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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

© Springer Nature Singapore Pte Ltd. 2020 1
M. Yoshida, J. F. Asturiano (eds.), Reproduction in Aquatic Animals,
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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

M. Yoshida (P<)

Misaki Marine Biological Station, School of Science, The University of Tokyo,
Miura, Kanagawa, Japan

e-mail: yoshida@mmbs.s.u-tokyo.ac.jp

© Springer Nature Singapore Pte Ltd. 2020 13
M. Yoshida, J. F. Asturiano (eds.), Reproduction in Aquatic Animals,
https://doi.org/10.1007/978-981-15-2290-1_2



M. Yoshida

aquatic life style of iviparit
_______________ quatic Ii fertilization viviparity
1Mammalia some species internal _rr_]ainly
_______________ viviparous
: some species. Reproduction . :
?lr_d ____________ 4 was performed at terrestrial intemal oviparous
oo LaoTTTTTTTT some species. Reproduction . mainly
% '.I_q? _p _tﬂl.a __________ was performed at terrestrial internal oviparous
i . many species . mainly
Qo h
"G:J Amphlbla especially in juvinile internalfextamal oviparous
@ K ) ) mainly
} Q Tereostei most species internal/extarnal oviparous
o -
= ; . . oviparous/
3 Chondrichthyes all species internal viviparous
[}
6 Agnatha all species internal oviparous
%) - -
o : externalfinternal | oviparous/
g Urochordata all species w/o mating viviparous
g Cephalochordata all species external oviparous
P
0] . . h mainly
-
a I_l Echinodermata all species mainly external oviparous
e I—I Hemichordata all species external oviparous
© P many species o oviparous/
] S ] f*ft_h_rE)PP_d_é} _____ especially in pancrastaceans mainly internal viviparous
0 ————————————————— .
» L ) . oviparous/
) - ot
qE_) % "_‘JP_”:‘?EQC_’? ------ some free-living species internal viviparous
o|lol 3 TTTIITTTTTTTTS ; ; mainly
E L ] {%_ﬂ_ﬂ_ej Lq a many species internal/external oviparous
= . ) oviparous/
E g Mollusca many species internal/external viviparous
N -
N . ) oviparous/
% Nemertea most species internal/external viviparous
o . . oviparous/
‘3 Ectoprocta all species internal/external viviparous
r— 2 I . - oviparous/
§_ ! E"l%t}’.h?."f‘.".‘m?? i many species mainly internal viviparous
N - : externalfinternal | oviparous/
— | Cnidaria all species wlo mating | viviparous
; externalfinternal | oviparous/
—| Ctenophora all species wiomating | viviparous
- all species externalfinternal | oviparous/
— | Porifera P w/o mating viviparous

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

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

© Springer Nature Singapore Pte Ltd. 2020 25
M. Yoshida, J. F. Asturiano (eds.), Reproduction in Aquatic Animals,
https://doi.org/10.1007/978-981-15-2290-1_3



26 J. Cosson

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.
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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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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



38 J. Ikenaga and M. Yoshida

(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.
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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



5 Sperm Guidance into Teleost Fish Egg 75

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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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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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
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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



6 Structure of Mature Oocytes 99

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
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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).



102 O. Carnevali et al.

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