting of 150
amino acids (34 kDa), induces an increase in sperm motility independent of a hypo-
tonic condition. An active site on SMIS localized to the C-terminal region of the
second loop of the cysteine knot (CK) motif binds to the midpiece of sperm, initiat-
ing and enhancing the circular motion of sperm (Yokoe et al. 2016). SMIS is distrib-
uted in sequestered granules on the surface of the egg jelly layers and may be
released by digestion with acrosomal enzymes (Watanabe et al. 2010; Yokoe et al.
2014). A T-type voltage-dependent Ca®* channel is involved in the initiation of
sperm motility by SMIS (Takahashi et al. 2013; Takayama-Watanabe et al. 2015).
SMIS-like molecules may be involved in regulation of sperm motility in other
anurans and urodeles (Ohta et al. 2010; Takayama-Watanabe et al. 2012; Yokoe
et al. 2016; Sato et al. 2017). When sperm reach the egg, they penetrate the jelly
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layers and reach the VE, associating with a sperm chemotactic molecule. In X. lae-
vis and the Western clawed frog, Xenopus tropicalis, allurin, a cysteine-rich secre-
tory protein family (21 kDa), binds to sperm and modifies the sperm-orienting
behavior (al-Anzi and Chandler 1998; Olson and Chandler 1999; Olson et al. 2001;
Burnett et al. 2008, 2011a, b; Sugiyama et al. 2009). Allurin is secreted from the
oviduct in the outermost jelly layer (Xiang et al. 2004, 2005). Thus, sperm of
amphibians reach the VE with support from several molecules secreted from the
oviduct in the egg jelly layers.

The VE surrounding X. laevis eggs consists of several glycoproteins (gp) named
according to their size and their gene types, such as major components of gp37
(42%, ZPB, polypeptide: 36 kDa) and gp41 (47%, ZPC, 36 kDa); and minor ones
of gp69/64 (3%, ZPA, 53 kDa), gp80 (<1%, ZPD, 32 kDa), and gp112-120 (7%,
7ZPX-Z, 75-83 kDa) (for a review, Hedrick 2008). Similar components are found in
the VE of other anurans. Among them, gp37 (ZPB), gp69/64 (ZPA), and gp41 (ZPC)
are homologous with zona pellucida proteins, ZP1, ZP2, and ZP3, in mammalian
eggs, respectively. As sperm have to bind and pass through the VE before contacting
the egg plasma membrane, the VE is a barrier for the sperm to fertilize the egg.
Indeed, sperm are unable to bind and penetrate the VE of oocytes ovulated into the
coelom (coelomic envelope, CE), but readily bind and penetrate the VE after pass-
ing through the oviduct. In X. laevis, ZPA and ZPC on the VE are proposed to func-
tion as ligands for sperm-surface receptors (Tian et al. 1997a, b; Vo and Hedrick
2000; Kubo et al. 2002; Vo et al. 2003). In B. japonicus, R. arenarum, and D. pictus,
ZPC is probably a major ligand for sperm-binding on the VE (Omata and Katagiri
1996; Barisone et al. 2007; Caputo et al. 2001). ZPC (gp43) in the CE is converted
to ZPC (gp41) by the oviductal enzyme, oviductin (Gerton and Hedrick 19864, b;
Kubo et al. 1999), indicating that partial proteolysis of ZPC unmasks existent ligand
binding sites via conformational changes (Lindsay et al. 1999a; Hedrick 2008).
Similar changes of CE into VE during passage though the oviduct are reported in
other species (Yoshizaki and Katagiri 1981; Katagiri et al. 1999; Hiyoshi et al.
2002; Llanos et al. 2006; Barrera et al. 2012). A ZP protein-associated protein,
dicalcin, is a 26 kDa Ca**-binding protein present in the VE of unfertilized X. laevis
eggs (Miwa et al. 2007). Dicalcin suppresses the efficiency of fertilization through
its interaction with gp41 (Miwa et al. 2010; Miwa 2015a, b). The interaction
between dicalcin and gp41 alters the structural architecture of the VE meshwork by
changing the binding affinity between ZP protein molecules, which regulates fertil-
ization efficiency (Miwa 2015a, b; Miwa et al. 2015a, b). In addition, a trypsin-type
protease, as well as an aminopeptidase B-like enzyme on the sperm plasma mem-
brane may be involved in the binding of sperm and the VE (Kubo et al. 2008). Egg
jelly components are necessary for binding of acrosome-reacted sperm to the VE in
C. pyrrhogaster (Hiyoshi et al. 2007). Furthermore, a sperm-surface glycoprotein
(SGP) is involved in binding of sperm to the VE in X. laevis (Kubo et al. 2010). SGP
is also important for the interactions of sperm with the egg plasma membrane (Nagai
etal. 2009) as described in Sect. 11.3, indicating that the SGP has a bifunctional role
in fertilization.
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11.3 Sperm Acrosome Reaction and Membrane Fusion
Between the Sperm and Egg

Amphibian sperm has a flattened, acidic vesicle, called an acrosome, at the top of
the sperm head (Fig. 11.1c and d). The acrosome contains several proteases which
are discharged after acrosome reaction (Fig. 11.1d, Katagiri et al. 1982). The acro-
some reaction results in the fusion of the sperm plasma membrane with an outer
acrosomal membrane to expose an inner acrosome membrane which fuses with the
egg plasma membrane. In D. pictus, the acrosome reaction occurs in the jelly coat
layers (Campanella et al. 1997), whereas the sperm of most anurans undergo acro-
some reaction after reaching the VE (Raisman et al. 1980; Katagiri et al. 1982;
Martinez and Cabada 1996; Ueda et al. 2002, 2003). In X. laevis, an acrosome
reaction-inducing substance in Xenopus (ARISX) is secreted onto the VE from the
uppermost region of the oviduct, pars recta (Ueda et al. 2002, 2003). ARISX is a
large molecular weight glycoprotein (300 kDa) and terminal a-D-GalNAc residues
are essential to its activity (Ueda et al. 2007). The activity of ARISX is species spe-
cific. Most anuran sperm undergo acrosome reaction by ARISX, but some urodele
sperm do not. The incidence of acrosome reaction by ARISX corresponds well with
the occurrence of cross-fertilization (Ueda et al. 2007). Therefore, the species speci-
ficity of the acrosome reaction acts as a barrier for preventing cross-fertilization in
amphibians. In urodeles, acrosome reaction is induced by substances of the high-
molecular-weight components (500 kDa) in the outer jelly layers of C. pyrrhogaster
eggs (Sasaki et al. 2002). Both 122 and 90 kDa proteins in the substance, recognized
with wheat germ agglutinin (WGA), are the acrosome reaction-inducing substances
in the egg jelly (Watanabe et al. 2009). N-linked carbohydrate moieties in these
proteins may be responsible for the activity.

The acrosome of amphibian sperm contains proteases (Fig. 11.1d), called VE
lysins, which are released after the acrosome reaction and may be responsible for
sperm penetration into the VE (Elinson 1971; Penn and Gledhill 1972; Raisman and
Cabada 1977; Iwao and Katagiri 1982). A tryptic protease (32 kDa) in B. japonicus
sperm is involved in the envelope penetration process (Iwao and Katagiri 1982;
Yamasaki et al. 1988). The tryptic protease is also found in other anurans (Cabada
et al. 1978, 1989; Raisman et al. 1980). A gelatin-digesting protease activity in the
acrosome of D. pictus sperm may be released after the acrosome reaction to act at
the egg surface (Infante et al. 2001). In urodeles, C. pyrrhogaster sperm contains
strong tryptic protease activity in the acrosome (Fig. 11.1d, Iwao et al. 1994; Mizote
et al. 1999). Although its role in VE penetration remains unknown, it may be
involved in Ca?* transient necessary for egg activation during fertilization (Mizote
et al. 1999; Harada et al. 2011).

SGP is distributed over nearly the entire surface of X. laevis sperm (Nagai et al.
2009). It mediates sperm-egg membrane binding and is responsible for establish-
ment of fertilization. SGP is complex of molecular masses of 65-150 kDa and
minor molecules with masses of 20-28 kDa (Nagai et al. 2009). More membrane
vesicles containing SGP bind to the surface in the animal hemisphere compared
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with the vegetal hemisphere in unfertilized eggs, which confirms a finding that
sperm entry is restricted to the animal hemisphere or equatorial region in X. laevis
eggs (Grey et al. 1982; Kline 1988). In addition, SGP is closely associated with
matrix metalloproteinase-2 (MMP-2) on the sperm membrane (Iwao et al. 2014).
SGP seems to be responsible for maintenance of the secreted type of MMP-2 on the
sperm membrane. MMP-2 associated with SGP may participate in sperm-binding
not only on the VE, but also on the egg plasma membrane. The interaction between
MMP-2 on the sperm membrane and ganglioside GM1 on the egg membrane regu-
lates sperm-egg binding/fusion as well as signal transduction at egg activation, as
described in Sect. 11.4. In other anurans, a lipovitellin/glycoproteins complex in
D. pictus (Campanella et al. 2011) and integrins and HSP70 in R. arenarum (Coux
and Cabada 2006) are reportedly involved in sperm-egg membrane binding and/or
fusion. However, the molecule responsible for the membrane fusion process, such
as fusogen, remains unknown.

11.4 [Egg Activation by a Fertilizing Sperm

Unfertilized eggs, which are arrested at the second meiotic metaphase, undergo
resumption of meiosis, followed by cleavage to develop embryos after fertilization.
A fertilizing sperm must provide a signal to stimulate the initiation of development,
called egg activation. A major trigger for egg activation is an increase in the intracel-
lular concentration of Ca** ([Ca*];) during amphibian fertilization (for reviews,
Iwao 2000a, b, 2012; Tokmakov et al. 2014; Iwao and Izaki 2018). The increase in
[Ca?"]; propagates from the sperm entrance site and spreads over the whole egg
cytoplasm as a Ca** wave in the fertilized X. laevis egg (Fig. 11.2a and b). The con-
centration of Ca* in the egg cytoplasm increases to 0.5-2.2 uM, during fertilization
of X. laevis (Fontanilla and Nuccitelli 1998), D. pictus (Nuccitelli et al. 1988), and
the Spanish newt, Pleurodeles waltl (Grandin and Charbonneau 1992). The velocity
of the Ca’** waves propagating in the egg cytoplasm is 5.7-8.9 pm/s in X. laevis
(Fontanilla and Nuccitelli 1998), 2.1 pm/s in X. tropicalis (Watabe et al. 2019), or
5.0-6.0 pm/s in C. pyrrhogaster (Yamamoto et al. 1999; Harada et al. 2011). In
physiologically polyspermic C. pyrrhogaster eggs, several Ca’>* waves are propa-
gated toward the egg cortex with an interval of several minutes during normal fertil-
ization (Harada et al. 2011).

How does a fertilizing sperm induce the initial signal for the [Ca®*]; increase dur-
ing amphibian fertilization? It is known that extracellular divalent cations, such as
Ca?* and Mg?*, are necessary for frog fertilization (Ishihara et al. 1984; Wozniak
etal. 2017). The egg jelly layers store divalent cations at a millimolar level, even in
fresh water (Ishihara et al. 1984; Medina et al. 2010), which are probably important
for the acrosome reaction (Ueda et al. 2002) and sperm-egg binding and/or fusion.
In addition, Ca** is indispensable for initiation of embryonic development and
blocks to polyspermy (Wozniak et al. 2017). Amphibian eggs can be activated by an
artificial increase in [Ca*]; by treatment with a Ca’* ionophore (Steinhardt et al.
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Fig. 11.2 (a) The Ca* a
wave during fertilization of
X. laevis egg, showing the
propagative increase in
fluorescence of Ca?*-
sensitive dye in egg
cytoplasm (arrow).
Numbers on the right of
figures show time (min)
after insemination. Bar,

0.5 mm. (b) Changes in
fluorescence intensity in
the whole egg shown in a.
(¢) The positive-going
fertilization potential
during fertilization of X.
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1974; Iwao 1982; Charbonneau and Picheral 1983; Charbonneau et al. 1983;
Andreuccetti et al. 1984; Iwao and Masui 1995). Anuran eggs are activated by
pricking with a fine glass needle to cause a Ca*" influx (Goldenberg and Elinson
1980; Iwao 1982; Talevi et al. 1985). However, most urodele eggs are resistant to
the pricking stimulus (Fankhauser 1967; Iwao and Masui 1995), except for
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H. nebulosus (Iwao 1989) and P. waltl (Aimar and Labrousse 1975). Egg activation
is completely inhibited by the injection of Ca** chelators in X. laevis (Kline 1988)
and C. pyrrhogaster (Yamamoto et al. 1999). Although external Ca®* is necessary
for amphibian fertilization (Ishihara et al. 1984; Wozniak et al. 2017), eggs can be
activated by Ca’* released from internal Ca’* stores, such as from the endoplasmic
reticulum (ER), in the absence of external Ca’* (Steinhardt et al. 1974; Yamamoto
et al. 1999). The Ca®* wave occurs independent of external Ca®* (Fontanilla and
Nuccitelli 1998; Yamamoto et al. 1999; Harada et al. 2011). Thus, the increase in
[Ca?*]; from internal Ca**" stores is sufficient for amphibian egg activation, but an
initial Ca®* influx from the external solution might occur around the sperm entry site.

The initiation of egg activation seems to be caused by two different mechanisms
in monospermic eggs and physiologically polyspermic eggs, the membrane recep-
tor model and the soluble factor model, respectively (for reviews, Iwao 2000b,
2012). In both cases, it is important that the fertilizing sperm stimulate phospholi-
pase Cy (PLCy) to produce inositol-1,4,5-trisphosphate (IP3) to initiate the [Ca®*];
increase in the egg cytoplasm (for reviews, Hasan et al. 2011; Sato 2018). The
amount of IP3 in the egg cytoplasm increases 3- to 5-fold during X. laevis fertiliza-
tion (Stith et al. 1993, 1994; Snow et al. 1996). IP3 binds an IP3-receptor on the ER
and Ca?* is released from the ER into the cytoplasm by opening Ca?* channels (IP3
receptors) (Nuccitelli et al. 1993). A local increase in [Ca*]; may sensitize IP3
receptors in adjacent ER and/or stimulate PLCy to induce further increases of IP3 to
propagate an increase of [Ca*]; over the egg surface as a Ca’>* wave (Iwao 2012). In
monospermic frogs, increasing evidence supports the notion that an agonist (ligand)
on the sperm membrane binds to a receptor on the egg membrane to transmit a sig-
nal for IP3 production into the egg cytoplasm. Peptides containing a ligand for
integrins, such as an arginyl-glycyl-aspartic acid (RGD) amino acid sequence, trig-
ger the [Ca?"]; increase (Iwao and Fujimura 1996). RGD-containing peptides cause
egg activation in monospermic urodele H. nebulosus (Iwao 2014). Treatment with a
peptide containing a CRMPKTE sequence derived from a metalloprotease/disinte-
grin/cysteine-rich (MDC) family (xMDC16) causes a [Ca”']; increase and egg acti-
vation (Shilling et al. 1998). It is also reported that a RGDS peptide induces protein
tyrosine phosphorylation, but not egg activation in R. arenarum eggs (Mouguelar
et al. 2011). Treatment of X. laevis eggs with a peptide corresponding to a partial
amino acid sequence of MMP-2 hemopexin domain (HPX) induces a [Ca*'];
increase and egg activation (Iwao et al. 2014). The positively charged MMP-2 HPX
peptide (473-485, GMSQIRGETFFFK, pl: 10.2) can bind ganglioside GM1, which
contains negatively charged sialic acid in the membrane microdomain (MD) of the
egg plasma membrane. A signal for egg activation is then transmitted into the egg.
Another candidate sperm ligand is a tryptic protease that efficiently hydrolyzes the
C-terminus of double arginine residues to induce a Ca®* wave in X. laevis eggs
(Iwao et al. 1994; Mizote et al. 1999). Sato and co-workers demonstrated that uro-
plakin IIT (UPIII) in the MD plays an important role in the [Ca®*]; increase during
fertilization (Sakakibara et al. 2005; Mahbub Hasan et al. 2007, 2014; Sato et al.
2002). Cleavage of UPIII by the protease at the double arginine residues induces
activation of Src kinase, followed by activation of PLCy to produce IP3, and then a
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propagative Ca®* release from the ER (Sato et al. 1999, 2003; Mahbub Hasan et al.
2005; Hasan et al. 2011). Both MMP-2 HPX and sperm tryptic protease are most
likely responsible for the Ca®* increase during X. laevis fertilization (Hasan et al.
2011; Sato 2014, 2018). Phosphatidic acid produced by phospholipase D1b may be
involved in egg activation during X. laevis fertilization (Bates et al. 2015; Fees and
Stith 2019).

The mechanism of egg activation in physiologically polyspermic urodeles is
quite different from that in monospermic anurans (Iwao 2012, 2014). An initial Ca**
rise at each site of sperm entry propagates a Ca’>* wave into the egg cytoplasm but
does not reach the opposite side of the egg in C. pyrrhogaster (Harada et al. 2011).
The Ca?* wave induced by a single sperm only spreads to one-eighth to one-quarter
of the egg surface (Harada et al. 2011). Multiple sperm entry causes an increase in
[Ca?*]; over the entire egg and then initiates egg activation. Although a transient
[Ca?"]; spike is induced by the tryptic protease activity in sperm, the Ca** wave is
induced by an egg-activation factor found in the sperm cytoplasm which is intro-
duced into the egg cytoplasm after fusion of sperm and egg (Yamamoto et al. 2001;
Harada et al. 2007, 2011). The egg-activation factor is considered sperm-specific as
well as extra mitochondrial citrate synthase (CS) (Harada et al. 2007, 2011; Ueno
et al. 2014). The enzymatic activity of CS plays a central role in the Ca’* increase
because acetyl-CoA and oxaloacetate have sufficient activity to induce Ca** waves.
Sperm-specific CS is highly phosphorylated and binds the components containing
microtubules in the axial fiber in the middle piece of the sperm (Harada et al. 2007,
Ueno et al. 2014). Propagation of the Ca’* wave is inhibited by microtubule depoly-
merization in the egg cytoplasm (Ueno et al. 2014). CS accumulates at the sperm
entry site and PLCy in the egg cytoplasm accumulates around the midpiece region.
Thus, sperm CS forms a complex of microtubules and ER with the IP3 receptor in
addition to PLCy to induce Ca** release from the ER. However, the detailed molecu-
lar mechanism for induction of the Ca** wave remains to be investigated.

11.5 Blocks to Polyspermy

Fertilization for amphibians occurs in fresh water in ponds or streams, and the con-
ditions at time of insemination vary upon environmental conditions. To avoid failure
of fertilization due to a decrease in sperm concentration, the male usually releases a
large number of sperm toward the eggs. In vitro fertilization of X. laevis eggs
requires insemination with a high concentration of sperm (more than 10° cells/mL),
with more than 10* sperm reaching the vicinity of the egg. Thus, although the inci-
dence of fertilization is ensured by a high collision rate between sperm and eggs,
polyspermy seems to be probable in most eggs. To ensure monospermy with a dip-
loid configuration, the egg has several mechanisms (polyspermy blocks) to reject
extra sperm after the first sperm enters into the egg cytoplasm (Elinson 1986; Iwao
2000a, b; Iwao and Izaki 2018).
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Egg investments such as jelly layers and a VE provide fertility to the sperm, but
also reduce the number of sperm which can reach the egg surface (Reinhart et al.
1998; Miwa 2015a, b; Miwa et al. 2015a, b). It is estimated that 1-20 sperm reach
the egg at an interval of 2-10 s in the leopard frog, Rana pipiens (Schlichter and
Elinson 1981) and B. japonicus (Iwao 1987), or 10-40 s in X. laevis (Watabe et al.
2019). The egg needs time to prepare the block mechanism in order to prevent poly-
spermy, which is supplied by the jelly layers and the VE. The jelly layers absorb
water in fresh water to swell, preventing additional sperm from penetrating the jelly
layers 10—15 min after insemination (Katagiri 1962; Wolf and Hedrick 1971;
McLaughlin and Humphries 1978; Matsuda and Onitake 1984). Thus, the jelly lay-
ers function as a very slow extracellular block to polyspermy.

Several sperm are, however, able to reach the egg surface during fertilization. In
the physiologically polyspermic C. pyrrhogaster eggs, which lack any extracellular
blocks except for the swelling of the jelly layers, more than ten sperm are able to
enter an egg (Iwao 1985). Thus, additional extracellular blocks to polyspermy are
necessary to ensure monospermy. Two different types of polyspermy blocks operate
during the monospermic fertilization of amphibians, the fast electrical block at the
egg plasma membrane, followed by the slow permanent block by the formation of
the fertilization envelope. As the anuran eggs exposing plasma membrane exhibit
monospermy (Elinson 1973; Katagiri 1974; Stewart-Savage and Grey 1984; Mizote
et al. 1999), a polyspermy block at the sperm-egg binding and/or fusion is most
important for ensuring monospermy (Table 11.1).

In monospermic eggs, the increase in [Ca*']; in the egg cytoplasm, induced by a
fertilizing sperm, causes a positive shift of the egg membrane potential, called a
positive-going fertilization potential (Iwao and Izaki 2018). In X. /aevis, the mem-
brane potential of an unfertilized egg (—17 mV) increases up to 7 mV during fertil-
ization (Fig. 11.2c, Webb and Nuccitelli 1985; Glahn and Nuccitelli 2003; Iwao
et al. 2014; Watabe et al. 2019). Similar positive-going fertilization potentials are
observed during the fertilization of not only monospermic anurans (Iwao 2000a),
but also the monospermic urodele, H. nebulosus (Iwao 1989). The positive-going
fertilization potential is caused by the opening of Ca**-activated CI~ channels, such
as the transmembrane protein 16a (TMEMI16A) channels in X. laevis eggs (Kline
and Nuccitelli 1985; Wozniak et al. 2018a; Watabe et al. 2019). A decrease in fertil-
ization potential by addition of halide ions or CI~ channel inhibitors also results in
polyspermy (Cross and Elinson 1980: Grey et al. 1982; Wozniak et al. 2018a;
Watabe et al. 2019). Clamping the membrane potential of unfertilized eggs at a
positive level inhibits fertilization, whereas at a negative level causes polyspermy
(Cross and Elinson 1980; Iwao and Jaffe 1989; Glahn and Nuccitelli 2003: Iwao
et al. 2014; Watabe et al. 2019). In addition, the inhibition of IP3-induced Ca>*
release from the ER inhibits fertilization-triggered depolarization and increases the
incidence of polyspermy (Wozniak et al. 2018b). Thus, fertilization of monosper-
mic amphibians is dependent on the voltage of the egg membrane, called voltage-
dependent fertilization. As the membrane potential increases at the positive level
within several seconds after fertilization of the first sperm (Fig. 11.2c), the positive-
going fertilization potential can prevent extra sperm from entering the egg. The
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membrane potential, however, returns to negative 10—15 min after fertilization. The
positive-going fertilization potential provides a fast, but temporal block to poly-
spermy at sperm-egg fusion. Although the molecular mechanism of voltage-
dependent fertilization remains to be investigated, a positively charged hemopexin
domain of metalloproteinase-2 (MMP-2) on the sperm membrane probably plays an
important role in X. laevis (Iwao et al. 2014). The voltage-dependent phosphatase
might also be involved in voltage-dependent fertilization (Ratzan et al. 2011).

The Ca?* wave during fertilization causes the discharge of contents in cortical
granules into the perivitelline space, resulting in formation of the fertilization enve-
lope (FE) (Hedrick 2008). N-acetyl glucosaminidase is released from these cortical
granules (Prody et al. 1985), rendering the eggs unfertilizable, probably due to the
digestion of gp41 (ZPC) sugar chains on the VE. The most notable change, how-
ever, is the formation of the fertilization layer (F layer) on the FE by cortical granule
lectin (CG lectin) within most inner jelly layer (J1) (Grey et al. 1974; Quill and
Hedrick 1996). CG lectin consisting of 38 kDa and 48 kDa subunits binds terminal
a-galactose of the jelly materials to form a precipitant through which sperm are
unable to penetrate. It is also reported that CG lectin binds a pre-fertilization layer
(PF layer) on the VE (Yoshizaki 1989a, b). In addition, the VE of anuran eggs is
modified into fertilization envelope (FE) following fertilization, resulting in harden-
ing of VE to prevent polyspermy (Lindsay and Hedrick 1989; Lindsay et al. 1988).
Both trypsin-like (45 kDa) and chymotrypsin-like (30 kDa) proteases are released
in perivitelline space after cortical granule exocytosis (Lindsay and Hedrick 1989;
Lindsay et al. 1992) and the chymotrypsin-like protease (ovochymase) is probably
involved in envelope hardening after activation by the trypsin-like protease (Lindsay
and Hedrick 1989, 1995; Lindsay et al. 1999b). Furthermore, partial proteolysis
of ZPA (gp69/64 into gp66/61) by a zinc metalloprotease from X. laevis eggs may
also result in envelope hardening (Lindsay and Hedrick 2004). Taken together, the
VE is modified following fertilization by its hardening and the loss of sperm recep-
tors to prevent polyspermy. The transformation of VE into FE occurs several min-
utes after fertilization, followed by the formation of S-layer on the egg plasma
membrane (Stewart-Savage and Grey 1987), which functions as the slow, but per-
manent block to polyspermy after the fast electrical block.

Physiologically polyspermic urodele eggs lack the fast electrical block on the
egg plasma membrane, since no positive-going fertilization potential is elicited and
fertilization is insensitive to positive membrane potential (Table 11.1, Charbonneau
et al. 1983; Jaffe et al. 1983; Iwao 1985; Iwao and Jaffe 1989). The slow block at the
FE also disappears because the eggs lack cortical granules. In C. pyrrhogaster, for
example, 2-20 sperm enter an egg at normal fertilization (Iwao et al. 1985, 1993,
2002). Not only a sperm nucleus, but also centrioles, mitochondria, and axoneme
are incorporated into the egg cytoplasm. After nuclear membrane breakdown, highly
condensed sperm chromatins undergo decondensation to form a swelling sperm
pronucleus (Fig. 11.3). Mitochondria and axoneme are destructed before cleavage,
but y-tubulin in the egg cytoplasm is accumulated in sperm centrioles and initiates
polymerization of microtubules to develop a sperm aster (Iwao et al. 2002). In phys-
iologically polyspermic eggs, all fertilized sperm form sperm pronuclei in the egg
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Fig. 11.3 Schematic illustration of behavior of sperm and egg nuclei in the physiologically poly-
spermic C. pyrrhogaster egg, showing the approach of a primary sperm pronucleus with a large
aster to form a zygote nucleus with an egg nucleus during S phase, and the formation of a meta-
phase plate in the zygote nucleus for the first cleavage and degeneration of accessory sperm nuclei
after M phase

cytoplasm and spread small sperm asters from each sperm centriole (Fankhauser
1948; Iwao et al. 1985, 1993, 1997, 2002). Only one sperm pronucleus forms a
zygote nucleus with an egg pronucleus in the center of the animal hemisphere
(Fig. 11.3). A sperm pronucleus with the largest sperm aster most likely makes con-
tact with an egg pronucleus, but how the sperm nucleus is selected to participate in
zygote nucleus formation is unknown. Both sperm and egg pronuclei enter the S
phase, but progress in DNA synthesis is faster in the zygote nucleus than in the
accessory sperm pronuclei (Wakimoto 1979; Iwao et al. 1993). When the zygote
nucleus enters M phase to form a bipolar spindle for the first cleavage, the accessory
sperm nuclei undergo degeneration (pycnosis) without the separation of the centro-
some (Fig. 11.3, Iwao and Elinson 1990, Iwao et al. 1993, 2002). The nuclear
degeneration seems to be caused by insufficient exposure of MPF, cdkl(cdc2)
kinase activity, in the accessory sperm pronuclei in the periphery of the egg (Iwao
and Elinson 1990; Iwao et al. 2002), but the molecular mechanisms remain unknown.
Thus, diploid configuration development is ensured by a very slow, cytoplasmic
block to polyspermy in physiologically polyspermic eggs.

Acknowledgements We thank Dr. Akihiko Watanabe, Yamagata University, for reviewing the
manuscript. This work was supported by JSPS KAKENHI Grant Numbers, JP16K07373 and
JP19K06690 to Y.I. and by The YU “Pump-Priming Program” for Fostering Research Activities.



238 Y. Iwao and M. Watabe

References

Aimar C, Labrousse JP (1975) DNA synthesis and evolution, in presence of a somatic nucleus,
of the female pronucleus after experimental activation of the egg of Pleurodeles waltlii. Dev
Growth Differ 17:197-207

al-Anzi B, Chandler DE (1998) A sperm chemoattractant is released from Xenopus egg jelly dur-
ing spawning. Dev Biol 198(2):366-375

Andreuccetti P, Denis-Donini S, Burrini AG, Campanella C (1984) Calcium ultrastructural local-
ization in Xenopus laevis eggs following activation by pricking or by calcium ionophore A
23187. J Exp Zool 229(2):295-308

Barisone GA, Krapf D, Correa-Fiz F, Arranz SE, Cabada MO (2007) Glycoproteins of the vitelline
envelope of amphibian oocyte: biological and molecular characterization of ZPC component
(gp41) in Bufo arenarum. Mol Reprod Dev 74(5):629-640

Barrera D, Llanos RJ, Miceli DC (2012) Participation of the 39-kDa glycoprotein (gp39) of the
vitelline envelope of Bufo arenarum eggs in sperm-egg interaction. Zygote 20(2):159-171

Bates RC, Fees CP, Holland WL, Winger CC, Batbayar K, Ancar R, Bergren T, Petcoff D, Stith
BJ (2015) Activation of Src and release of intracellular calcium by phosphatidic acid during
Xenopus laevis fertilization. Dev Biol 386(1):165-180

Burnett LA, Boyles S, Spencer C, Bieber AL, Chandler DE (2008) Xenopus tropicalis allurin:
expression, purification, and characterization of a sperm chemoattractant that exhibits cross-
species activity. Dev Biol 316(2):408—416

Burnett LA, Sugiyama H, Bieber AL, Chandler DE (2011a) Egg jelly proteins stimulate directed
motility in Xenopus laevis sperm. Mol Reprod Dev 78(6):450-462

Burnett LA, Tholl N, Chandler DE (2011b) Two types of assays for detecting frog sperm chemoat-
traction. J Vis Exp 58:e3407

Cabada MO, Mariano MI, Raisman JS (1978) Effect of trypsin inhibitors and concanavalin A on
the fertilization of Bufo arenarum coelomic oocytes. J Exp Zool 204(3):409-416

Cabada MO, Manes ME, Gomez MI (1989) Spermatolysins in Bufo arenarum: their activity on
oocyte surface. J Exp Zool 249(2):229-234

Campanella C, Carotenuto R, Infante V, Maturi G, Atripaldi U (1997) Sperm-egg interaction in the
painted frog (Discoglossus pictus): an ultrastructural study. Mol Reprod Dev 47(3):323-333

Campanella C, Caputo M, Vaccaro MC, De Marco N, Tretola L, Romano M, Prisco M, Camardella
L, Flagiello A, Carotenuto R, Limatola E, Polzonetti-Magni A, Infante V (2011) Lipovitellin
constitutes the protein backbone of glycoproteins involved in sperm-egg interaction in the
amphibian Discoglossus pictus. Mol Reprod Dev 78(3):161-171

Caputo M, Infante V, Talevi R, Vaccaro MC, Carotenuto R, Campanella C (2001) Following pas-
sage through the oviduct, the coelomic envelope of Discoglossus pictus (amphibia) acquires
fertilizability upon reorganization, conversion of gp 42 to gp 40, extensive glycosylation, and
formation of a specific layer. Mol Reprod Dev 58(3):318-329

Charbonneau M, Picheral B (1983) Early events in anuran amphibian gertilization: an ultrastruc-
tural study of changes occurring in the course of monospermic fertilization and artificial activa-
tion. Dev Growth Differ 25(1):23-37

Charbonneau M, Moreau M, Picheral B, Vilain JP, Guerrier P (1983) Fertilization of amphib-
ian eggs: a comparison of electrical responses between anurans and urodeles. Dev Biol
98(2):304-318

Coux G, Cabada MO (2006) Characterization of Bufo arenarum oocyte plasma membrane proteins
that interact with sperm. Biochem Biophys Res Commun 343(1):326-333

Cross NL, Elinson RP (1980) A fast block to polyspermy in frogs mediated by changes in the
membrane potential. Dev Biol 75(1):187-198

Duellman WE (2003) An overview of anuran phylogeny, classification and reproductive modes. In:
Jamieson BGM (ed) Reproductive biology and phylogeny of anura. Reproductive biology and
phylogeny, vol 2. Science Publishers, Plymouth, pp 1-18



11 Fertilization in Amphibians: The Cellular and Molecular Events from Sperm... 239

Elinson EP (1971) Sperm lytic activity and its relation to fertilization in the frog Rana pipiens. J
Exp Zool 177(2):207-217

Elinson RP (1973) Fertilization of frog body cavity eggs enhanced by treatment affecting the vitel-
line coat. J Exp Zool 183:291-302

Elinson RP (1986) Fertilization in amphibians: the ancestry of the block to polyspermy. Int Rev
Cytol 101:59-100

Fankhauser G (1948) The organization of the amphibian egg during fertilization and cleavage. Ann
N'Y Acad Sci 49(Art 5):684-708

Fankhauser G (1967) Urodeles. In: Wilt FH, Wessels NK (eds) Methods in developmental biology.
Thomas Crowell Publishers, New York, pp 85-99

Fees CP, Stith BJ (2019) Insemination or phosphatidic acid induces an outwardly spiraling disk
of elevated Ca®* to produce the Ca’** wave during Xenopus laevis fertilization. Dev Biol
448(1):59-68

Feller AE, Hedges SB (1998) Molecular evidence for the early history of living amphibians. Mol
Phylogenet Evol 9(3):509-516

Fontanilla RA, Nuccitelli R (1998) Characterization of the sperm-induced calcium wave in
Xenopus eggs using confocal microscopy. Biophys J 75(4):2079-2087

Gerton GL, Hedrick JL (1986a) The coelomic envelope to vitelline envelope conversion in eggs of
Xenopus laevis. J Cell Biochem 30(4):341-350

Gerton GL, Hedrick JL (1986b) The vitelline envelope to fertilization envelope conversion in eggs
of Xenopus laevis. Dev Biol 116(1):1-7

Glahn D, Nuccitelli R (2003) Voltage-clamp study of the activation currents and fast block to poly-
spermy in the egg of Xenopus laevis. Dev Growth Differ 45(2):187-197

Goldenberg M, Elinson RP (1980) Animal/vegetal difference in cortical granules exocytosis dur-
ing activation of the frog egg. Dev Growth Differ 22:345-356

Gomes AD, Moreira RG, Navas CA, Antoniazzi MM, Jared C (2012) Review of the reproductive
biology of caecilians (Amphibia, Gymnophiona). South Am J Herpetol 7(3):191-202

Grandin N, Charbonneau M (1992) Intracellular free Ca’** changes during physiological poly-
spermy in amphibian eggs. Development 114(3):617-624

Grey RD, Wolf DP, Hedrick JL (1974) Formation and structure of the fertilization envelope in
Xenopus laevis. Dev Biol 36(1):44-61

Grey RD, Bastiani MJ, Webb DJ, Schertel ER (1982) An electrical block is required to prevent
polyspermy in eggs fertilized by natural mating of Xenopus laevis. Dev Biol 89(2):475-484

Guerardel Y, Kol O, Maes E, Lefebvre T, Boilly B, Davril M, Strecker G (2000) O-glycan vari-
ability of egg-jelly mucins from Xenopus laevis: characterization of four phenotypes that differ
by the terminal glycosylation of their mucins. Biochem J 352 Pt 2:449-463

Harada Y, Matsumoto T, Hirahara S, Nakashima A, Ueno S, Oda S, Miyazaki S, Iwao Y (2007)
Characterization of a sperm factor for egg activation at fertilization of the newt Cynops pyr-
rhogaster. Dev Biol 306(2):797-808

Harada Y, Kawazoe M, Eto Y, Ueno S, Iwao Y (2011) The Ca** increase by the sperm factor in
physiologically polyspermic newt fertilization: its signaling mechanism in egg cytoplasm and
the species-specificity. Dev Biol 351(2):266-276

Hasan AK, Fukami Y, Sato K (2011) Gamete membrane microdomains and their associated mol-
ecules in fertilization signaling. Mol Reprod Dev 78(10-11):814-830

Hedrick JL (2008) Anuran and pig egg zona pellucida glycoproteins in fertilization and early
development. Int J Dev Biol 52(5-6):683-701

Hiyoshi M, Takamune K, Mita K, Kubo H, Sugimoto Y, Katagiri C (2002) Oviductin, the oviduc-
tal protease that mediates gamete interaction by affecting the vitelline coat in Bufo japonicus:
its molecular cloning and analyses of expression and posttranslational activation. Dev Biol
243(1):176-184

Hiyoshi W, Sasaki T, Takayama-Watanabe E, Takai H, Watanabe A, Onitake K (2007) Egg jelly
of the newt, Cynops pyrrhogaster contains a factor essential for sperm binding to the vitelline
envelope. J Exp Zool A Ecol Genet Physiol 307(6):301-311



240 Y. Iwao and M. Watabe

Infante V, Amirante R, Vaccaro MC, Wilding M, Campanella C (2001) Enzyme activity in anuran
spermatozoa upon induction of the acrosome reaction. Zygote 9(4):293-298

Inoda T, Morisawa M (1987) Effect of osmolality on the initiation of sperm motility in Xenopus
laevis. Comp Biochem Physiol A Comp Physiol 88(3):539-542

Ishihara K, Hosono J, Kanatani H, Katagiri C (1984) Toad egg-jelly as a source of divalent cations
essential for fertilization. Dev Biol 105(2):435-442

Iwao Y (1982) Differential emergence of cortical granule breakdown and electrophysiological
responses during meiotic maturation of toad oocytes. Dev Growth Differ 24(5):467-477

Iwao Y (1985) The membrane potential changes of amphibian eggs during species- and cross-
fertilization. Dev Biol 111(1):26-34

Iwao Y (1987) The spike component of the fertilization potential in the toad, Bufo japoni-
cus: changes during meiotic maturation and absence during cross-fertilization. Dev Biol
123(2):559-565

Iwao Y (1989) An electrically mediated block to polyspermy in the primitive urodele Hynobius
nebulosus and phylogenetic comparison with other amphibians. Dev Biol 134(2):438-445

Iwao'Y (2000a) Fertilization in amphibians. In: Tarin JJ, Cano A (eds) Fertilization in protozoa and
metazoan animal. Springer, Berlin, pp 147-191

Iwao'Y (2000b) Mechanisms of egg activation and polyspermy block in amphibians and compara-
tive aspects with fertilization in other vertebrates. Zool Sci 17(6):699-709

IwaoY (2012) Egg activation in physiological polyspermy. Reproduction 144(1):11-22

Iwao Y (2014) Chapter 15: egg activation in polyspermy: its molecular mechanisms and evolu-
tion in vertebrates. In: Sawada H, Inoue N, Iwano M (eds) Sexual reproduction in animals and
plants. Springer Open, pp 171-180

Iwao'Y, Elinson RP (1990) Control of sperm nuclear behavior in physiologically polyspermic newt
eggs: possible involvement of MPFE. Dev Biol 142(2):301-312

Iwao Y, Fujimura T (1996) Activation of Xenopus eggs by RGD-containing peptides accompanied
by intracellular Ca* release. Dev Biol 177(2):558-567

Iwao Y, Izaki K (2018) Universality and diversity of a fast, electrical block to polyspermy during
fertilization in animals. In: Kobayashi K, Kitano T, Iwao Y, Kondo M (eds) Reproductive and
developmental strategies. Diversity and commonality in animals. Springer, Tokyo

Iwao Y, Jaffe LA (1989) Evidence that the voltage-dependent component in the fertilization pro-
cess is contributed by the sperm. Dev Biol 134(2):446-451

Iwao Y, Katagiri C (1982) Properties of the vitelline coat lysin from toad sperm. J Exp Zool
219(1):87-95

Iwao Y, Masui Y (1995) Activation of newt eggs in the absence of Ca?* activity by treatment with
cycloheximide or D,O. Dev Growth Differ 37:641

Iwao Y, Yamasaki H, Katagiri C (1985) Experiments pertaining to the suppression of accessory
sperm in fertilized newt eggs. Dev Growth Differ 27:323-331

Iwao Y, Sakamoto N, Takahara K, Yamashita M, Nagahama Y (1993) The egg nucleus regulates
the behavior of sperm nuclei as well as cycling of MPF in physiologically polyspermic newt
eggs. Dev Biol 160(1):15-27

Iwao Y, Miki A, Kobayashi M, Onitake K (1994) Activation of Xenopus eggs by an extract of
Cynops sperm. Dev Growth Differ 36(5):469—479

Iwao Y, Yasumitsu K, Narihira M, Jiang J, Nagahama Y (1997) Changes in microtubule struc-
tures during the first cell cycle of physiologically polyspermic newt eggs. Mol Reprod Dev
47(2):210-221

Iwao Y, Murakawa T, Yamaguchi J, Yamashita M (2002) Localization of gamma-tubulin and
cyclin B during early cleavage in physiologically polyspermic newt eggs. Dev Growth Differ
44(6):489-499

Iwao Y, Shiga K, Shiroshita A, Yoshikawa T, Sakiie M, Ueno T, Ueno S, Ljiri TW, Sato K (2014)
The need of MMP-2 on the sperm surface for Xenopus fertilization: its role in a fast electrical
block to polyspermy. Mech Dev 134:80-95



11 Fertilization in Amphibians: The Cellular and Molecular Events from Sperm... 241

Jaffe LA, Cross NL, Picheral B (1983) Studies of the voltage-dependent polyspermy block using
cross-species fertilization of amphibians. Dev Biol 98(2):319-326

Katagiri C (1962) On the fertilizability of the frog egg, II. Change of the jelly envelopes in water.
Jap. J Zool 8:365-374

Katagiri C (1973) Chemical analysis of toad egg-jelly in relation to its ‘sperm-capacitating’ activ-
ity. Dev Growth Differ 15:81-92

Katagiri C (1974) A high frequency of fertilization in premature and mature coelomic toad eggs
after enzymic removal removal removal of vitelline membrane. J Embryol Exp Morphol
31(3):573-587

Katagiri C, Iwao Y, Yoshizaki N (1982) Participation of oviducal pars recta secretions in inducing
the acrosome reaction and release of vitelline coat lysin in fertilizing toad sperm. Dev Biol
94(1):1-10

Katagiri C, Yoshizaki N, Kotani M, Kubo H (1999) Analyses of oviductal pars recta-induced fer-
tilizability of coelomic eggs in Xenopus laevis. Dev Biol 210(2):269-276

Kline D (1988) Calcium-dependent events at fertilization of the frog egg: injection of a cal-
cium buffer blocks ion channel opening, exocytosis, and formation of pronuclei. Dev Biol
126(2):346-361

Kline D, Nuccitelli R (1985) The wave of activation current in the Xenopus egg. Dev Biol
111(2):471-487

Krapf D, O’Brien E, Maidagan PM, Morales ES, Visconti PE, Arranz SE (2014) Calcineurin regu-
lates progressive motility activation of Rhinella (Bufo) arenarum sperm through dephosphory-
lation of PKC substrates. J Cell Physiol 229(10):1378-1386

Kubo H, Matsushita M, Kotani M, Kawasaki H, Saido TC, Kawashima S, Katagiri C, Suzuki A
(1999) Molecular basis for oviductin-mediated processing from gp43 to gp41, the predominant
glycoproteins of Xenopus egg envelopes. Dev Genet 25(2):123-129

Kubo H, Kotani M, Suzuki H, Yoshizaki N (2002) Immunohistochemical localisation of gp69/64
molecules in Xenopus egg envelopes in relation to their sperm binding activity. Zygote
10(2):131-140

Kubo H, Kotani M, Yamamoto Y, Hazato T (2008) Involvement of sperm proteases in the binding
of sperm to the vitelline envelope in Xenopus laevis. Zool Sci 25(1):80-87

Kubo H, Shiga K, Harada Y, Iwao Y (2010) Analysis of a sperm surface molecule that binds to a
vitelline envelope component of Xenopus laevis eggs. Mol Reprod Dev 77(8):728-735

Larson A, Weisrock DW, Hozak KH (2003) Phylogentice systematics of salamanders (Amphiba:
Urodela), a review. In: Sever DM (ed) Reproductive biology and phylogeny of Urodela.
Reproductive biology and phylogeny, vol 1. Science Publishers, Plymouth, pp 32-108

Li B, Russell SC, Zhang J, Hedrick JL, Lebrilla CB (2011) Structure determination by MALDI-
IRMPD mass spectrometry and exoglycosidase digestions of O-linked oligosaccharides from
Xenopus borealis egg jelly. Glycobiology 21(7):877-894

Lindsay LL, Hedrick JL (1989) Proteases released from Xenopus laevis eggs at activation and their
role in envelope conversion. Dev Biol 135(1):202-211

Lindsay LL, Hedrick JL (1995) Isolation and characterization of ovochymase, a chymotrypsin-like
protease released during Xenopus laevis egg activation. Dev Biol 167(2):513-516

Lindsay LL, Hedrick JL (2004) Proteolysis of Xenopus laevis egg envelope ZPA triggers envelope
hardening. Biochem Biophys Res Commun 324(2):648-654

Lindsay LL, Yamasaki H, Hedrick JL, Katagiri C (1988) Egg envelope conversion following fer-
tilization in Bufo japonicus. Dev Biol 130(1):37-44

Lindsay LL, Larabell CA, Hedrick JL (1992) Localization of a chymotrypsin-like protease to the
perivitelline space of Xenopus laevis eggs. Dev Biol 154(2):433-436

Lindsay LL, Wieduwilt MJ, Hedrick JL (1999a) Oviductin, the Xenopus laevis oviductal protease
that processes egg envelope glycoprotein gp43, increases sperm binding to envelopes, and is
translated as part of an unusual mosaic protein composed of two protease and several CUB
domains. Biol Reprod 60(4):989-995



242 Y. Iwao and M. Watabe

Lindsay LL, Yang JC, Hedrick JL (1999b) Ovochymase, a Xenopus laevis egg extracellular protease,
is translated as part of an unusual polyprotease. Proc Natl Acad Sci U S A 96(20):11253-11258

Llanos RJ, Barrera D, Valz-Gianinet JN, Miceli DC (2006) Oviductal protease and trypsin treat-
ment enhance sperm-envelope interaction in Bufo arenarum coelomic eggs. J Exp Zool A
Comp Exp Biol 305(10):872-882

Mahbub Hasan AK, Sato K, Sakakibara K, Ou Z, Iwasaki T, Ueda Y, Fukami Y (2005) Uroplakin
111, a novel Src substrate in Xenopus egg rafts, is a target for sperm protease essential for fertil-
ization. Dev Biol 286(2):483-492

Mahbub Hasan AK, Ou Z, Sakakibara K, Hirahara S, Iwasaki T, Sato K, Fukami Y (2007)
Characterization of Xenopus egg membrane microdomains containing uroplakin Ib/III com-
plex: roles of their molecular interactions for subcellular localization and signal transduction.
Genes Cells 12(2):251-267

Mahbub Hasan AK, Hashimoto A, Maekawa Y, Matsumoto T, Kushima S, Ijiri TW, Fukami Y,
Sato K (2014) The egg membrane microdomain-associated uroplakin III-Src system becomes
functional during oocyte maturation and is required for bidirectional gamete signaling at fertil-
ization in Xenopus laevis. Development 141(8):1705-1714

Martinez ML, Cabada MO (1996) Assessment of the acrosome reaction in Bufo arenarum sperma-
tozoa by immunostaining: comparison with other methods. Zygote 4(3):181-190

Matsuda M, Onitake K (1984) Fertilization of the eggs of Cynops pyrrhogaster (japanese newt)
after immersion in water. Wilehm Roux Arch Dev Biol 193(2):61-63

McLaughlin EW, Humphries AA Jr (1978) The jelly envelopes and fertilization of eggs of the
newt, Notophthalmus viridescens. J] Morphol 158(1):73-90

Medina MF, Crespo CA, Ramos I, Fernandez SN (2010) Role of cations as components of jelly
coats in Bufo arenarum fertilization. Zygote 18(1):69-80

Miwa N (2015a) Dicalcin, a zona pellucida protein that regulates fertilization competence of the
egg coat in Xenopus laevis. J Physiol Sci 65(6):507-514

Miwa N (2015b) Protein-carbohydrate interaction between sperm and the egg-coating envelope
and its regulation by Dicalcin, a Xenopus laevis zona pellucida protein-associated protein.
Molecules 20(5):9468-9486

Miwa N, Shinmyo Y, Kawamura S (2007) Cloning and characterization of Xenopus dicalcin, a
novel S100-like calcium-binding protein in Xenopus eggs. DNA Seq 18(5):400-404

Miwa N, Ogawa M, Shinmyo Y, Hiraoka Y, Takamatsu K, Kawamura S (2010) Dicalcin inhibits
fertilization through its binding to a glycoprotein in the egg envelope in Xenopus laevis. J Biol
Chem 285(20):15627-15636

Miwa N, Ogawa M, Hanaue M, Takamatsu K (2015a) Corrigendum: fertilization competence of
the egg-coating envelope is regulated by direct interaction of dicalcin and gp41, the Xenopus
laevis ZP3. Sci Rep 5:15303

Miwa N, Ogawa M, Hanaue M, Takamatsu K (2015b) Fertilization competence of the egg-coating
envelope is regulated by direct interaction of dicalcin and gp41, the Xenopus laevis ZP3. Sci
Rep 5:12672

Mizote A, Okamoto S, Iwao Y (1999) Activation of Xenopus eggs by proteases: possible involve-
ment of a sperm protease in fertilization. Dev Biol 208(1):79-92

Mouguelar VS, Cabada MO, Coux G (2011) The integrin-binding motif RGDS induces pro-
tein tyrosine phosphorylation without activation in Bufo arenarum (Amphibia) oocytes.
Reproduction 141(5):581-593

Nagai K, Ishida T, Hashimoto T, Harada Y, Ueno S, Ueda Y, Kubo H, Iwao Y (2009) The sperm-
surface glycoprotein, SGP, is necessary for fertilization in the frog, Xenopus laevis. Dev
Growth Differ 51(5):499-510

Nuccitelli R, Kline D, Busa WB, Talevi R, Campanella C (1988) A highly localized activation cur-
rent yet widespread intracellular calcium increase in the egg of the frog, Discoglossus pictus.
Dev Biol 130(1):120-132

Nuccitelli R, Yim DL, Smart T (1993) The sperm-induced Ca** wave following fertilization of the
Xenopus egg requires the production of Ins(1, 4, 5)P;. Dev Biol 158(1):200-212



11 Fertilization in Amphibians: The Cellular and Molecular Events from Sperm... 243

O’Brien ED, Krapf D, Cabada MO, Visconti PE, Arranz SE (2011) Transmembrane adenylyl
cyclase regulates amphibian sperm motility through protein kinase A activation. Dev Biol
350(1):80-88

Ohta M, Kubo H, Nakauchi'Y, Watanabe A (2010) Sperm motility-initiating activity in the egg jelly
of the externally-fertilizing urodele amphibian, Hynobius lichenatus. Zool Sci 27(11):875-879

Olson JH, Chandler DE (1999) Xenopus laevis egg jelly contains small proteins that are essential
to fertilization. Dev Biol 210(2):401-410

Olson JH, Xiang X, Ziegert T, Kittelson A, Rawls A, Bieber AL, Chandler DE (2001) Allurin, a
21-kDa sperm chemoattractant from Xenopus egg jelly, is related to mammalian sperm-binding
proteins. Proc Natl Acad Sci U S A 98(20):11205-11210

Omata S, Katagiri C (1996) Involvement of carbohydrate moieties of the toad egg vitelline coat in
binding with fertilizing sperm. Dev Growth Differ 38:663-672

Penn A, Gledhill BL (1972) Acrosomal proteolytic activity of amphibian sperm. A direct demon-
stration. Exp Cell Res 74(1):285-288

Plancke Y, Wieruszeski JM, Alonso C, Boilly B, Strecker G (1995) Structure of four acidic oli-
gosaccharides from the jelly coat surrounding the eggs of Xenopus laevis. Eur J Biochem
231(2):434-439

Prody GA, Greve LC, Hedrick JL (1985) Purification and characterization of an N-acetyl-beta-D-
glucosaminidase from cortical granules of Xenopus laevis eggs. J Exp Zool 235(3):335-340

Quill TA, Hedrick JL (1996) The fertilization layer mediated block to polyspermy in Xenopus
laevis: isolation of the cortical granule lectin ligand. Arch Biochem Biophys 333(2):326-332

Raisman JS, Cabada MO (1977) Acrosomic reaction and proteolytic activity in the spermatozoa of
an anuran amphibian Leptodactylus chaquensis (CEI). Dev Growth Differ 19:227-232

Raisman JS, Cunio RW, Cabada MO, Del Pino EF, Mariano MI (1980) Acrosome breakdown in
Leptodactylus chaquensis (amphibia anura) spermatozoa. Dev Growth Differ 22:289-297

Ratzan WIJ, Evsikov AV, Okamura Y, Jaffe LA (2011) Voltage sensitive phosphoinositide phos-
phatases of Xenopus: their tissue distribution and voltage dependence. J Cell Physiol
226(11):2740-2746

Reinhart D, Ridgway J, Chandler DE (1998) Xenopus laevis fertilisation: analysis of sperm motil-
ity in egg jelly using video light microscopy. Zygote 6(2):173-182

Sakakibara K, Sato K, Yoshino K, Oshiro N, Hirahara S, Mahbub Hasan AK, Iwasaki T, Ueda
Y, Iwao Y, Yonezawa K, Fukami Y (2005) Molecular identification and characterization of
Xenopus egg uroplakin III, an egg raft-associated transmembrane protein that is tyrosine-
phosphorylated upon fertilization. J Biol Chem 280(15):15029-15037

Sasaki T, Kamimura S, Takai H, Watanabe A, Onitake K (2002) The activity for the induction of
the sperm acrosome reaction localises in the outer layers and exists in the high-molecular-
weight components of the egg-jelly of the newt, Cynops pyrrhogaster. Zygote 10(1):1-9

Sato K (2014) Transmembrane signal transduction in oocyte maturation and fertilization: focusing
on Xenopus laevis as a model animal. Int J Mol Sci 16(1):114-134

Sato K (2018) Fertilization and protein tyrosine kinase signaling: are they merging or emerging?
In: Kobayashi K, Kitano T, Iwao Y, Kondo M (eds) Reproductive and developmental strategies.
Diversity and commonality in animals. Springer, Tokyo

Sato K, Iwao Y, Fujimura T, Tamaki I, Ogawa K, Iwasaki T, Tokmakov AA, Hatano O, Fukami Y
(1999) Evidence for the involvement of a Src-related tyrosine kinase in Xenopus egg activation.
Dev Biol 209(2):308-320

Sato K, Iwasaki T, Ogawa K, Konishi M, Tokmakov AA, Fukami Y (2002) Low density detergent-
insoluble membrane of Xenopus eggs: subcellular microdomain for tyrosine kinase signaling
in fertilization. Development 129(4):885-896

Sato K, Tokmakov AA, He CL, Kurokawa M, Iwasaki T, Shirouzu M, Fissore RA, Yokoyama
S, Fukami Y (2003) Reconstitution of Src-dependent phospholipase Cy phosphorylation and
transient calcium release by using membrane rafts and cell-free extracts from Xenopus eggs. J
Biol Chem 278(40):38413-38420



244 Y. Iwao and M. Watabe

Sato T, Yokoe M, Endo D, Morita M, Toyama F, Kawamura Y, Nakauchi Y, Takayama-Watanabe E,
Watanabe A (2017) Sperm motility initiating substance may be insufficient to induce forward
motility of Cynops ensicauda sperm. Mol Reprod Dev 84(8):686—-692

Schlichter LC, Elinson RP (1981) Electrical responses of immature and mature Rana pipiens
oocytes to sperm and other activating stimuli. Dev Biol 83(1):33—41

Sever DM, Hamlett C, Slabach, R, Stephenson B, Verrell PA (2003) Internal fertilization in the
anura with special reference to mating and female sperm storage in Ascaphus. In: Jamieson
BGM (ed) Reproductive biology and phylogeny of anura. Reproductive biology and phylog-
eny, vol 2. Science Publishers, Plymouth, pp 319-341

Shilling FM, Magie CR, Nuccitelli R (1998) Voltage-dependent activation of frog eggs by a sperm
surface disintegrin peptide. Dev Biol 202(1):113-124

Snow P, Yim DL, Leibow JD, Saini S, Nuccitelli R (1996) Fertilization stimulates an increase in
inositol trisphosphate and inositol lipid levels in Xenopus eggs. Dev Biol 180(1):108-118

Steinhardt RA, Epel D, Carroll EJ Jr, Yanagimachi R (1974) Is calcium ionophore a universal
activator for unfertilised eggs? Nature 252(5478):41-43

Stewart-Savage J, Grey RD (1984) Fertilization of investment-free Xenopus eggs. Exp Cell Res
154(2):639-642

Stewart-Savage J, Grey RD (1987) Loss of functional sperm entry into Xenopus eggs after activa-
tion correlates with a reduction in surface adhesivity. Dev Biol 120(2):434-446

Stith BJ, Goalstone M, Silva S, Jaynes C (1993) Inositol 1,4,5-trisphosphate mass changes from
fertilization through first cleavage in Xenopus laevis. Mol Biol Cell 4(4):435-443

Stith BJ, Espinoza R, Roberts D, Smart T (1994) Sperm increase inositol 1,4,5-trisphosphate mass
in Xenopus laevis eggs preinjected with calcium buffers or heparin. Dev Biol 165(1):206-215

Strecker G, Wieruszeski JM, Plancke Y, Boilly B (1995) Primary structure of 12 neutral
oligosaccharide-alditols released from the jelly coats of the anuran Xenopus laevis by reductive
beta-elimination. Glycobiology 5(1):137-146

Sugiyama H, Burnett L, Xiang X, Olson J, Willis S, Miao A, Akema T, Bieber AL, Chandler DE
(2009) Purification and multimer formation of allurin, a sperm chemoattractant from Xenopus
laevis egg jelly. Mol Reprod Dev 76(6):527-536

Takahashi T, Kutsuzawa M, Shiba K, Takayama-Watanabe E, Inaba K, Watanabe A (2013) Distinct
Ca?* channels maintain a high motility state of the sperm that may be needed for penetration of
egg jelly of the newt, Cynops pyrrhogaster. Dev Growth Differ 55(7):657-667

Takayama-Watanabe E, Campanella C, Kubo H, Watanabe A (2012) Sperm motility initiation by
egg jelly of the anuran, Discoglossus pictus may be mediated by sperm motility-initiating sub-
stance of the internally-fertilizing newt, Cynops pyrrhogaster. Zygote 20(4):417-422

Takayama-Watanabe E, Ochiai H, Tanino S, Watanabe A (2015) Contribution of different Ca(2)
(+) channels to the acrosome reaction-mediated initiation of sperm motility in the newt Cynops
pyrrhogaster. Zygote 23(3):342-351

Talevi R, Dale B, Campanella C (1985) Fertilization and activation potentials in Discoglossus
pictus (Anura) eggs: a delayed response to activation by pricking. Dev Biol 111(2):316-323

Tian J, Gong H, Thomsen GH, Lennarz W] (1997a) Gamete interactions in Xenopus lae-
vis: identification of sperm binding glycoproteins in the egg vitelline envelope. J Cell Biol
136(5):1099-1108

Tian J, Gong H, Thomsen GH, Lennarz WJ (1997b) Xenopus laevis sperm-egg adhesion is
regulated by modifications in the sperm receptor and the egg vitelline envelope. Dev Biol
187(2):143-153

Tokmakov AA, Stefanov VE, Iwasaki T, Sato K, Fukami Y (2014) Calcium signaling and meiotic
exit at fertilization in Xenopus egg. Int J Mol Sci 15(10):18659-18676

Tseng K, Lindsay LL, Penn S, Hedrick JL, Lebrilla CB (1997) Characterization of neutral
oligosaccharide-alditols from Xenopus laevis egg jelly coats by matrix-assisted laser desorp-
tion Fourier transform mass spectrometry. Anal Biochem 250(1):18-28



11  Fertilization in Amphibians: The Cellular and Molecular Events from Sperm... 245

Tseng K, Xie Y, Seeley J, Hedrick JL, Lebrilla CB (2001) Profiling with structural elucidation of
the neutral and anionic O-linked oligosaccharides in the egg jelly coat of Xenopus laevis by
Fourier transform mass spectrometry. Glycoconj J 18(4):309-320

Ueda Y, Yoshizaki N, Iwao Y (2002) Acrosome reaction in sperm of the frog, Xenopus laevis: its
detection and induction by oviductal pars recta secretion. Dev Biol 243(1):55-64

Ueda'Y, Kubo H, Iwao Y (2003) Characterization of the acrosome reaction-inducing substance in
Xenopus (ARISX) secreted from the oviductal pars recta onto the vitelline envelope. Dev Biol
264(1):289-298

Ueda 'Y, Imaizumi C, Kubo H, Sato K, Fukami Y, Iwao Y (2007) Analysis of terminal sugar moi-
eties and species-specificities of acrosome reaction-inducing substance in Xenopus (ARISX).
Dev Growth Differ 49(7):591-601

Ueno T, Ohgami T, Harada Y, Ueno S, Iwao Y (2014) Egg activation in physiologically polysper-
mic newt eggs: involvement of IP(3) receptor, PLCgamma, and microtubules in calcium wave
induction. Int J Dev Biol 58(5):315-323

Vo LH, Hedrick JL (2000) Independent and hetero-oligomeric-dependent sperm binding to egg
envelope glycoprotein ZPC in Xenopus laevis. Biol Reprod 62(3):766-774

Vo LH, Yen TY, Macher BA, Hedrick JL (2003) Identification of the ZPC oligosaccharide ligand
involved in sperm binding and the glycan structures of Xenopus laevis vitelline envelope gly-
coproteins. Biol Reprod 69(6):1822—-1830

Wakimoto BT (1979) DNA synthesis after polyspermic fertilization in the axolotl. ] Embryol Exp
Morphol 52:39-48

Watabe M, Izaki K, Fujino S, Maruyama M, Kojima C, Hiraiwa A, Ueno S, Iwao Y (2019) The
electrical block to polyspermy induced by an intracellular Ca** increase at fertilization of the
clawed frogs, Xenopus laevis and Xenopus tropicalis. Mol Reprod Dev 86:387-403

Watanabe A, Onitake K (2003) Sperm activation. In: Sever DM (ed) Reproductive biology
and phylogeny of Urodel. Reproductive biology and phylogeny, vol 1. Science Publishers,
Plymouth, pp 425445

Watanabe T, Itoh T, Watanabe A, Onitake K (2003) Characteristics of sperm motility induced on the
egg-jelly in the internal fertilization of the newt, Cynops pyrrhogaster. Zool Sci 20(3):345-352

Watanabe A, Fukutomi K, Kubo H, Ohta M, Takayama-Watanabe E, Onitake K (2009)
Identification of egg-jelly substances triggering sperm acrosome reaction in the newt, Cynops
pyrrhogaster. Mol Reprod Dev 76(4):399-406

Watanabe T, Kubo H, Takeshima S, Nakagawa M, Ohta M, Kamimura S, Takayama-Watanabe E,
Watanabe A, Onitake K (2010) Identification of the sperm motility-initiating substance in the
newt, Cynops pyrrhogaster, and its possible relationship with the acrosome reaction during
internal fertilization. Int J Dev Biol 54(4):591-597

Webb DJ, Nuccitelli R (1985) Fertilization potential and electrical properties of the Xenopus laevis
egg. Dev Biol 107(2):395-406

Wilkinson M, Nussbaum RA (2006) Caecilian phylogeny and classification. In: Exbrayat JM (ed)
Reproductive biology and phylogeny of Gymnophiona: (caecilians). Reproductive biology and
phylogeny, vol 5. Science Publishers, Plymouth, pp 39-78

Wolf DP, Hedrick JL (1971) A molecular approach to fertilization. 3. Development of a bioassay
for sperm capacitation. Dev Biol 25(3):360-376

Wozniak KL, Mayfield BL, Duray AM, Tembo M, Beleny DO, Napolitano MA, Sauer ML, Wisner
BW, Carlson AE (2017) Extracellular Ca** is required for fertilization in the African clawed
frog, Xenopus laevis. PLoS One 12(1):e0170405

Wozniak KL, Phelps WA, Tembo M, Lee MT, Carlson AE (2018a) The TMEM16A channel medi-
ates the fast polyspermy block in Xenopus laevis. J Gen Physiol 150(9):1249-1259

Wozniak KL, Tembo M, Phelps WA, Lee MT, Carlson AE (2018b) PLC and IP3-evoked Ca** release
initiate the fast block to polyspermy in Xenopus laevis eggs. J Gen Physiol 150(9):1239-1248

Xiang X, Burnett L, Rawls A, Bieber A, Chandler D (2004) The sperm chemoattractant “allurin”
is expressed and secreted from the Xenopus oviduct in a hormone-regulated manner. Dev Biol
275(2):343-355



246 Y. Iwao and M. Watabe

Xiang X, Kittelson A, Olson J, Bieber A, Chandler D (2005) Allurin, a 21 kD sperm chemoat-
tractant, is rapidly released from the outermost jelly layer of the Xenopus egg by diffusion and
medium convection. Mol Reprod Dev 70(3):344-360

Yamamoto S, Yamashita M, Iwao Y (1999) Rise of intracellular Ca** level causes the decrease of
cyclin B1 and Mos in the newt eggs at fertilization. Mol Reprod Dev 53(3):341-349

Yamamoto S, Kubota HY, Yoshimoto Y, Iwao Y (2001) Injection of a sperm extract triggers egg
activation in the newt Cynops pyrrhogaster. Dev Biol 230(1):89-99

Yamasaki H, Takamune K, Katagiri C (1988) Classification, inhibition, and specificity studies of
the vitelline coat lysin from toad sperm. Gamete Res 20(3):287-300

Yokoe M, Sano M, Shibata H, Shibata D, Takayama-Watanabe E, Inaba K, Watanabe A (2014)
Sperm proteases that may be involved in the initiation of sperm motility in the newt, Cynops
pyrrhogaster. Int J Mol Sci 15(9):15210-15224

Yokoe M, Takayama-Watanabe E, Saito Y, Kutsuzawa M, Fujita K, Ochi H, Nakauchi Y, Watanabe
A (2016) A novel cysteine knot protein for enhancing sperm motility that might facilitate the
evolution of internal fertilization in amphibians. PLoS One 11(8):e0160445

Yoshizaki N (1989a) Comparison of two lectins isolated from Xenopus cortical granules. Zool Sci
6:507-514

Yoshizaki N (1989b) Immunoelectron microscopic demonstration of cortical granule lectins in
coelomic, unfertilized and fertilized eggs of Xenopus laevis. Dev Growth Differ 31(4):325-330

Yoshizaki N, Katagiri C (1981) Oviducal contribution to alteration of the vitelline coat in the frog
Rana japonica: an electron microscopic study. Dev Growth Differ 23:495-506

Zhang J, Xie Y, Hedrick JL, Lebrilla CB (2004) Profiling the morphological distribution of
O-linked oligosaccharides. Anal Biochem 334(1):20-35



Part IV
Behavior, Ecology and Reproductive
Strategies



Chapter 12 )
Motility and Guidance of Sea Urchin b
Sperm

Adan Guerrero, Hermes Gadélha, Héctor Vicente Ramirez-Gomez,
Roberto Ramirez, Carmen Beltran, and Idan Tuval

Abstract The sperm tail movement is a direct result from contributions of fluid
mechanics, elasticity, and molecular-motor activity. Within the flagellum, the axo-
nemal engine yields overall mechanical response and, ultimately, motility. This
chapter attempts to provide a comprehensive and integrative overview of the rela-
tionship between the mechanics, signaling of sperm propulsion, and the physiologi-
cal function of these cells in 3D. Sperm swimming, with its intricate coupling
between the regulations of the flagellar beating has to ultimately fulfill its evolution-
ary function honed in their natural environment, the open sea. The strategies that are
being employed to unravel this fascinating and fundamental process are revisited,
where the sliding of water bodies shape chemical landscapes sensed by sperms dur-
ing their journey, affecting motility patterns and directly determining gamete
encounter rates.
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12.1 Introduction

Broadcast spawning organisms, such as marine invertebrates, release their gametes
into open sea, where they are often subject to extensive dilution that reduces the
probability of gamete encounter (Lotterhos et al. 2010). In many marine organisms,
female gametes release diffusible molecules that attract homologous spermatozoa
(Lillie 1913; Miller 1985; Suzuki 1995). Propelled by their beating flagella, sperma-
tozoa detect and respond to chemoattractant concentration gradients by steering
their swimming trajectory toward the gradient source: the egg. Though it was in
bracken ferns where sperm chemotaxis was first identified (Pfeffer 1884), sea
urchins are currently the best-characterized model system for studying sperm che-
motaxis at a molecular level (Alvarez et al. 2012; Cook et al. 1994; Darszon et al.
2008; Striinker et al. 2015; Wood et al. 2015).

Decoding the female gamete’s positional information is a process that spermato-
zoa undergo in a three-dimensional (3D) space. In this chapter, we present a com-
pendium of literature showing the internal architecture of the sperm axoneme in
marine invertebrates. The motility implication of having such architecture, consid-
ering the elastohydrodynamical properties of the flagella and its interaction with the
surrounding milieu. The consequences of sea urchin sperm bearing an almost naked
motor apparatus, which drives helical swimming behaviors, are discussed, with par-
ticular interest on consequences of the periodic sampling of chemoattractant plumes
shaped by the sliding of water bodies.

12.2 The Low Reynolds Number World

The locomotion of microorganisms is dominated by the excessive viscous friction
of the fluid, even when the viscosity of the fluid is as low as the viscosity of water.
Due to their diminutive microscopic sizes, the fluid is “felt” by the microorganism
as an incredibly thick environment. This is the so-called world of low Reynolds
number. The Reynolds number measures the ratio between inertial and viscous
effects in a fluid. When the Reynolds number is low, viscous friction dominates the
movement. This means that none of our experiences based on our daily inertia-
dominated regime may be used to understand this microscopic world with tremen-
dous consequences on the motility of any microbe. To start with, any persistent net
movement requires the continuous action of a force to drive it. If the total force
vanishes at any instant the movement halts abruptly. This is very different from the
inertia-dominated world we live. For example, while riding a bicycle, if a cyclist
stops pedaling, the bicycle continues its movement all due to Newton’s inertia.
Cilia and flagella are structurally closely-related organelles that act as motors to
propel a wide range of swimming microorganisms. Their propulsion is generated by
the repetitive propagation of bends along the length of the flagellum, which gener-
ates sufficient thrust to propel the microorganism forward (Gray 1955; Gray and
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Hancock 1955). The locomotive properties of microorganisms have been analyzed
under different perspectives (Lauga and Powers 2009; Purcell 1977; Reynolds
1883; Stokes 1851). In general, mathematical models study the swimming behavior
of flagellated microorganisms by imposing a periodic deformation of their flagel-
lum. Mathematically, this is achieved by balancing the equations that describe the
total hydrodynamic forces and torques acting on the microorganism. Interesting, if
the movement of the flagellum is time-reversible, no net propulsion can be gener-
ated, as viscous friction damps any movement arising via inertial effects in low
Reynolds number regime. The latter is known as the “scallop theorem.” Traveling
waves, however, are not reversible in time: a video-recording of a swimming sperm
played in reverse shows a very different nonsymmetric movement when compared
with the normal direction of the video. This is not the case for an angular back-and-
forth flapping motion of rigid rod in low Reynolds number, for example. In this
case, the flapping movement always looks the same in respect of the direction of
time in which the video recording is played. As a result, such simple articulated arm
swimmer cannot move forward in inertialess environment. Traveling waves, how-
ever, are used across multiple scales in nature and are especially relevant for the
microscopic world, as a spermatozoon would not go anywhere if the flagellum
movement was reciprocal in time.

12.3 Two Historical Tales of the Sperm Tail

Sea urchin spermatozoa are pivotal for our understanding on how spermatozoa
swim and flagellar bending waves emerge. Sea urchin sperm is not only conve-
niently available for empirical studies, but also its internal structure is simpler when
compared with other species. The flagellum is composed of the axoneme surrounded
by a plasma membrane, as detailed in Sect. 12.4. These are perhaps the reasons as
to why sea urchin spermatozoa are a canonical model for flagella across many
disciplines.

The fundamental discovery that underpins our current understanding of flagellar
wave generation, the so-called sliding-filament mechanism, took place about
50 years ago. Gibbons demonstrated that ATP-induced inter-microtubule motion
within the flagellar axoneme is converted into bending and was first observed in sea
urchin spermatozoa (Gibbons and Rowe 1965). Gregg Gundersen described that
during the annual ASCB meeting, the recordings of the ATP-induced microtubule
sliding were received with “a standing ovation by the audience.” Indeed, up to this
point in science, flagellar waves were believed to be generated by angular actuation
of the sperm head junction, rather than a distribution of forcing elements along the
flagellum. The active motion of microtubules inside the axoneme observed by
Gibbon’s stands today as the “central dogma” behind the flagellar wave generation
and self-organization. This opened the field to the fast-growing interdisciplinary
research we see today, from cell biology, physiology, and microbiology to mathe-
matics, physics, and chemistry.
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Interestingly, almost one decade before Gibbons’ discovery, the existence of
“contractile” elements along the sperm flagellum was hypothesized by Machin
(1958). Using a simple mathematical model coupling the hydrodynamic viscous
forces and the elastic bending resistance experienced by the flexible tail, he demon-
strated that this combined action of both viscous and elastic resistance rapidly
dampens any wave generated by oscillating one end only of a passive elastic tail. By
comparing his mathematical prediction with observations of sea urchin sperm,
Machin theorized that the action of a distribution of contractile elements would be
required in order to sustain the large amplitude waves observed in experiments
(Gray and Hancock 1955). This early mathematical prediction demonstrated the
incredible power of theoretical research. While these two developments unfolded in
parallel, we can only wonder what would have happened with our understanding of
flagella if Machin and Gibbons have had the chance to meet at early stages. The
cornerstone of the modern interdisciplinary research pursued today embraces the
two distinct, but complementary, perspectives of Gibbons and Machin, that is,
observations and theory.

12.4 Flagellar Axonemes

Today we know that the axonemal flagellum is composed of an arrangement of nine
pairs of microtubule doublets surrounding a central microtubule pair (Fig. 12.1)
(Gibbons 1981; Lindemann and Lesich 2010). The outer doublet microtubules form
a cylindrical structure interconnect via nexin links, with radial spokes linking the
outer doublets to the central pair, and joint also through the active binding and
unbinding of molecular motors, the dynein arms.

The axoneme is however far from being just a passive elastic structure. The shear
forces are provided by dynein ATPases that power the sliding of the outer doublet
microtubules relative to one another alongside the axoneme—the so-called sliding
filament mechanism (Brokaw 1989; Gibbons and Rowe 1965; Porter and Sale
2000). In a visual perspective from the base to the tip, the dynein arms always
extend in a clockwise direction, pointing toward the adjacent doublet (Gibbons
1961). This chiral distribution has direct implication on the shape of the flagellar
beat cycle, as the activity of the dynein arms alternates cyclically, hence driving
periodic bending of the axoneme in alternate directions.

Due to the presence of constraints such as the nexin links, radial spokes, and the
basal anchor, this relative sliding motion is converted into bends of the axoneme
(Brokaw 1971, 1972a, b). As a consequence, there is a cyclical bend generation and
propagation of bending along the flagellum. The flagellar bends also regulate the
activity of the dyneins therein (Hayashibe et al. 1997; Ishikawa and Shingyoji 2007;
Lin and Nicastro 2018; Okuno and Hiramoto 1976), which concomitantly initiates
self-regulatory feedbacks that alternates the microtubule sliding on opposites sides
of the axoneme (Hayashi and Shingyoji 2008; Morita and Shingyoji 2004; Nakano
et al. 2003).
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Fig. 12.1 The axoneme of sea urchin spermatozoa. Schematic 3D diagram of the axoneme of sea
urchin, inspired by cryo-electron microscope studies of Nicastro et al. (2006, 2011). Lateral view
of the axoneme for an observer located at the basal body. DRC dynein regulatory complex; CPC
central pair complex

12.5 The Mechanical Role of Axonemal Structure

Despite the inherent complexity of flagellar axonemes described above (Afzelius
1959; Fawcett 1975; Warner and Satir 1974), and early observations of the actual
microtubule sliding during wave propagation (Brokaw 1991), flagellar axonemes
have been traditionally considered to behave as a simple elastic rod (Howard 2008);
in other words, their bending resistance to deformation is proportional to the curva-
ture of the bend—only true for simple elastic filaments. The striking similarity
between the shape deformation of axonemes and an elastic rod under buckling,
observed by Okuno (Fig. 12.2) (Okuno 1980) led to the assumption that such sim-
plistic linear relation between bending resistance and curvature (Antman 2005)
could capture the mechanical properties of flagellar axonemes. In this case, the axo-
nemal bending stiffness was considered to be proportional to the number of con-
stituent microtubules. It was not until the discovery of paradoxical counterbend
phenomenon (Pelle et al. 2009) by Lindemann and co-workers the true mechanical
complexity of axonemes was unveiled. The counterbend phenomenon instigates a
bend in opposition to any imposed curvature in passive axonemes, i.e., axonemes in
which molecular motors have been rendered passive (Fig. 12.2b). This unveiled the
inadequacy of the over simplistic mechanical view of flagellar axonemes—almost
30 years after the first buckling experiments with axonemes by Okuno and
Hiramoto (1979).
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Fig. 12.2 Force-displacement experiments of flagellar axonemes showing the deformation of a
sea urchin sperm axoneme rendered passive with the head attached to the coverslip while forced
externally by a micro-probe. (a) Mathematical model prediction of the counterbend phenomenon,
(b) overlaid curve depicts the model fit with the experiment by Lindemann (Pelle et al. 2009), (¢)
2D representation of the sliding filament mechanism and basal compliance (Brokaw 1971;
Everaers et al. 1995; Riedel-Kruse and Hilfinger 2007). We refer the reader to Gadelha et al. (2013)
for an expanded schematic diagram depicting all model parameters. (All figures adapted from
Gadélha, H., Gaffney, E. A. & Goriely, A. The counterbend phenomenon in flagellar axonemes and
cross-linked filament bundles. PNAS 110, 12,180-12,185 (2013), with permission from Copyright
(2013) National Academy of Sciences)

The counterbend phenomenon depicted in Fig. 12.2 was later described mathe-
matically by incorporating the interfilament sliding mechanism (Brokaw 1971;
Gadelha et al. 2013) (model fitting is depicted by the red curve in Fig. 12.2b), dem-
onstrating how the induction of curvature in one section of the axoneme instigates
compensatory counter-curvature elsewhere. The flagellar counter-bending observed
by Lindemann established the large-scale role of the nanometric interfilament elas-
tic connectors within the axoneme. This established the generation of large-
amplitude deformations via the non-local transmission of elastic bending moments
to distant parts of the flagellum (Coy and Gadélha 2017; Gadelha et al. 2013;
Lindemann et al. 2005; Pelle et al. 2009). In particular, it was shown that counter-
bend deformations could be conveniently used to extract multiple axonemal mate-
rial quantities, such as the bending stiffness, basal compliance, and the interfilament
sliding resistance, which not be possible otherwise (Gadelha et al. 2013).

The sliding filament model is a mathematical abstraction of a rail-track, as
depicted in Fig. 12.2¢, d. Upon bending deformation, each filament travels distinct
contour lengths (Brokaw 1971). Since points of equal contour length are connected
by elastic linking proteins, a shearing force is generated along the structure propor-
tional to the sliding displacement (Gadelha et al. 2013). At the basal end, the con-
nection between the sperm head and the flagellum also contributes to the overall
interfilament sliding. The constituent microtubules, however, are not rigidly
cemented at the sperm head junction, but rather linked via connecting proteins, thus
allowing some interfilament sliding compliance at base (Fawcett 1975). As a result,
non-local moments generated by the sliding movement of filaments have a dramatic
effect on the overall structure. This is observed in both experiments and model pre-
dictions (Fig. 12.2). The interplay between the sliding resistance and basal compli-
ance induce a bimodal mechanical response of the axoneme, which depends on
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whether the filaments at the base are free to slide past each other or restricted (Coy
and Gadélha 2017; Gadelha et al. 2013). The counterbend phenomenon is maxi-
mized for axonemes that are rigidly attached at the sperm head. The amplitude of
the couterbends are greatly reduced when the filaments are free to slide at base, for
example, when the axoneme is detached from the sperm head (homogeneous axo-
nemes). Interestingly, counterbends were shown to prevent violent jumps if the axo-
neme is abruptly forced to buckle (Gadelha 2018). These empirical and theoretical
results highlight the critical importance of the nanometric structures necessary to
hold the axonemal assembly together, which despite their diminutive scale, the link-
ing proteins effectively contributes to a much larger length scale, thus dictating how
the mechanical information is transmitted along the flagellum.

12.6 The Sperm Flagellum Elastohydrodynamics

The sperm flagellum undulation is a direct result of a triad of contributions coupling
fluid mechanics, elasticity, and molecular motor activity (Camalet and Jiilicher
2000; Gaffney et al. 2011; Hines and Blum 1972; Machin 1958; Moreau et al. 2018;
Tornberg and Shelley 2004). For slender structures moving in a fluid, such as cilia
and the sperm flagellum, the hydrodynamic forces experienced by a small cylindri-
cal section of the flagellum is anisotropic and proportional to its velocity (Gray and
Hancock 1955). A slender cylinder moving perpendicularly in a fluid experiences a
drag force almost twice as large as if the movement is along the axis of the cylinder.
This approximation is known as the resistive force theory, first demonstrated for sea
urchin spermatozoa. Mathematically, the dynamics of a passive sperm flagellum in
a fluid is governed by the balance of hydrodynamic and elastic moments arising
from the axonemal structure, as we discussed above. The elastic and hydrodynamic
combined interactions are customary termed elastohydrodynamics. The elastohy-
drodynamic formulation tends to be very complex, as it negotiates costs to shape
changes and movement. The combined elastic and hydrodynamic effects make the
tail feel a “hyperdiffusive” dissipation, that is, if the flagellum is initially deformed
into a shape, the rate by which the shape unbends toward the straight configuration
is much faster than diffusion (Coy and Gadélha 2017; Machin 1958; Wiggins and
Goldstein 1998).

Figure 12.3 depicts the canonical solution for the elastohydrodynamics of a pas-
sive filament angularly actuated at the left end (Coy and Gadélha 2017). This was
first derived by Machin (1958) for very small deformations. Figure 12.3 (left panel)
shows how bending waves initially generated at the left end are rapidly damped
along the tail, demonstrating that such simple oscillatory mechanism at the sperm
head junction could not explain the large amplitude waves observed in swimming
spermatozoa, thus requiring motors along the tail to sustain the waving propagation
along the flagellum. Indeed, the hyperdiffusive dissipation of bending is character-
ized by a “bending penetration length” which measures the length by which a wave
is able to permeate along the filament. Because the penetration length is a direct
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Fig. 12.3 Elastohydrodynamics of elastic filaments (a) and axonemes (b). (a) Purely hyperdiffu-
sive elastohydrodynamics of a simple elastic tail as first obtained by Machin (1958) for driven
angular oscillations at the left end of an elastic passive tail. Bending waves decay before reaching
the end of the filament. (b) Counter-traveling wave phenomenon instigated by the non-local
moments of sliding filament mechanism in flagellar axonemes. (Republished with permission of
Royal Society, from [The counterbend dynamics of cross-linked filament bundles and flagella,
Coy, R. & Gadélha, H, 14, 20170065 (2017)]; permission conveyed through Copyright Clearance
Center, Inc.)

result of both fluid and elastic properties, this may be exploited to characterize elas-
tic properties from wide range of biological filaments (Wiggins and Goldstein 1998).

The axonemal structure however is modified by the sliding filament mechanics,
as discussed above. The cross-linking moments introduce a “diffusion-like” effect
into the elastohydrodynamics of an axoneme (Coy and Gadélha 2017). When slid-
ing movement is permitted at the base, the cross-linking axonemal diffusion only
impacts the structure locally. This simply increases the overall bending stiffness of
the axoneme. On the other hand, when the filament sliding is not permitted at the
base, long-range, non-local curvature-reversal occurs, as shown in Fig. 12.3 (right
panel). The flagellar counterbending is thus capable of generating waves that travel
in opposition to the driven oscillations for passive flagella with no motor activity.
This is in contrast with a simple elastic filament—compare left and right panels of
Fig. 12.3. Shape deformations of passive axonemes in a viscous fluid relax a hun-
dred times faster than simple elastic filaments. Furthermore, a relatively small inter-
filament sliding displacement, up to only 30% of the axoneme diameter, was
observed to induce large amplitude counterbends.

12.7 Molecular Motor Control Hypotheses and the Role
of the Flagellum Length

The elastohydrodynamic response of flagellar axonemes are critically dependent on
flagellar length. The sliding filament mechanism responds differently for flagella
with different lengths. The counter-wave phenomena (Fig. 12.3) described above
becomes increasingly more important for flagellar axonemes that are longer than
5 pm. Interestingly, the majority of eukaryotic flagella exceed this figure by a few
orders of magnitude, from approximately 30 pm for Chlamydomonas and sea urchin
sperm to almost 200 pm for quail sperm. Recently, the local curvature control
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hypothesis of molecular motor (Sartori et al. 2016) have regained empirical support
when tested against short flagella experiments (Chlamydomonas flagella). In this
length regime, the counterbend phenomenon, and thus the non-local effects intro-
duced by the sliding filament mechanism are approximately negligible (Coy and
Gadélha 2017). This reemerging support for the curvature control hypothesis dis-
agrees with the well-known negative support of curvature control models by Brokaw
(1985), when tested against long flagella (Riedel-Kruse and Hilfinger 2007). This
recurrent contradiction between interfilament sliding and curvature control hypoth-
esis (Brokaw 1971; Brokaw and Rintala 1975; Hines and Blum 1972; Lindemann
2009; Sartori et al. 2016) may suggest the existence of distinct length-dependent
self-organization regimes of axonemes.

A fundamental challenge, both experimentally and theoretically, is thus to under-
stand how flagellar axonemes yields overall mechanical response and, ultimately,
self-organization in active flagella (Lindemann 2009). This is aggravated by the
increasing number of, repeatedly contradicting, control hypothesis for the flagellar
wave coordination in the literature (Brokaw and Rintala 1975; Hines and Blum
1972; Lindemann 2009; Oriola and Gadélha 2017; Sartori et al. 2016). Paradoxically,
in order to induce bending waves, any flagellar control model rely on the implemen-
tation of axonemal deformations that are yet to be scrutinized in isolation, from
curvature to interfilament sliding and axial distortions (Coy and Gadélha 2017).
This is aggravated by the strong coupling between the unknown molecular motor
activity and the distinct passive components discussed above, across many length
scales. The number of dissipative mechanisms involved may also lead to a non-
identifiability of parameters when attempting to match the mathematical model with
experiments (Plouraboué et al. 2017). Without the disentanglement between the
passive and active elements, and without the rationalization of the resultant mechan-
ical response of cross-linked axonemes, it is unclear, for example, which competing
flagellar control hypothesis, if any, is able to provide a quantitative understanding of
the flagellar regulation and, crucially, function of the internal components of the
axoneme. This highlights the importance of future observational and theoretical
studies focusing on the understanding of the underlying mechanics of this complex
cell appendage, thus a fertile area for the combination of theoretical and empirical
approaches (Moreau et al. 2018).

12.8 The Role of Viscosity and Potential Evolutionary
Adaptations

Sea urchins are external fertilizers, and the sperm cells are released in open water
for fertilization to occur. In contrast with human sperm, which is an internal fertil-
izer, sea urchin sperm is not required to swim in high-viscosity fluids. Nevertheless,
their axoneme is a mechanotransducer, and the flagellar beat is modulated by
changes in the external loading imposed by the increased fluid viscosity. The latter
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is a direct result of the force-velocity response of molecular motors (Oriola and
Gadélha 2017). In general, the higher the external load, the higher will be the force
induced by a molecular motor, but the slower is the frequency of oscillation.
Likewise, if the external load is low, less force is required, which in turn allows for
high frequency of oscillation. This specific load-response of motors motivates fur-
ther investigations on the impact of the fluid viscosity while modulating the wave-
form of the flagellum.

Woolley and Vernon (2001) observed that sea urchin sperm flagellum when
swimming in a high viscosity fluid undergoes a wave-compression instability and
asymmetric waveform formation (Fig. 12.4). They also observed extreme levels of
wave confinement when the sperm head was attached to the coverslip Fig. 12.4e.
This is in contrast with observations of human spermatozoa migrating in similar
high viscosity fluids, as depicted in Fig. 12.4d, e. In this case, the flagellar waveform
is characterized by a smooth meandering envelope with a gradual increase of the
amplitude along its length. Sea urchin and human sperm flagella thus respond very
differently to changes in fluid viscosity (Fig. 12.5). This difference between sea
urchin and human sperm at high viscosities is attributed to the additional structural
components that are found in mammalian sperm but not in sea urchin sperm. In

Fig. 12.4 Sea urchin sperm (a, b, ¢) and human spermatozoa (d, e) in a high viscosity fluid, con-
taining 1% (d) and 2% (a, b, ¢, e) methylcellulose, with a nominal viscosity of 1.5 in (a), 2 in (d),
and 4 in (b, ¢, e), according to the molecular mass of the methyl-cellulose. (¢) Sea urchin sperm
with its head adhered to the coverslip. ((a—¢) Republished with permission of Company of
Biologists, from [A study of helical and planar waves on sea urchin sperm flagella, with a theory
of how they are generated Woolley, D. M. & Vernon, G. G., 204, 1333-1345 (2001)]; permission
conveyed through Copyright Clearance Center, Inc. (d—e) Reprinted with permission from John
Wiley and Sons from [Bend propagation in the flagella of migrating human sperm, and its modula-
tion by viscosity, D. J. Smith, E. A. Gaffney, H. Gadélha, et al., 66 4 17 (2009)]; license number
4603221112072)
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Fig. 12.5 Comparison between the virtual sea urchin-like flagellum (a, b) and human-like sperm
flagellum (¢) swimming in high-viscosity fluids. In (c) the flagellar axoneme is reinforced by outer-
dense fibers present in internal fertilizers denoted by the blue coating. Sea urchin flagellum is only
composed of the naked axoneme, thus is susceptible to wave compression instability and asym-
metric waveforms capable of inducing circular swimming paths (c). (All figures are mathematical
reconstructions from [Gadélha, H. & Gaffney, E. A. Flagellar ultrastructure suppresses buckling
instabilities and enables mammalian sperm navigation in high-viscosity media. Journal of The
Royal Society Interface 16, 20180668 (2019)] and [Gadélha, H., Gaffney, E. A., Smith, D. J. &
Kirkman-Brown, J. C. Nonlinear Instability in Flagellar Dynamics: A Novel Modulation
Mechanism in Sperm Migration? J. R. Soc. Interface 7, 1689-1697 (2010)] with permission from
the author)

addition to the axonemal scaffolding, each of the nine concentric microtubule dou-
blets in mammalian sperm is attached to an outer dense fiber that tapers along its
length, forming a complex known as the 9 + 9 + 2 flagellum (Fawcett 1975). Little
is known as to why sea urchin sperm flagella do not possess such additional struc-
tures, and likewise, what are the evolutionary pressures that lead to species-specific
flagellar structural adaptation.

The elastohydrodynamic formulation described above provides a powerful tool
to test different biological questions in silico. For example, why does the sea urchin
sperm flagellum only has the canonical axoneme? Using a virtual sperm model, dif-
ferent features of the flagellum may be added or removed as to identify their impact
on the resulting waveform. When the sea urchin-like sperm were made to swim
through high-viscosity liquid, their tails quickly buckled under the excessive vis-
cous friction (Fig. 12.5a, b)—which meant they were unable to propel themselves
forward. In many cases, this forced the sperm to swim in circles (Fig. 12.5a). The
sperm elastohydrodynamics predicts that under these conditions, asymmetric flagel-
lar beating may emerge dynamically via compression-driven and buckling instabili-
ties due to the large hydrodynamic drag experienced by the flagellar axoneme. The
flagellar axoneme is thus unable to sustain the high internal compression, ultimately
compromising the forward motion in a high viscosity (Fig. 12.5a, b). On the other
hand, by adding the elastic contribution arising from the ultrastructural components
present in the mammalian sperm flagellum, the flagellar elastic instability was
suppressed (Fig. 12.5¢). The latter reinforces and stabilizes the flagellum in regions
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where high compression may occur (Gadélha et al. 2010), thus preventing buckling
instabilities that would otherwise compromise spermatozoa swimming in high vis-
cosity (Brokaw 2009; Kirkman-Brown and Smith 2011).

Under natural fertilizing conditions, sea urchin spermatozoa are not prone to
flagellar to buckling instabilities, as they fertilize in low-viscosity seawater. This
suggests that sea urchin sperm flagella could have evolved in a way to preserve the
simplest form of the flagellar axoneme without changes, as sea urchins are not
exposed to high viscosities during fertilization. On the other hand, quail spermato-
zoa also possess the simplest flagellar axoneme but, yet, is an internal fertilizer and
swims in higher viscosities fluids than water. Nevertheless, its flagellar length is
excessively long, about four times the length of a sea urchin sperm flagellum, for
reasons that are still unknown. The latter emphasizes the challenging complexity
while trying to establish the biological function of different flagellar components
and its relationship with species-specific evolutionary adaptations.

12.9 The Asymmetry of the Flagellar Beat Shapes Swimming
Behavior

The intrinsic asymmetry of the axoneme creates an imbalance of shear forces that
results in unequal bending resistance promoting twisting and, as a consequence, the
generation of local bending deflections (Chwang and Wu 1971; Cosson et al. 2003;
Smith et al. 2009; Woolley 2003; Woolley and Vernon 2001). The bending gener-
ated within the axoneme is counterbalanced by the viscosity of the surrounding
media, thus the overall flagellar beat pattern results from the dynamic interplay
between these quantities (Brokaw 1989; Smith et al. 2009).

Since Gray (1955), it has been understood that if there is both asymmetry of the
bending pattern and deflections of the swimming path, they will swim in a 3D helix,
and close to boundaries will thus become “trapped” in their proximity (Gray 1955).
Jennings (1901) provided us with the first report describing qualitatively that sperm
display a helical trajectory in 3D. Thereafter, in 1978, Hiramoto and Baba studied
sperm swimming behavior at two different depths (close to the microscope slide and
300 mm above) and observed that the speed and curvature of the trajectories were
significantly different between cells swimming close to surface, and free in a vol-
ume without surface boundary effects (Hiramoto and Baba 1978). Later, the sperm
swimming of both marine invertebrates (Corkidi et al. 2008; Crenshaw 1990; Jikeli
et al. 2015) and mammalian spermatozoa (Su et al. 2012) was finally recorded and
characterized. Hence, confirming that marine spermatozoa explore their environ-
ment via helical swimming, whereupon encountering boundaries these helices col-
lapse to circular trajectories.
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12.10 Sperm Guidance by Diffusible Cues

The intrinsic periodicity of either helical or circular swimming behavior commonly
results in the periodic sampling of the cell chemical environment with direct impli-
cations for their ability to accurately determine the source of guidance molecules,
which for sperm cells is the egg. This biased motility response uphill the source of
chemical signals is known as sperm chemotaxis (Guerrero et al. 2010b).

Classical experiments performed by Miller (1985) showed sperm chemotaxis in
several species in response to egg-jelly extracts, which were presented as diffusible
compounds emanating from a glass pipette. In those elegant studies, sperm cells
describing drifting circles approached toward the capillary tip (2D confinement),
and in some cases, the sperm path trajectories resembled the projection of a helix
pointing toward the tip of the pipette (3D swimming).

Sperm chemotaxis in confined sperm has been demonstrated for several echino-
derm species (Miller 1985). From these studies, and from more recent studies, it is
now understood that sperms can reorient themselves by adjusting their motion
according to the intensity of an external stimulus (Bohmer et al. 2005; Brokaw
1958; Crenshaw 1989, 1990, 1993a, b; Crenshaw and Edelstein-Keshet 1993;
Friedrich and Jiilicher 2007, 2008, 2009; Guerrero et al. 2010a; Shiba et al. 2008).
A spermatozoon can adjust its movement by changing either the direction of the
principal axis of the helix (in 3D) or by altering the local curvature of its path trajec-
tory (for confined 2D swimming). The cellular and molecular mechanisms govern-
ing sperm chemorientation and chemotaxis will be the focus of the following
sections.

12.11 Sperm Chemotaxis Requires an Internal Ca**
Pacemaker

The homeostasis of Ca*" is fundamental for sperm chemotaxis. The blockade of
Ca?* exchange through the plasma membrane inhibits the Ca**-dependent motility
alterations required for chemotaxis (Guerrero et al. 2010a; Kaupp et al. 2003; Wood
et al. 2005, 2007; Yoshida et al. 2002). The extent of axoneme shearing affect the
symmetry of the beat, higher concentrations of Ca** increase shearing, leading to an
asymmetrical wave propagation during the flagellar beating (Brokaw 1979). High
concentrations of this ion inhibit the activity of dyneins of doublets 3/4 on the axo-
neme, without affecting dynein activity on the opposite side of the axoneme (Nakano
etal. 2003). Among the myriad of accessory proteins that have Ca?* binding domains
associated with dyneins (DiPetrillo and Smith 2009; King 2010), calaxin has been
shown that has a role on regulating sperm chemotaxis (Mizuno et al. 2009). In the
presence of Ca?*, calaxin binds to the beta-dynein heavy chain of the outer arm
dynein. Treatment of Ciona spermatozoa with repaglinide, a drug that inhibits
Calaxin activity, impairs their chemotactic responses (Mizuno et al. 2012).
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The understanding of the molecular and cellular links between Ca®* signaling
and sperm motility was established through the use of optochemical techniques
which allow to expose swimming sea urchin spermatozoa to their conspecific attrac-
tant, in a well-controlled experimental regime (Bohmer et al. 2005; Wood et al.
2005). Currently, it is well established that chemoattractants trigger an intracellular
Ca?* pacemaker that drive a sequence of turns and straight swimming episodes
(turn-and-run), where each turning event results from the increase in the [Ca'];
(Alvarez et al. 2012; Bohmer et al. 2005; Shiba et al. 2008; Wood et al. 2005).

12.12 A Key Element of Sperm Chemotaxis

When searching for the egg, sperm navigate following periodic paths in a chemoat-
tractant concentration field, in which the sampling of a periodic signal, provided by
the recruitment of chemoattractants, is translated by intracellular signaling into the
periodic modulation of the swimming path (Friedrich and Jiilicher 2007, 2008). As
a result, the periodic swimming path drifts in a direction affected by the internal
dynamics of the signaling system (i.e., the [Ca®*]; signal) (Fig. 12.6). In this concep-
tual framework, the latency of the intracellular signaling is a crucial determinant of
the directed looping of the swimming trajectory up the chemical concentration field.
The latency can be understood as the time required for all molecular processes that
occur in between the stimulus and the motility response.

This conceptual framework provides insights into the mechanism governing
sperm chemotaxis; however, it does not explore the scenario whereby chemoattrac-
tants trigger an autonomous [Ca’"]; pacemaker operating without the need of a peri-
odic stimulus (Aguilera et al. 2012; Espinal et al. 2011; Priego-Espinosa et al. 2018;
Wood et al. 2003). The existence of an internal Ca®* pacemaker triggered by che-
moattractants indicates that sperm chemotaxis operates in a dynamical space where,
at least, two autonomous oscillators reach frequency entrainment.

To better understand how sperm chemotaxis operates, it is important to assess the
nature of the two major driving forces governing this phenomenon (Fig. 12.7). The
first is the stimulus function which results from the periodic sampling of a chemoat-
tractant concentration field. The second oscillator is the internal Ca?*-dependent
pacemaker, which is triggered by the binding of chemoattractants to their receptor.
This Ca’* oscillator regulates the sperm swimming behavior, by altering the degree
of axonemal shearing. An increase of [Ca*']; leads to an increase of asymmetrical
wave propagation during the flagellar beating, hence to sharp turning events; the
decrease of [Ca®']; coincides with a more symmetrical wave propagation, which
drives straighter swimming responses. Both oscillators can exist without the pres-
ence of the other. The internal Ca?* oscillator occurs even for immotile cells, for
which the stimulus is presented as spatially uniform chemoattractant field (Wood
et al. 2003; Ramirez-Gomez et al. 2018). The stimulus oscillator exists under two
tested experimental negative controls: sperms swimming in high K* or low Ca*
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Fig. 12.6 The speract signaling cascade. The interaction of the motility regulator speract (Sp;
from the outer layer of the egg), to its receptor (SpR) in the sperm flagella membrane, coupled to
guanylyl cyclase (GC), elevates cGMP levels which activates (Rybalkin et al. 2003) and increases
the activity of phosphodiesterase 5 (PDES; Su and Vacquier 2006), and opens the K* ion channel
(Tetra-KCNG), producing a K* efflux and a transient decrease (hyperpolarization) in the mem-
brane potential (Em) which activates a sperm-specific Na*/H* exchanger (sSNHE), raising the intra-
cellular pH (pH;), which stimulates soluble adenylyl cyclase (sAC; Vacquier et al. 2014) increasing
the cCAMP levels, dynein ATPases, the cationic sperm-specific Ca** channel, CatSper (the most
complex of known ion channels and whose absence causes infertility in mice) (Chung et al. 2017;
Espinal-Enriquez et al. 2017; Ren et al. 2001; Seifert et al. 2015) and the carnitine palmitoyl trans-
ferase I (CPT-I; associated with the mitochondrial outer membrane) that regulates the mitochon-
drial metabolism to produce ATP (Garcfa-Rincon et al. 2016). The initial hyperpolarization
triggered by the speract and the increase in the cAMP levels open the Na* channel, SpHCN, allow-
ing the influx of Na* and a depolarization of the sperm. This depolarization, together with the rise
in pH; and cAMP, activates the CatSper channel that induces Ca* oscillations in the flagellum of
the cell. Elevated intracellular Ca** ([Ca®*];) enhances flagellar bending, leading the spermatozoon
to turn. Possibly, the [Ca®*]; increase also opens Ca**-regulated Cl channels (CaCC) and/or Ca**-
regulated K channels (CaKC), which then contribute to hyperpolarize again the Em, removing
inactivation from voltage-gated Ca®* channels (Ca,) and opening HCN channels. This mechanism
is then cyclically repeated to generate a train of Ca®* increases. The sequence continues until one
or more of the molecular components in the pathway are downregulated. Besides, cAMP activates
a poorly characterized Ca** influx pathway, which may contribute to a tonic [Ca*]; increase.
Finally, the dyneins hydrolyze ATP in concert with the oscillations of [Ca*]; to regulate sperm
swimming (based on Darszon et al. 2011; Espinal-Enriquez et al. 2017; Gonzalez-Cota et al. 2015;
Guerrero et al. 2010b; Nishigaki et al. 2014). The rise in pH; triggered by the binding of speract to
its receptor also dephosphorylates (inactivates) the GC (Ward et al. 1985)
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Fig. 12.7 Biophysics of chemodetection. (a) A sperm cell is swimming near to a chemoattractant
source, in this case an egg, sensing the difference in the number of the chemoattractant molecules
along a sampling distance. (b) Sea urchin sperm swimming in circles in a plane along a linear
sampling distance, given by the diameter of the circle, is sensing a difference between the number
of chemoattractant molecules that arise from the noise. (¢) Distance of sperm to the egg while
swimming to the source of the chemoattractant (see panel a, black line). (d) Stimulus function that
a sperm swimming to the source of the chemoattractant experiments, where &n represents each of
the relative slopes of the gradient. Note that stimulus function itself is an oscillator. (e) [Ca®*];
oscillations that a sperm experiments while swimming in the chemoattractant gradient. (f) Coupled
oscillators model, where one oscillator is represented by the stimulus function (d) and the other by
the changes in [Ca*']; (e) that the sperm experiments during its swimming toward the egg
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artificial sea water, both of which inhibit the internal Ca** oscillator (Guerrero et al.
2010a; Ramirez-Gémez et al. 2018).

Once they become coupled, the two oscillators are somehow interconnected
(Ramirez-Gémez et al. 2018). The stimulus oscillator implies an oscillatory recruit-
ment of chemoattractant molecules, hence an oscillator input to the internal Ca*
oscillator. Additionally, the internal Ca** oscillator drives a steering response, which
by consequence leads the sperm cell to alter its way to sample the chemoattrac-
tant field.

In summary, for chemotaxis to occur, the timing of the Ca** transients triggered
by the chemoattractants must also be kept in phase with the polarity of the chemoat-
tractant concentration field (Bohmer et al. 2005; Friedrich and Jiilicher 2008;
Guerrero et al. 2010a; Kaupp et al. 2008). This requisite coupling ensures that the
turning events start at the descending phase of the chemoattractant concentration
field; otherwise, spermatozoa are driven away by Ca**-dependent motility adjust-
ments. The periodic sampling of chemoattractants by the sperm flagellum continu-
ously feeds back to the signaling pathway governing the intracellular Ca?* oscillator,
hence providing a potential coupling mechanism for sperm chemotaxis.

12.13 The Slope of the Chemical Gradient Is the Driving
Force for Sperm Chemotaxis

Regardless of the swimming scenario, 2D confined vs. 3D free helical-like, sperm
chemotactic responses require the coupling between the stimulus and response
oscillators (Guerrero et al. 2011; Jikeli et al. 2015). The strength of coupling
between both oscillators is provided by the slope of the chemoattractant concentra-
tion field (Ramirez-Gémez et al. 2018). A steep slope of the chemoattractant con-
centration gradient ensures the entrainment of the frequencies of the stimulus
function and the internal Ca?* oscillator. There is a minimum strength required for
the two oscillators to couple, bellow which, the driving force for entrainment the
motility response with the polarity of the gradient is lost. Within the synchronous
region, the phase difference between the oscillators follows a simple relation to the
strength of coupling, which is determined by the time required by the signaling
events that occur in-between the binding of the chemoattractants and the motility
response.
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12.14 A Unified Mechanistic Signaling Model for Sperm
Chemotaxis

In 1994, Cook et al. proposed that (1) decreasing chemoattractant concentration
gradients increase [Ca*]; to generate chemotactic turns. (2) However, [Ca*]; is
maintained low by swimming up sufficiently steep increasing chemoattractant gra-
dients, allowing linear swimming trajectories (the “runs”) until the egg is reached.
Furthermore, it was proposed that (3) once the sperm enters a descending gradient,
bound chemoattractants may dissociate from their receptors, allowing the resetting
of the signaling pathway, hence providing free receptor for gathering fresh attrac-
tants resulting in a [Ca*]; rise (Cook et al. 1994; Miller 1985).

Even though the essence of the Ca**-dependent “turn”-and-“straight” swimming
mechanism, which must be biased by the polarity of the gradient, was right, it has
some conceptual inconsistencies. For example, it was subsequently demonstrated
that the overall sperm navigation does not strictly follow [Ca?*]; dynamics. Only the
fast initial [Ca*]; rise correlates with the increase of curvature (the turning events);
thereafter, the straighter swimming episodes occur even though [Ca?*]; levels remain
elevated, indicating that they are governed by other factors apart from those related
to [Ca?]; dynamics (Darszon et al. 2008; Guerrero et al. 2010a; Wood et al. 2005).
In addition, now it is known that speract binding is essentially irreversible (kog 1072
to 1076 s71; k,, 107 M~! s71); hence, receptor occupancy is practically unaltered while
spermatozoa swim down the chemical gradient, thus making the proposal of signal-
ing resetting through chemoattractant dissociation unlikely (Nishigaki et al. 2001;
Nishigaki and Darszon 2000). The latter likely reflects the complex signaling net-
work governing sperm chemotaxis.

We propose a unified model for sperm chemotaxis of marine invertebrates, the
heart of which lies at the interconnection between the feedback loops that connect
both the stimulus and Ca** oscillators (Fig. 12.8). In this model, the changes in
membrane potential act as governor for the activity of either CatSper or voltage-
gated Ca**-channels (Cays) that translates the state of the chemoattractant gradient
through the rate of recruitment of chemoattractants during sperm voyage (Fig. 12.8a)
(Guerrero et al. 2010a, b). In an ascending chemical gradient, the increase of recep-
tor stimulation may lead to an extended hyperpolarization that suppresses calcium
channel opening and thus prevents the [Ca*']; increase (Fig. 12.8b (i)). The hyper-
polarization reverses once the sperm swims down the gradient, which—after a typi-
cal 150 ms delay (red line)—leads to the generation of a chemotactic turn that
reorients it toward the gradient source (Fig. 12.8b (ii)). This repolarization results
from several signaling contributions such as the inactivation of guanylyl cyclase, the
reduction of cGMP levels by degradation, Na* influx through HCN channels, and
results in the opening of CaV and/or CatSper channels (Granados-Gonzalez et al.
2005; Striinker et al. 2006; Wood et al. 2003, 2005) (Fig. 12.8b (ii)). Subsequently,
at a certain time while swimming up in the ascending chemoattractant gradient, the
hyperpolarized membrane potential is reestablished and maintained by a sustained
cGMP synthesis due to sustained recruitment of chemoattractants (Fig. 12.8b (iii)),
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Fig. 12.8 Model of the molecular mechanisms that drive chemotaxis. (a) Simplified model of the
major components which participate on driving the Ca** pacemaker triggered by chemoattractant
such as speract or resact, both members of the family of sperm-activating peptides (SAPs) (see
Fig. 12.6 for details). (b) A sperm swimming (depicted as a black arrow) in a chemoattractant
gradient (background) undergoes cyclic changes in Em from resting to a hyperpolarized state
(Hyp, green shadow) and then to a depolarized state (Dep, blue shadow) that control CaV activity.
The pseudo-color bar represents the [Ca*']; changes experienced by the sperm; red and gray indi-
cate low and high [Ca*;, respectively. Note that the straight swimming periods coincide with an
interval of elevated [Ca>*]; (see main text for details)
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which later and once again reverts to depolarized membrane potentials as sperm
starts the descending phase of the chemoattractant gradient. This sets up a sequence
of chemotactic drifts, triggered by hyperpolarization/depolarization cycles translate
the state of the chemoattractant gradient to [Ca?]; dynamics and hence to the Ca?*-
dependent regulation of axonemal components (Fig. 12.8).

Sperm swimming as described throughout this chapter, with its intricate cou-
pling between the regulation of the flagellar beating, 3D kinematics, and axonemal
elastohydrodynamics, has to ultimately fulfill its evolutionary function in the natu-
ral environment: the open sea. How do cells perceive the chemical signals released
by the egg in agitated waters? To what extent oceanic turbulence affects the mecha-
nisms described so far? Our current understanding of all these all fundamental ques-
tions is briefly dissected in Sects. 12.15 and 12.16.

12.15 Ocean Turbulence, Life in a Drop of Water

Turbulence is the prevailing physical mechanism in the transfer of energy and
momentum, and in dispersing solutes, nutrients, microorganisms, and chemical sig-
nals, in the atmosphere and oceans of our planet. Although a complete definition of
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Table 12.1 Typical turbulence parameters encountered by sperm cells in natural turbulent flows

Location Energy dissipation rate, ¢ | Kolmogorov scale, IK | Batchelor scale, 1B
Abyssal ocean ~101%t0 107° m? s~3 ~1072t0 10 m ~107*t0 5% 10 m
Continental shelf | ~107to 10~ m?s~3 ~5%x 10 m ~10 m

Intertidal zone ~102to 107! m? s73 ~10*m ~5x107°m

Rocky shore ~1m?s™ ~10° m ~107°m

The kinematic viscosity of water is taken to be v = 10=° m* s~! and the molecular diffusivity of the
dispersed chemical D = 10~ m? s~!

turbulence is often referred to as the last open problem of classical mechanics, we
generally accept it to be an energetic, rotational, and eddying state of fluid motion
that elicits the dispersion of material and the transfer of momentum, heat, and sol-
utes at rates far higher than those of molecular processes alone. It disperses, stresses,
and strains clusters (or flocs) of sediment or atmospheric dust particles and living
organisms within the ocean, and it stirs, spreads, and dilutes the chemicals that are
dissolved in the seawater or released into the ocean from natural and anthropogenic
sources. Perhaps its most notable attribute, and one that is generally used to charac-
terize it, is that by generating relatively large gradients of velocity at the smallest
scales, turbulence promotes conditions in which viscous dissipation rapidly trans-
fers the kinetic energy of fluid motion into heat, a process of energy transfer and
dissipation. To characterize the intensity of this complex energetics, physicists use
a single scalar quantity: the turbulent dissipation rate, ¢, i.e., the rate at which the
kinetic energy of the fluid is converted into heat.

The oceanic values of € have a vast range, extending over ten orders of magni-
tude, from about 10~' m? s73 in the abyssal ocean, 10~! m? s in the surf zone or in
fast tidal currents through straits, and up to 1 m? s73 in the most actively turbulent
regions such as for high waves breaking on the steeper slope of a typical rocky shore
(see Table 12.1).

For many organisms living in the benthic zone such marine invertebrates that
reproduce by external fertilization, i.e., by broadcasting gametes into the open
ocean, turbulence affects fertilization success rates through a number of intercon-
nected mechanisms: directly determining encounter rates, dispersing chemical sig-
nals, and affecting motility patterns.

While turbulent fluctuating eddying motion spans a wide range of spatial scales,
the size of sperm cells is smaller than the smallest scale at which turbulent velocity
fluctuations occur: the so-called Kolmogorov scale, lx = (v3/e)", where v is the
kinematic viscosity of water and ¢ the turbulent dissipation rate introduced above
(Fig. 12.9). Below I, viscous dissipation dominates, flow is smooth, and shear is
linear. Accordingly, sperm cells experience turbulence as smooth, slowly varying
velocity gradients and respond solely to their local microenvironment, as it is rela-
tive motion that matters. This idea pertains not only to the spread of attractants but
also to the motility of cells. Discarding sperm motility as irrelevant on the basis that
the swimming speed of spermatozoa is negligible compared with typical speeds of
macroscopic marine flows is therefore inaccurate: with macroscopic flows the entire
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Fig. 12.9 Physical and biological length scales in the ocean. Turbulent stirring generates variance
in the distribution of dissolved chemicals on scales as small as the Batchelor scale but does not
directly affect the diffusive flux of chemoattractant on the scales of sperm cells. However, motile
spermatozoa sample spatial scales considerably larger than their size: their “motility range” is the
distance that they can travel during the lifetime of a typical chemoattractant patch, while moving
up chemical gradients

system is traveling at the same speed. In other words, sperm in turbulence travel
jointly with the attractants surrounding them; only relative motion, in the form of
local velocity gradients or motility, can favor or hinder fertilization success. The
accumulation of bacteria within the nutrient filaments produced by turbulence,
recently demonstrated in numerical simulations, is an example of this process
(Taylor and Stocker 2012). As eggs and sperm are released far from each other,
compared to both their size and their motility range, the prime rate-limiting step in
external fertilization is the encounter rate of male and female gametes. This is pro-
portional to the instantaneous local concentration of both which, in turn, depends to
a great extent on turbulent conditions. At low levels of turbulence, fertilization rates
have been shown to increase with turbulent intensity (Denny et al. 2002; Mead and
Denny 1995). This result contradicts elementary intuition by which dilution of gam-
etes by mixing and, hence low fertilization, would have been predicted. One plau-
sible explanation stems from a widely known aspect of fluid mixing in chaotic
flows: it proceeds by repetitious stretching and folding of fluid parcels (Aref et al.
2017). In this fashion, distant gamete-containing blobs are also stretched into elon-
gated filaments of high cell concentration before being folded into one another,
enhancing long-range encounters between gametes. However, fertilization rates
plummet above a certain level of intense turbulence (Denny et al. 2002; Mead and
Denny 1995) as at excessively high shear rates (>3 s~! for abalone (Riffell and
Zimmer 2007; Zimmer and Riffell 2011)), sperm cells cannot progress longer
steadily toward the egg but rather rotate incessantly in Jeffery orbits imposed by
fluid torques (Marcos et al. 2012). Still, and as for today, little is known about how
flow affects motility, especially during chemotaxis.
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12.16 Shaping Chemical Landscapes

Flow further affects fertilization by deforming chemoattractant plumes. By the
same incessant underlying stretching and folding stirring mechanism that brings
gametes together, turbulence creates small-scale heterogeneity into our oceanic
chemical landscapes. Turbulent whirls erratically weave chemoattractants into ever-
finer sheets and filaments down to the Batchelor scale, the length scale below which
molecular diffusion dissipates gradients, truly mixing solutes (Aref et al. 2017).

The Batchelor scale is defined as Iy = (vD?/e)". It increases with the kinematic
viscosity of water, v, and with the diffusivity of the solute, D, and decreases with the
turbulent dissipation rate, &, namely with the strength of turbulence (Aref et al.
2017; Batchelor 2000).

For typical marine conditions, the Batchelor scale ranges from 10 to 100 pm (see
Table 12.1). This is a fundamental scale for a plethora of oceanographic processes
that inevitably depend on the distribution of chemicals. Turbulence will ultimately
stir any source of solutes into Batchelor-scale filaments. For microscopic solute
patches smaller than /5, turbulence amounts to a simple stretching. For macroscopic
solute patches larger than [, such as the plumes of released chemoattractants, tur-
bulence acts to fragment the patch into smaller, disconnected patches, increasing the
heterogeneity of the chemical field. Beyond its effect in ultimately mixing solutes,
turbulence can therefore contribute to produce a rich fabric of microscale gradients.

At the scale of gametes, fertilization can be enhanced by the ability of sperm to
follow chemical signals, i.e., to perform chemotaxis (Hussain et al. 2016; Riffell
and Zimmer 2007). Eggs release attractants that sperm sense by swimming in heli-
cal trajectories (Crenshaw 1996). The chemoattractant plumes released by female
gametes are therefore distorted by shear, which extends the range of the chemoat-
tractant but also dilutes its concentration. It is to these turbulence-induced Batchelor-
scale microgradients that spermatozoa have to respond in their voyage toward
fertilizing the egg.

The recently described differences in sensitivity to chemoattractant concentra-
tion gradients between spermatozoa of different sea urchin species (Ramirez-Gémez
et al. 2018) point in this direction. Species primarily found in the low intertidal
zone, amid strong wave action, relatively high levels of turbulence (& ~ 10~* m? s3)
and, hence, steep chemoattractant gradients, show relatively low sensitivity to sper-
act. On the contrary, for species mostly found at the edge of or inside kelp beds,
where the levels of turbulence are much more moderate (¢ ~ 1075 m? s7%) sensitivity
is significantly enhanced. The observed relative sensitivity to chemoattractant fits
considerably well, given the significant differences between their ecological repro-
duction niches and, hence, the gradients they might naturally encounter during their
voyage searching for the egg in their particular habitat.

Furthermore, microscale gradients sensed by sperm cells in the oceans are time-
dependent and short-lived: first, because relative motion limits the contact window
between gradients and cells; second, because they eventually fade by molecular
diffusion. This imposes a temporal constraint on chemotaxis, whereby the response
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must be sufficiently rapid to allow cells to seize the moment and move into patches
of chemoattractants before these are dissipated. This contrasts with experimental
conditions in most classical studies of chemotaxis, which have typically been per-
formed for steady gradients or without explicit regard to the temporal component of
the cellular response. More importantly, this temporal constraint has likely resulted
in specific adaptations in marine organisms.

12.17 Conclusions

To conclude, and despite the manifest role of fluid motion in the form of turbulence
in shaping ecological dynamics in the oceans, the effect of flow on chemotaxis in
general—and its implication for the success of external fertilization in particular—
has received too little attention to date. Thus, it represents an important avenue for
future research with potentially great implications for the ecology of marine
organisms.
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Chapter 13 )
Behavior and Fertilization of Squids b

Yoko Iwata and Noritaka Hirohashi

Abstract Recent studies have highlighted the intriguing reproductive behaviors in
some coastal squid species. Here we review briefly pre-copulative male-male and
male—female interactions, alternative mating tactics and their associating sperm
traits in squids. In one scenario, males compete with one another for mating oppor-
tunities by conventional means such as body pattern displays. After the male—male
contests being settled, the winners are allowed to mate with the female more pre-
dominantly over others by transferring their spermatophores to the particular loca-
tion of the female body. In another scenario, males pursue alternative reproductive
tactics by which male individuals display either mate guarding or sneaking behav-
ior, resulting in insemination dimorphism with different fertilization success, i.e.,
sperm transfer occurs near the oviduct or around the mouth adjacent to the seminal
receptacle, in favor of leaching to eggs (immediate fertilization) or the seminal
receptacle (storage), respectively. These characteristics of male mating behavior can
lead to diverged evolution in sperm morphology, physiology, and behavior. Hence,
the reproductive systems of squids would provide rare opportunities to analyze
sperm evolution mechanisms.

Keywords Squid - Sperm competition - Alternative reproductive tactics - Sperm
dimorphism - Chemotaxis

13.1 Introduction

To achieve reproductive success, males need to conquest several behavioral steps.
First, to achieve successful mating, males need to search females, fight with other
males for females (male—male competition), court females, be chosen by the females
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(mate choice) and release adequate amount of sperm. Even if males can mate with
females successfully, especially in copulative species, transferred sperm still need
to conquest several steps to achieve fertilization. Sperm need to migrate to sperm
storage organ (Orr and Zuk 2012), survive therein until spawning, swim toward ova
with competition with rival sperm (sperm competition; Parker 1970) and be chosen
by females (cryptic female choice; Eberhard 1996). Each step of this process can be
a target for sexual selection.

Squid (Cephalopoda, Coleoidea, Decapodiforms) are sexually reproducing
organisms and terminal spawners (die after single spawning season). As squids are
highly mobile and do not have reproductive territory, the information about repro-
ductive biology in natural spawning ground has been limited. However, accumula-
tion of knowledge by both underwater survey and captive experiments in aquarium
during last two decades have revealed many unique characteristics in the reproduc-
tion of this group. In this chapter, we introduce reproductive biology, mainly about
coastal squid in the family loliginidae having alternative reproductive tactics (ARTs)
and sperm traits adapting to an each mating tactic.

13.2 Reproductive Behavior in Squids

13.2.1 Courtship, Male Competition, and Copulation

Males often conduct conventional behaviors, involving visual, auditory, olfactory,
and vibratory displays (Riechert 1984). Such stereotyped signaling can be favored
by male—male competition and mate choice to indicate their competitive ability to
other males or their attractiveness to females (Andersson 1994). Cephalopods are
regarded as the most intelligent animal group among invertebrates with a developed
nerve system. Their visual communication is also highly developed, i.e., they can
express various body patterns by combining chromatic, postural, and locomotor
components (Hanlon and Messenger 2018). Chromatophores are principal elements
of body patterning controlled directly by the brain. These animals use body pattern-
ing not only for camouflage but also for intra- and inter-specific communications,
and coastal species tend to show more various, complex body patterns than oceanic
species. The chromatophoric components are described in some coastal squids,
Loligo reynaudii (Hanlon et al. 1994), L. pealei (Hanlon et al. 1999), L. opalescens
(Hunt et al. 2000), and Sepioteuthis lessoniana (Lin and Chao 2017; Lin et al. 2017).

Although the definite meaning of each body pattern in cephalopods is largely
unclear, some body patterns are sex specific (Hanlon et al. 1994), suggesting that
the patterns would closely be associated with sexual behaviors such as male—male
competition for mates and courtship. Figure 13.1 shows sex-specific body patterns
observed in mature males and females in Heterololigo bleekeri. Lateral chromato-
phoric patterns are often used for reproductive behaviors in common with some
species in this group. Male-male competition in loliginid squid has escalating struc-
ture from visual display to physical contact (Di Marco and Hanlon 1997). The out-
come of the competition is influenced by the relative body size of competing males,
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and male—male competition escalates more when the body size difference between
competing males is smaller. The behavioral characteristics, displaying lateral line
(mantle margin stripe and arm stripe, Fig. 13.1), positioning parallel to rival male,
and adjusting the tip of mantle and stretch tentacles would be useful to compare
their body size that closely correlate with their competitive abilities. Agonistic dis-
play with lateral chromatophoric pattern often follows physical contact with fins
(“fin-beating” behavior). Allometric analysis of various body parts in loliginid squid
showed that the fins are the body parts having the strongest correlation with mantle

Male Female
Shaded testis Shaded oviducal grand
Mantle margin stripe Lateral mantle spot
Mantle margin stripe (half) Lateral blush
Arm stripe (third) Arm spot (first)
Fin stripe Red accessory nidamental gland
Fin spots

LD

cl =

Fig. 13.1 Sex-specific body pattern in Heterololigo bleekeri
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length (Iwata and Sakurai 2007), suggesting that the fin-beating would be an effec-
tive behavior to compare the competitive abilities.

Females of some loliginid species and other species such as Todarodes pacificus
are known to show various sorts of spot, blush, or bar on the lateral mantle, probably
showing the female choice toward approaching males (Hanlon and Messenger
2018). Schnell et al. (2015) showed that in cuttlefish Sepia apama, females that
display white lateral stripe rejected 78% of mating, whereas those without display-
ing it accepted 80% of mating.

Both male and female have a body pattern which shadow their gonad by dark
color chromatophores (“shaded testis” and ‘“shaded oviducal gland” in Fig. 13.1).
Because gonads are visible through translucent body muscle, it is possible to dem-
onstrate one’s reproductive status to others as an honest signal. By contrast, one
might shadow gonad if showing the honest signal is somewhat inconvenient for
one’s mating opportunities. Shadowing the gonad color might be a negative signal
for males to avoid unnecessary or hopeless fights for mating with other males, and
for females to avoid unpleasant mating approach.

In addition to the intriguing pre-copulative male-male and male—female interac-
tions, one of the characteristics in cephalopod reproduction is to transfer sperm
from male to female. Males produce the spermatophores, which are cylindrical cap-
sules containing sperm (Drew 1911). During mating, the spermatophores undergo
the “spermatophoric reaction,” a complex process of the spermatophoric tunics and
membranes leading to extrusion of the sperm mass (Drew 1911; Mann 1984; Marian
2012). The spermatangium, the everted spermatophore containing the sperm mass,
attaches to the female body by the mechanical anchorage provided by the ejacula-
tory apparatus and chemical adhesion by the cement body on the head of spermatan-
gium (Hoving et al. 2008, 2009; Marian 2012, 2015).

13.2.2 Mating Systems

Squids are as a rule polyandrous (a single female mates with multiple males)
(Franklin and Stuart-Fox 2017; Iwata et al. 2011; Naud et al. 2016; Sato et al. 2017)
and semelparous (death after reproduction), which may bring about a situation
where a male-male competition toward female becomes so intense that alternative
male mating behavior could be introduced. This phenomenon is collectively called
alternative reproductive tactics (ARTs) by which extra-pair (or sneak) copulations
by small males could have some sort of reproductive fitness.

Several species in the family loliginidae such as L. pealeii (Hanlon 1996), L. rey-
naudii (Hanlon et al. 2002), H. bleekeri (Iwata et al. 2005), S. lessoniana (Wada
etal. 2005; Lin et al. 2017), S. australis (Jantzen and Havenhand 2003), and perhaps
Uroteuthis edulis (Hirohashi et al. 2016a) are known to adopt this strategy that gives
rise to insemination dimorphism, i.e., large consort and small sneaker males insemi-
nate at the proximal (on/near oviduct in mantle cavity) and distal site (seminal
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receptacle near mouth) for fertilization, respectively, resulting in difference in fer-
tilization success. Paternity rates are 90% by consorts and 10% by sneakers in
H. bleekeri (Iwata et al. 2005).

ARTs are known not only in those coastal squid species but also in an octopus
Abdopus aculeatus (Huffard et al. 2008) and a cuttlefish S. apama (Hall and Hanlon
2002; Naud et al. 2004; Hanlon et al. 2005). However, it remains unknown what
condition could have driven ARTs in these species because there are large number
of highly polyandrous species without ARTs.

Squid ARTs are unique among others (i.e., fish, insects, even cuttlefish and octo-
pus) in that females have developed the seminal receptacle, sperm storage organ
specific to extra-pair copulations. It is worthwhile to mention that females of some
non-ARTSs species also have the seminal receptacle and males transfer sperm around
there, and even in ARTs species, the seminal receptacle is used to store sperm by
small males even in the absence of rival consort males. This suggests that sneak
copulations by extra- or small males are unlikely to be an alternative, derivative
method against an authentic mating tactic; rather it is a prototypical mating form
succeeded in the particular cephalopod lineages.

13.3 Characteristic Postcopulatory Sexual Selection Leads to
Dimorphic Sperm Strategies in Squids

13.3.1 Sperm Competition and Sperm Allocation Theory

Male competitions continue after mating—multiple mating by female generates the
competition between ejaculates to fertilize a set of ova (Parker 1970; Birkhead and
Mgller 1998). Energetic cost to produce gamete cells is greatly different between
males and females, and the cost to produce sperm is greatly cheaper than that of ova.
However, sperm production generates nontrivial costs (Dewsbury 1982; Nakatsuru
and Kramer 1982); males should use minimum number of sperm to ensure fertiliza-
tion if there is no sperm competition. Parker (1998) established a theoretical frame-
work on sperm allocation strategy. He used game models to seek evolutionarily
stable strategy on sperm expenditures, and predicted that individual males should
change the number of sperm ejaculated per copulation depending on sperm compe-
tition risk at the certain copulation (Parker 1990a). Differences in sperm competi-
tion risk among alternative mating behaviors would affect internal morphology and
physiology. Against consort males that have strong competitive ability with full-
developed external secondary sexual character, sneaker males expend reproductive
effort on sperm production to compensate disadvantage in fertilization with con-
stantly high sperm competition risk. Parker (1990b) also predicted that sneaker
males should expend more sperm than consort males do, as sneakers always face
sperm competition but consort males sometimes can monopolize females and might
not always face sperm competition with sneakers.
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Many studies in various species support the prediction that sperm competition
risks affect internal secondary sexual character such as testis size (mammals, Dixson
and Anderson 2004; birds Mgller 1991; fish, Stockley et al. 1997) and ejaculate
characters (externally fertilizing fishes: Leach and Montgomerie 2000; internally
fertilizing fishes: Pilastro and Bisazza 1999, Evans et al. 2003; birds: Hunter et al.
2000, Nicholls et al. 2001). In these species, male individuals are different from
each other in sperm release timing and/or mating order; however, they share the
same sperm transfer site on female, thus fertilization environment should not differ
among males.

13.3.2 Sperm Allocation in Squids

In loliginid squid, however, sperm transfer sites associating with ARTs are abso-
lutely independent. It is highly possible that males specialize ejaculation strategy in
each sperm transfer site. The lifespan of loliginid squid is 1 year, and males produce
and store a few hundreds of the spermatophores in the storage organ (Needham’s
sac) until use. Therefore, ejaculate characters in male individuals could be deter-
mined when they mature, and the sperm allocation strategy is measurable with the
size of the spermatophores. Therefore, loliginid species is ideally suited to study
ejaculate strategies in relation to individual competitive ability, mating behavior,
and sperm competition risk.

The relationship between mantle length and spermatophore length is clearly dis-
continuous, suggesting that it has dimorphism in sperm allocation strategy in
H. bleekeri (Iwata and Sakurai 2007). There was a morphological switch point
where the relationship between mantle length and spermatophore length changed,
and males reached at the switch point produced relatively longer spermatophores,
but males without reaching at the switch point produced relatively shorter
spermatophores.

In H. bleekeri, not only spermatophore size but also spermatangium shows
dimorphism (Iwata et al. 2015). The spermatangia produced by small males are
drop-like, and the spermatangia produced by large males are rope-like. Furthermore,
spermatangia produced by small males are more likely to have a spine-shaped oral
extremity on the head (Iwata et al. 2015).

The spermatangium dimorphism is closely associated with the alternative sperm
transfer sites, which potentially present two different environments between consort
and sneaker males. The drop-like shape of the sneaker male’s spermatangium could
render the surface area to be small relative to its volume, which might be an adaptive
trait to reduce the risk of detachment by water flow. Although the strength of water
flow in the arm crown and in the mantle cavity of living females is difficult to be
measured, there must be some, but less, water flow at both sperm-attachment sites
compared with the other parts of the female’s body surface. Naud and Havenhand
(2006) proposed a term “confined external fertilization” to describe the fertilization
situation in cuttlefish having a single sperm transfer site in the arm crown—the
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fertilization is external but contained within a confined volume formed by the ani-
mal. Because consort males of H. bleekeri transfer spermatophores to the inside
wall of the oviduct, their spermatangia must experience far less turbulence than they
would elsewhere in the mantle cavity where water is continuously circulated.
However, it is unclear which sperm-attachment site has higher risk of spermatan-
gium loss and/or sperm dilution. A similar dimorphism in spermatophore and sper-
matangia has been reported in some loliginid species (Doryteuthis plei; Apostélico
and Marian 2017, L. reynaudii; Iwata et al. 2018), suggesting that the dimorphisms
associating with the ARTs are the common phenomena in this family.

13.3.3 Sperm Dimorphism

It has been recently suggested that males under sperm competition invest energy not
only in sperm number but also in sperm quality, such as size, velocity, and mobility
(e.g., Leach and Montgomerie 2000; Vladi¢ and Jarvi 2001; Uglem et al. 2001).
Males should invest minimum number of sperm required for fertilization. However,
when available resources for reproduction are limited, trade-off between sperm
number and sperm quality could happen (Snook 2005).

In H. bleekeri, the length of the spermatophore is longer in consorts than in
sneakers and sperm number in a spermatophore is ~5-fold greater in consorts than
in sneakers (Iwata et al. 2011). This is contrary to the general prediction that sneaker
males having strong sperm competition risk inseminate more sperm per mate than
consort males do (Parker 1990b). Immature female loliginid squid already stores
sperm in the seminal receptacle (Drew 1911), suggesting that the seminal receptacle
is not only for sneaking copulation. Even if consort males can prevent mating by
other consort and sneaker males from females before spawning, females already
have some sperm in the seminal receptacle. In squid, consort males always face
sperm competition same as sneakers. In addition, sperm competition between
sneakers and consorts would occur at different stage other than insemination, there-
fore ejaculation volume would not simply correlate with fertilization success.
Because of the difference of sperm transfer sites, sperm of consort males can meet
egg earlier, therefore sperm of sneaker males are under higher sperm competition
risk. Physical (water flow, etc.) and biological (chemical component, etc.) environ-
ments at the two sperm storage sites would be different. In addition, sneaker sperm
must travel from the spermatangium to the seminal receptacle where sperm become
quiescently stored until time of spawning. Considering such postcopulatory circum-
stances, allocating more energy to increase sperm quality would be adaptive for
sneaker males to achieve fertilization success.

In H. bleekeri, sperm of sneaker males is about 50% longer than that of consort
males (Iwata et al. 2011). Sperm dimorphism, i.e., two different forms of sperm
within a species, has been in some species, but in all cases, each individual produces
both types of sperm simultaneously, one is eusperm (true fertile sperm), and the
other is parasperm (fake sperm) that will help sibling eusperm or interfere with
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sperm from rival males. Dimorphic sperm observed in squid are both fertile and one
individual has only one of the two types of sperm, therefore it is a novel discovery
of dimorphic eusperm.

A positive relationship between sperm size and swimming velocity is reported in
many species (e.g., Fitzpatrick et al. 2009). However, the difference in flagellar
length does not result in the difference in the swimming velocity in H. bleekeri.
Large sperm have an advantage to occupy the limited space within the seminal
receptacle to outcompete rival sperm (LaMunyon and Ward 1998). However, it is
unlikely that sperm with longer flagellum are preferentially stored within the semi-
nal receptacle because the size distribution of sperm population within the seminal
receptacle did not differ from that within the sperm mass. Therefore, sperm compe-
tition does not simply explain why sneaker males produce longer sperm. Considering
the previous studies with other taxa that species with ARTs did not show clear dif-
ference between sneaker and consort sperm, the characteristic having different fer-
tilization environments at the two sperm storage sites would be important for the
evolution of sperm dimorphism in the squid. Nonetheless, why sneaker sperm have
a longer flagellum still remains to be determined.

13.3.4 Sperm Behavior and Chemotaxis

Despite unsolved problems in ARTs ontogeny in squids, there are predominant
sperm traits that differ between two tactics in H. bleekeri, L. reynaudii, and U. edu-
lis, i.e., sperm from sneaker males are capable of clustering when released from the
spermatangium, whereas sperm from consort males do not show such a clustering
behavior (Hirohashi et al. 2013). Serendipitously, we found that clustering is caused
by sperm chemotaxis in response to carbon dioxide emitted as a result of aerobic
respiration. Experimentally, sperm were capable of swarming at vicinity of a bubble
of CO, or a flush spot where aqueous CO, emerged instantaneously by uncaging the
caged-carbonate (Hirohashi et al. 2013).

CO, is a rare but ubiquitous gas in the biosphere of the current Earth planet.
Atmospheric CO, concentrations over past 0.4 M years were fluctuated in the range
between 180 and 280 ppt; however, currently it continues to increase and exceeded
400 ppm, causing global warming and ocean acidification (the Intergovernmental
Panel on Climate Change; http://www.ipcc.ch/). Massive absorption of atmospheric
CO, by ocean resulted in carbonation (carbonic acid) in water and hence lowering
pH. Environmental CO, serves as a chemical cue for various animal behaviors such
as host seeking in mosquitos (McMeniman et al. 2014), food searching in fruit flies
(Jones 2013), and avoidance behavior in rodents (Mietz 1997) and Caenorhabditis
elegans (Hallem and Sternberg 2008). In aquatic (marine) environment, catfish
could detect a minute change of <0.1 pH to find cryptic respiring prey (Caprio
et al. 2014).

Neural cells are the primary sensors that can sense CO,, hydrogen carbonate or
proton due to rapid chemical equilibrium: CO, + H,O s HCO;~ + H*. Carbonic
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anhydrases (CAs) accelerate CO, hydration at rates as high as a million times a
second. Because CO, gas can permeate cell membranes, CO, hydration can occur
either at the plasma membranes or inside the cell. For example, in mouse olfactory
neurons, CO, is hydrated by a cytoplasmic CAII and resulting bicarbonate activates
a membrane guanylyl cyclase-D that elicits downstream signaling (Mietz 1997). In
mouse amygdala, extracellular protons generated from CO, hydration by a
membrane-anchored CA are taken up into the cell through an ASICla channel,
causing intracellular acidification and therefore evoking fear sensation (Yang et al.
2013; Coryell et al. 2008).

In case of squid sperm, a membrane-bound CA acidifies the microenvironments
of the preformed sperm cluster, making a proton gradient developed radially from
center of sperm mass (Ilida et al. 2017). Sperm swimming along a descendant proton
gradient makes a quick turn at a pH threshold of ~5.5 to reorient to the source of
acidity, thus maintaining self-clustering (Iida et al. 2017). Cell signaling that under-
lies pH/CO,-taxis is unknown; however, modulating ion permeability for proton and
Ca?* is key to regulate flagellar movements as indicated by sperm chemotaxis in sea
urchins and other marine invertebrates (Hirohashi et al. 2013).

Besides ionic control, there are number of similarities between egg-guided
sperm chemotaxis and squid’s sperm pH/CO,-taxis: (1) a chemical gradient
guides swimming direction and (2) reorientation involves switching between two
modes of flagellar motions known for “straight” and “turn,” (3) which is enabled
by flagellar beat symmetry and its break (Ilida et al. 2017). In contrast, prominent
differences are the presence/absence of the target (an egg) and receptor for a
chemoattractant. In common, chemotactic cells can modulate sensitivity over
several orders of magnitude, facilitating long-distance directional movement. By
contrast, squid sperm can only detect a threshold pH at around 5.5 and rate of pH
change to decide whether or not they make a turn, thus turning points are strictly
limited (Iida et al. 2017).

Why sperm from only sneaker male squid form the cluster? This perhaps relates
to insemination environment, postcopulatory sperm storage or their transporting
process. Before meeting the egg, sperm must travel from the spermatangium to the
female seminal receptacle where sperm await ovulation/spawning of the eggs. In
species without ARTs such as Todarodes pacificus and Idiosepius paradoxus, modes
of insemination and sperm storage resemble with that of sneaker males of H. bleekeri,
and sperm of these species display a clustering trait, suggesting that post-mating
circumstances rather than ARTs must be engaged in this trait. In rodents, sperm
ejaculated in the female reproductive tract are capable of clustering as an evolution-
ary consequence of sperm competition and kin selection (Higginson and Pitnick
2011). Notably, it is hypothesized that group swimming is better in moving ascent
though the oviduct than sole sperm swimming to reach the site of fertilization.
Regardless of mechanistic differences, sperm from diverse taxa (mammals, birds,
and insects) show sperm bundling after ejaculation and it occurs mostly inside the
female. Under in vitro conditions, the sperm cluster of H. bleekeri was capable of
moving en masse, supporting the hypothesis that collective sperm migration may
operate en route to the site of fertilization, per se.
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13.3.5 Sperm Longevity and Metabolism

Another striking difference in two types of sperm (sneaker and consort) is their
longevity. Upon dilution in seawater, sperm become motile and sustain their motil-
ity for a certain period of time. As a role, the capacity of sperm to sustain their
motility is endowed differently by species. Sperm motility lifetime of cichlid fish
Lamprologus callipterus is no longer than 300 s (Taborsky et al. 2018) and in marine
mussel, Mytilus sp., sperm remain swimming for 3-4 days (Lillie 1919). In
H. bleekeri, sperm from sneaker males sustain substantial motility as long as 30 min,
whereas consort sperm lose their motility within 10 min (Hirohashi et al. 2016b).
This difference was accounted for abundance of stored glycogen within sperm, and
a tight correlation was found between motility loss and glycogen shortage.
Unexpectedly, this result suggests that glycolysis fuels primary energy for flagellar
movement as reported in octopus and mouse. Furthermore, the sperm of squid, as
well as octopus, are able to use extracellular glucose to drive glycolysis, and both
sneaker and consort sperm were able to maintain motility at high level for at least
3 days in the presence of 10 mM D-glucose. Utilization of extracellular nutrition by
sperm is a hallmark of internal fertilization system. Mammalian sperm can uptake
fructose from the seminal plasma and octopus female reproductive tract may con-
tain similar nutrients that sperm can use. Similarly, squid sperm may also be nour-
ished from either the spermatophores or the females after copulation.

Curiously, sperm longevity is affected by sperm density, especially for sneaker
sperm. Experimentally, when sperm were subject to a series of dilutions, then motil-
ity reduced as dilution factor increased. Owning to an intrinsic trait, sneaker sperm
are capable of autonomously condensing in the water column even after dilution. If
this clustering effect was abolished, the sperm longevity became shortened. This
would be another reason why sneaker sperm form a cluster. Although its mechanism
remains to be elucidated, cell density may determine switching of the respiratory
mode, i.e., aerobic to anaerobic respiration in response to oxygen availability. In a
physiological aspect, sperm of sneaker males must be survived long after copula-
tion. In squids, post-mating sperm behaviors are complex and elaborate but each
should be fitted in order to maximize fertilization success. Future studies should
address precisely what environmental factor could affect sperm behavior and
metabolism.

13.4 Conclusion

As we described above, squid reproduction has many unique features both in pre-
copulatory and postcopulatory processes (Fig. 13.2). These highly mobile Mollusca
with developed brain use elaborate body patterning for intra-specific visual com-
munications. Males use mating tactics properly depending on their own status in
male—male competition and female mate choice, and adjust not only their behaviors
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Male dimorphism
in squid
individual sperm

behavior | morphology behavior | /morphology

mating tactic body size sperm storage || sperm size
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pre-copulative post-copulative
sexual selection sexual selection
consort > sneaker consort < sneaker

Fig. 13.2 Male dimorphism under pre- and post-copulative sexual selections in squid mating
system

but also the morphology and physiology to a mating tactic that males have adopted.
Especially in loliginid species, the presence of alternative sperm storage sites leads
to diverged evolution in various aspects of sperm traits. It provides a novel opportu-
nity to analyze proximate and ultimate factors in sperm evolution by comparison
between consort and sneaker sperm, having different sperm competition risk, sperm
storage, and fertilization conditions.
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Chapter 14
Improvements on the Reproductive
Control of the European Eel

Juan F. Asturiano

Abstract A combination of several factors have produced an intense decline of the
European eel populations until becoming an endangered species, but the European
eel is a demanded species with high market values, and wild glass eels are still the
base of the eel aquaculture. Nowadays, reproduction in captivity seems the only
realistic alternative to reduce the pressure on natural populations and supply glass
eels to eel farms. Altogether, trying to get its reproduction in captivity is still an
exciting scientific challenge for physiologists, endocrinologists, nutritionists,
embryologists, etc. This chapter tries to give an overview of the recent research
developed in some of the key areas related with the reproduction of this species, and
the main improvements, conclusions and hypothesis emerging from that research,
making an especial emphasis in those papers published from 2000.
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14.1 Introduction

The European eel (Anguilla anguilla L., 1758) is a catadromous fish species having
a very complex life cycle, including two transoceanic migrations of several thou-
sands of kilometers separated by a growth period in continental waters, and several
metamorphoses, making its reproductive process an interesting model for the
research on the regulatory mechanisms of reproductive physiology. Moreover, from
an evolutionary point of view, this species belongs to the Elopomorpha superorder,
a diverse group of predominantly marine fishes branching at the base of the teleosts,
the largest group of vertebrates. Due to its phylogenetic position, the studies made
in the eel may provide insights into ancestral regulatory functions in teleosts, pro-
viding information on ancestral vertebrate physiological regulations.
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The European eel is a demanded species with high market values, which is inten-
sively fished at all its life stages, including glass, yellow, and silver eels. Moreover,
wild glass eels are still the base of the eel aquaculture, which supplies most of the
eels consumed. But this species reproduces only once during its lifetime and the
habitat where it lives has suffered a high deterioration due especially to pollution
and dam construction (that makes many freshwater habitats inaccessible). These
factors together with others such as overfishing, parasitism, changes in oceano-
graphic conditions, etc. have produced a hard decline of the eel’s stock. In fact, the
International Council for the Exploration of the Sea (ICES) advised in 2009 that the
level of the eel stock for all stages including glass eel, yellow eel, and silver eel was
at a historical minimum. The European eel stock has decreased by 95-99%, com-
pared to its levels in 1960-1980 (ICES 2013) leading to the list of the species as
“Critically Endangered” on the Red List of Threatened Species, by the International
Union for Conservation of Nature (IUCN). The annual recruitment of glass eel to
European waters in 2017 remained low, at 1.6% of the 1960-1979 level in the
“North Sea” series and 8.7% in the “Elsewhere Europe” series (ICES 2017).

The European eel has also received attention from the European Union, which
categorized it as critically endangered and published in 2007 a regulation (Regulation
1100/2007, 18th September 2007) establishing measures for the recovery of the
stock, which every state has to follow as a guide in order to elaborate a proper man-
agement plan by member states in 2009. The final objective was to allow the escape-
ment to the sea of 40% of the biomass of silver eels.

Moreover, this species was listed by Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) in 2007 as species “not nec-
essarily threatened with extinction, but in which trade must be controlled to avoid
utilization incompatible with their survival” under Appendix II, prohibiting interna-
tional trade of European eel into and out of the EU, including the exportation of
glass eels to Asia.

Nowadays, reproduction in captivity seems the only realistic alternative to reduce
the pressure on natural populations and supply glass eels to eel farms. However,
despite the evident interest in this species, and even after many years of research,
different aspects related with the control of its reproduction are still unexplored,
have received a small attention, or have rendered confusing results (Fig. 14.1).
Research on this field got some results, but has proved difficult due to the complex
reproductive physiology of the eels. Thus, improvements are crucial on the use of
environmental factors, recirculation systems, hormonal treatments, broodstock
management, specific diets, gamete evaluation and handling, breeding and hatchery
methods, and specific culture techniques for a self-sustained eel aquaculture. The
development of biotechnology techniques, such as production of recombinant hor-
mones, germ cells xenotransplantation, or spermatogonia and sperm cryopreserva-
tion, could be another alternatives, or at least complementary tools.
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Fig. 14.1 Aspects related with the control of the European eel reproduction and reviewed in this

chapter

14.2 Treatments for the Induction of Sexual Maturation

The European eel migration has an estimated duration of 5—7 months, although a
recent study suggests that part of them start the migration one year before the
spawning period (Righton et al. 2016). When they reach the Sargasso Sea, where
they make the spawning, testes will be 55 times bigger and ovaries approximately
23 times their initial size (estimated from data obtained after sexual maturation in
captivity). Considering the length of their transatlantic travel, it is probable that at
least the beginning of the sexual maturation happen during their migration. However,
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when the European eels start their reproductive migration, they still are sexually
immature (Tesch 2003; van Ginneken and Maes 2005). Silvering metamorphosis
process is the beginning of the sexual maturation and reproductive phase (Dufour
et al. 2003; Aroua et al. 2005; Durif et al. 2005). However, the process never occurs
spontaneously in captivity. In fact, long-term hormonal treatments are required to
induce the sexual maturation of the eels.

14.2.1 Treatments for Eel Males

Immature males of the Anguilla genus (both Japanese and European eels) have tes-
tes containing only type A and early-type B spermatogonia (Miura et al. 2002;
Penaranda et al. 2016; Morini et al. 2017) and to develop spermatogenesis, spermio-
genesis, and spermiation, it is necessary to administer a hormonal treatment during
several weeks. Hormonal treatments are based on weekly intraperitoneal adminis-
tration of hormones, normally after a gradual acclimatization to seawater, maintain-
ing the water temperature at 20 °C and fasting the fish throughout the treatment.

Human chorionic gonadotropin (hCG; 1.5 IU/g fish), purified from pregnant
women urine, has been traditionally used with eel males, inducing good results in
terms of sperm quantity, density (3—6 x 10° spermatozoa/mL), and quality (Pérez
et al. 2000; Miiller et al. 2004; Asturiano et al. 2005, 2006), collecting the sperm
samples always 24 h after the administration of the hormone, as Pérez et al. (2000)
demonstrated that this is the time when the highest sperm quality is obtained.

However, some hCG supply problems happened during the last years, and the
arrival of human recombinant gonadotropins to the pharmacy market (for humans
treatment) caused the assessment of these recombinant hormones, with good results
of sperm volume, density, motility and spermatozoa kinetic parameters were
obtained throughout most weeks of treatment (Gallego et al. 2012). In a recent
work, Herranz-Jusdado et al. (2019) compared the effects on the reproductive per-
formance of European eel males of a human chorionic gonadotropin, purified from
female urine, with a recombinant a-choriogonadotropin (testing different doses,
0.25-1.5 TU/g fish, of the last one). Results indicated that the type of hormone used
significantly affected the progression of spermiation and that the recombinant hor-
mone produced better results in terms of sperm quantity and quality in most of the
weeks of the treatment, thus remaining an effective treatment to induce spermiation
in this species. All the doses of thCG were able to induce the whole spermiation
process, but a weekly dose of 1.5 IU/g fish was necessary to provide a notable
amount (volume and density) of high-quality (motility and velocity) samples
throughout the treatment. Moreover, thCG has been found as the best cost-effective
treatment, considering both the hormone costs and the volume of high-quality
sperm produced (Gallego et al. 2012).
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14.2.2 Treatments for Eel Females

The trials done with purified gonadotropins had no positive results in the case of the
eel females. In fact, the method traditionally used to induce eel females maturation
consists basically on the weekly administration of carp or salmon pituitary extracts
(~20 mg/kg body weight) around 20 weeks (or increasing from 0 to 40 mg/kg BW
in the case of Mordenti et al. 2012). A final maturation-inducing treatment, admin-
istered once the oocytes reach the nuclear migration stage, consists in a dose of the
maturation-inducing steroid (MIS; 17a,20B-dihydroxy-4-pregnen-3-one or DHP;
2 mg per/kg body weight) administered intraperitoneally ~24 h after receiving the
priming dose. Approximately 12 h after the MIS dosis, eggs can be stripped and
fertilization done (Asturiano et al. 2002; Pedersen 2003, 2004; Palstra et al. 2005;
Schmitz et al. 2005; Pérez et al. 2008, 2011; Butts et al. 2014; Vilchez et al. 2014).

The hypophysation can be considered as a primitive treatment because, although
pituitary contains mainly LH and less FSH, it is not possible to know the precise
dosage of gonadotropins used and, for example, trying to standardize a protocol.
The treatment of females with pituitary extracts can induce an abnormal hormonal
profile that jeopardizes the normal development of the oogenesis, including a reduc-
tion of the endogenous expression of FSHf (Suetake et al. 2002; Ozaki et al. 2007,
Jeng et al. 2007) and an overexpression of LHB. Moreover, the length of the required
treatments for eel females can provoke the induction of immunologic responses in
some fish, having potential negative effects on their maturation process. Altogether,
these factors, linked to the variation on the eel females individual response to the
treatments, can explain the presence of a percentage of non-responders between the
treated animals, or why the percentage of spawning females, or the egg quality and
the rates of fertilization and hatching larvae are still low in this species (Palstra and
van den Thillart 2009; Butts et al. 2014; Vilchez et al. 2014).

The economic aspect must be also considered due the high price of these treat-
ments, especially when a high percentage of non-responders or low-quality eggs are
the final results.

14.2.3 Treatments Based on the Combined Application
of Thermic Regimes and Hormonal Treatments

Several groups have studied the influence of the rearing water temperature during
artificial induction of ovulation and the spawning performance of artificially
matured Japanese eels (Dou et al. 2008; Unuma et al. 2011, 2012). In this regard,
our group considered the migratory biology of the European species, to carry out
several experiments with females and males trying to determine the optimum ther-
mic profile for the maturation, being pioneers on these studies in Europe. First, we
compared a variable thermal regime that increased from 10 to 14 and 17 °C with a
constant 20 °C regime during 12 weeks. We found that females maintained at low
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temperatures (10 °C) during the beginning of their induced maturation showed a
higher expression of pituitary fshf and Ihp expression, plasma 17estradiol (E2)
and vitellogenin (VTG), estrogen receptor 1 (esrl), and vitellogenin 2 (vtg2) expres-
sion in liver. The results strongly suggest that T10 is inducing a higher endogenous
FSH level which increases the E2 circulating level during vitellogenesis (Pérez
etal. 2011). The variable thermal regime induced an fshf expression and E2 profile
in vitellogenic hormonally matured eel females that were more similar to the profile
observed in other naturally maturing fish (Pérez et al. 2011).

When 3 thermal regimes (2 variable between 10 and 15 or 15 and 18 °C, and one
constant at 18 °C) were tested during the CPE females maturation, we found that
low temperatures (10-15 °C) ease the onset of the ovarian development, inducing
higher plasma levels of E2 and 11-ketotestosterone (11KT) and a higher expression
of aromatase, while the high temperatures induced the acceleration of the matura-
tion and a downregulation of ovarian cyp19al expression (Mazzeo et al. 2014).

Altogether, these results demonstrate that temperature can modulate eel ovarian
development, and this knowledge could be used to manipulate the timing of vitel-
logenesis progression under laboratory conditions. In fact, more recently, we
assessed the females maturation with CPE in combination with two treatments at
low temperature (15 °C or changing weekly between 10 and 15 °C) and a final
increase to 18 °C until reaching the spawnings, which happened after 18-23 weeks
of treatment. The 10-15 °C changing treatment induced the best results, making us
to obtain in 2012 the first larvae of European eel born in Spain (Vilchez et al. 2013,
2014), which survived until 3 days without exogenous feeding. Other European
groups of research are using constant temperatures during the female maturation,
obtaining good results. Butts et al. (2014) reported the use of 19-20 °C during a
10-20 weeks CPE treatment for females, while Mordenti et al. (2013) used 15 °C
and obtained ovulations after 19-30 weeks of treatment with a larvae survival of
22-24 days after hatching.

In the case of males, the maturation-inducing treatments has been traditionally
carried out at 20 °C, considering the ocean temperature in the putative spawning
area of the European eel. However, after first evidences of thermic regimes experi-
enced by the males during the transatlantic migration, Pefiaranda et al. (2016) evalu-
ated the effects of temperature on thCG-induced males subjected to three thermal
regimes: T10: 10 °C (first 4 weeks), 15 °C (next 3 weeks), and 20 °C (last 6 weeks);
T15: 15 °C (first 4 weeks) and 20 °C (last 9 weeks); and T20: constant 20 °C for the
duration of the experiment. Histological changes, steroidogenic enzyme gene
expression, and steroid plasma levels were determined. This study demonstrated
that temperature modulates the steroidogenesis, the gonad maturation, and the sper-
miation process in eels. They found that the androgen synthesis is not dependent on
temperature because the synthesis of androgens (T and 11KT) happened even at low
temperatures, linked to the gene expression of some steroidogenic enzymes
(aacypllal, aacypl7-1, and aal IpHSD; Fig. 14.1) and to the stimulation of the pro-
liferation of spermatogonia. Then, the testis maturation process seems to be stopped
and maturation arrested at SPG1 until reaching higher temperatures (over a thresh-
old of 15-20 °C) before inducing a change in the steroidogenesis from androgen
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synthesis to estrogen and progestin synthesis, with aacyp/9al and aacyp2l gene
expression increasing at 15 °C until completing spermatogenesis. This was pro-
posed as the endocrine system regulating the testis maturation through the eel repro-
ductive migration to the spawning areas in the West Atlantic.

14.2.4 Specific Recombinant Gonadotropins

From 2005, several studies have been carried out on the production and assay of
specific (homologous) recombinant gonadotropins (rGtHs: rFSH and rLLH) in differ-
ent fish species (reviewed by Mylonas et al. 2017). In males of Japanese eel, the
rGtHs stimulated the androgenesis in vitro, inducing a full spermatogenesis, with
presence of spermatozoa in the testis (Kazeto et al. 2008). In Japanese eel females,
rGtHs induce in vitro the production of steroids in the oocytes, but only when they
are at least in mid vitellogenesis, and they are able to induce the germinal vesicle
breakdown (GVBD) in mature oocytes (Kobayashi et al. 2010).

In vivo, the rGtHs have shown much more limited effects, both in Japanese eel
females and males, in which only induced the full spermatogenesis, without reach-
ing the spermiation (Kazeto et al. 2008). Only Ohta et al. (2017) in a recent paper
reported the production of viable sperm using rLH.

Recently, Peflaranda et al. (2018) used new specific European eel recombinant
gonadotropins (aarFSH and aarLH) produced in the ovarian cells of Chinese ham-
sters (CHO) to induce maturation of male eels. They demonstrated that these spe-
cific rGtHs (especially using a combination of both aarGths) are able to induce the
full spermatogenesis and spermiation in immature fish, and confirmed that their
half-life is long enough to induce these in vivo effects. However, they reported a
variable sperm quality and suggested further experiments combining these recom-
binant hormones in order to improve the treatment. Moreover, the high price of
production of these hormones restrict their use in aquaculture for the moment.

14.2.5 Long-Term Sustained Hormone Release Systems

Previous studies evidenced the role of androgens in the development of vitellogen-
esis in the Japanese eel (Lin et al. 1991, 1998). Later, studies with the short-finned
eel (Anguilla australis) reported an increased development of silvering, lipid accu-
mulation, and expression of the follicle-stimulating hormone receptor (Lokman
et al. 2003, 2007; Thomson-Laing et al. 2018). These studies have been carried out
using implants for the slow release of hormones in that eel species (Lokman et al.
2015; Damsteegt et al. 2016), although the same group concluded that 11KT
implants can only partly mimic the effects of hCG in male eels in vivo (Lokman
et al. 2016). Very recently, Lokman’s group collaborated in an experiment using
implants of cholesterol-cellulose to administer 17-methyltestosterone (17MT) to
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European eel females (Di Biase et al. 2017). These implants were used as a pre-
treatment, followed by the traditional CPE treatment for females (as done by
Lokman et al. 2015), and results are mentioned down (see Sect. 14.3.4).

Osmotic pumps have been used as a long-term sustained hormone release system
in Japanese eels. Spermatogenesis and spermiation were stimulated in immature
males treated with hCG (Kagawa et al. 2009). In the case of females, the use of
osmotic pumps releasing SPE induced vitellogenesis and increased the GSI and,
although more eels attained full maturity when they were SPE-injected, after a final
treatment, the number of eels that ovulated was similar for both treatments.
Moreover, more eggs were spawned in the group treated with SPE-releasing osmotic
pumps than in the SPE-injected group, and egg quality was similar for both groups
(Kagawa et al. 2013a). These results made osmotic pumps a reliable method for
inducing sexual maturation in the Japanese eels. However, no assays have been
published in the case of the European species, probably due to the high cost of
this system.

14.3 Pre-treatments to the Induction of Sexual Maturation

As has been mentioned before, the hormonal treatments to induce eel maturation are
expensive, jeopardizing their application at a commercial scale. It is necessary to
look for alternative or complementary treatments allowing the reduction of the use
of hormones. Moreover, it is accepted that the release of the dopaminergic inhibi-
tion of puberty (Vidal et al. 2004) in the migrating silver eels must be induced by
changes in the environmental conditions found by eels (Dufour et al. 2003; Sébert
et al. 2008). We call pre-treatments (often called conditioning) to the use of some
environmental or hormonal factors trying to induce the first phases of the matura-
tion process and the gonadal development or, at least, increasing the sensitivity of
the eels to the hormonal treatments applied consecutively. These pre-treatments can
be especially important in the case of maturing farmed eels, which have not faced
changes in the environmental conditions (Palstra and van den Thillart 2009).

Broodstock feeding, treated here separately (see Sect. 14.4), has been often
included as part of these pre-treatments.

14.3.1 Temperature

The European eel life cycle depends intensively on the environmental conditions.
During their reproductive migration to the Sargasso Sea, the eels travel at a high
depth, in cold waters (7-12 °C), but the spawning happens in warm waters, at
18-20 °C. Moreover, through their Atlantic migration they experience daily changes
of temperature because they swim during the day in colder and dark waters (7-10 °C,
560 m), while at night swim up to warmer waters (12 °C, 280 m; Aarestrup et al.
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2009). It has been proposed that eel gonad maturation does not progress during their
oceanic journey until they reach the Sargasso Sea where temperatures are around
10 °C higher at the same depth (Palstra and van den Thillart 2009).

During the last years, our group have carried out several studies to evaluate the
effect of the temperature during the sexual maturation of European eel females
(Pérez et al. 2011; Mazzeo et al. 2014) and males (Gallego et al. 2012, 2015;
Penaranda et al. 2016). A thermic pre-treatment of females at 10, 15, or 18 °C dur-
ing 1 week (without hormonal treatment) induced differences in their levels of ste-
roids and in the expression of FSHf}, LHp, and the receptor 2 of GnRH (GnRHr2).
The lower temperatures caused a bigger expression of GnRHr?2 in brain and pitu-
itary, suggesting an increase of the sensitivity of these organs to the GnRH (Pérez
et al. 2013). The biggest expression of FSHp happened at 15 °C, and that of LHf at
10 °C (Pérez et al. 2013). Moreover, the plasma levels of E2 and 11KT and the
expression of ovarian aromatase (cyp191a) were reduced at the highest temperature,
suggesting that a pre-treatment at 10—15 °C would be the most appropriate for the
females maturation (Mazzeo et al. 2014).

Considering these previous results, we recently carried out an experiment com-
paring the effects of pre-treatments of 2 weeks at 10 or 20 °C on the male transcrip-
tome in the brain-pituitary-gonad axis and the plasma levels of androgens. Males
maintained at 10 °C showed a significantly different transcriptome profile with 377,
350, and 76 genes differentially expressed, relative to day zero control, in brain,
pituitary, and testis, respectively (Rozenfeld et al. 2017). GO-terms significantly
enriched for processes and functions related to circadian rhythm, histone modifica-
tion, the production of steroids, or the activity of FSH receptors were found among
these genes. Furthermore, the plasma levels of T and 11KT were higher in the group
maintained at 10 °C. These results indicate that a pre-treatment with low tempera-
tures activates the brain-pituitary-gonad axis, and especially the synthesis of andro-
gens, which could ease later maturation using standard hormonal methods.

14.3.2  Salinity

Kagawa et al. (1998) placed farmed female Japanese eels in seawater during only
one week or during 3 months, before starting a SPE treatment. They reported no
differences between the groups in fertility and hatching rates, but females kept in
seawater for 3 months required a lower number of SPE doses to finish the vitello-
genesis and reach the ovulation, suggesting an increase of the sensitivity to the
hormones. These were the first results evidencing that long-term rearing in seawater
induces vitellogenesis without any hormone treatments in cultured immature eels,
resulting in an ovarian stage similar to that of wild migrating silver eels.

Years later, our group of research found that a period of 2 weeks in seawater was
enough to induce a reduction of the digestive tract and an increase of the eye size,
both considered as typical changes during the eel silvering process, being the begin-
ning of the eel puberty (Mazzeo et al. 2014). In other words, the rearing period in
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seawater was able to induce the beginning of the silvering process, which could ease
the later maturation of the females treated with hormones. Moreover, when the
increase of water salinity was linked to a reduction of the temperature, an increase
of the responsiveness to GnRH was found in brain and pituitary, evidenced by a
higher expression of the receptor GnRHR2, considered the active one in the brain-
pituitary-gonad axis on the eel (Pérez et al. 2013).

As mentioned before, when male European eels were maintained during one
week in seawater there was an increase of the plasma levels of estrogens, as well as
an increase of the testicular expression of enzymes involved in the synthesis of
androgens (aacypllal; aacypl7-I; 11BHSD) and estrogens (aacyp19al; Pefiaranda
etal. 2016; Fig. 14.2), suggesting that the increase of salinity was able to induce the
onset of the spermatogenesis in this species.

New experiments are required to corroborate the combined effects of these
salinity-temperature pre-treatments and their real potential to induce an increase of
the gonads’ sensitivity to the treatments with exogenous hormones, allowing the
reduction of the intensity and/or the length of the hormonal treatments.

Cholesterol
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Pregnenolone

Progestagens
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Fig. 14.2 Simplified schedule of the main steroid biosynthetic pathways of androgens, estrogens,
and progestins in the fish gonad. Enzymes (underlined in the figure) are: P450scc (cytochrome
P450 side-chain cleavage); P450c17 (17a-hydroxylase/C17-20lyase); CYP19A (gonadal aroma-
tase promoter); P450arom (cytochrome P450 aromatase); 11p-HSD (118-Hydroxysteroid dehy-
drogenase); 20b-HSD (20B-Hydroxysteroid dehydrogenase); CYP21-4 (21-hydroxylase). The
level of expression of the underlined testis steroidogenic enzymes was evaluated by Pefaranda
et al. (2016) to determine the combined effect of a hCG treatment and three thermal regimes
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14.3.3 Swimming

As mentioned before, European eels have to swim long distances to reach their
spawning area, and exercise has been proposed as a stimulating factor for eel matu-
ration (reviewed by Rousseau et al. 2013). Using swim tunnels, eels have been
shown as very efficient swimmers in terms of energy costs (van Ginneken and van
den Thillart 2000; van den Thillart et al. 2004, 2009; Palstra et al. 2008a; 2010;
Palstra and van den Thillart 2010). Moreover, short swimming (until 6 weeks) have
induced the increase of eye diameter and testis and ovary histological aspect, includ-
ing oocyte diameter, number of oil droplets, or gonadosomatic index, especially in
older females (Palstra et al. 2007, 2008a, b).

On his hand, long swimming periods (1.5-3 months) caused stimulatory effects
on maturation, as increases of pituitary levels of LH and plasma levels of 11KT and
E2 (van Ginneken et al. 2007). Females showed an apparent suppression of hepatic
vitellogenesis, with reduced expression of estrogen receptor o (ERa) vitellogenin 1
and 2, and a suppression of VTG deposition (Palstra et al. 2010). However, long-
term swimming had a stimulatory effect on maturation because swimming stimu-
lated oocyte growth and lipid deposition in the oocytes oil droplets, which has been
proposed as the first steps of sexual maturation (Palstra et al. 2007). The induction
of lipid deposition in the oocytes and the inhibition of vitellogenesis by swimming
has been suggested as a natural mechanism to induce a sequence of events in females
maturation process, with vitellogenesis and final maturation undergoing near or at
the spawning grounds (Palstra and van den Thillart 2010; Palstra et al. 2010).
Oppositely, simultaneous incorporation of lipids and VTG induced by artificial mat-
uration protocols has been described as an unnatural process in Japanese (Adachi
et al. 2003) and European eels (Palstra et al. 2009). Moreover, the same authors
hypothesized that non-exercised European silver eels are probably still too prema-
ture to react to the traditional hormonal stimulation (Palstra et al. 2010).

Mes et al. (2016) carried out an experiment combining forced migration, in
freshwater and seawater, of groups of farmed mixed-sex European eels under pho-
tothermal conditions mimicking the vertical migrations during their marine migra-
tion. They found that simulation of migration under mimicked photothermal
conditions has significant stimulating effects (higher T plasma levels or changes in
the GSI and other maturation parameters) on early maturation, although vitellogen-
esis was not induced. Thus, this method could be used to condition farmed eels for
the use as broodstock eels for further hormonal stimulation with gonadotropins in
maturation protocols.
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14.3.4 Administration of Androgens

Years ago, Lokman et al. (2007) reported that 11KT (but not E2 or hCG) adminis-
tered with implants induces, in a dose-dependent manner, an increase of 10-20% in
the diameter of Australian eel (A. australis) previtellogenic oocytes and their
nucleus. Later, Lokman et al. (2015) combined an androgen pre-treatment of female
silver Australian eels with traditional CPE hypophysation to evaluate its utility as
part of the maturation protocols. In this case, they used implants with different doses
of 17MT and obtained increased oocyte diameters prior to commencing CPE treat-
ment. Moreover, once the hypophysation started, less time, money, and handling
were required to reach the pre-ovulatory stage, while retaining comparable amounts
of lipid in ovulated eggs.

In a recent work, in collaboration with Italian colleagues, Lokman’s group used
cholesterol-cellulose implants to administer 17MT to European eel females (Di
Biase et al. 2017) before starting the traditional CPE treatment until getting sponta-
neous spawnings from females. Using this pre-treatment they increased the female
fecundity, the quality of the oocytes, the hatching rate, and the larval survival
15 days after hatching. Moreover, they reported a reduction of the time required to
reach the spawning, reducing the treatment cost.

Very recently, Palstra et al. (2018) tested the separate and combined effects of
swimming-simulated migration and hormonal treatments on sexual maturation in
European eels with different background (farmed, feminized, and wild silver eels).
Simulated migration enhanced early maturation (higher EI and GSI), but the eels
that received 17MT implants without forced swimming had stronger effects and
increased GSI up to values of 4, indicating an enhancement of early maturation in
eels and reducing the subsequent hypophysation period.

In conclusion, androgen pre-treatments are demonstrating their effectiveness as
part of the eels maturation protocols, showing a good cost-effectivity and reducing
the required time for the artificial induction of maturation.

14.4 Broodstock Feeding and Fatty Acids Mobilization
During the Gonad Maturation

14.4.1 Effects of Starvation

Dietary composition conditions the animal reproductive performance and, in the
case of ovoviviparous species as most of fish, dietary constituents are transported
into the egg yolk, jeopardizing the egg quality, the embryo development, and even
the offspring survival. In many fish species, lipids and fatty acids have been identi-
fied as key nutrients for the successful gametogenesis.

Eels cease feeding during migration and that is why their energy reserves such as
lipids play a crucial role to obtain good quality gametes (eggs and sperm) as the first
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step for their reproduction (in nature or in captivity). In fact, Damsteegt et al. (2015)
described the spawning eels migration as “a textbook example of negative energy
balance, forcing these fish to rely on stored fats (triacylglycerides, TAGs) to provide
their muscles with energy for swimming and their growing oocytes with the nutri-
ents needed to develop and support healthy offspring.” They explained that when
eels cease feeding, they must switch from using exogenous TAGs to body-stored
ones, and as part of that change, TAGs need to be mobilized from peripheral stores,
transported to the liver and packaged into lipoprotein complexes, and finally trans-
ported to gonads (for gametogenesis) or muscles (for migration).

Diet provides fish with the essential fatty acids for their metabolism. However, in
species such as eel, in which reproduction is associated with a period of starvation,
a change in the body fatty acid profile occurs by deposition, elongation, desatura-
tion, and oxidation. During fasting, fatty acid elongation, endogenous synthesis,
and desaturation are vital to meet the fish needs (Turchini et al. 2006).

14.4.2  Effects of Diets for Broodstock

Broodstock feeding and their effects on the gamete (eggs and sperm) quality are
crucial to get the reproduction of the eels in captivity. Especially, when farmed eels
are used as broodstock, a conditioning period could be very important for the suc-
cess of the reproductive process (Palstra and van den Thillart 2009).

The importance of lipid composition and fatty acids in eggs of the Japanese eel
was evidenced by Furuita et al. (2003, 2006, 2007), who found that high-quality
eggs presented a lower content of polar lipids, a lower content of arachidonic acid
(ARA), and a higher level of docosahexaenoic acid (DHA). Moreover, eels fattened
in captivity presented a higher content of highly unsaturated fatty acids (HUFA) in
the liver and ovary, while wild eels presented a higher content of n6-HUFAs in
muscle, liver, and ovary (Ozaki et al. 2008). The few studies conducted with male
and female European eels are mentioned in the following subsections (Sects.
14.4.2.1 and 14.4.2.2).

14.4.2.1 Males

Fatty acids are important in male reproduction and it has been demonstrated that
they can influence several aspects such as spermiation periods, sperm quality
parameters, sperm peroxidation, and sperm viability in different fish species, includ-
ing the European eel (Asturiano et al. 2001; Pérez et al. 2000). Fatty acids with C20,
ARA and eicosapentaenoic acid (EPA), are precursors of eicosanoids whose metab-
olites, prostaglandins, play an important role in male reproduction. ARA generates
2-series prostaglandins, and EPA competes with ARA in eicosanoid production and
is itself converted into 3-series prostaglandins which are less biologically active
than those produced by ARA (Sargent et al. 2002). Eicosanoids modulate steroid
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synthesis and spermiation during sexual maturation (Asturiano et al. 2000;
Norambuena et al. 2013). Furthermore, polyunsaturated fatty acids (PUFA) are the
main components of the spermatozoa membrane (Whates et al. 2007), and constant
membrane synthesis is required for spermatozoa production.

In 2010, Mazzeo et al. investigated the variations on fatty acids composition in
different tissues of European eel males during 13 weeks of hCG-induced sexual
maturation, with the main aim of determining which fatty acids could play a central
role in sexual maturation. They sacrificed 10 eels per week and performed histologi-
cal analysis to evaluate the spermatogenic stage of each male. In muscle, no varia-
tions or preferential utilization of fatty acids were detected. In liver, MUFAs
(monounsaturated fatty acids) were the most abundant fatty acids in the first weeks,
while in the last week PUFAs showed the highest concentrations. In testes, PUFAs
content increased due to DHA (docosahexaenoic acid), EPA, and ARA accumula-
tion, while MUFAs diminished especially due to oleic and palmitoleic acid decrease.
Linolenic (EPA and DHA precursor) and linoleic (ARA precursor) acids also
decreased. As evidenced by histology, main changes in testes matched the appear-
ance of spermatids and first spermatozoa, at the end of meiotic divisions. In milt, no
variations were appreciated and PUFAs were the most abundant fatty acids,
close to 50%.

Later, Baeza (2015) reviewed in her PhD Thesis the roles of lipids and fatty acids
through the spermatogenesis of European eel males. Baeza et al. (2014) studied as
well the changes in the fat content, as well as fatty acids, in different tissues of
European eel males hormonally induced to sexual maturation (with weekly hCG
injections) under different thermal regimes (two variables and one constant). Males
finished spermatogenesis earlier with a constant temperature of 20 °C, suggesting
that eel spermatogenesis is tightly regulated by temperature. The fat content did not
change significantly in the muscle (although there was a reduction of muscle
weight), but it was increased in the liver and decreased in testes during testicular
development. A specific use of fatty acids depending on the tissue and on the stage
of testis development was demonstrated.

With regard to fatty acids, during sperm maturation, the liver was highlighted as
the main site of synthesis. EPA was synthetized de novo in the liver, to be sent to the
testis, which seems to be a crucial step for sperm maturation. Finally, EPA, ARA,
and DHA remained constant in the testis through their development, while the level
of the rest of fatty acids decreased significantly (used as energy source). This PUFA
maintenance in the testis during the eel spermiation period was related to their phys-
iological and structural functions such as the development of spermatozoa mem-
branes (where DHA was the fatty acid found in greater proportion, indicating a
structural role in sperm membranes).

Secondly, they used samples from the same experiment to determine the correla-
tion between the main steroid hormones and fatty acids at different stages of testicu-
lar development (Baeza et al. 2015a). Similarly as occurs in mammals, EPA and
DHA were highlighted as possible modulators of androgen synthesis. The set of the
results obtained suggests new perspectives concerning the functions and interac-
tions between fatty acids and steroids in fish spermatogenesis and spermiation.
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Moreover, with samples from that experiment, a study was carried out seeking to
establish the possible correlations between different fatty acids and several sperm
quality parameters (Baeza et al. 2015b). Correlations between several highly unsat-
urated fatty acids with parameters such as volume, the percentage of motile sperm,
and sperm velocity were found, especially between spermatozoa velocity and ARA
present in the testis, and concluded that ARA could be used as energy source to
increase sperm velocity.

Finally, a second experiment was carried out by designing feeds with different
fatty acid percentages in order to evaluate the influence of the diets on European eel
sperm quality. It was shown that after 10 weeks of hormonal treatment to induce
sexual maturity, animals previously fed with different diets reached a specific level
of PUFA in the sperm, highlighting the important role of fatty acids in sperm viabil-
ity (Baeza 2015; Butts et al. 2015). After the hormonal treatment, the sperm showed
more than 60% of motile spermatozoa, with PUFAs being the fatty acid class with
the highest concentration in sperm, and DHA having the highest concentration
among PUFAs. The results showed that high levels of EPA in the diets induce higher
sperm motility, while DHA-rich diets induce higher sperm volumes. Moreover,
diets with n3/n6 ratio close to or >2 improve European eel sperm quality parame-
ters. This study allowed obtaining results applicable to the design of optimum
broodstock diets for this species.

14.4.2.2 Females

In 2013, Heinsbroek et al. reviewed the available data on the eel broodstock nutri-
tion until that moment. In example, they reported that eel eggs contain a large
amount of total lipids, with a higher amount of ARA but lower EPA and DHA levels
than in other fish. On the other hand, farmed and wild eels revealed differences in
the egg lipid composition and fatty acid profile. Eggs from wild eels mostly contain
more ARA and less EPA than those of farmed ones.

Nutritional intervention through the fatty acid profile of the broodstock diet
using formulated feeds to influence egg composition has been the target of several
studies carried out from then, but the high variability in reproductive success makes
difficult to find connections between feeding and egg/larvae quality.

Stgttrup et al. (2013) confirmed a slow but steady incorporation of EFA after
feeding farmed eels with a formulated feed resembling the profile of essential fatty
acids (EFA) found in wild fish. They determined that at least 14 weeks of feeding is
required to change lipid EFA in broodstock eel and to allow the incorporation of
EFA in the first cohort of matured oocytes. In a second experiment, and after
24 weeks of feeding different formulated diets, Stgttrup et al. (2016) found the high-
est percentage of stripped females, producing viable eggs and larvae, in the group
fed the highest dietary ARA levels.

On their hand, da Silva et al. (2016) fed farmed female eels with two experimen-
tal diets with similar proximate composition, similar levels of ARA, but different
n-3 PUFA levels (EPA and DHA were respectively 4.5 and 2.6 times higher in one
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of the diets). After the feeding period, each diet group was divided into two, receiv-
ing a constant dose of salmon pituitary extract (SPE) for 13 weeks, or an increasing
hormone dosage. Females fed with higher levels of n-3 PUFAs and stimulated with
the constant hormonal treatment reached higher GSIs than those receiving the vari-
able hormonal treatment. Moreover, plasma levels of sex steroids (E2, T, and 11KT)
did not differ between diets and hormonal treatments, and independent of hormonal
treatment, the diet with higher levels of n-3 PUFAs led to the most advanced stages
of oocyte development, such as germinal vesicle migration.

14.5 Fertilization, Embryo Development, and Larval Culture

14.5.1 In Vivo Trials

In 1974, Yamamoto and Yamauchi reported for the first time the induction of sexual
maturation and hatching of Japanese eel larvae in captivity. Then, although the
research continued in Japan, no publications appeared for more than 20 years. Then,
Tanaka et al. (2001) published the first protocol to get leptocephali of Japanese eel
in captivity, and the same research group reported the first production of glass eels
in this species (Tanaka et al. 2003; Kagawa et al. 2005) after improvements on the
mechanisms of oocyte maturation and ovulation in female, and of spermatozoa
maturation in male (i.e., Yamauchi 1990; Ohta et al. 1996, 1997; Kagawa et al.
2003). From then, several generations of eels have been obtained without depending
on any supply from wild resources (Okamura et al. 2009, 2013; Masuda et al. 2011,
2012; Kagawa et al. 2013b). The progression of these methods was reviewed by
Tanaka in 2015, who explained that currently, research continues trying to develop
a stable technology for the mass production of glass eels.

Although previous research with other eel species was carried out from the mid-
dle of twentieth century (reviewed by Palstra and van den Thillart 2009), the proto-
col established by the Japanese scientists has been the model for further methods
applied to European eel (Pérez et al. 2000; Pedersen 2003, 2004; Miiller et al. 2004,
2018; Asturiano et al. 2005, 2006; Palstra et al. 2005; Pefiaranda et al. 2010; Gallego
etal. 2012; Mordenti et al. 2013; Vilchez et al. 2013; Butts et al. 2014), New Zealand
eels (A. dieffenbachii and A. australis; Lokman and Young 2000), and American eel
(A. rostrata; Oliveira and Hable 2010).

From 2006-2007, Tomkiewicz et al. (Technical University of Denmark) started
to produce European eel pre-feeding larvae. Later, they used combinations of proto-
cols supplied from different participants of the PRO-EEL project (2010-2014) to
improve the method and going deeper in several aspects as the evaluation of sperm
density (Sgrensen et al. 2013), the standardization of fertilization protocols (Butts
et al. 2014), the use of environmental factors during embryonic development, as the
ligth (Politis et al. 2014; Butts et al. 2016), the salinity (Sgrensen et al. 2016a; Politis
et al. 2018a), the first production of larvae using cryopreserved sperm (Asturiano
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et al. 2016), the musculoskeletal anatomy and feeding performance of larvae
(Bouilliart et al. 2015), and even bacteria and parasites (Sgrensen et al. 2014a, b)
related with eel egg production.

Once the hormonal treatment procedures, the hatchery techniques, and the envi-
ronmental parameters were fixed, and they got a regular production of eggs and
larvae, new studies have been possible, including a detailed study on the early life
stages (eggs, embryos, and larvae) of this species in captivity (Sgrensen et al.
2016Db), the effects of temperature on the larvae gene expression and morphological
development (Politis et al. 2017, 2018b), and the effect of parental origin (wild vs.
farmed) of European eel on early life history traits (i.e., fertilization success, embry-
onic survival, hatch success, and larval deformities), demonstrating that short-term
domestication of male eels does not negatively affect offspring quality and enables
the consideration of cultured male broodstock in future breeding programs (Benini
et al. 2018). Moreover, they concluded that eggs of one female can develop more
successfully when crossed with a compatible male, highlighting the importance of
mate choice for future breeding programs for this species.

Maternal gene products govern early embryonic development in fish. The abun-
dance of p-tubulin, insulin-like growth factor 2, nucleoplasmin, prohibitin 2, phos-
phatidylinositol glycan biosynthesis class F protein 5, and carnitine
O-palmitoyltransferase liver isoform-like 1 has been related with embryonic devel-
opmental competence in other teleosts. Rozenfeld et al. (2016) found an upregu-
lated transcription of these genes in European eel embryos after the mid-blastula
transition (30 h post-fertilization) and suggested that it may be needed to sustain
embryonic development and hatching success.

14.5.2 Fertilization Methods

There are two methods to carry out the fertilization in eels: the stripping and the
spontaneous spawning. The spontaneous spawning method, developed in the
Japanese eel (Horie et al. 2008), has been used in the European species by Di Biase
et al. (2016), getting better results than using the stripping. In the spontaneous
spawning method, when the females receive the final injection of DHP (2 mg/kg) to
induce the ovulation, they are transferred into a different tank (spawning tank), at
20 °C, with a proportion of 4 males:1 female. The spawning happens spontaneously
around 12-16 h later, and the broodstock are removed from the tank.

In the stripping method, after the final injection of DHP, females are not allowed
to deliver the eggs in the tank, evaluating their stage of development at 1 h intervals.
When they start to ovulate, the eggs are extracted by abdominal massage and are
fertilized with diluted sperm and seawater. Our group of research have experience
with this last method, which is more useful to develop experiments with sperm in
different conditions. With the stripping method we obtained 12 spawnings with a
mean of 84% floating eggs (Vilchez et al. 2013).
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14.5.3 Larvae Feeding

Despite the big interest and all the developed investments, the reproduction of
Japanese eel is not fully resolved, although good advances has been carried out. In
2001, Tanaka et al. (National Research Institute of Aquaculture, Nansei, Mie, Japan)
were able to produce leptocephali of Japanese eel and, shortly later, reported the
methods to produce glass eels around 250 days after hatching (Tanaka et al. 2003;
Kagawa et al. 2005). Tanaka et al. (2001) used a mix of shark (spiny dogfish Squalus
acanthias) egg powder, soya peptide, minerals, vitamins, and krill paste to feed the
larvae. From then, many experiments have been carried out trying to improve the
feed quality and obtain the best reproduction results, although most of this research
has never been published through the standard scientific ways.

Furuita et al. (2009) reported that the content of different vitamins (C and E) in
the eggs could modulate the larvae survival, and proposed the nutritional enrich-
ment of the diets with these vitamins. More recently, Masuda et al. (2013, 2016)
have assayed the use of diets without shark egg, including fish protein hydrolysate
pre-digested with integral enzymes from frozen krill. Their results are promising
but still far from application.

The use of live preys has been studied as an alternative/complementary way to
feed the larvae. Wullur et al. (2013) reported the ingestion of several zooplankton
species by Japanese eel larvae and suggested the rotifer Proales similis as a poten-
tial initial food source for Japanese eel larvae. On their hand, Butts et al. (2016)
evidenced the first-feeding of European eel larvae reared in captivity. They found
that up to 50% of larvae ingested a diet composed of concentrated rotifer paste, with
or without natural feeding stimulants. Obviously, new research is required in the
feeding of broodstock and larvae to guarantee a bigger eel species reproductive
success.

14.5.4 Eel Hybrids

Hybrids of Atlantic eels (A. anguilla, A. rostrata) has been found in the nature
(Albert et al. 2006) and several techniques have been used for its detection
(Frankowski and Bastrop 2010). But some attempts have been carried out to get
unusual hybrids by in vitro fertilization. Burgerhout et al. (2011) got the hybrids of
the eel species A. australis and A. anguilla, while Miiller et al. (2018) used cryopre-
served European eel sperm for hybridization of A. japonica x A. anguilla.
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14.6 Conclusion

In the last years, many recent advances have happened in the European eel repro-
duction, coinciding with the funding of European projects (PRO-EEL, IMPRESS)
or the COST Action AQUAGAMETE (see the acknowledgements section). New
techniques are being incorporated in this area of research, allowing good advances
in our knowledge. However, many improvements are still required and reaching a
commercial production of European eels, based on the production of glass eels in
captivity, seems still quite far if we consider the rhythm of results obtained with the
Japanese and other eel species, or the funding limitations that European scientists
are facing today.
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Chapter 15 )
Sperm Cryopreservation of Aquatic
Species

Check for
updates

Akos Horvath and Béla Urbanyi

Abstract Cryopreservation of fish sperm is feasible, and methods have been devel-
oped for several hundred species. The procedure includes the collection of sperm
and assessment of its quality, dilution in suitable extenders, addition of cryoprotec-
tants, loading into freezing devices, cooling, storage, thawing, and finally post-thaw
use of sperm. An alternative to traditional freezing methods is the vitrification of
sperm which is promising primarily in smaller model fish species. A wide variety of
protocols are available in the literature; however, in spite of the significant progress
made by the scientific community, commercial application of fish sperm cryopreser-
vation is still very limited.

Keywords Sperm - Quality - Freezing - Cryopreservation - Vitrification

15.1 Introduction

Cryobiology is a branch of biology that focuses on the survival of living matter at
ultra-low temperatures. Sperm was among the first cell types to be cryopreserved
with the earliest reports dating back to the late 1940s. Thus, the survival of sperm
from various mammalian and avian species exposed to dry ice (=79 °C) and the
beneficial effect of glycerol on post-thaw survival was reported in 1949 (Polge et al.
1949). This was soon followed by the birth of the first calf born of insemination with
cryopreserved sperm (Stewart 1951). The first study in fish has reported the use of
cryopreservation for the hybridization of fall- and spring-spawning varieties of the
herring (Clupea harengus) which would have obviously been impossible in natural
conditions (Blaxter 1953). Since then, cryopreservation has become a subject of
extensive scientific studies as well as a routine procedure in assisted reproduction.

A. Horvith (i) - B. Urbanyi
Department of Aquaculture, Szent Istvan University, G6do6116, Hungary
e-mail: Horvath.Akos @mkk.szie.hu

© Springer Nature Singapore Pte Ltd. 2020 321
M. Yoshida, J. F. Asturiano (eds.), Reproduction in Aquatic Animals,
https://doi.org/10.1007/978-981-15-2290-1_16


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2290-1_16&domain=pdf
mailto:Horvath.Akos@mkk.szie.hu

322 A. Horvith and B. Urbényi

In aquatic species—primarily finfish—sperm cryopreservation faces specific
challenges. These include the typically short motility period of spermatozoa, activa-
tion of spermatozoa upon release into the aquatic environment, as well as increased
volumes of sperm and eggs related to the body weight in comparison to terrestrial
mammals. These need to be taken into account when developing cryopreservation
protocols for fish.

15.2 Principles of Cryopreservation

The main goal of cryopreservation is the arrest of biological time which is possi-
ble at extreme low temperatures. Below —130 °C water exists only in a crystalline
or amorphous solid form where the movement of molecules is limited; thus, its
effects can only be measured in geological time. Consequently, at the boiling
point of liquid nitrogen (the most commonly used coolant and storage environ-
ment), —196 °C, no physical or chemical processes requiring heat energy exist
(Mazur 1984).

The principles of cryopreservation of live matter are closely related to the prin-
ciples of freezing of water or aqueous solutions. The freezing point of water is 0 °C;
however, water rarely freezes at that temperature. Water and its solutions have the
tendency to supercool beyond the freezing point and remain in the liquid state until
ice formation begins along so called ice nuclei. Ice nucleation can start spontane-
ously or more commonly as a result of ice nucleating agents (Mazur 1990). Energy
(called latent heat) is released during transition from the liquid state to the solid,
which causes the temperature of solution to increase to the freezing point. During
freezing, ice crystals are primarily built of water molecules (and not those of the
solutes); thus, the concentration of the solution increases with the process of freez-
ing. This is continued to the eutectic point when the entire solution solidifies
(Denniston et al. 2011).

During cryopreservation of live cell and tissues, the cell membrane plays a key
role in osmotic regulation that allow cells to survive the process. As there are no
efficient ice nucleating agents within the cells, ice formation typically starts in the
extracellular space (Mazur 1970) which leads to an increased concentration of sol-
utes outside the cells. Cells try to compensate for the difference in osmotic pressure
by releasing water. According to the two-factor hypothesis of freezing injury, cell
death can occur either if cells are cooled too slow or too fast (Mazur et al. 1972).
Too slow cooling results in prolonged exposure of cells to an increasing concentra-
tion of solutes (to the point of cytotoxicity) while too fast cooling does not allow the
cells to release sufficient volumes of water which freezes inside the cells in the form
of lethal ice crystals. Thus, an optimal cooling rate must be found to maximize the
cryosurvival of cells.

Extreme fast cooling results in the formation of an amorphous glassy solid in the
process of vitrification. In this case, the solid state is attained by a sudden increase
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of viscosity instead of crystallization. The absence of ice crystals—and the damages
associated with them—would be ideal for cells; however, vitrification has several
shortcomings. Successful vitrification requires high concentrations of toxic cryo-
protectants (Fahy et al. 1984). Also, vitrified matter is metastable, it can only be
sustained at very low temperatures (below —100 to —130 °C) as higher temperatures
lead to recrystallization of ice. Nevertheless, even classical cell freezing protocols
lead to partial vitrification, primarily in the intracellular space (Leibo et al. 1978;
Hirsh et al. 1985).

The rate of thawing of cryopreserved cells or tissues is at least as important as
that of their cooling. During slow thawing, small ice crystals present in cells can
start growing and vitrified matter can recrystallize causing mechanical damage to
the cells. When cells are thawed fast (at a rate of 1000 °C/min or faster), they quickly
rehydrate and their survival improves (Denniston et al. 2011). For vitrified cells and
tissues, it is commonly accepted that from the point of view of survival, the thawing
rate is actually more important than the cooling rate (Mazur and Seki 2011; Seki
et al. 2014).

15.3 Cryopreservation of Fish Sperm

Cryopreservation of fish sperm follows a set of important steps such as collection of
sperm, determination of sperm quality, dilution with extenders and cryoprotectants,
packaging (loading into straws or other devices), freezing or vitrification of sperm,
storage, thawing, determination of post-thaw sperm quality, and finally fertilization
with thawed sperm (Fig. 15.1). These steps are crucial for the development and
application of a successful cryopreservation protocol.

15.3.1 Collection, Storage, and Determination of Sperm
Quality

During the spawning season, the majority of fish species produces a relatively large
volume of sperm that can be collected by hand-stripping. There are exceptions, such
as many catfish species (members of the order Siluriformes) that are either oligo-
spermic or stripping is impossible due to anatomical reasons. In these species, the
testis or a part of it is surgically removed and sperm is squeezed through a sterile
gauze or other mesh fabric (Legendre et al. 1996). A general rule during sperm col-
lection is that contamination of sperm with water, urine, or feces should be avoided
as these can either activate sperm or carry bacteria and enzymes that can damage
spermatozoa. Collected sperm should be kept at a low temperature (0—4 °C) that
slows the rate of chemical processes in it.
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Fig. 15.1 Steps in the Collection
process of fish sperm
cryopreservation
—>Quality determination
Dilution
Packaging
Freezing Vitrification
Storage

— > Thawing

Fertilization

Following collection, the quality of sperm should be determined. In fish, sperm
quality prior to cryopreservation is characterized almost exclusively by its motility
determined either by visual estimation or by computer-assisted sperm analysis—
CASA (Gallego and Asturiano 2018a,b). Visual estimation is often criticized for its
subjectivity, especially in scientific circles. Sperm is typically activated on a micro-
scope slide with an activating solution and observed under a light microscope at
10-25x magnification; finally the percentage of motile cells is estimated (Fauvel
et al. 2010). The accuracy of visual estimation can be improved by pre-dilution of
sperm in isotonic solutions prior to the investigations (Billard and Cosson 1992).
CASA systems consisting of a phase contrast microscope, a camera, and a software
analyzing the video sequences offer more objective results and more detailed infor-
mation on the movement of cells such as motility or various velocity parameters
(WHO 2010). On the other hand, they are more expensive, and their accuracy also
depends on the analysis settings and dilution ratio of sperm; thus, their use also
requires a training period. During the last decade, CASA became the standard pro-
cedure to determine sperm quality in fish sperm cryopreservation research (Beirdo
et al. 2011; Berndth et al. 2016; Judycka et al. 2016; Riesco et al. 2017). This was
further facilitated by the availability of free sperm analysis software packages such
as the CASA plugin of the open-source image analysis software ImageJ (Wilson-
Leedy and Ingermann 2007).

Sperm quality can be determined by other parameters, as well. These include
sperm concentration expressed as the number of spermatozoa per milliliter of sperm
that can be determined by the use of various hemocytometers (Biirker-Tiirk, Thoma,
Neubauer, Neubauer Improved, etc.). Other devices whose primary function is not
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the determination of sperm concentration can also be successfully used for this task
such as spectrophotometers (Ciereszko and Dabrowski 1993; Fauvel et al. 1999) or
cell counters such as flow cytometers or Coulter counters (Fauvel et al. 2010).
Sperm quality can also be determined by the intact morphology of cells; however,
in fish these are restricted to species with a distinct sperm head shape such as stur-
geons or eels (Asturiano et al. 2007). Membrane integrity of sperm cells (often
referred to as viability) is also used to characterize sperm quality. Differential stain-
ing methods are used to distinguish cells with intact and damaged membranes. The
eosin/nigrosin staining developed originally for mammalian sperm (Blom 1950) is
rarely used in fish, although nigrosin alone was used to evaluate membrane integrity
of sea bass (Dicentrarchus labrax) sperm (Zilli et al. 2004). Currently, differential
fluorescent staining procedures combined with flow cytometry are commonly prac-
ticed. One example is the use of SYBR-14 to stain membrane-intact cells in fluores-
cent green and propidium iodide (PI) to counterstain membrane-damaged cells in
fluorescent red (Segovia et al. 2000; Flajshans et al. 2004; Cabrita et al. 2011).
Other fluorescent dyes have also been tested on fish sperm such as Hoechst 33258
(Asturiano et al. 2007) to investigate membrane integrity or Rh123 (Ogier De
Baulny et al. 1997) to test mitochondrial function. Genotoxic damage to cells can be
tested using the Comet assay (Zilli et al. 2003; Cabrita et al. 2005), whereas the
energy content of spermatozoa can be described by the concentration of ATP in the
cells (Perchec et al. 1995; Boryshpolets et al. 2009).

15.3.2 Dilution of Sperm

Prior to freezing, sperm needs to be diluted in a cryomedium. The cryomedium
consists of two principle components: the extender and the cryoprotectants (note
that the expressions cryomedium and extender are used interchangeably in the lit-
erature). Extenders are solutions of salts, sugars (or the combination of the two), and
other chemicals, and their main function is the reversible immobilization of sperm
(Glenn III et al. 2011). They exert their function by providing isotonic conditions
for the cells or by maintaining an adequate K* concentration in species requiring
that (salmonids, sturgeons). Their buffer systems prevent fluctuations of pH during
freezing. Extenders allow dilution of sperm to the required ratio.
Cryoprotectants—as shown by their name—protect cells from the damaging
effects of freezing and thawing. They decrease the freezing point of the solution,
they bind to water and thus prevent its incorporation into ice crystals and probably
stabilize cell membranes. Cryoprotectants are classified as external or non-
penetrating and internal or penetrating depending on whether they exert their action
outside or inside cells (Denniston et al. 2011). External cryoprotectants can be sug-
ars or polymers that can be part of the extender (contributing to the problems of the
nomenclature); thus, they also have multiple roles: they maintain the osmolality of
the solution around the cells, protect cells from osmotic shock (osmoprotectants),
decrease the freezing point of the solution and provide nutrients for spermatozoa
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(Lahnsteiner et al. 1993). They are, however, almost exclusively used in combina-
tion with internal cryoprotectants.

Internal cryoprotectants are low molecular weight chemicals that penetrate the
cell membrane and exert their action inside the cells. Glycerol was the first internal
cryoprotectant to be discovered and used both in livestock and in fish (Polge et al.
1949; Blaxter 1953); however, since then a multitude of chemicals were found to
have cryoprotective function. Nevertheless, in fish only a handful of cryoprotectants
are used regularly. The most common ones include dimethyl-sulfoxide (DMSO or
Me,SO) (Mounib 1978; Legendre and Billard 1980; Kurokura et al. 1984), metha-
nol (MeOH) (Harvey et al. 1982; Lahnsteiner et al. 1996; Horvéth et al. 2003; Kdsa
et al. 2017), N,N-dimethyl-acetamide (DMA) (McNiven et al. 1993; Horvath and
Urbanyi 2000; Morris et al. 2003; Warnecke and Pluta 2003), ethylene glycol (EG)
(Jahnichen et al. 1999), propylene glycol (PG) (Conget et al. 1996), and methyl
glycol (also known as 2-methoxyethanol) (Viveiros et al. 2012, 2014, Gallego and
Asturiano 2018b).

External cryoprotectants are typically characterized by low toxicity while inter-
nal cryoprotectants have a varying degree of toxicity. Thus, their concentration also
has to be chosen according to different principles. While in case of external cryopro-
tectants, the most important goal is the maintenance of osmotic balance and preven-
tion of hypo- or hyperosmotic shock, in the case of internal cryoprotectants toxicity
also needs to be taken into account.

Sperm dilution is followed by equilibration of osmotic pressure between the
extracellular and intracellular spaces. The importance of equilibration time is con-
troversial. The cryoprotective effect of glycerol was evident after equilibration for
30-60 min (Suquet et al. 2000), and a positive effect was observed following a
10-min equilibration of rainbow trout sperm exposed to DMA (Babiak et al. 2001).
In case of DMSO, equilibration seemed to be more harmful rather than beneficial
(Stoss and Holtz 1983; Gwo 1994), sometimes causing premature activation of
spermatozoa in marine species (Pefiaranda et al. 2009). Equilibration time does not
play a major effect on post-thaw sperm quality when methanol is used as a cryopro-
tectant (Lahnsteiner et al. 1997).

15.3.3 Freezing of Sperm

Liquid nitrogen and its vapors are currently used almost exclusively for the cryo-
preservation of fish sperm. Earlier, dry ice was also used as a coolant (Mounib et al.
1968; Chao et al. 1987; Billard et al. 1993); however, it is seldom employed for fish
sperm now. Dry ice cannot be used for the storage of cells as cells gradually die at
its sublimation temperature due to the possible presence of unfrozen solution to
which cells are exposed (Mazur 1984). Liquid nitrogen, on the other hand, ensures
adequate cooling rates and storage conditions at its boiling temperature (—196 °C).

Sperm can be packaged into various containers before freezing. These can be
cryotubes, ampoules, or French straws developed for the freezing of dairy bull
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sperm. Straws were patented by Robert Cassou in France in 1949 and have seen
worldwide use for dairy bull sperm. Straws are plastic tubes produced in various
sizes (0.25, 0.5, and 1.2 mL) that contain a tripartite plug at one end consisting of a
powder between two fibrous pads that gelifies upon contact with aqueous solutions
and acts as a stopper. Macrotubes produced in volumes of 4-5 mL are of different
construction, they are offered with metal or plastic balls to be inserted into one or
both ends to act as stoppers.

Sperm filled into straws can be frozen in the vapor of liquid nitrogen in uncon-
trolled or controlled conditions. Uncontrolled cooling is typically done in polysty-
rene (Styrofoam) boxes filled with liquid nitrogen. Straws are laid at a certain
distance from the surface of liquid nitrogen (e.g., on a polystyrene raft) and allowed
to cool for several minutes before being plunged into the liquid. A standardized
variant of these boxes was developed for the cryopreservation of salmonid sperm
(Lahnsteiner 2011). Cooling rate can be regulated by the height and the duration of
holding straws above the level of liquid nitrogen, and this can have a significant
effect on post-thaw motility (Boryshpolets et al. 2017). An alternative to the cooling
box is freezing in a dry shipper (a container used for the shipment of cryopreserved
samples) that offers even less control over the cooling process; yet, it is used suc-
cessfully for the freezing of fish sperm. The method was first used by Brazilian
scientists (Viveiros and Godinho 2009) and was found to be more reliable than the
cooling box when freezing varying numbers of straws (Horokhovatskyi et al. 2017).

A controlled-rate freezer allows a precise and replicable cooling of samples
which is difficult to attain with the methods described above. These freezers consist
of a freezing chamber and a computer. The software installed in the computer regu-
lates the cooling rate according to a program set up by the user. In most system,
individual probes measure the temperature of the chamber and the sample which
gives the software feedback on the progress of cooling. Most controlled-rate freez-
ers also use the vapor of liquid nitrogen; however, coolant-free devices such as an
electric ultrafreezer (Diogo et al. 2018) also exist.

Following the required period of storage, samples need to be thawed before fur-
ther use. Sperm samples need to be thawed quickly in order to avoid devitrification
and recrystallization of partially vitrified solids that result in similar damages as the
formation of large ice crystals during freezing. Typically, samples are thawed in a
water bath at 2540 °C for a varying period of time (Sarvi et al. 2006; Boryshpolets
etal. 2017). For straws, thawing time can reach up to 30 s, while for macrotubes and
cryovials up to 150 s (Cabrita et al. 2001; Riesco et al. 2017).

15.3.4 Post-thaw Use of Sperm

Following thawing, sperm quality is determined as described above (Sect. 15.3.1)
and then sperm is used for fertilization. Post-thaw sperm motility is typically lower
than that of fresh sperm; however, contrary results have also been reported (Viveiros
et al. 2010). The maximum attainable post-thaw motility was earlier considered to
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be taxon-specific; however, due to methodical refinement, the threshold values keep
improving.

The principles of fertilization with cryopreserved sperm are identical to those
using fresh sperm. Sperm—egg ratio is regularly taken into account when maximiz-
ing fertilization success. As fertilizing capacity of frozen-thawed sperm is typically
lower than that of fresh sperm, in many cases higher sperm—egg ratios are recom-
mended and are crucial to optimize the use of cryopreserved sperm (Ciereszko et al.
2014; Nynca et al. 2017; Judycka et al. 2018). Fertilization success is usually mea-
sured as the hatch rate of larvae although sometimes larval deformities are also
assessed (Horvath and Urbanyi 2000; Young et al. 2009).

Unlike the use of cryopreserved sperm in dairy bull farming, fish sperm cryo-
preservation is not anticipated to be employed commercially for direct aquaculture
production in the near future. This is mainly due to the fact that domestication and
genetic improvement in aquatic species is still in its infancy, and higher yields can
be achieved by other means (e.g., nutrition) (Asturiano et al. 2017). Also, the tech-
nologies developed for dairy bull sperm (intended to fertilize a single egg) cannot
be adapted directly to fish species that produce much larger volumes of both sperm
and eggs; thus, alternative methods are sought such as the use of 4-5 mL straws or
macrotubes (Horvéth et al. 2007, 2010). In spite of the recent efforts for the com-
mercial use of cryopreserved sperm in the genetic improvement in the Atlantic
salmon (Salmo salar, www.cryogenetics.com), the general consensus is that cryo-
preservation of sperm in fish species is expected to become part of aquaculture
practice when the industry shows a legitimate demand for it. Until then, it will be
applied on individual basis and mostly using public funding (Asturiano et al. 2017).
Efforts to standardize fish sperm cryopreservation technologies using high-
throughput methods contribute to the improvement of fertilization with cryopre-
served sperm which is a further step towards commercial use (Tiersch et al. 2011;
Hu et al. 2013; Matthews et al. 2018).

15.4 Vitrification of Fish Sperm

Vitrification of fish sperm has recently gained attention as an alternative to conven-
tional freezing (Cuevas-Uribe et al. 2011a, b, 2015; Merino et al. 2012; Figueroa
et al. 2013). What makes it interesting is applicability to the sperm of model fish
species characterized by small individual body size such as the zebrafish (Danio
rerio) or the Mexican swordtail (Xiphophorus hellerii). In these species, the volume
of sperm that can be collected is very low, e.g., in zebrafish, it is in the range of
1-1.5 pL which makes most available freezing methods impractical, although recent
systematic optimization of protocols resulted in stable and high fertilization rates
(Matthews et al. 2018). Vitrification is efficient for the cooling of low liquid vol-
umes such as 20-30 pL (Schuster et al. 2003) or according to our own experiences
2.5-5 pL (Kdasa et al. 2017). Successful vitrification requires the use of high concen-
trations (up to 40% v/v) of cryoprotectants which can be highly toxic to the cells;
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thus, the combination of two or three cryoprotectants is recommended. For vitrifica-
tion the use of devices in which the liquid forms a thin layer or film is recommended.
These include devices specifically developed for vitrification such as Cryotops or
even the inoculating loops used in cell cultures. Unfortunately, post-thaw motility
and fertilization rates using vitrified fish sperm are typically very low; thus, the cur-
rently available vitrification methods are not suitable alternatives to conventional
freezing in this field.

15.5 Conclusion

Fish sperm cryopreservation is an efficient tool in the preservation of genetic diver-
sity of fish species. Protocols have been described in many species that result in
viable spermatozoa following thawing; however, commercial application of sperm
cryopreservation in aquatic species is still very limited. Future research is antici-
pated to concentrate on the standardization and development of high-throughput
methods in order to improve fertilization results with cryopreserved sperm.
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Chapter 16
Specificity of Germ Cell Technologies
in Sturgeons

Martin PSeni¢ka and Taiju Saito

Abstract Sturgeons are one of the oldest, biggest, most valuable and today also
most endangered group of fish species. Germ stem cells (GSCs), such us embryonic
primordial germ cells (PGCs) or spermatogonial/oogonial stem cells, can be a key
for an effective conservation and possible restoration of these unique and astonish-
ing fishes. In this chapter, labeling, development, isolation, and transplantation of
GSCs were studied in sturgeons. It was shown that the maternally supplied germ
plasm, which determines the PGC origin, is localized in vegetal pole of ovulated
egg and remains there throughout the cleavage period, and therefore, the PGC speci-
fication pattern is similar to that of anuran amphibians rather than teleostean fishes.
This knowledge enabled to develop an original PGC labeling method using com-
mon cell tracer dye injection into the vegetal pole of two- to eight-cell stage embryo.
Next inhibition of maternally supplied dead end RNA resulted in PGC mismigration
and general sterilization of individuals. This method enables preparation of recipi-
ents for germ cell transplantation. Isolation and transplantation of spermatogonia
and oogonia were developed as well. It was tested that one sturgeon juvenile
(Siberian sturgeon) can provide approximately one million germ cells suitable for
transplantation. Moreover, it was shown that these cells are capable of propagation
via an in vitro culture system and of cryopreservation. After freezing/thawing of
sturgeon gonadal tissue followed by enzymatic dissociation, above 90% of viable
cells were obtained and used for transplantation. The technique of surrogate produc-
tion can be applied for conservation and possibly restoration of critically endan-
gered sturgeon species with a long term of maturation and a big body size (e.g.,
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beluga), whereas a more common species with shorter term of maturation and
smaller body size (e.g., sterlet) can be used as a recipient (surrogate parent).

Keywords Xenotransplantation - Germ-line chimera - Sturgeon - Surrogate
production - Germ cells

16.1 Introduction

16.1.1 Sturgeons as the Most Critically Endangered Group
of Species

The sturgeons, belonging to family Acipenseridae, are evolutionary very successful.
They appear in the fossil record around 245 million years ago near the end of the
Triassic period, but recently their populations have been drastically decreasing due
to human activities such as overfishing and poaching for caviar, construction of
dams that prevent their reproductive migration, damage of their natural habitats, and
environmental pollutions. Recently 25 out of 27 sturgeon species are included in the
red list of the International Union for Conservation of Nature (IUCN), and 16 are
classified as critically endangered (the last degree of threat before extinction).
Therefore, they are considered as the most endangered group of species in the world
(IUCN, http://www.iucnredlist.org/news/sturgeons-highly-threatened). Nowadays,
the existence of most sturgeon species is dependent on the artificial reproduction,
which is complicated due to their specific characteristics such as (a) big body size—
some species can grow more than 7 m, which means that huge space and labor are
needed for keeping the fish; (b) late maturation—first maturation occurs after more
than 20 years in some species, and long-term fish cultivation is needed to obtain
gametes; (c) spawn once a few years—sturgeons do not repeat reproduction every
year, and systematic collection of gametes needs an extra effort. Moreover, it is not
possible to cryopreserve sturgeon eggs or embryos yet and a loss of maternal genetic
information happens, if only sperm is cryopreserved. Due to these reasons, efficient
techniques of sturgeon conservation and restoration are urgently required.

16.1.2 Germ Stem Cells

Germ stem cells (GSCs) such as embryonic primordial germ cells (PGCs) or subse-
quently spermatogonial/oogonial stem cells are precursors of gametes. They ensure
gametogenesis throughout the life and have the ability to self-renew and differentiate
into both types of gametes. In fish, PGCs migrate during embryonic development
from the area where they are formed toward the genital ridge, future testes, or ovary.
The undifferentiated gonial cells differentiate into spermatogonia and oogonia and
undergo mitotic proliferation until meiotic phase of gametogenesis. For general view
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on fish gametogenesis see study written by Leal et al. (2009). Some years ago, the
absence of PGC markers limited their identification to simple morphological charac-
teristics such as the presence of a structure called germ plasm (Olsen et al. 1997,
Yoon et al. 1997), which appears as an electrodense cytoplasmic inclusion, usually
found in association with mitochondria (Eddy 1976). This electron-dense maternally
supplied structure stores RNA and proteins needed for future PGC specification and
development (Seydoux and Dunn 1997; Seydoux et al. 1996; Williamson and
Lehmann 1996). One of the main components of germ plasm is the vasa transcript
and protein, which nowadays serve as the main markers for the identification of the
germ-line of many animals. Nowadays there are also several other genes relevant to
PGC viability and migration. For example, knockdown of genes such as nanos3 or
dead end by antisense morpholino oligonucleotide caused PGC mismigration during
embryonic development (Koprunner et al. 2001; Weidinger et al. 2003). It also has
been demonstrated that Buc protein is crucial for germ plasm formation, and its
overexpression induces ectopic germ cell formation (Bontems et al. 2009).

During the embryo development, at the blastula stage, PGCs undergo a transition
from a non-motile to a motile mode (Blaser et al. 2005). The PGCs begin to respond
to guidance cues provided by chemokine signals and start migrating toward the geni-
tal ridge. The chemokine SDF1a and its receptor CXCR4b are key players in PGC
migration (Doitsidou et al. 2002; Kurokawa et al. 2006). Transplantation experi-
ments suggest that molecular mechanisms controlling PGC migration are conserved
among most fish species. Interestingly, PGCs isolated from one species and trans-
planted into another species with a completely different developmental and PGC
migratory pattern (e.g., from European eel (Anguilla anguilla) to zebrafish (Danio
rerio)) migrated toward the genital ridge of the host species (Saito et al. 2011). After
migration, PGCs settle in the position where the gonads are formed. Although the
mechanism how PGCs terminate their migration is still unknown, it seems that the
duration of migratory activity of PGCs is controlled autonomously. When PGCs iso-
lated from different stages were individually transplanted into blastula stage hosts,
migration rates of PGCs toward the genital ridge were significantly lower at the later
stages than earlier stages. It is likely that there is a difference between migration abil-
ity of germ cells before and after the somitogenesis period (Saito et al. 2010).

16.1.3 Surrogate Production Technology

In fish, the surrogate production means that a surrogate host parent produces gam-
etes of a donor. The host individual carrying germ-line of a donor is called germ-
line chimera. To obtain germ-line chimera, GSCs have to be isolated from a donor
and transplanted into a host. The host become germ-line chimera if the transplanted
GSCs succeed to become correctly localized to the genital ridge. Donor genotypes
can then be restored at the next generation, if the transplanted germ cells differenti-
ate into functional gametes. This technique has been attracting attention in the
recent past, because it can lead to the production of gametes of endangered species
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using more common species as the surrogate parent (Okutsu et al. 2006; Yamaha
et al. 2007).

The main key steps for the production of germ-line chimeras are (1) preparation
of live isolates of donor GSCs; (2) sterilization of host; and (3) transplantation into
host. The GSC transplantation can be generally distinguished into PGC transplanta-
tion and spermatogonia/oogonia transplantation.

16.1.3.1 Generation of a Germ-Line Chimera by Transplantation
of PGCs

Production of germ-line chimeras in fish by transplantation of PGCs was first
reported by Lin et al. (1992) in zebrafish. In this experiment, blastomeres at the blas-
tula stage of the donor embryo were randomly aspirated into a needle and trans-
planted into host embryos of developmental stage identical to the donors. Thus, they
transplanted PGCs together with somatic cells. Yoon et al. (1997) reported that PGCs
are localized at the marginal region of the blastodisc at the blastula stage in zebrafish.
Therefore, Yamaha et al. (2001) transplanted only the PGC-containing lower part of
blastodisc into a host blastula embryo between diploid goldfish (Carassius auratus)
and triploid crucian carp (Carassius carassius); this “sandwiching” technique was
considered to likely improve the efficiency of germ-line chimera production.

The transplantation of PGCs together with other blastomeres between different
fish species has a limitation: the somatic blastomeres disturb PGC migration, and
PGCs are unable to arrive properly into genital ridge. To solve this problem, Saito
et al. (2008) isolated and transplanted single PGCs. They used pearl danio (Danio
albolineatus) as donor and sterilized zebrafish at blastula stage as host. The PGCs
were visualized by the injection of gfp-nos3 3’'UTR mRNA during one- to four-cell
stages according to Koprunner et al. (2001) and Saito et al. (2006), prior to isolation.
Ninety-four percent male and 66% female chimera were confirmed as germ-line
chimera that carried and produced only donor-derived gametes. Later, Saito et al.
(2010) showed a strong evidence that migratory mechanism of PGCs is well con-
served among fish species. They transplanted single PGCs from zebrafish, pearl
danio, goldfish, or loach (Misgurnus anguillicaudatus) into sterilized blastula-stage
zebrafish embryos. The transplanted PGCs migrated together with intrinsic host
PGCs toward the genital ridge, and the germ-line chimeras were produced between
distantly related species, not only between different genera, but also between differ-
ent families. Interestingly, a single PGC was sufficient for donor-derived gamete
production. The migration success rate as ratio of transplanted PGC presenting
migration activity to the host’s genital ridge was estimated as more than 45% even
in case of xenogeneic chimeras. In addition, this technique was applied to generate
germ-line chimera between more distant species belonging to different orders such
as Japanese eel (Anguilla japonica) to zebrafish (Saito et al. 2011). It was observed
that donor PGCs could migrate into the genital ridges of hosts, beyond the “family
barrier.” However, the transplanted PGCs disappear after migration, and the chi-
mera did not produce any donor-derived gametes probably due to incompatibility
with host’s somatic tissue in genital ridge.
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Although PGCs possess the ability to induce germ-line chimera with such high
efficiency, a main limiting factor is the number of PGCs available per embryo. It has
been estimated that, in the case of fish, there are only a few tens of PGCs present in
each embryo (Saito et al. 2006).

16.1.3.2 Induction of a Germ-Line Chimera by Transplantation
of Spermatogonia or Oogonia

Alternatively, another technique to induce germ-line chimera has been reported in
fish. The technique is based on transplantation of gonadal stem cells, such us undif-
ferentiated spermatogonia or oogonia (SG/OG), so as to avoid the complexity of
blastomere transplantation. Takeuchi et al. (2003, 2004) isolated undifferentiated
gonocytes from the genital ridge of newly hatched rainbow trout (Oncorhynchus
mykiss) and transplanted these cells into the peritoneal cavities of host masu salmon
(Oncorhynchus masou) at the same stage as donor. With this approach, they obtained
germ-line chimera that produced donor-derived gametes. Later this research group
proved that SG collected from sexually immature trout could be used as donor cells
too. Okutsu et al. (2006) performed intraspecific spermatogonia transplantation from
transgenic rainbow trout juveniles carrying the green fluorescent protein (GFP)
driven by the vasa promoter (expressing GFP in germ-line) into larvae of non-trans-
genic fish of the same species and later interspecific transplantation from rainbow
trout to masu salmon (Okutsu et al. 2007). The transplanted SG colonized in a part of
the gonad and differentiated into functional gametes. The germ-line chimeras were
differentiated into both males and females and produced donor-derived offspring. In
rainbow trout and zebrafish, it has been shown that the PGCs and early SG have the
remaining sexual plasticity. The cells can be differentiated into both functional eggs
and functional sperm in dependence on host sex (N6brega et al. 2010; Okutsu et al.
2006; Wong et al. 2011; Yoshizaki et al. 2011). A different procedure was applied for
the transplantation of spermatogonia into adult Nile tilapia (Oreochromis niloticus)
after a chemical treatment by busulfan through a genital pore (Lacerda et al. 2006).

Presently, SG/OG transplantations represent the major strategies of surrogate
production via germ-line chimera among different fish species. The main advantage
of this method is that a large amount of SG/OG can be obtained from juvenile or
adult testes or ovaries. On the other hand, the disadvantage of this method is lack of
suitable vital biomarkers for gonial stem cells.

Several techniques have been developed to sort the testicular cells in order to
enrich early stages of undifferentiated SG/OG. The most common techniques of
sorting are based on sedimentation or centrifugation in a density gradient (e.g.,
Percoll, Ficoll, BSA) (Lacerda et al. 2006; PSenicka et al. 2015) or centrifugal elu-
triation (Bellaiche et al. 2014). In the testicular tissue, undifferentiated spermatogo-
nia are the largest cells, with the lowest relative weight and therefore remain at the
upper layers of the density gradient. Nobrega et al. (2010) established a technique
to transplant SG from transgenic zebrafish (vasa::egfp) to wild-type one. They puri-
fied these cells by FACS (fluorescence-activated cell sorting) based on the GFP
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fluorescence and transplanted them into male and female adult zebrafish through the
genital pore. Nevertheless, it should be mentioned that vasa is not a stem cell
marker. Another possibility is offered by specific surface proteins. Ly75 protein in
rainbow trout (Nagasawa et al. 2010) and Gfral receptor in Nile tilapia (Lacerda
et al. 2013) were identified as markers of mitotic germ cells and were proposed as
cell surface markers for spermatogonia sorting. Von Schonfeldt et al. (1999)
described the enrichment of SG by magnetic-activated cell sorting using surface
markers of spermatogonial stem cells in several mammalian species. Panda et al.
(2011) introduced this technique in a cyprinid fish Labeo rohita.

16.1.4 Host Sterilization

Effective sterilization of the recipient is the prerequisite of effective use of germ-
line chimera to produce donor-derived gametes only. There are several approaches
to achieve effective sterilization in fish such as surgery, irradiation, chemical or
hormonal treatments, and genome, gene, and gene expression manipulations. A
non-transgenic genetic modification—gene knockdown strategy—can inhibit the
function of genes involved in gonadal development. In many invertebrate and verte-
brate species, dead end gene encodes an RNA-binding protein crucial for migration
and survival of PGCs. It is an evolutionary conserved and maternally inherited pro-
tein present in male and female gonads. Therefore, it seems to be a good candidate
not only for the identification of GSCs but also as a target gene to achieve steriliza-
tion using knockdown strategy (described in zebrafish by Weidinger et al. 2003).
Nowadays several potential target genes were characterized in commercially valu-
able species such as Atlantic salmon (Salmo salar) (Nagasawa et al. 2013). Lacerda
et al. (2006) induce sterilization for surrogate production purpose in Nile tilapia by
busulfan treatment. Busulfan is a cell cycle non-specific alkylating agent used in
cancer treatment that attaches an alkyl group (CnH2n + 1) to DNA. Since cancer as
well as spermatogonial cells proliferate faster and therefore with less error-correcting
than the other cells in general, these cells are more sensitive to DNA damage, such
as being alkylated (Iwamoto et al. 2004).

16.1.5 Germ Cell Cryopreservation

Probably the main potential of utilization of GSC technologies is its expansion into
cryopreservation platform for conservation of genetic resources. Cryopreservation of
fish eggs and embryos is not possible so far due to large size of egg, high content of
yolk, and low membrane permeability. Therefore, most of the cryopreservation proto-
cols have been developed for sperm, thus limiting the conservation to the paternal
genome only. Although a new generation could be theoretically regenerated from cryo-
preserved sperm itself via androgenesis using genetically inactivated/irradiated eggs of
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similar species, the success rate of androgenesis is extremely low, and the resulting fish
are homozygous nuclear-cytoplasmic hybrids with a loss of specific maternal genetic
information. This altogether makes the androgenetic regeneration impractical. On the
other hand, PGCs or SG/OG are diploid cells having the ability to preserve both pater-
nally and maternally inherited genetic information. Cryopreservation of embryos or
embryoids including PGCs and subsequent transplantation and germ-line chimera
generation have been successfully achieved for example in zebrafish (Kawakami et al.
2010) or loach (Yasui et al. 2011). Nevertheless, as mentioned above, the number of
PGCs in a single embryo or larva is very low. The cryopreservation of GSCs from
juvenile or adult guarantees a higher number of cells that maintain their potential to
contribute to the germ-line. Kobayashi et al. (2007) surgically isolated genital ridges
containing gonial cells of transgenic rainbow trout (vasa::egfp) fry and cryopreserved
the tissue. The thawed gonial cells were transplanted into the body cavity of host fry,
and they found that the chimera produced donor-derived gametes. Cryopreserved rain-
bow trout spermatogonia were transplanted into peritoneal cavity of masu salmon by
Yoshizaki et al. (2011), which gave rise to both functional sperm and eggs derived
from the donor. Recently it was found that a successful regeneration of spermatogonia
is possible to achieve also from frozen whole testis (Lee et al. 2013) and frozen whole
fish in rainbow trout (Lee et al. 2015).

16.1.6 Sturgeon Germ Cells

The aim of this chapter is to summarize the recent findings about GSC visualization,
isolation, cryopreservation, and transplantation in sturgeons in order to prepare a
platform for their surrogate production, where the critically endangered sturgeon
species with long term of maturation and a big body size (e.g., beluga) can be used
as a donor of GSCs and a more common species, with shorter term of maturation
and smaller body size (e.g., sterlet) as a recipient (surrogate parent) (see Fig. 16.1).

16.2 The Origin and Migration of Primordial Germ Cells
in Sturgeons (Saito et al. 2014)

Although sturgeons as Chondrostei belong to the class Actinopterygii, their early
developmental pattern differs from Teleostei. While eggs of teleostean fishes cleave
meroblastically, the sturgeon eggs undergo holoblastic cleavage pattern, which is
similar to that of amphibians. The mode of PGC formation is also altered according
to the transition of cleavage from holoblastic to meroblastic. In amphibians, there
are both known patterns of PGC specification, by inductive signals (epigenesis) or
by maternally inherited determinants (preformation) (Extavour and Akam 2003). In
urodeles, PGCs are likely formed in the animal cap, and they are induced rather
epigenetically by interaction between animal and vegetal blastomeres (Sutasurja



342 M. PSenicka and T. Saito

Target Donor Species (i.e. Beluga)
Reproductive cycle: 18-20 years~

Purificaiton of
spermatogonial
C.'N)gi::niamg

Germ-line Chimera

Identification of
Germline Chimera

oT@

BB@ g
® @@ SPGIOOG !

Target species

Characterization of o |
3 (Beluga)

PGCs/SPG/OOG

Identification of
Offspring

HOST embryo
Transplantation

5

Advantages of this new technique
Shorten the reproduction period

Host EmbryV

o
OO

===

Sterilization
Host species (Sterlet)

Reduce the space for keeping
Preservation of genetic resorces in LN
Maintenance of target species as cells

Reproductive Cycle: 4-5 years

Fig. 16.1 An overview of strategy for the development of surrogate production technique in stur-
geon. (Published in Robles et al. 2016)

and Nieuwkoop 1974). However, in anurans, PGCs are specified in the presumptive
endoderm that is derived from blastomeres located at the vegetal pole (Ikenishi
etal. 1974).

Saito et al. (2014) conducted several experiments to reveal whether PGCs in stur-
geons are formed in animal or vegetal pole and whether PGCs are specified by
inducing signals from somatic cells or predetermined by specific germ plasm (germ
cell determinant). As the first, gfp-nos3 3'UTR mRNA was injected into vegetal and
animal pole of sturgeon embryo in two- to eight-cell stage in order to visualize
PGCs. Localization of orthologs of the nanos to germ cells have been found in
nearly all taxa studied (Ewen-Campen et al. 2010). It has been previously shown
that the three prime UTR of nanos3 is subjected to degradation in somatic cells, but
is stabilized in PGCs by interaction with the microRNA (miR-430), Dnd, and Dazl
(Mishima 2012; Mishima et al. 2006). As a result, PGCs were observed only in
embryos injected into vegetal pole, which was the first indication that PGCs origin
in vegetal pole. In addition, this result strongly suggests that the mechanism of con-
ditional regulation of nanos3 mRNA should be conserved in sturgeons as in other
teleosts (Saito et al. 2006). In the next experiment, the presence of germ plasm in
sturgeon eggs was confirmed. In zebrafish, Buc protein has an important role in
assembling the germ plasm in an oocyte and early stage embryo, and it is possible
to visualize developing germ plasm at animal pole of a developing embryo along
cleavage furrows by injecting chimeric RNA composed of GFP and buc open read-
ing frame (Bontems et al. 2009). In sturgeons, germ plasm was observed along
cleavage furrows (as seen in zebrafish) after injection of gfp-buc mRNA into vegetal
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pole, but not in animal pole. In addition, the same pattern of germ plasm accumula-
tion was observed after examination of sturgeon embryos using transmission elec-
tron microscopy. This finding strongly suggests that the function of Buc protein is
conserved in sturgeon, and their PGCs are specified by the inheritance of germ
plasm, which is maternally supplied and deposited at the vegetal pole region of the
egg. Pocherniaieva et al. (2018) confirmed the localization of PGC-specific RNAs
in vegetal pole of sturgeon oocyte by qPCR analysis of the oocyte cryo-sections.
Sturgeon PGC migratory route from their formation site to the gonadal ridge dif-
fers from that of anurans, although these cells were specified in a similar manner. In
Xenopus, PGCs are specified at the vegetal pole and migrate toward the gonadal
ridge within the endoderm (Whitington and Dixon 1975). On the other hand, stur-
geon PGCs migrate on the yolk ball and the yolk extension toward the gonadal ridge
via the mesenchyme, which is similar to that observed in many teleosts (Saito et al.
2006). To prove whether the migration pattern is conserved among teleostean and
chondrostean, sturgeon PGCs were isolated and transplanted into goldfish embryo at
blastula stage. As a result, transplanted sturgeon PGCs migrated toward the gonadal
ridge of the goldfish along with the endogenous goldfish PGCs (Fig. 16.2). It dem-
onstrates that the migration mechanisms of PGCs are widely conserved in fish in
spite of the huge differences such as their size, cleavage and developmental pattern,
and localization of PGC specification. However, the transplanted PGCs that success-
fully arrived at the gonadal ridge disappeared as the embryo developed further.

16.3 Novel Technique for Visualizing Primordial Germ Cells
in Sturgeons (Saito et al. 2014)

Generally, PGC labeling had been possible only using injection of aforementioned
gfp-nos3 3'UTR mRNA. However, preparation of the artificial RNA is demanding,
time consuming, and costly, and moreover, the RNA is unstable for storage, and the
labeling remains relatively short time. In zebrafish, the expression of nanos3 (nos3)
mRNA declines to an undetectable level by 5 days post fertilization (Koprunner
etal. 2001). In sturgeon, GFP expression in PGCs after injection of gfp-nos3 3'UTR

=

Fig. 16.2 Sturgeon PGC in goldfish embryo 3 days post transplantation. Goldfish and sturgeon
PGCs are labeled by RFP and GFP-nos3 3"UTR (red and green), respectively (Saito et al. 2014)
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mRNA did not last more than 2 months (Saito et al. 2014), probably because the
injected mRNA was gradually degraded during PGC development. Second possibil-
ity for germ cell visualization is generation of a transgenic strain that possesses a
reporter gene in germ cells such as the green fluorescent protein (GFP) driven by the
vasa promoter (expressing GFP in germ-line). This technique was used, for exam-
ple, for transplantation of spermatogonia in rainbow trout (Okutsu et al. 2006).
However, currently, no transgenic strain is available in sturgeons, mainly because of
the extremely long reproductive cycle differing among species (5-25 years).
Therefore, it was needed to develop a new approach to enable visualization of stur-
geon PGCs in vivo both to study the dynamics of their development and to enable
isolation of viable PGCs for other downstream applications such as cryopreserva-
tion, cell culture, transplantation, and so on.

In a previous study, it was clearly showed that in sturgeons, PGCs are formed
exclusively in vegetal pole of egg. We took advantage of this finding and developed
an original, simple, and long-term non-transgenic technique of sturgeon PGC label-
ing. A general cell tracer dye with high molecular weight (MW) was injected into
vegetal pole of sturgeon embryo, localization of PGC precursors, at two- to eight-
cell stage. The high MW was necessary for keeping the tracer dye only in a strict
area of vegetal pole. For the experiments, we used fluorescein isothiocyanate conju-
gated to high-molecular-weight dextran (FITC-dextran). We tested MW of FITC-
dextran from 10,000 to 2,000,000, and the efficiency of PGC visualization was
highest using FITC-dextran with MW 500,000. FITC-dextran with a lower MW
was spread in whole embryo without any specific labeling. On the other hand,
FITC-dextran with a higher MW than 500,000 labeled lower number of PGCs. This
suggests that the germ plasm likely accumulates in a wider area of the vegetal hemi-
sphere than that labeled by FITC-dextran with a high MW. To support this conclu-
sion, it was reported that formation of GFP islands after injection of gfp-buc mRNA
is observed distant to the vegetal pole (Saito et al. 2014). After injection of sturgeon
embryos by FITC-dextran with MW 500,000 from two- to eight-cell stage, PGC-
like cells appeared at fourth day post fertilization at 15 °C and migrate forward and
form two germinal ridges similar to PGCs labeled by gfp-nos3 3'UTR mRNA. A
strong signal was observed at least for 3 months post fertilization, when the cells
started proliferation. The competence of labeled cells was proved by immunocyto-
chemistry and immunohistochemistry against Vasa (germ-line-specific protein),
whereby all FITC-labeled cells were positive to Vasa protein and were localized
only in genital ridge 1 month post fertilization. It was clearly shown that FITC-
labeled cells are PGCs (Fig. 16.3). This method gave us a powerful tool for visual-
ization of PGCs, which could be used for the investigation of PGC migration,
development of early stages of germ cells in larvae and young juveniles, and for
other applications such as isolations and transplantations.
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16.4 Sterilization of Sterlet (Acipenser ruthenus) by Using
Knockdown Agent, Antisense Morpholino
Oligonucleotide, Against Dead End Gene (Linhartova
et al. 2015)

A prerequisite for the generation of germ-line chimera, producing the donor-derived
gametes only, is sterilization of the host. Okutsu et al. (2006) transplanted spermato-
gonia in rainbow trout into normally fertile recipients. Fifty percent (13 from 26) of
transplanted males produced only 5.46 + 3.34% donor-derived progeny and 40%
(16 from 40) females produced 2.14 + 0.70% donor-derived progeny, while after a
sterilization of recipient, in the case of successful transplantation, they produced
only donor-derived gametes (Okutsu et al. 2007). Therefore, it is obvious that ster-
ilization of recipient is crucial for the development of an efficient surrogate produc-
tion technology.

The easiest and most common sterilization method in fish is triploidization or
hybridization. It was reported in many fish species that retention of second polar
body causes sterility of the individuals due to incapacity of three sets of homolo-
gous chromosome segregation. In the case that triploid fish produces gametes, those
are usually aneuploidy (Ihssen et al. 1990). However, several exceptions from this
rule have been reviewed by Maxime (2008) and Piferrer et al. (2009). Sturgeons are
one of the exception, where the fertility of triploids as well as interspecific hybrids
has been often reported, probably due to their polyploid nature and often hybridiza-
tion events (Havelka et al. 2014; Piferrer et al. 2009). Therefore, an alternative ster-
ilization method had to be developed for sturgeons. We applied a knockdown
technology, namely temporary inhibition of dndl translation using antisense mor-
pholino oligonucleotide (MO). The dnd1 is maternally supplied RNA crucial for the
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Fig. 16.3 PGC visualization during genital ridge formation in Acipenser ruthenus. (a—d) Ventral
views of FITC-positive PGCs in the upper parts of the abdominal cavity after removal of the intes-
tines in 17-dpf (a), 36-dpf (b), 53-dpf (c), and 90-dpf (d) embryos. (e) Magnified image of the
boxed area in (d). The mingled PGCs in the upper part of the body cavity of the 17-dpf embryo
separate into two lines as the fish develop. (f) Comparison of the average number of PGCs visual-
ized by FD-500 or gfp-nos3 3'UTR at each developmental stage. Vertical bars indicate standard
deviations. Bar = 500 pm (c and d) and 100 pm (e) (Saito et al. 2014)
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migration and development of PGCs in zebrafish (Weidinger et al. 2003), and
recently, it was also described in Chinese sturgeon (Yang et al. 2015). We injected
different concentrations of dndl MO together with FITC-dextran (for PGCs label-
ing) into vegetal pole of sturgeon embryo from two- to eight-cell stage according to
the previous study by Saito and PSenicka (2015). dndl MO was designed for 25 bp
downstream from dnd] start codon. The embryos injected with 250 pM MO occa-
sionally contained PGCs (0.1 + 0.45) at fourth day after fertilization (at active
migration stage) and completely disappeared at 21st day after fertilization. It was
thought that PGCs, which survived until 4 days were mismigrated at later stages and
did not reach the germinal ridge. The sterility was proved in 210 old treated fish vs.
control fish by macroscopic observation, histology, and RT-PCR as well as in situ
hybridization for germ-line-specific dnd! and vasa. As results, no germ cells were
detected in dndl MO-treated individuals. The embryos had significantly lower sur-
vival rate after injection with MO with concentration above 250 pM. It is known
that a higher concentration of MO is toxic to organisms (Fig. 16.4).

In conclusion, we developed 100% successful method of sturgeon sterilization,
which can be used for the preparation of recipient for surrogate production
technology.

16.5 Isolation and Transplantation of Sturgeon Early-Stage
Germ Cells (PSenic¢ka et al. 2015)

The previous studies focused on sturgeon PGC migration, development, labeling,
and also transplantation. A possibility of PGC utilization can be in single-cell-based
applications, such as generation of isogenic lines originated form a single PGC;
however, surrogate production technologies based on PGC transfer turned out to be
relatively complicated due to high fragility and a low number of PGCs in an embryo.
Therefore, nowadays, generation of germ-line chimera for surrogate production
using gonial cells (spermatogonia and oogonia) is the preferred method.

The technique of spermatogenesis regeneration using spermatogonia transplan-
tation was first introduced by Brinster and Zimmermann (1994) in a mouse model.
They conducted dissociation of testicular cells using 0.1% collagenase and 0.25%
trypsin in two steps. Spermatogonia were enriched using a sedimentation-based
separation method in 2-4% bovine serum albumin (BSA) gradient developed by
Bellve et al. (1977). Okutsu et al. (2006) applied a modified method to fish (rainbow
trout Oncorhynchus mykiss). They dissociated trout testes in a medium containing
0.5% trypsin and transplanted them into the peritoneal cavity; testicular germ cells
could colonize gonads of larvae and produce functional sperm and eggs. Psenicka
et al. (2015) adopted the approaches and developed method for isolation of SG and
OG from immature testis and ovary and transplantation into body cavity of larvae.
As first, different enzymatic media were tested for the dissociation of Siberian stur-
geon (Acipenser baerii) gonadal cells. The composition of best working dissociation
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Fig. 16.4 Ablation of primordial germ cells (PGCs) in sterlet embryos and larvae treated with
dnd-MO(250 mM) at 4, 7, and 21 days post fertilization (dpf) compared with controls. (a, b) Tail-
bud stage, 4 dpf; (c, d) hatching period, 7 dpf; (e, f) dissection of body cavity, 21 dpf. (a, c, e)
Control FITC-injected group with PGCs (white circles); (b, d, f) 250-mM dnd-MO-injected
group. Scale bars are (a, b, ) 1 mm; (¢, d) 2 mm, and (e) 500 mm. MO, morpholino olignucleotide
(Linhartova et al. 2015)

media was phosphate-bufferred saline (PBS) containing 0.3% trypsin, adjusted to
238 mOsm kg~! with pH 8. The dissociation lasted 2 h at 23 °C and was terminated
by adding 1% BSA and 40 pg mL~! DNAse. The suspension was filtrated through
40-pm filter, and the dissociated cells were sorted using density gradient centrifuga-
tion in Percoll solution. The sorted cells were tested by Vasa-antibody (DDX4)
immuno-labeling. The highest amount of gonial cells was collected from 10 to 30%
Percoll solution. The cells were washed by PBS and labeled with a general cell
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tracer PKH26 (according to Lacerda et al. 2006 in Nile tilapia) and injected into
body cavity of sterlet (Acipenser ruthenus) larvae. The development of transplanted
cells was recorded for 3 months until proliferation (Fig. 16.5). Three years post
transplantation, the donor-derived germ cells were identified in the host using spe-
cies-specific RT-PCR on vasa.

The isolation and transplantation of oogonia has been described in trout by
Yoshizaki et al. (2010) and in zebrafish by Wong et al. (2011). The manipulation
with oogonia should be considered especially in case of sturgeons, because they are
suggested to have a female heterogamety (ZW female/ZZ male) sex-determination
system (Flynn et al. 2006; Omoto et al. 2005). Due to this, conservation based only
on male germ cells may not be effective because they may not include complete
genetic information.

The sorting of gonadal cells is necessary especially in the case when mature
individuals are used for the isolation and the gonadal cell suspension contains a high
number of differentiated germ cells such as spermatocytes, spermatids, or sperma-
tozoa. There are two general procedures to sort the germ cells: (1) density gradient
centrifugation (as it was used in the present study) and (2) using a surface protein-
based immuno-method. A promising approach of germ cell sorting was described
by Von Schonfeldt et al. (1999). They conducted the enrichment of spermatogonial
stem cells by magnetic-activated cell sorting (MACS) using surface markers in sev-
eral mammalian species. Panda et al. (2011) introduced this technique in a cyprinid
fish (Labeo rohita) and sorted the testicular cells using antibodies against proteins,
which are believed to be conserved in eukaryotes and localized on the plasma mem-
brane of spermatogonial stem cells, Thy 1 (CD90) and Gfra1. However, it is currently

Fig. 16.5 Larvae of sterlet with red-labeled transplanted spermatogonia of Siberian sturgeon (a)
6 dptin a living larva. Bar = 1 mm; (b) 30 dpt and (c) 50 dpt in a dissected larva with FITC-labeled
(green) endogenous PGCs. Bar = 200 and 500 pm, respectively (PSenicka et al. 2015)
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not possible to identify germ stem cells in sturgeons because of lack of the func-
tional germ stem cell-specific marker.

It can be concluded that the technic for generation of germ-line chimera in stur-
geon has been developed, when a juvenile is used as the donor. The effective method
of GSC isolation from adult sturgeon individuals will be issue of future investiga-
tion. The gonadal tissue suitable for transplantation can be isolated from a critically
endangered sturgeon species also by a surgery or an operation or when the individ-
ual is just dying from any reason. One 4-year-old Siberian sturgeon can provide
about one million Vasa-positive germ cells, which is sufficient for the transplanta-
tion of approximately 5000 larvae.

16.6 Cryopreservation of Early Stages of Germ Cells
in Sturgeon, Comparison Between Whole Tissue
and Dissociated Cell Freezing (PSenicka et al. 2016)

We believe that GSC cryopreservation has a high potential in conservation biology.
So far, it is not possible to successfully cryopreserve sturgeon eggs or embryos, and
their cryobanking is based only on sperm cryopreservation. However, this strategy
does not involve conservation of specific maternal genetic material such as mtDNA
or a female-specific sex chromosome in the case of species with female heteroga-
metic sex determination system. GSC-based cryobanking could involve both mater-
nal and paternal genetic materials. In addition, spermatozoa cryopreservation can
provide only one possible combination of genes from an individual male, whereas a
single GSC will replicate and undergo recombination of genetic information in
gametogenesis during the whole life of the fish, providing much wider genetic
variability.

Yoshizaki et al. (2011) developed cryopreservation and transplantation of dissoci-
ated rainbow trout spermatogonia into peritoneal cavity of masu salmon and obtained
both functional sperm and eggs derived from the donor. Lee et al. (2013, 2015) used
frozen/thawed whole testis and frozen/thawed whole body of rainbow trout for
regeneration of spermatogonia. This study compared different approaches such as
cryopreservation of whole gonadal tissue (before dissociation) vs. gonadal cell sus-
pension (after dissociation) and different cryoprotectants for Siberian sturgeon testes
and ovary. The viability and number of cells were evaluated after thawing, and, in
addition, the germ cells cryopreserved by the selected method were transplanted into
peritoneal cavity of sterlet larvae to prove their ability to develop and proliferate in
the recipient. Based on the results, the most suitable cryopreservation procedure for
sturgeon early germ cells is surprisingly freezing of whole tissue from 10 to —80 °C
at a cooling rate of 1 °C per minute followed by plunging into liquid nitrogen with
extender based on PBS containing 0.5% BSA and 50 mM glucose with 1.5 M ethyl-
ene glycol as a cryoprotectant. The viability of cells after cryopreservation was about
60%. Moreover, the dead cells in the frozen/thawed tissue were digested by trypsin
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during the dissociation process, and the final suspension contained mostly only intact
cells (over 90%). After intraperitoneal injection of the cryopreserved spermatogonia
and oogonia, they started proliferation in 60% of sterlet larvae, which corresponds
with results obtained after transplantation of fresh gonial cells.

This chapter provides a powerful tool for the conservation of sturgeons and can
help with synchronization of donor and host stage.

If the technology based on cryopreservation and transplantation of GSCs should
be applied in practice, it is necessary to introduce it to sturgeon farms, which pos-
sess the valuable sturgeon species. However, farmers usually do not use a program-
mable freezer neither liquid nitrogen. Also a transfer of frozen tissue between a farm
and a laboratory or between two laboratories in liquid nitrogen is complicated.
Therefore, it was necessary to develop a GSC cryopreservation and storage method
in a more available condition. As it was described in a previous study (PSeni¢ka
etal. 2016), GSCs can be cryopreserved as whole tissue, which is advantageous for
the work in field conditions. Then the cell dissociation, isolation, and transplanta-
tion can be performed in the laboratory conditions after thawing of frozen tissue.
The tissue should be chilled from 10 to —80 °C at a cooling rate 1 °C per minute and
then transferred and stored in liquid nitrogen. In the field conditions, the tissue can
be frozen in a deep freezer or in a thermo-isolated box with dried ice, which is
nearly —80 °C. The cooling rate can be achieved by a simple and available cell
freezing container (e.g., CoolCell®). The present chapter describes if and for how
long it is possible to keep the frozen gonadal tissue at —80 °C, without an adverse
effect. It was found that 2 days storage at —80 °C has no significant effect on cell
gain and viability from frozen/thawed gonadal tissue, while two- to threefold
decline was observed after 7 days storage at —80 °C. It was concluded that the tissue
can be chilled and kept for 2 days at —80 °C without any adverse effect and after that
either used (thaw, dissociate and transplant) or transferred and stored in liquid nitro-
gen (approximately —196 °C) for a long time.

16.7 Conclusions

The development, labeling, isolation, transplantation, and cryopreservation of stur-
geon early germ cells, namely PGC, SG, and OG, were introduced in the present
chapter.

The origin and specification of sturgeon PGCs are rather similar to anuran
amphibians than teleostean fishes. The PGCs are determined by maternally inher-
ited germ plasm, which is specifically localized in the vegetal pole of oocyte. This
finding could help us to develop original PGC labeling method by the injection of
general cell tracer into the specific area of sturgeon oocyte. It was also confirmed
that PGC migration mechanisms are conserved between chondrostean and teleos-
tean, since PGC isolated from sturgeon and transplanted into goldfish embryo at
blastula stage was capable to migrate into genital ridge.
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The second part of the present work was dedicated to manipulation with gonial
cells from juvenile sturgeons. Dissociation, purification, and transplantation of
spermatogonia and oogonia were elaborated. This study enabled generation of
germ-line chimera in sturgeons.

Next, sterilization of sturgeon recipient (sterlet) using dead end knockdown was
developed, which provided us the last piece of puzzle to complete the surrogate
production technology in sturgeons.

Cryopreservation is probably the most useful application in GSC technology,
since it is the only possibility for the conservation of specific maternal genetic infor-
mation in vitro not only for sturgeons, but for all bony fishes. Therefore, the cryo-
preservation of sturgeon early germ cells was elaborated. Moreover, it was shown
that the cryopreserved germ cells were capable of transplantation after thawing, and
the transplanted Siberian sturgeon germ cells could proliferate in a different species,
sterlet.

In the last part of the present study, it was shown how to do cryopreservation of
sturgeon GSCs practically in field conditions by using temperature around —80 °C,
which can be obtained by either dried ice or a deep freezer. The gonadal tissue,
either testis or ovary, can be frozen and transferred in the particular condition up to
2 days without any significant loss of cell viability. Afterwards the tissue can be
placed in liquid nitrogen for long-term storage or thaw for a direct usage, usually
transplantation.

As the final words, it can be concluded that the technique for the generation of
germ-line chimera in sturgeons was developed. dnd! MO-treated sterlet with repro-
duction cycle about 4 years and body weight about 2 kg can be used as a surrogate
parent for critically endangered sturgeon species with a long reproductive cycle
(about 20 years) and a high body weight (above 100 kg) such as beluga or European
sturgeon (Acipenser sturio).

16.8 Future Directions

It is evident from the work summarized above that the manipulation with germ cells
in order to produce germ-line chimera is relatively complicated and require practice.
Future work will be focused on simplification and transfer of the technology to prac-
tice. Sterilization of recipients for germ cells in sturgeon is one of the limiting steps.
Linhartova et al. (2015) developed sterilization method using injection of antisense
morpholino oligonucleotide knocking down dead end gene. However, this technique
required injection into embryos from two- to eight-cell stage, which last only a few
hour depending on temperature. Therefore, it would be advantageous to develop a
sterilization method of sturgeon recipients without the demanding manipulation.
One possibility can be using so-called vivo morpholino. Wong and Zohar (2015)
successfully produced sterile zebrafish by a bath-immersion dead end knockdown
approach. This method will be tested on sturgeons in next experiments. In addition,
different sturgeon hybrids and triploids will be tested for their fertility/sterility, toler-



352 M. PSenicka and T. Saito

ance, and precocity, although the testing requires long time. Alternatively, induction
of sterility of adult sterlet male using busulfan will be tested. This technique could
provide a tool for fast production of sperm from SG isolated even from very young
juvenile. For example, SG could be isolated from 2-year-old Russian sturgeon
(Acipenser gueldenstaedtii) and transplanted into busulfan-treated adult sterlet
males during summer. After resorption of endogenous sterlet germ cells, the Russian
sturgeon SG can be injected directly into testis using a syringe. Theoretically the
recipient should produce donor derived sperm already next spring after a completion
of spermatogenic cycle. For comparison, Russian sturgeon matures about from 11 to
16 years (Chebanov and Galich 2011), but we could obtain mature sperm in 3 years.
The sperm can be easily recognized and possibly sorted according to their differ-
ences in ploidy level (sterlet 2n, Russian sturgeon 4n).

Another problem is the efficiency of GSCs isolation techniques in fish, which is
still low and deserve a special attention. Therefore, development of new fish GSC
biomarkers and isolation methods, such us cell sorting methods based on cell den-
sity or specific cell surface proteins, will also be the issue of the further research.

In vitro culture of fish GSCs is still a challenging topic although it offers several
promising advantages. Fan et al. (2008) isolated and cultured PGCs of a transgenic
zebrafish line. The cells proliferated in culture with various growth factors. Culture
conditions for the maintenance of the survival and mitotic activity of rainbow trout
type A spermatogonia were established as well (Shikina et al. 2008). After trans-
plantation, the cultured spermatogonia were colonized and proliferated in recipient
gonads. The application of in vitro sturgeon GSC culture together with surrogate
production technology can be a powerful tool in conservation genetics of these
unique and vanishing species.

Another future direction will be development of somatic cell nuclear transfer in
sturgeons. Our research team already managed artificial reproduction and manipu-
lation with sturgeon gametes and germ cells. Using the technique of nuclear transfer,
it could be possible to restore an individual genetic information collected noninva-
sively from a small piece of fin tissue (Fatira et al. 2018), which could be a huge
advantage especially in the case of critically endangered species.
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Chapter 17
Intraperitoneal Germ Cell Transplantation
Technique in Marine Teleosts

Yutaka Takeuchi, Ryosuke Yazawa, and Goro Yoshizaki

Abstract Transplantation of pre-meiotic germ cells, harvested from juvenile or
adult fish, into the body cavity of allogeneic or xenogeneic recipients sterilized by
triploidization or endogenous germ cell depletion, results in their migration into
genital ridges where they are eventually incorporated. These germ cells initiate
either spermatogenesis or oogenesis in the recipient gonads, depending on the sex
of the recipient. Furthermore, by mating male and female germ-cell-transplanted
recipients, viable offspring are derived. Although this technology, called the “sur-
rogate broodstock technology,” was established using salmonid fish, we found that
it is applicable to a wide variety of fish species including commercially valuable
marine teleosts. Thus, we believe that this method will prove to be a novel fish
breeding technology for preserving the valuable genetic resources of both aquacul-
ture and endangered fish species. This chapter describes our recent findings regard-
ing the improvements in germ cell manipulation and transplantation in marine
teleosts.
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17.1 Introduction

Germ cell transplantation (GCT) is a powerful assisted reproductive technology for
the conservation and propagation of elite livestock or endangered wild animals
(Ogawa 2001; Dobrinski 2007). It also provides a useful cell transplantation assay
system for the functional characterization of germline stem cells (Yoshida 2009). In
teleost fish, three different types of GCT techniques have been successfully estab-
lished to generate donor-derived gametes by transplanting primordial germ cells
(PGC), spermatogonia, or oogonia into recipients at various developmental stages,
such as (1) embryonic stage (blastula), (2) hatchling stage, and (3) sexually compe-
tent adult stage (Lacerda et al. 2013). Development of GCT in fish has created a new
avenue of research in the reproductive biology of fish germline stem cells and pres-
ents a variety of promising biotechnological applications in the breeding and aqua-
culture production of commercially valuable fish, preservation of valuable
endangered species, and generation of transgenic fish (Okutsu et al. 2006a; Yoshizaki
et al. 2012; Yoshizaki and Lee 2018; de Siqueira-Silva et al. 2018).

17.1.1 Germ Cells Can Be Transplanted into the Body Cavity
of Newly Hatched Fish Embryos

Intraperitoneal GCT, one of the three GCT techniques mentioned above, was ini-
tially established by Takeuchi et al. in salmonids, using allogenic and xenogenic
donor/recipient combinations, in 2003 and 2004, respectively (Takeuchi et al. 2003,
2004). It was first applied to the pelagic egg-spawning marine teleost, Nibe croaker
(Nibea mitsukurii, Perciformes, Sciaenidae) (also known as blue drum) in 2009
(Takeuchi et al. 2009). As shown in Fig. 17.1, the isolated donor PGCs obtained
from the rainbow trout (Oncorhynchus mykiss) were transplanted into the peritoneal
cavities of newly hatched larvae of the allogenic rainbow trout or masu salmon
(Oncorhynchus masou), using an oil microinjector attached to a micromanipulator
(Takeuchi et al. 2004). Intraperitoneally transplanted donor PGCs first attached to
the peritoneal wall and then migrated to the recipient genital ridges by extending
their pseudopods (Takeuchi et al. 2003). Chemotactic guidance cues secreted from
recipient genital ridges and/or extracellular matrix distribution on the migratory
route of the endogenous PGCs could support the active migration of donor PGCs
towards the recipient genital ridges. In addition, lack of a functional immune system
as indicated by the absence of differentiation in both the thymus and T cells at the
hatching stage (Manning and Nakanishi 1996) would be key for the survival of
exogenous donor-derived germ cells at least until the donor PGCs were incorpo-
rated into recipient gonads. These hatchlings upon reaching adulthood produced
donor-derived functional gametes and offspring. Moreover, the approach was suc-
cessfully applied to the trout model wherein spermatogonial and oogonial stem cells
from the rainbow trout were transplanted into sterile triploid rainbow trout or masu
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salmon hatchlings, resulting in the establishment of donor-derived gametogenesis in
the male and female recipients (Okutsu et al. 2006b, 2007; Yoshizaki et al. 2010a).
In addition, the fact that spermatogonia and oogonia transplanted into newly hatched
embryos differentiated into either sperm or eggs depending on the sex of the recipi-
ent indicated that these gonial germ cells included a cell population that possessed
sexual bipotency and could be used in place of the PGCs described above. Because



360 Y. Takeuchi et al.

fish embryos possess an extremely small number (approximately 20—100) of PGCs
at the hatching stage (Braat et al. 1999; Yoshizaki et al. 2002) and only 10-30 PGCs
per donor fish can be isolated through enzymatic treatment (Takeuchi et al. 2003;
Kobayashi et al. 2004), large numbers of hatched embryos of donor species are
required to isolate PGCs for transplantation (e.g., at least 10 PGCs are required for
transplantation into a single recipient). Unlike PGCs, a large number of gonial germ
cells can be obtained from a single male or female fish, which allows the isolation
of donor germ cells even from commercially valuable marine teleosts, such as the
bluefin tuna (Thunnus orientalis). Thus, in terms of the practical application of GCT
in marine fishes, it was an epoch-making discovery that gonial (pre-meiotic) germ
cells that can be found abundantly in the sexually immature gonads of males and
females could be adopted as donor germ cells.

As we were unable to directly transplant donor germ cells into the gonads of
newly hatched recipients and isolate a large number of PGCs from fish embryos, the
development of an intraperitoneal GCT technique using gonial germ cells from the
donor was a major breakthrough in our series of studies on salmonids (Yoshizaki
et al. 2012). The intraperitoneal GCT technique allows the production of both male
and female gametes of the donor species in the gonads of recipient species; this
technique was used worldwide by the name of “surrogate broodstock technology”
and was applied to several freshwater including endangered species (zebrafish
(Wong et al. 2011), tilapias (Farlora et al. 2014), medaka (Seki et al. 2017), stur-
geons (PSenicka et al. 2015; Ye et al. 2017), bitterlings (Octavera and Yoshizaki,
unpublished)) and commercially valuable marine teleosts (croakers (Takeuchi et al.
2009; Higuchi et al. 2011; Yoshikawa et al. 2017, 2018a), mackerels (Yazawa et al.
2010), yellowtails (Morita et al. 2012, 2015), pufferfish (Hamasaki et al. 2017,
Yoshikawa et al. 2018b), tunas (Bar et al. 2015), and flatfish (Pacchiarini et al.
2014)). For this technique to be successful in marine teleosts, the combination and
use of several key biological and technical properties of germ cells and the gonadal
development process of target species was required. Especially, most marine tele-
osts spawn small pelagic eggs (diameter, 0.6-1 mm), and these larvae are a few
millimeters in total length and have poorly developed sensory systems, skeleton,
and musculature. Thus, their larvae are very fragile compared to the newly hatched
larvae of salmonids which are large (total length, 15 mm) and have tolerance for
handling because of their large egg size (diameter, 5-8 mm) and well-developed
external and internal organs. In the present article, we introduce these properties
while outlining how we applied the technology to commercially valuable marine
teleosts including the small pelagic egg-spawning Perciformes.
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17.1.2 Biotechnological Applications of Intraperitoneal GCT
in Marine Fish

Marine fish farming for commercial market and stock enhancement has potential
for significant growth globally. However, a number of technical impediments
including the lack of a consistent supply of juvenile fish, difficulties in broodstock
management and spawning induction (Zohar and Mylonas 2001), and the expense
of seed production have limited expansion in the past. The potential applications of
intraperitoneal GCT techniques in the aquaculture of marine teleosts was first
proposed in 2003 (Yoshizaki et al. 2003) and had been partially put into practice for
producing marine fish seeds for farming or stocking purposes (Morita et al. 2012,
2015; Hamasaki et al. 2017; Yoshikawa et al. 2018b) (Fig. 17.2).

17.1.2.1 Production of Gametes of Large-Bodied, Commercially Valuable
Species (e.g., Tunas, Yellowtails, Groupers) in Closely Related
Recipients with Small Body Size and Shorter Generation Time

The bluefin tuna takes 3—-5 years to reach sexual maturity, at a body-weight of
roughly 50-300 kg. As a result, broodstock management and gamete collection for
this species is expensive in terms of time, cost, labor, and space, especially in a
land-based tank. However, if bluefin tuna spermatogonia could be transplanted into
the Chub mackerel (Scomber japonicus), which is a closely related species that
reaches maturity in 1-2 years at a body weight of roughly 500 g, bluefin tuna gam-
etes could be produced more easily and rapidly, even in a small fish tank. Indeed, the
production of functional donor-derived Japanese yellowtail (Seriola quinqueradi-
ata) sperm, using jack mackerel (Trachurus japonicus) as “a small-bodied and
shorter generation (SS) surrogate” has been demonstrated as the first, successful
attempt at the production of xenogenic donor gametes in marine fish (Morita et al.
2015). The production of xenogenic donor-derived eggs was first reported in tiger
puffer (Takifugu rubripes) using the SS-surrogate grass puffer (Takifugu niphobles)
(Hamasaki et al. 2017). Shortening of the generation period and labor-saving in
broodstock management are important requirements to precede the breeding pro-
grams of aquaculture-target marine fishes (Fig. 17.2a).

17.1.2.2 Preservation of Elite Breeds of Fish Harboring Desirable Genetic
Traits or of Endangered Species, in Combination with Cryo-
banking of Donor Germ Cells

Unlike the eggs and embryos of mammals or marine invertebrates, which can be
cryopreserved due to their small size and low yolk content, fish eggs are very large
(eggs of pelagic egg-spawning marine teleost are about 0.6—1 mm in diameter) and
contain large quantities of yolk. Thus, the cryopreservation of fish eggs or embryos
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is still not possible. In salmonids, cryopreservation protocols for PGCs, spermato-
gonia, and oogonia have been established, and it is possible to revive donor strains
or species by transplanting frozen germ cells into recipients to produce the eggs and
sperm of the donors, and then to fertilize those eggs and sperm (Okutsu et al. 2006b;
Kobayashi et al. 2007; Yoshizaki et al. 2011; Lee et al. 2013, 2016a, b; Yoshizaki
and Lee 2018). Recently, production of tiger puffer fish from cryopreserved testicu-
lar germ cells using intraperitoneal GCT was published for the first time in marine
fish (Yoshikawa et al. 2018b). Notably, transplantable spermatogonia were retrieved
from frozen “whole fish” kept for 3 years in a deep freezer at —80 °C (Lee et al.
2015). This implies that in the case of an emergency, such as the sudden death of an
economically valuable or endangered fish species at a fish-rearing facility due to
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disease or accident, the dead fish can be stored in a deep freezer until they can be
sent to a laboratory and used as donor for regeneration via GCT (Fig. 17.2a).

17.1.2.3 Production of Mono-sex F1 Offspring by Inducing Sex-Fate
Change of Donor Cells in Recipient Gonads

Because of the sexual plasticity of donor germ cells, transdifferentiation of donor
spermatogonia into eggs or donor oogonia into sperm can be induced in the recipi-
ent gonads following intraperitoneal GCT. In male case of heterogametic fish (XY/
XX), spermatogonial cells (XY genotype) developed into functional eggs harboring
the Y-chromosome in the recipient ovary and Y Y-super-males were generated in the
donor-derived F1 offspring (Okutsu et al. 2015; Yoshizaki et al. 2010b). Using the
sperm of the Y Y-super male, an all-male population can be obtained. For example,
mature testes of the tiger puffer are priced approximately three times higher than
their flesh (10,000 Japanese yen per kilogram) as they are a popular ingredient in
fish stew or grill. Although the sex of the tiger puffer shows a clear XX/XY system
(Kikuchi et al. 2007; Kamiya et al. 2012), the masculinization of tiger puffer using
traditional methods such as methyltestosterone treatment (Kakimoto et al. 1994)
and aromatase inhibitor treatment (Rashid et al. 2007) is known to be extremely
difficult. Therefore, in tiger puffer, the spermatogonial transplantation technique is
powerful and novel tool for seed production of all-male populations for aquaculture
(Hamasaki et al. 2017). In contrast, oogonial cells (XX genotype) developed to
functional sperm only consisted of spermatozoa possessing the X-chromosome in
the recipient testis. By using this sperm for fertilization with normal eggs, all-female
F1 offspring will be obtained. The production of an all-female population offers an
economic advantage for marine fish species due to the higher growth rates of
females and as a means of controlling unwanted reproduction (Xu et al. 2018; Budd
et al. 2015) (Fig. 17.2b).

17.1.2.4 Production of Fish Seeds with Increased Genetic Diversity
for Use in Stock Enhancement Program to Mitigate the Genetic
Impact of Released Fish Seeds on Wild Fish Populations

Several studies have suggested that massive releases of hatchery-produced seeds
had the potential to alter the genetic structures of local populations (Eldridge and
Naish 2007; Kitada et al. 2009). These concerns are based on the fact that hatchery
fish populations often exhibit reduced genetic variation caused by the use of rela-
tively small broodstock for seed production and/or inbreeding over multiple genera-
tions (Verspoor 1998; Sekino et al. 2002). A mean of producing gametes with a
large amount of genetic diversity using only a small number of surrogate recipients
has been demonstrated in rainbow trout by using donor germ cells isolated from the
testes of different donor individuals and mixed prior to their transplantation into the
peritoneal cavity of a single recipient (Sato et al. 2014). The resulting recipient
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produced gametes derived from several donor individuals, thereby allowing mass
production of fish seeds possessing increased genetic diversity (Fig. 17.2a).

17.2 Intraperitoneal GCT in Rotifer-Feeding Stage Marine
Fish Larvae

17.2.1 Optimal Developmental Stage of Recipients
Jor Intraperitoneal GCT

Even in marine fish, we predicted that the recipient larvae or juveniles do not have
the capacity to reject foreign cells or allografts at least for several weeks because
their immune organs are not fully developed until that stage (Zapata et al. 2006).
Thus, for the successful migration of intraperitoneally transplanted donor germ
cells to the recipient genital ridges, it is important to find the most suitable develop-
mental stage of recipient larvae through detailed histological examination of early
gonadal development.

The effect of the recipient body size and age on the incorporation efficiency of
donor spermatogonia into the recipient gonads was studied using the Nibe croaker
as a marine teleost model (Takeuchi et al. 2009) (Fig. 17.3a). The early gonadal
development of total length (TL): 4-mm (12 days post-fertilization [dpf]), rotifer-
feeding stage larvae to TL: 12-mm (30 dpf), formula food-feeding juveniles was
studied using hematoxylin and eosin (HE)-stained transverse sections of their body
cavities (see Fig. 17.2 of Takeuchi et al. 2009). In the 4-mm larvae, endogenous
PGCs had settled in the upper part of the peritoneal cavity where the genital ridges
form. Genital ridges were first observed in the 6-mm larvae and a single layer of
gonadal somatic cells covered the PGCs. Proliferation of PGCs began after they
were enclosed in the genital ridges. These data suggested that PGC development in
this species passes from the migration phase to the proliferation phase before the
larvae reach 6-mm in length. In addition, intraperitoneal GCT in Nibe croaker lar-
vae revealed that no donor cells colonized the genital ridges of 6-mm recipients,
whereas donor cells successfully colonized the genital ridges when transplanted
into 3- to 5-mm recipients. In conclusion, the migration of endogenous PGCs of
Nibe croaker towards their own genital ridges was not completed until the larvae
reached around 4-mm in total length, providing an opportunity to transplant donor
germ cells near the migratory route of endogenous PGCs. Potential mechanisms
explaining the narrow developmental time window for the appropriate recipient are
as follows in the peritoneal cavity of 6-mm larvae: (1) chemotactic signals secreted
from the gonadal somatic cells during endogenous PGCs migration had ceased, (2)
the developed gonadal epithelium blocked the incorporation of donor type-A SG,
and (3) niches for germ cells in recipient genital ridges had been already occupied
by the proliferating endogenous PGCs. In addition, total body length can be an
indicator of the optimal developmental stage of recipient larvae. Although the exact
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timing of genital ridge formation varies in different fish species, the optimal stage
of intraperitoneal GCT was determined as the post-swim-bladder-inflated, rotifer-
feeding larvae in several marine fish species, e.g., 7 dpf (5.3 mm) in Chub mackerel
(Yazawa et al. 2010), 8 days post-hatch (dph) (5.2 mm) in yellowtail (Morita et al.
2012), 10-12 dph (3.9—4.3 mm) in jack mackerel (Morita et al. 2015), and 1-5 dph
(2.5-3.3 mm) in grass puffer (Hamasaki et al. 2017). Changes in the morphology of
recipient genital ridges and in the number of endogenous PGCs should be carefully
monitored to optimize the developmental stage of the recipient for intraperitoneal
GCT, because loss of susceptibility to donor germ cell incorporation coincides with
these changes.

17.2.2  Preparation of Type-A Spermatogonia Enriched Donor
Testicular Cell Suspensions

In rainbow trout, by using GFP-labeled spermatogonia prepared from the pvasa-
GFP transgenic strain as donor germ cells, only populations of type-A spermatogo-
nia, which are recognized as a singly located spermatogonia with large and round
nuclei in the cyst structure of Sertoli cells, were found to contain germ cells having
the ability to migrate to and colonize the recipient genital ridges (Yano et al. 2008).
Moreover, counting the number of donor-derived gametes produced by a recipient
proved that the colonized donor germ cells possessed self-renewal and differentia-
tion capabilities and behaved as germline stem cells in the recipient gonads (Okutsu
et al. 2006b; Morita et al. 2012; Yoshikawa et al. 2017). In general, as spermatogen-
esis progresses, the number of type-B spermatogonia, meiotic germ cells, haploid
germ cells, and gonadal somatic cells increases drastically, causing a rapid decline
in the percentage of type-A spermatogonia in testicular cell suspensions. In rainbow
trout, more than 50% of the cells in suspension need to be type-A spermatogonia for
efficient colonization by donor germ cells (Okutsu et al. 2006b). Thus, determina-
tion of the most suitable reproductive stage in the testes of seasonal breeding tele-
osts is important for yielding cell suspensions for successful spermatogonial
transplantation. In addition, because the presence of sperm obstructs the enzymatic
dissociation of testes, donors with non-spermiogenic testes are preferred.

Autumn siblings of the Nibe croaker males reach maturity in natural conditions
at 8 months of age in the next spring. Therefore, pre-spermiogenic testes of 3- and
6-month-old males and post-spawning testis of 16-month-old males were selected
and evaluated for their suitability as donors, i.e., through histology for identifying
the germ cell types in the testis and enzymatic dissociation of testes for counting the

Fig. 17.3 (continued) plate. A glass needle filled with donor cells was inserted into the body cavity
near the posterior end of the swim bladder. (¢) Confirmation of presence of PKH26-labeled cells
in the recipient genital ridges. Germ-cell-specific large and round nuclei were observed in PKH26-
labeled cells (arrowheads in confocal images). PKH26-labeled cells expressing the germ cell
marker, vasa mRNA (arrowheads in in situ images). Bars: 800 pm (a), 20 pm (c)
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proportion of type-A spermatogonia in the cell suspension (Takeuchi et al. 2009).
Based on the histological studies, spermatogonia that were located close to the base-
ment membrane of the lobule had nuclei larger than 9 pm. Thus, they were counted
as type-A spermatogonia. In situ hybridization of smear samples revealed that more
than 80% of cells with nuclei larger than 9 pm were positive for the germ cell
marker, vasa. Therefore, the proportions of type-A spermatogonia in the dissociated
cells were estimated simply by measuring the nuclear diameters, followed by DAPI
staining. Both the proportion and the yield of type-A spermatogonia were signifi-
cantly high in 3-month-old testis among the tested samples. Testicular cell suspen-
sions of 3-month-old males contained the highest percentage (approximately 40%)
of type-A spermatogonia, indicating that 60,000—130,000 spermatogonia could be
prepared from 1 mg of 3-month-old testes.

It is often observed that immature gonads of juveniles or young fish of a large-
bodied fast-growing fish, such as bluefin tuna, contain large numbers of gonadal
somatic cells and a very small number of germ cells (Yazawa et al. 2013). Therefore,
in order to enrich type-A spermatogonia, it is necessary to develop a precise molec-
ular marker that can distinguish type-A spermatogonia and a method that can detect
and isolate them. Yazawa et al. (2013) reported that the expression of the bluefin
tuna homologue of dead end (dnd) was restricted to PGCs and type-A spermatogo-
nia. Furthermore, the donor cells containing the highest abundance of dnd-positive
cells were the most effectively colonized in chub mackerel recipient gonads, sug-
gesting that transplantable donor germ cells are enriched in the dnd-positive
population.

In mammals, the use of antibodies, which can recognize cell surface antigens,
could possibly become one of the most powerful tools to identify and enrich specific
cell populations (Kanatsu-Shinohara et al. 2004; Altman et al. 2012). In fish, anti-
bodies that specifically recognize cell surface antigens in type-A spermatogonia
have been discovered (Nagasawa et al. 2010, 2012). However, flow cytometry
(FCM) sorting and magnetic-activated cell sorting (MACS) using these antibodies
have not yet become popular as methods for enriching fish spermatogonia. However,
the enrichment of transplantable type-A spermatogonia is possible in Nibe croaker
(Kise et al. 2012) and in bluefin tuna at several stages of maturation (Ichida et al.
2017) by FCM sorting based on the light-scattering characteristics of type-A sper-
matogonia. Whole testicular cell suspensions are fractionated based on their for-
ward and side scatter properties, following which ASGs are enriched in a fraction in
which the forward scatter signal is relatively high and the side scatter signal is rela-
tively low. The diameter of sorted cells using this fraction was found to be identical
to the size of type-A spermatogonia observed in histological analysis, and these
cells also expressed the vasa gene. In addition, spermatogonial stem cell enrichment
using a side-population fraction of Hoechst 33342 staining was established in rain-
bow trout (Hayashi et al. 2014). Another method for spermatogonial enrichment
uses differential plating that exploits the differences in adhesion characteristics
among type-A spermatogonia and other gonadal cells (Shikina et al. 2008, 2013;
Shikina and Yoshizaki 2010). Since these methods were established based on the



368 Y. Takeuchi et al.

characteristics of type-A spermatogonia conserved in a wide range of teleosts, they
can potentially be applied to various fish species.

17.2.3 Intraperitoneal Transplantation Procedure
and Tracking of Fluorescence-Labeled Donor Cells
in Recipient Gonads

The larvae of pelagic egg-spawning marine teleosts are only a few millimeters in
length and are highly sensitive to physiological and physical stresses, making it dif-
ficult to use them for embryo manipulation. In order to make intraperitoneal trans-
plantation possible in rotifer-feeding stage marine fish larvae, we modified the cell
transplantation protocol originally developed for salmonid hatchings (Fig. 17.3b).
Transplantation needles were prepared by pulling glass capillaries (GD-1; Narishige,
Tokyo, Japan) using an electric puller (PC-10; Narishige). The tips of the needles
were sharpened with a grinder (EG-400; Narishige) until the opening attained a
diameter of 40-80 pm. Recipient larvae were anesthetized with 0.0075% ethyl
3-aminobenzoate methanesulfonate salt (Tricaine, A5040; Sigma-Aldrich Inc., St.
Louis, MO) in seawater. Larvae were transferred to a Petri dish coated with 2-3%
agar using a 10 mL glass pipette. Cell transplantation was performed using a micro-
manipulator (MP-2 or MM-3, Narishige, Japan) and a microinjector (IM-9B,
Narishige) attached to a dissecting microscope. After transplantation, recipient lar-
vae were transferred to a recovery tank filled with seawater. Because marine fish
larvae possess a large membrane fin, they are easily trapped by the water surface
and die upon drying of their body. We observed that the addition of 0.1% bovine
serum albumin (BSA) to both the anesthetization and recovery tanks significantly
reduced mortality at 2 and 48 h after transplantation. Although positive effects of
adding BSA for the reduction of handling stress during larval rearing were already
reported (Tagawa et al. 2004), it could be speculated that improved viscosity of the
BSA-added seawater prevented the marine fish larvae from water surface-tension-
related death. Sagittal sections of the abdomen of larvae showed that genital ridges
with enclosed PGCs were found on the dorsal side of the peritoneum near the pos-
terior end of the swim bladder. Thus, the swim bladder was used as a landmark for
the transplantation. The white arrow in Fig. 17.3 indicates the position where the
glass needle is inserted. Approximately, 15 nL of the donor cell suspension, contain-
ing 10,000-20,000 testicular cells was intraperitoneally transplanted into each
recipient. Usually, 1-2 hundred recipient larvae were transplanted by a single per-
son in a day. According to published articles, 40-70% and 20-60% of the trans-
planted marine fish larvae could survive for 24 h and 3 weeks after transplantation,
respectively (Takeuchi et al. 2009; Yazawa et al. 2010; Higuchi et al. 2011; Morita
et al. 2012, 2015). The transplanted larvae were raised in 100-L seed production
tanks (Fig. 17.3b) for further analysis, i.e., tracking of donor cells using fluorescent
dyes, molecular markers, and progeny testing.
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Germ cell-specific visualization methods including the use of fluorescent-protein
genes (Yoshizaki et al. 2000; Takeuchi et al. 2002) or the injection of chimeric RNA
designed to be stabilized specifically in germ cells (Yoshizaki et al. 2005; Saito
etal. 2008) were used in previous GCT experiments on freshwater teleosts. However,
the same methods are not practically applicable to marine teleosts because they
require numerous microinjections into the fertilized eggs of donor species and
transgenic offspring produced by surrogate broodstock fish will be unsuitable for
mariculture. Thus, we tested whether the lipophilic cell membrane dye PKH26
(Sigma-Aldrich Inc.), at five times greater concentration compared to that men-
tioned in the manufacturer’s protocol, could be used to visualize and track marine
teleost donor germ cells. Our data showed that more than 95% of dissociated tes-
ticular cells were viable and strongly labeled with the PKH26 fluorescent dye. Red-
colored fluorescent labeling of donor cells by PKH26 was reduced by dilution due
to cell division, but lasted for at least 2—6 weeks post transplantation which was long
enough to investigate the incorporation of donor-derived germ cells in recipient
gonads (Takeuchi et al. 2009). Thus, PKH26 seems to be a suitable fluorescent dye
for GCT in marine teleosts.

Note that the red fluorescence found in recipient gonads is not always from
donor-derived germ cells. Non-spermatogonial cells or cell debris co-stained with
PKH26 dye and transplanted into the body cavity could be attached to the epithe-
lium of recipient gonads and incorrectly recognized as colonized germ cells. It
could also be the result of auto-fluorescence. Thus, identification of the cell types of
PKH26-labeled cells found in the recipient gonads following intraperitoneal trans-
plantation is a critical step for confirming the success of donor germ cell coloniza-
tion. For marine teleost experiments using PKH26 dye, we developed two methods
to investigate the incorporation of donor-derived type-A spermatogonia in recipient
gonads by combining confocal analysis with molecular marker analysis. As shown
in Fig. 17.3c, it was possible to confirm whether PKH26-labeled cells incorporated
into the recipient gonads were donor-derived germ cells by merging PKH26-
labeling with distinctive nuclear DAPI staining of type-A spermatogonia under a
confocal microscope, as well as by in situ hybridization of intact or smear samples
of gonads of transplanted recipients for a germ cell marker gene (Takeuchi et al.
2009; Yazawa et al. 2010). Furthermore, it became possible to confirm the prolifera-
tion and differentiation of xenogenic donor-derived germ cells in recipient gonads
using molecular tools such as species-specific PCR primers or cRNA in situ hybrid-
ization probes designed for germ cell marker genes of donor species (e.g., vasa,
dnd) (Yazawa et al. 2010; Bar et al. 2015; Higuchi et al. 2011; Morita et al. 2015;
Yoshikawa et al. 2018a).
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17.2.4 Confirmation of Donor-Derived Gametes and F1
Offspring by Progeny Testing

Once the recipient fish reached maturity, their gametes were collected and crossed
with those of their wild-type counterparts. To evaluate whether the germ cells are
successfully transplanted and differentiated into functional gametes, genomic DNA
PCR is often used to detect the genotype that appears only in donors and not in
recipients.

In intraperitoneal GCT experiments with xenogenic donors, species-specific
PCR or PCR-restriction fragment length polymorphism (PCR-RFLP) was mostly
used to evaluate the genetic identity of donor-derived gametes and offspring (Morita
et al. 2015; Hamasaki et al. 2017; Yoshikawa et al. 2018a). In experiments on allo-
genic donors, microsatellite analysis was used (Morita et al. 2012). For example,
when milt samples collected from the recipient were subjected to microsatellite
analyses, production of donor-derived spermatozoa would be strongly suggested by
the appearance of the same alleles as those in the fin DNA of the donor in addition
to the recipient’s own alleles in the electrophoretograms. Analysis of microsatellite
DNA markers in F1 offspring reveals the average contribution of donor-derived F1
offspring. However, microsatellite PCR is not quantitative and has low sensitivity
due to amplification bias. One shortcoming of microsatellite analysis for detecting
donor-derived alleles is its relatively low detection limit. When using imitated DNA
samples of mixed donor and recipient sperm, we could detect donor-derived alleles
successfully when the donor sperm was mixed at more than 10% volume in the
recipient sperm (Takeuchi et al., unpublished). Recently, we have adopted digital
genotyping of highly polymorphic nucleotide sequences of major histocompatibil-
ity complex (MHC) alpha/beta genes using next-generation sequencing (NGS) to
detect the appearance of 1% donor-derived sperm in the recipient milt (Kawai et al.,
unpublished). MHC genes function as individual identifiers in the immune system
to distinguish self and non-self. Therefore, they are highly polymorphic at the
nucleotide sequence level, and it is possible to distinguish over 40 haplotypes using
only one pair of primers (Kawai et al., unpublished). In addition, one pair of PCR
primers can distinguish many individuals within one species. Thus, NGS is a quite
powerful tool to detect small genomic differences such as SNPs, and to quantita-
tively identify an amount of successfully transplanted genotypes.

17.3 Use of Sterilized Marine Fish as Recipients
for Intraperitoneal GCT

A remaining issue in this chapter is that the F1 generation produced by the recipi-
ents includes not only donor-derived offspring but also a large number of individu-
als originating from gametes produced by the recipient itself. Interestingly, a
predominance of donor-derived gametes over recipient-derived gametes in normal
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diploid recipient gonads has been reported with allogenic spermatogonial transplan-
tation in yellowtails (Morita et al. 2012) and Nibe croaker (Yoshikawa et al. 2017);
however, a wide variation in the germline transmission rates of donor-derived hap-
lotypes (e.g., 17.0-98.8% and 3.2-90.6% in diploid yellowtail and Nibe croaker
recipients) was also noted. Varying the proportion of donor-derived larvae among
the F1 offspring of each diploid recipient would involve prohibitive technical diffi-
culties for screening the donor-derived larvae using PCR methods, especially with
marine teleost that produce very large numbers of eggs. Thus, to develop practical
methods for the surrogate broodstock technology in marine fish aquaculture, it is
important to obtain surrogate recipients that only produce donor-derived viable off-
spring as well as a high frequency of recipients that could produce donor-derived
gametes.

As summarized by Piferrer et al. (2009), functionally sterile triploid fish can be
mass produced in several species of marine teleosts. Induced triploidy results in
infertility in many teleost fishes, and it is believed that this sterility results from a
failure in the progress of meiosis (Benfey 1999). Therefore, we aimed to generate
triploid surrogate recipients that produce only donor-derived offspring by using
functionally sterile triploid Nibe croaker. Both male and female triploid Nibe croak-
ers, obtained by preventing second polar body exclusion using cold-shock treatment
of artificially inseminated eggs, showed impaired gametogenesis in two consecutive
spawning seasons (Takeuchi et al. 2018). Although the triploids produced small
amounts of gametes, no progeny from crosses between triploids and diploids sur-
vived later than 24 h subsequent to hatching, indicating that the triploid Nibe croaker
was an ideal recipient for surrogate production. In the progeny test, the triploid
recipient produced functional eggs and sperm that were only derived from the trans-
planted allogenic diploid germ cells, but no functional gametes were produced from
endogenous triploid germ cells. The gonadal sizes of surrogate recipients were
recovered to those of sexually matured diploids. These observations indicated that
(1) the gonadal endocrine system of the triploid Nibe croaker could function prop-
erly if the recipient gonads harbored diploid germ cells, and (2) the gonadal micro-
environment in triploid recipients was capable of producing functional gametes. In
addition, the rate at which male and female recipients produced donor-derived gam-
etes became seven- and fourfold higher, respectively, in triploid recipients than in
diploid recipients (Yoshikawa et al. 2017). Surrogate recipients of triploid grass
puffer produced a large number of recipient-derived sperm and eggs, and surpris-
ingly, they could be fertilized. However, only donor-derived embryos among the F1
embryos were developed and hatched normally (Hamasaki et al. 2013, 2017).

In order to explore another type of sterile surrogates, we focused on hybrid steril-
ity, which is widely known to occur due to an aberrant homologous chromosome
pairing during meiosis in hybrid germ cells and to act as a postzygotic reproductive
barrier in maintaining speciation (Mallet 2007). Unexpectedly, we found that one of
the hybrids among three intergeneric hybrid croakers had small-sized gonads that
lacked germ cells (Yoshikawa et al. 2018a). As fertilization in most fish is external,
a number of cases of hybrid sterility have been reported (Chevassus 1983; Bartley
et al. 2001; Wong et al. 2011; Rahman et al. 2012; Piva et al. 2017). However, this
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hybrid croaker provided the first evidence that mitotic arrest of hybrid PGCs caused
a germ cell-less phenotype in hybrid fish. By using this hybrid croaker larvae as the
recipient, we showed that the gonad of the germ cell-less hybrids fully supported the
gametogenesis of donor-derived Nibe croaker germ cells and produced only Nibe
croaker sperm (Yoshikawa et al. 2018a). Note that, although germ cell-less gonads
showed testis-like morphology and gene expression patterns, ovarian differentiation
was induced by the colonization of donor-derived spermatogonia in sexually undif-
ferentiated genital ridges of this hybrid fish. Since interspecific hybridization can
only be achieved by artificial insemination and the usual rearing of the resulting
hybrid embryos, hybrid fish showing the germ cell-less phenotype would be suit-
able recipients for GCT in marine teleosts.

Germ cell-less fish have also been obtained by knockdown and knockout of
genes required for the proper development of germ cells in several freshwater fishes,
such as zebrafish (Ciruna et al. 2002; Slanchev et al. 2005; Weidinger et al. 2003; Li
et al. 2017), loach (Misgurnus anguillicaudatus; Fujimoto et al. 2010), goldfish
(Carassius auratus; Goto et al. 2012), starlet (Acipenser ruthenus; (Linhartova et al.
2015), and salmons (Wargelius et al. 2016; Yoshizaki et al. 2016). Although micro-
injection experiments require high levels of skill and advanced equipment, genome
editing in pelagic egg-spawning marine teleost embryos using CRISPR/Cas9 has
become feasible (Kishimoto et al. 2018). Thus, germ cell-less marine fish could be
generated by disrupting similar genes already knocked out in freshwater teleosts.

17.4 Evaluation of Successful Intraperitoneal GCT

Previous reports in a wide range of marine teleosts demonstrate that germ cells from
xenogeneic species, even from species belonging to a different family, are able to
identify the location of, migrate to, eventually be incorporated into, and proliferate
in the genital ridges of recipient fish (Yazawa et al. 2010; Higuchi et al. 2011; Bar
et al. 2015). In salmonids, production of donor-derived eggs in xenogeneic recipi-
ents was only achieved when the donor species and recipient species belonged to the
same genus (Takeuchi et al. 2004; Okutsu et al. 2007), whereas production of donor-
derived sperm was successful in recipients of different genera. These results suggest
that production of donor-derived eggs might be more difficult than production of
donor-derived sperm in a xenogeneic recipient. In fact, the inter-generic transplanta-
tion of yellowtail spermatogonia into jack mackerel larvae revealed the production
of functional donor-derived sperm but not eggs (Morita et al. 2015). Moreover,
donor-derived yellowtail vasa mRNA was not detected in the 9-month-old jack
mackerel recipient ovary. Thus, in marine teleosts as well, we speculated that there
might be many factors affecting the oogenesis of donor-derived germ cells (such as
vitellogenin and egg envelop proteins) that are obtained from the recipient liver and
are indispensable for oogenesis (Lubzens et al. 2010).

The three different levels (Class 1-3) of success reported for intra- and inter-
generic and interfamily transplantations in marine teleosts until 2018 are summa-
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Table 17.1 Assessment of allogenic and xenogenic donor germ cell development in marine teleost

recipients in 2018

Class 1 2 3

Colonization and

proliferation of donor Sperm and egg
Achievements germ cells Sperm production only | production

Non- Non-

Type of recipient | Non-sterile Sterile | sterile Sterile sterile Sterile
Allogenic donor | Takeuchietal. |- - - Morita | Yoshikawa

(2009) et al. et al. (2017)

(2012)
Xenogenic donor | — - - - - Hamasaki
(intra-generic) etal. (2017)
Yoshikawa
et al. (2018b)
Xenogenic donor | — - Morita | Yoshikawa | — -
(inter-generic) et al. et al.
(2015) | (2018a)*

Xenogenic donor | Yazawa et al. - - - - -
(inter-family) (2010)

Higuchi et al.

(2011)

Pacchiarini et al.

(2014)

Bar et al. (2015)

2A germ-cell-less intergeneric hybrid recipient (Nibea mitsukurii x Pennahia argentata) produced
donor-derived Nibea mistukurii sperm

rized in Table 17.1. These data suggest that increased phylogenetic distance between
donor and recipient species leads to incompatibilities between the transplanted
germ cells and the microenvironment of recipient gonads. However, triploid Chinese
rosy bitterlings (Rhodeus ocellatus), which are small freshwater fish, produced eggs
and sperm of the donor species, slender bittering (Tanakia lanceolate), belonging to
the different genus (Octavera and Yoshizaki, unpublished). Similarly, Atlantic
salmon (Salmo salar) oocytes and sperm were produced by triploid rainbow trout
(Oncorhynchus mykiss; Hattori et al. 2019). These suggest that in addition to the
genetic distance between these species, ecological and/or physiological similarities
also influence the successful gametogenesis of xenogenic donor germ cells in recip-
ient gonads. Prerequisites for the appropriate combination of donor and recipient
species will need to be determined in future experiments.

Our ultimate goal for developing intraperitoneal GCT in marine teleosts is to
produce bluefin tuna gametes in small-bodied surrogates. Among the scombrid
fishes, Eastern little tuna (ELT, Euthynnus affinis) could serve as a suitable recipient
for bluefin tuna spermatogonia due to its small body size, and the physiological and
genetic similarities between the two species (Yazawa et al. 2015a). We also showed
that ELT could sexually mature and be induced to spawn in temperature-controlled
land-based tanks within a year from hatching (Yazawa et al. 2015b, 2016).
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Intraperitoneal GCT using enriched type-A spermatogonia of bluefin tuna into the
appropriate developmental stage of functionally sterile triploid or hybrid ELT has
been developed and the behavior of donor germ cells in the ELT recipient gonads
has been currently studied at the cellular and molecular levels (Kawamura et al.
unpublished).
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