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Preface

This book is addressed not only to the readers operating in the sea urchin field of research
but also to the lovers of this fascinating organism and refers to interesting investigation on
environmental, aquacultural, developmental and biomedical issues. In recent years, the re-
search on sea urchins has been stimulated by the ecological and economic importance of this
organism. Whilst several scientists around the world are actively investigating the potential
of sea urchin for aquaculture and fisheries, their value as model systems for developmental
biology continues to increase. This organism has been elected as model system for the easi-
ness of manipulation, the high amount of available gametes starting from few individuals,
the external fertilization and a synchronous embryo development. Since 1880, gametes of
sea urchins have been representing a favourite experimental material for studies on fertiliza-
tion, subsequently for studies on gene activation and regulatory pathways driving embryo-
genesis. Member of the Echinodermata phylum, the sea urchin is among the most known
marine invertebrates belonging to deuterostomes. In 2006, the genome of sea urchin S. pur-
puratus has been entirely sequenced, highlighting that this organism is more closely related
to humans than other invertebrates, including D. melanogaster and C. elegans, commonly em-
ployed as developmental models. More recent evidences show the validity of sea urchin for
studying stress response, apoptosis and autophagy. The sources of environmental stress for
a marine organism can be natural or anthropogenic and can alter embryo development, af-
fecting the phenotype. In some case, a hierarchical choice, going from repair to definitive
elimination of un-repairable molecules and cells, is activated to face stress. Furthermore,
emerging evidences show the suitability of sea urchin embryo for studies of immunology,
pathology, toxicology and microbiology.

A collection of selected and relevant researches in the fields of marine, developmental and
molecular biology, has contributed to this volume that clearly shows the reason of the high
interest manifested by a huge number of scientists around the world for this organism over
time. The described topics highlight the validity and versatility of this organism for different
kinds of investigations. Each contribution is a separate and comprehensive chapter, but
within the book’s aim. The book is organized into four sections. The first section contains
Introductory chapter: Sea Urchin - Knowledge and Perspectives. The second section about
“Environmental Conditions and Sea Urchin Behaviour”, contains two interesting chapters.
The third section, titled “Aquaculture as a Tool against the Depletion of Sea Urchin Stocks”,
deepens, through two stimulating contributions, specific aspects of sea urchin aquaculture.
As a conclusion of the book, the fourth section is on “Sea Urchin Suitability for Biomedical
Studies” and shows new perspectives offered by this model system. In particular, while the
first chapter is an Introduction, the second chapter is a comparative review conducted for
fifteen urchin genera that use the covering behaviour and suggests a phylogenetic relation-
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ship as a functional predictive tool for determining the purpose of covering. The third chap-
ter reports the effects of anthropogenic pressure on the reproduction of S. intermedius,
showing a shift in timing of spawning closely related to the chronic eutrophication. The
fourth chapter concerns the morphological and biochemical profiles of P. lividus gonads in
natural and breeding conditions. As the environmental conditions have a marked influence
on the size, freshness, colour and texture of the gonads, the gonads of wild and breeding
male and female were analysed measuring the content of lipids, proteins and carbohydrates
for four different types of diet. The fifth chapter reports studies focused on the assessment of
a nutritional strategy aimed to ensure, by aquaculture, a gonadal growth of healthy gametes
to employ in ecotoxicology. The last chapter of the book highlights the validity of sea urchin
embryo as a model for studying the molecular mechanisms involved in aging and age-asso-
ciated neurodegenerative diseases and as a tool to comprehend the responses to environ-
mental contaminants and chemical compounds.

The validity of sea urchin for molecular, cellular, developmental and eco-toxicological stud-
ies is demonstrated by the several published papers. One of the reasons of the ecological
importance of this organism for the marine communities is its crucial role in coral reef eco-
systems, where it consumes and controls the populations of algae that threaten corals. The
economic significance of sea urchin, for fishery and aquaculture, is due to the fact that the
edible species, appreciated for the taste and delicacy of the gonads, are part of the diet of
humans in many countries. Currently, sea urchin aquaculture is mainly considered to sup-
port the human demand, as well as to dispose of a precious remedy against the reduction of
biodiversity caused by anthropogenic pollution. Despite the capability of response and
adaptation of sea urchin to adverse condition, a strong depletion of natural resources is no-
ticeable; thus, the attention of the scientific community is aimed at the discovery of new
strategies, in order to avoid or limit the loss of this important and valid biological resource.

I would like to thank all authors of the accepted chapters for their contribution, the Publish-
ing Process Manager, Ms. Martina Usljebrka,for the precious support in the realization of
this book and the InTech Publisher for this stimulating opportunity.

Dr. Maria Agnello, Ph.D.
Universita degli Studi di Palermo,
Palermo, Italy
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Chapter 1

Introductory Chapter: Sea Urchin - Knowledge and
Perspectives

Maria Agnello

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70415

1. Introduction

This book is a collection of chapters aimed to provide an overview of some interesting fields
of the current research on sea urchin. This magnificent marine world-wide diffused organism
offers a myriad of opportunities for investigations on the most various topics, from ecology
and toxicology, to aquaculture, as well as to marine, developmental, molecular and cellular
biology. To this list of subjects, they must add new emerging biomedical and pharmaceutical
applications that, on one side, make this organism even more interesting for those who do not
know it from a scientific point of view, and on the other side, rejoins the trust of those who
well know its suitability for the basic research, offering further opportunity, e.g. for applied
biological investigations.

The sea urchin is an ancient seafloor-dwelling invertebrate, belonging to the phylum of
Echinoderms (Figure 1), which appeared 520 million years ago, before the Cambrian
explosion [1].

Historically, sea urchin has been a key model system in elucidating a variety of classic devel-
opmental problems, including fertilization, cleavage, gastrulation and regulation of differen-
tiation in the early embryo [2]. Nowadays, the availability of modern methods of molecular
biology allows to deepen specific aspects of the developmental mechanisms, leading to fur-
ther significant results.

But what are the reasons for the enormous application of this organism for developmen-
tal, cellular and molecular studies? These are the most important ones: the gametes can be
obtained easily, sterility is not required and the eggs and early embryos of many commonly
used species are beautifully transparent. In addition, the early embryo development is highly
synchronous. For all these reasons, biochemical and molecular studies result simplified and
more feasible.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN
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Figure 1. Phylogeny of Echinoderms.

This introductory chapter has been divided in sections, aimed to provide a panorama of the
current knowledge and future perspectives offered by using this organism.

2. Phylum and ecology

Sea urchin belongs to the class of echinoid, organism of the Echinoderms phylum, divided
into five main classes: crinoids, asteroids, ophiuroids, echinoids and holothurians (Figure 2).
Recent molecular studies support the existence of a further class for this phylum, that is
Asterozoa, an ophiuroid/asteroid clade [3].

Crinoids are considered the most primitive class, whereas echinoids and holothurians are
the most advanced. Despite the various shapes, Echinoderms possess common characteris-
tics: benthic lifestyle, adult radial symmetry, water vascular system and calcite endoskeleton
with a three-dimensional structure. Their success, testified by the worldwide distribution in
several oceanic environments at various depths, latitudes and temperatures, is related to the
ability to survive in adverse conditions, by means of strategies such as a spiny defence struc-
ture, an immune defence system, a toxin-producing apparatus and an incredible regeneration
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Figure 2. Main classes of the Phylum of Echinoderms.

capability [1, 4]. To these strategies, the skill of Echinoderms to face the constant exposure to
environmental factors, such as predation, changes in temperature and pH, hypoxia, patho-
gens, metals, toxicants and pollutants, must be added [5].

Among the five classes of Echinoderms, echinoids are the most various and well represented,
from shallow waters to abyssal depths. They are radially symmetrical in adults, ranging from
a few millimetres to more than a meter in diameter, and live with their mouth, downward-
facing [6]. The group of echinoids includes the sea urchins, heart urchins and sand dollars.
Echinoids are usually globular, discoidal or heart-shaped and have a skeleton made of many
calcareous plates. Regular echinoids, such as sea urchin, can be distinguished easily from
irregular ones by their spherical body, a pentaradial symmetry, and the central location of
the anus, above the mouth. The spines are generally long and a jaw apparatus is present in
all taxa. Irregular echinoids are elongate in the adult stage. This difference of shape and the
posterior position of the anus, instead of dorsally like the regular echinoids, are the two most

tell-tale differences setting the two types apart [7, 8].
The spines are used for locomotion, as a passive defence against predators and for trapping

floating food particles. Tube feet are located among the spines and are used to move, capture
food and attach to substrates. A stinging jaw (or small pincers), called the pedicellariae, is
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also used for protection and to clutch food items. The mouth of the sea urchin is located on
the underside of the organism and consists of a five-pointed jaw called Aristotle’s lantern [8].

For their evolutionary position, Echinoderms represent a link between invertebrates and ver-
tebrates, thus occupying a strategic phylogenetic position. This evidence has strongly been
sustained by fully sequencing the genome of Strongylocentrotus purpuratus: sea urchin is more
closely related to humans than other invertebrate models [9, 10].

The echinoderm larval skeleton has been recently proposed as a possible model system for
experimental evolutionary biology. It is well known that the evolution of various body plans
results from the acquisition of novel structures and/or the loss of existing structures, by multi-
ple and intermediate steps, adaptive or neutral. As the acquisition of a larval skeleton requires
multiple steps, this mechanism provides a good model for reproducing intermediate evolu-
tionary stages [11].

Different species of sea urchins live in a variety of marine environments of the world. Some
usual places where they live are rock pools and mud, wave-exposed rocks, coral reefs in kelp
forests and in sea grass beds, in order to protect themselves from large waves or currents. Sea
urchins live in areas where they can find algae, sea grass, seaweed and other foods to con-
sume. One other very important characteristic of these organisms is that they are nocturnal
because of their light sensitivity. For this reason, they move spines in reaction to shadows. In
order to protect themselves from the powerful ocean currents and waves, sea urchins lodge
themselves into holes or crevasses. A common place where it is possible to find a sea urchin
is in coral reefs in which it plays a key role in the maintenance of feeding integrity of corals
[12]. But sea urchins have also been reported to cause erosion of reefs, so although they are
important to the survival of an ecosystem, they can also become dangerous in great num-
bers [13-15]. In the first chapter of this book, by a comparative analysis among different
species of sea urchin, several purposes for the cryptic behaviour are considered: source of
food, mechanical defence, protection from sunlight and predators. The results suggest that a
phylogenetic relationship provides a functional predictive tool for determining the purpose
of the covering.

3. Fishery and aquaculture

Cultivation of sea urchin increasingly becomes a necessity, both for stock enhancement pro-
grams and as a means to meet market demand. Sea urchin culture has been practised on a
large scale for many decades in Japan, where effective methods have been established. In the
rest of the world, sea urchin cultivation is a more recent practice.

It must be consider that when wild stocks decline, the demand created in the market place
raises the price of the product and, consequently, culturing is more likely to become economi-
cally profitable. Hence the future of the aquaculture industry is closely linked to that of the
fisheries, whose fate will ultimately determine the market forces that will shape this growing
industry [16]. But it would be desirable that the aquaculture systems would diffuse without
waiting for depletion of wild stocks.
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There are several examples of how a sea urchin fishery can be managed poorly. The most
sobering example was the serial depletion of the Chilean fishery, the main producer and
exporter country in the world before 2002. Smaller fisheries exist also in Europe, mainly sup-
plying domestic markets. This fishery has undergone a major transformation to implement
management strategies and to avoid a fishery collapse. There is a number of well managed
and sustainable sea urchin fisheries around the world that tend to rely on a good overview of
the biology of species present in the area as well as sound knowledge of the dynamics of the
sea urchin populations. Comprehensive stock assessment and mapping also appears to be an
integral part of successful fisheries management [17].

The commercial fisheries and destructive harvesting methods employed to meet market
demand, caused, in the last decades, a dramatic depletion of Paracentrotus lividus, especially
in the Mediterranean, leading to a complete disappearance of urchins from areas of former
abundance. Strong aquaculture research programs currently exist in many countries. Several
approaches have been tested to respond to the depletion of wild stocks [18-20], but the most
challenging strategy could be the setting up of closed aquaculture systems. Several stud-
ies have been carried investigating different light/dark regimes, temperature and supply of
artificial diets to ensure a rapid gonadal growth and to promote an effective maturation of
gametes [21, 22].

In the chapter of Sartori and colleagues the usefulness of formulated diets rich in carotenoids
[23-26] was analysed, considering different biological parameters. The authors report the most
effective breeding conditions, in Recirculating Aquaculture System, to promote gonadal growth
and sexual maturation. In this way, gaps in reproductive events of natural populations can be
overcome, always having good quality gametes available for ecotoxicological applications.

Another interesting and cost-effective option is to obtain an uniform quality of gonads, in
combination with the systems that use the co-culture with other organisms [27]. As the diet
quality can significantly influence the somatic and gonadal growth of sea urchins [28-32], in
this book, Tenuzzo and coworkers analyse the morphological and biochemical profiles of the
gonadal cycle of P. lividus, comparing wild-type organisms with bred ones. These data allow
to define the best diet for sea urchins in view of the breeding set-up conditions, representing
an important starting point for a scale production of P. lividus.

4. Developmental and molecular biology

Sea urchin typically has separate sexes and fertilization takes place externally. During the
gametogenic cycle of sea urchin, gonads of both sexes undergo a series of structural changes
in charge of the two major cellular populations of the germinal epithelium: (i) germinal cells,
i.e. oogonia or spermatogonia and (ii) somatic cells, called nutritive phagocytes, present in
both sexes, in which nutrient storage occurs. Nutritive phagocytes are somatic cells that pro-
vide a structural and nutritional microenvironment for germinal cells during gametogenesis
[33]. The oocytes of sea urchin, differently from other Echinoderms and other animals, com-
plete meiotic maturation before fertilization. During oogenesis, several processes occur to

7
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ensure the correct formation of the mature eggs. Recent data have shown that the autophagic
process is required for sea urchin oogenesis undoubtedly as a catabolic basal mechanism. The
major concentration of vesicular acidic organelles is near the germinal vesicle. Interestingly,
the mitochondria are more active in the same regions [34, 35]. The manifestation in the same
areas of two catabolic mechanisms, oxidative phosphorylation and autophagy, is interesting
as their coexistence could occur to ensure the final steps of the meiotic process.

Spawning of gametes occurs in the spring and early summer, when water and food condi-
tions are favourable. Females will release several million eggs into the water which will unite
with sperms released from the males. Embryo development, till pluteus stage, can be fol-
lowed continuously in real time by microscopy, because the embryos are optically transpar-
ent and no histological preparation is required.

After hatching and gastrulation, the free swimming larvae, with a planktonic existence which
lasts several months, undergo metamorphosis, before they settle to the bottom. Sexual maturity
is reached at 4-10 years, with a diameter of 1.8-2.5 cm. As sea urchin embryo develops rapidly
(15- to 60-min cell cycles depending on the species), synchronously and predictably, large cul-
tures can be cultivated, treated and dissociated, while individual embryos can be injected or
manipulated to test important features of their mechanisms of development. The micromeres
obtained after the fourth cell division are the major signalling centre of the embryo [2, 36].
The mechanism behind this induction is poorly understood, but the micromeres do acquire
nuclear 3-catenin shortly after their formation, and evidence suggests Notch-Delta and Wnt8
signalling as candidates for this inductive process [37]. Perturbation of the transcription fac-
tors and signals provided the means for assembling models of the gene regulatory networks
used for specification and the control of the subsequent morphogenetic events. By this tool,
it was learned that ectoderm provides a series of patterning signals to the skeletogenic cells
and as a consequence the skeletogenic cells secrete a highly patterned skeleton based on their
ability to genotypically and locally decode several signals [38].

The ability to trace the entire trajectory of specification of a cell type until it terminally dif-
ferentiates is now a realistic goal. In its current form, the sea urchin genes regulatory network
includes more than 100 transcription factors and a number of signalling pathways, and in most
cases, multiple laboratories have validated each connection in different sea urchin species,
such as Lytechinus and Paracentrotus, starting from S. purpuratus. Using a similar tool, it is now
possible to analyse and understand how a cell type arises and works in detail. This will be
valuable in understanding the entire history of neurogenesis, and in determining the mecha-
nisms by which neurons diversify toward different neurotransmitter cell types [39].

5. Defence mechanisms: a success guarantee!

Sea urchin is considered a good bioindicator of marine health, as well as a good tool for test-
ing the toxicity of environmental and chemical molecules. Currently, it is one of the organism
considered by the European Agency for Alternative models and in full respect of the 3Rs
objectives (reduction, refinement and replacement of animal experiments); thus, it could be a
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suitable organism for toxicological studies as alternative to vertebrates. Sea urchin is able to
detect both biotic and abiotic stress and to recognize, transform and eliminate many poten-
tially harmful materials to protect itself.

The immune defence of sea urchin, appeared early in the evolution, is mediated by a vast rep-
ertoire of molecules [5]. Human require both adaptive and innate immune responses, whereas
sea urchin require only innate immune functions, as revealed by the several innate immu-
nity gene families discovered [40]. The immune cells from the adult P. lividus, which have
been introduced in the past 15 years as sentinels of environmental stress and for toxicological
testing, are valid tools to discover basic molecular and regulatory mechanisms of immune
responses [5]. Echinoderm immune cells, also known as coelomocytes, are a heterogeneous
population of freely moving cells found in all coelomic spaces, including the perivisceral cavi-
ties and the water vascular system. They are also present sparsely in the connective tissue and
among tissues of various organs [41-44]. A rapid increase of the number of the red amoebo-
cytes has been shown in samples taken from polluted sea water, whereas petaloid cells are
actively involved in the phagocytosis and phylopodial cells trigger the clot formation [5].

A recent and promising search path concerns the antimicrobial peptides (AMPs), important
effector molecules in innate immunity. Echinoderms live in a microbe-rich marine environment
and are known to express a wide range of AMPs. Recently, two novel AMP families from coelo-
mocytes of sea urchins have been found: strongylocins and centrocins [45].

Another defence strategy employed by some species of sea urchin is represented by toxins.
The spines of the species Tripneustes gratilla are considered toxin-producing organs. Upon
being stung by this sea urchin, humans and animals could be poisoned, with difficulty breath-
ing, muscle paralysis, convulsion and other symptoms [46].

Several toxicological studies analyse the possibility that a number of environmental mol-
ecules and xenobiotics interfere with embryogenesis and cause developmental anomalies
[47-49]. The effects of environmental anthropogenic factors on reproduction of the sea urchin
Staphylococcus intermedius are considered in the second chapter of this book. The results of
long-term studies in wild populations, located in the north-western Sea of Japan and with
different levels of anthropogenic pressure, indicate that the principal external factor deter-
mining a shift in timing of spawning is the phytoplankton concentration, closely related to
the chronic eutrophication.

Environmental stress usually causes severe effects on embryogenesis, but sea urchin is able
to detect stressful insults and to activate a response. It is well known that embryos of differ-
ent species, exposed to different kind of stress, temporarily suspend their development and
activate several protective strategies, including programmed cell death. Sea urchin activates
several cellular strategies of defence, such as synthesis of heat shock proteins, apoptosis and
autophagy, to face different stress and survive in adverse conditions. The protective action
of heat shock proteins is not always sufficient to block the toxic action of a stressor. When
the cell damage is too great, mechanisms of programmed cell death, such as apoptosis and
autophagy, may occur and contribute to the elimination of the irreversibly damaged cells in
order to maintain the integrity of the embryos (Figure 3).



10

Sea Urchin - From Environment to Aquaculture and Biomedicine

@ Toxins A
e O 7
Innate Vo o0 ® ’
o, B 4
immunity ._ p. o ®

%

N

Antimicrobial i
peptides %ﬁ 7

Autophagy

Apoptosis

Figure 3. Main defence strategies of sea urchin adults and embryos.

A xenobiotic able to cause a strong activation of all embryonic defence mechanisms reported
in (Figure 3) is cadmium, an heavy metal [47, 50-53]. It must be underlined that such defence
mechanisms are basally activated in physiological conditions and that their extent highly
increases in stress conditions.

In the last chapter of this book, the authors draw attention on the validity of sea urchin embryo
as a model to test the developmental effects and toxicity responses against various environ-
mental contaminants and chemical compounds.

The evaluation of the defensive responses of sea urchin is of high interest to researchers and
marine organizations for the management of biological resources and ecosystems [54].

6. New perspectives

Like many other marine organisms, Echinoderms have been, and continue to be, examined as
a source of biologically active compounds with biomedical applications [16]. Multiple species
of sea urchin were used anciently in the traditional Chinese medicine for treating several dis-
eases. The shells of yellow sea urchin, everyday consumed, are discarded, although they could
be employed by pharmacologists for discovering the medicinal components. Several examples
of Echinoderms derived substances that may have biotechnological value and therapeutic
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application have been reported, e.g. antibiotic, antifouling and anticancer molecules [55]. The
major chemical and bioactive constituents of sea urchin have recently been summarized: pig-
ments, proteins, toxins, polysaccharide, minerals, sterols, vitamins, fatty acids and amino acids.
Modern medical studies have proved that shells, spines, gonads and other parts of sea urchins
have a good medicinal value. Ulcer disease, otitis media, cervical lymph node tuberculosis and
pain are some examples of pharmaceutical applications. The toxic, haemolytic and hypotensive
functions of white sea urchin spines have been used to develop neuromuscular blocking drugs
[56]. For all these reasons, sea urchin clearly represents a fairly unexploited source in the iden-
tification of new and useful drugs. These bioactive molecules were produced in the course of
millions of years of evolution in order to protect the individual, the cells or the entire organism
from possible competitors, are continuously evolving molecules that interfere with signalling
or are simply toxic for other cells [57]. A novel and promising search path concerns antimicro-
bial peptides (AMPs). The echinodermal AMPs are crucial molecules for the understanding of
immunity, and their potent antimicrobial activity makes them potential precursors of novel
drugs [45].

In 2006, it has been shown that 7077 sea urchin genes are conserved in humans, and many of
these may correlate with cancer, Huntington’s disease, muscular dystrophy, atherosclerosis
and other illnesses [9]. The last chapter of this book offers an interesting overview of the con-
tribution of sea urchin embryo as a simple model to study ageing and age-associated neuro-
degenerative diseases, as well as the pathways involved in cell survival and death.

7. Conclusions

Since the beginning of cell biology, the Echinoderms have been employed as embryological
model systems to study basic phenomena, such as mitosis, cell division, differentiation and
organ formation, by the famous cell biologists in the nineteenth and twentieth centuries, such
as Boveri, Heilbrunn, Mazia, Monroy, Wilson, Hertwig and Brachet. Today, sea urchin con-
tinues to be the model of choice for several cellular and molecular biologists, contributing to
significant advance in the fields of evolutionary and developmental biology and leading to
the discovery of complex gene regulatory networks. In the same time, its usefulness as a sensi-
tive system for toxicological test and environmental studies continues to increase.

Although at present, sea urchins seem to be in no immediate danger of disappearing or
becoming endangered; in general, they have shown mass mortality caused by an increased
pollution in the marine environment, an increased amount of fishing by humans, as well as
a rise in the temperature of water due to global warming. As sea urchins are very susceptible
to changes, they may become endangered in the future; thus, the use of aquaculture systems
is desirable.

Furthermore considering the current interest for novel drugs discovery, the urgent need for
novel antibiotics against the bacterial resistance and the need of new strategies in cancer
research, sea urchin represents an important resource to exploit in the biotechnology and
medicine field.
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Abstract

Covering behavior in sea urchins is an important aspect of many species” ecology and
has a variety of perceived benefits including food source, mechanical defense, shielding
from sunlight, and predator protection. The goal of this study was to determine whether
an urchin genus’s main benefit from this form of crypsis is correlated with either phylo-
genetic relationships or environmental factors (ocean depth and climate). To evaluate this
hypothesis, a literature review was conducted on 15 urchin genera that use the covering
reaction. The function of this behavior for the aforementioned genera was both mapped
onto a phylogeny and evaluated, based on the climate and depth of the genera’s habitats
to determine whether the patterns exist. The results suggest that phylogenetic relation-
ships provide a more functional predictive tool for determining the purpose of covering
in an urchin genus than its environment. This conclusion is useful for understanding
the biology of sea urchins as well as how the covering reaction relates to the many other
cryptic behaviors used by animal species.

Keywords: crypsis, ecology, protective behavior, phylogenetics

1. Introduction

The crucial roles that sea urchins play in aquaculture and coral reef ecosystems warrant the
study of their ecology and behavior [1, 2]. Many species exhibit a special form of crypsis called
covering behavior [3-5], also known as “dressing” or “heaping” [6] (Figure 1), which involves
securing algae, rocks, and other items in their environment to their tests using a combination
of spines and tube feet [7]. While the mechanics of this reaction are well understood, the rea-
sons for it remain nebulous.

Two conflicting hypotheses exist with respect to this form of crypsis: the “reflexive” hypothesis,
which proposes that the covering reaction is automatic, and the “functional” hypothesis, which
suggests that heaping is used for specific purposes. The reflexive hypothesis has been supported

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgNN
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Figure 1. A covered sea urchin. An example of the covering behavior of the sea urchin Tripneustes gratilla in Hawaii, USA.

by several studies. One such study examined the covering behavior of Strongylocentrotus urchins
and concluded that the reaction is innate because it is not affected by inbreeding or urchin age
[8], suggesting that covering might not be decision based. It has also been noted that the stimuli
often seemed to promote more activity in the animal [9]. Another study argued that the move-
ments involved in moving covering material from one part of the test to another were indistin-
guishable from the urchin’s movement when righting itself if flipped over, which is reflexive
[10]. Based on these results, these studies concluded that covering is merely a by-product of
additional movement.

In contrast, the functional hypothesis theorizes that covering behavior is a conscious decision
by sea urchins. Many species have been shown to choose when to cover and to what extent,
based on a variety of environmental stimuli [4, 5, 7, 11-13]. One study noted the differences
between both species and individuals in the amount of covering even in similar environmental
conditions, which suggest that this crypsis is a decision, as otherwise all urchins would cover
themselves to an equal extent [14]. Additional research has found that urchins choose objects of
particular sizes with which to cover themselves [15], a result that would not be expected were
the action reflexive. While both hypotheses have convincing evidence, the functional hypoth-
esis has been assumed for the current study based on the variety of species-specific reactions to
environmental stimuli, in addition to the fact that not all urchin species use heaping behavior.

Covering can provide sea urchins with protection from predators [16], mechanical damage
(wave surge or floating debris) [11, 17], overexposure to light [7], or can act as a food source
[18]. However, no prior studies have considered a relationship between sea urchin biology
and the reaction. Such a relationship would provide both a framework to understand why
such a variety of applications for covering have been observed and a tool for predicting what
function crypsis serves in an unstudied species of urchin.
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One source for such a framework might be environmental considerations. The reason for
crypsis and the extent to which it is seen differs widely between species [14]. However, the
behavior is also affected by size and mobility [19] as well as the energetic cost of covering [20].
It is possible, then, that the differences in the covering reaction between species are due to
variations in animal size and mobility as well as energetic costs, rather than genetics. In this
case, the reason for covering might be deduced not by a species’ evolutionary relationships,
but rather by the climate and ocean depth at which it is found.

It has been shown, though, that differences in the heaping reaction persist even for species such
as Strongylocentrotus purpuratus and Paracentrotus lividus that share very similar environments
[21]. This points to the possibility that covering, and perhaps, a particular genera’s reason for
using the behavior, has an evolutionary basis. The covering behavior of some sea urchin gen-
era has been previously mapped onto a phylogeny of sea urchin species which demonstrated
that it likely evolved once and was subsequently lost from the genera Glyptocyphus and in the
Colobocentrotus-Heliocidaris clade [5] (Figure 2). The finding that species exhibiting heaping
are closely related suggests that some genetic basis does exist.
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Figure 2. Sea urchin phylogeny. A phylogeny of urchin genera courtesy of Ziegenhorn (2016). The species that cover are
noted in dark lines within the box.
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The purpose of this study was to review all existing studies of cryptic sea urchins to deter-
mine whether covering behavior can be predicted from either (1) the depth and climate within
which an urchin resides (the species’ environment), or (2) the species’ relationship to other
cryptic sea urchins.

2. Methods

Studies of 15 urchin genera were researched to determine the reason for their cryptic behavior,
chosen based on a previous paper that researched which species of sea urchins use covering [5].
The genera considered were Glyptocidaris, Temnopleurus, Mespilia, Salmacis, Strongylocentrotus,
Echinus, Psammechinus, Paracentrotus, Sphaerechinus, Lytechinus, Tripneustes, Pseudoboletia,
Toxopneustes, Pseudechinus, and Genocidaris.

Four main reasons for covering were considered: predator defense, protection from mechani-
cal damage (wave surge/floating debris), use as a food source, and protection from bright
light (sunlight/UV). When it was possible, this list was narrowed down to one main use for
crypsis, though in some cases, two uses had equal evidence and were both noted as main
covering reasons. For some genera (Pseudoboletia, Genocidaris, Psammechinus, Mespilia, and
Temnopleurus), it was impossible to determine the reason for covering behavior. In this case,
the explanation was considered unknown.

2.1. Phylogenetic methods

To determine whether evolutionary relationships provide a solid framework for urchin’s cov-
ering motivation, the use of heaping by eleven of the 15 urchin genera was mapped onto an
existing phylogeny [5] (Figure 2). The genera included in the phylogeny were Glyptocidaris,
Temnopleurus, Mespilia, Salmacis, Strongylocentrotus, Echinus, Psammechinus, Paracentrotus,
Sphaerechinus, Lytechinus, and Tripneustes.

2.2. Environmental condition methods

To consider whether the environmental conditions are the best indicator of covering pur-
poses, an additional four urchin genera for which the reaction has been noted (Pseudoboletia,
Toxopneustes, Pseudechinus, and Genocidaris) were reviewed. A most likely reason for crypsis in
these four genera was assigned and information on the depth and area of the world in which
all fifteen genera have been found was determined from a previous study [22]. Because of its
wide range of climates and ocean depths, the genus Strongylocentrotus was divided into three
species (S. purpuratus, Strongylocentrotus intermedius, and Strongylocentrotus drobachiensis) that
each had different climate and depth ranges. These data, combined with the most likely expla-
nation for covering behavior, were used to create two tables: one for ocean depth and one
for ocean climate. Ocean depth ranges were divided into five categories: 0-50 , 0-100, 0-250,
0-1000, and 0-1200 meters. Ocean climate ranges were divided into four categories: tropical,
tropical/temperate, temperate, and temperate/polar. Two additional maps were created to
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illustrate the range of each species with regard to various sea surface temperatures (SST), and
this map was modified to show the different uses of heaping in regards to SST.

3. Results

3.1. Covering as sunlight/UV protection

Protection from sunlight was the most common reason for using the behavior in the urchin gen-
era considered, with six of the total fifteen genera covering primarily for this reason. Lytechinus
urchins tested in the lab react to UV light and direct sunlight, but discard covering in darkness,
exhibiting a diurnal pattern of crypsis [15, 23-25]. Because urchins discard covering in dark-
ness, but tropical urchins are often nocturnal, it was concluded that covering was likely not a
source of shelter from predation [25]. This study also found that urchins covered in response to
wave surge regardless of the light condition [25]. However, other studies of Lytechinus support
the hypothesis that their cryptic behavior is primarily light-based as it is affected by light in the
absence of wave surge action [15, 25]. In addition to this, one study noted that covering might
even be a mechanical disadvantage, as it makes it more difficult for the urchin to right itself,
and there is no evidence that heaping provides additional mechanical defense [25].

For Tripneustes urchins, it has been found that albino urchins cover more than pigmented
specimens and that both albino and pigmented Tripneustes urchins heap more in response to
sunlight in lab settings [5, 26, 27]. In the field, Tripneustes urchins cover more when exposed to
light [27] and show no preference for being under rocks that might better protect them from
predators and wave surge [5]. Additionally, Tripneustes urchins do not prefer either algal or
coral materials, which suggest that cover is not an important food source and is not used to
weigh urchins down [5].

Several other urchin genera also likely cover to shelter themselves from overexposure to
sunlight. Salmacis urchins have been found to heap significantly more in response to light,
particularly UV-C [12]. Light protection also remains the dominant explanation for the
Paracentrotus heaping reaction, and lab studies of covering have shown that Paracentrotus
urchins avoid bright light if possible [4, 28]. It has also been suggested that the behavior has
little to do with predators, as Paracentrotus urchins have been observed to cover most in the
summer when their predators are least active [4, 28]. Some studies have considered floating
debris and food source as factors that affect the covering reaction [3, 11], but in both stud-
ies, the effect of light was not considered. For Sphaerechinus urchins, an ability to cover and
a sensitivity to UV light have been noted, which makes it likely that light is the reason for
their cryptic behavior [29, 30]. For Strongylocentrotus urchins, UV light seems to be one of two
main reasons for the reaction along with using covering materials as a food source. Previous
studies of this genera have suggested that the urchins in the lab heap more in response to
UV-A and UV-B rays [7], and that males in particular show a strong response when exposed
to higher intensities of sunlight [31].
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3.2. Covering as mechanical protection

Of the urchin genera considered, two were found to cover primarily for mechanical protec-
tion (Glyptocidaris and Toxopneustes). Glyptocidaris urchins show increased cryptic behavior in
the lab when sand is poured into their environment, which suggests that these urchins cover
themselves to shield from floating debris [13]. Another study noted that starved Glyptocidaris
urchins continue to cover themselves, which suggests that the behavior is important for
survival, as it persists even when the energetic cost of maintaining it is fairly high [32].
Toxopneustes urchins have been observed in the field covering themselves to differing extents
in relation to their body size, as if to achieve a certain heft that keeps them secure on rocks
[33]. This same study also noted that urchins in areas of highest current have a higher cover-
ing to body weight ratio and concluded from these observations that these urchins use the
reaction to defend themselves from wave surge [33].

3.3. Covering as a food source

Two urchin genera, Echinus and Strongylocentrotus, use covering as a food source. Echinus
sea urchins have been observed using primarily algae species that are a part of their diet as
cryptic material, and from this, it has been concluded that heaping is likely a way of capturing
food, as these urchins are deep enough in the ocean (up to 1200 meters) that visible light or
hydro-dynamics seem less likely explanations for the reaction [34, 35]. S. purpuratus urchins
do not show a diurnal pattern of covering, and, though they seem to cover in areas with more
wave surge, their behavior is most likely linked to food capture as their hold on the rocks is
strong enough to defend them from strong currents [18, 36].

3.4. Covering as predator protection

For Pseudechinus urchins, cryptic behavior seems to be an effective method of predator defense
in the field [16]. One study of Strongylocentrotus urchins found that covering can protect
urchins in the lab setting from predation by crabs for short periods of time, up to 2 hours [1].
However, a more recent experimental study of these urchins found no correlation between
amount of covering and presence of predators, suggesting that protection of this type is coin-
cidental rather than a functional reason for heaping in this genera [37].

3.5. Covering for unknown reasons

While both Pseudoboletia and Genocidaris urchins have shown crypsis [38, 39], no informa-
tion was found regarding the reasons for this behavior in either genera. For Psammechinus,
Mespilia, and Temnopleurus urchins, phototaxis has been noted but the covering reaction has
not been experimentally studied [6, 7, 40-42].

3.6. Covering by evolutionary relationship

The various reasons for urchin heaping were mapped on to the existing phylogenetic tree
(Figure 3). As previously noted, Lytechinus, Tripneustes, and Sphaerechinus urchins all cover to
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Figure 3. Covering behavior and evolutionary relationships. The uses of heaping by eleven urchin genera, mapped
onto a phylogeny of urchin covering species courtesy of Ziegenhorn (2016). The colors represent different reasons for
covering behavior.

shield themselves from light, and these urchins are closely related. Strongylocentrotus urchins,
which use cover as a food source as well as protection from sunlight, are most closely related
to Echinus urchins and Paracentrotus urchins, which use the reaction for the same reasons, as
well as Psammechinus urchins, whose reason for crypsis is unknown.

In the Salmacis-Mespilia-Temnopleurus clade, relationships are less clear between genera as
only Salmacis urchins’ covering behavior has been explicitly studied (Figure 3). However,
based on the phototaxic ability of both Mespilia and Temnopleurus urchins, it would be
reasonable to conclude that these urchins also cover themselves for UV protection [6, 41].
Glyptocidaris is the only urchin genera in the phylogeny that heaps primarily for mechanical
defense (Figure 3).

3.7. Covering by ocean depth

No relationship was found between the depth at which an urchin was found and its use
for covering behavior (Table 1). For both 0-50 and 0-250 meter range of depths, UV pro-
tection was the most common reason for covering (Table 1). However, most urchins found
in the range 0-100 meters had unknown reasons for heaping, and for the deeper ranging
urchins (0-1000 and 0-1200 meters), light, mechanical damage, and predator protection
were all reasons for covering (Table 1). These results suggest that there is no correla-
tion between ocean depth of the urchin’s environment and the function of their cryptic
behavior.
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Depth (meters) Genera Climate(s) Climate(s)
0-50 Paracentrotus Temperate L
Strongylocentrotus Temperate/polar L
intermedius
Toxopneustes Tropical M
0-100 Psammechinus Polar 8]
Temnopeurus Temperate U
Sphaerechinus Temperate L
Strongylocentrotus Temperate F
purpuratus
Tripneuste Tropical L
Pseudoboletia Tropical U
Mespilia Tropical/temperate 8]
0-250 Salmacis Temperate L
Glyptocidaris Temperate M
Lytechinus Tropical/temperate L
0-1000 Pseudechinus Temperate P
Genocidaris Tropical/temperate U
0-1200 Echinus Temperate F
Strongylocentrotus Temperate L/M
drobachiensis

NOTE: U stands for unknown, L stands for sunlight/UV protection, M stands for mechanical defense, and P stands for

predator defense.

Table 1. Urchin covering by ocean depth: List of the 15 urchin genera and their use of covering behavior, organized by
the depth ranges in which they are found.

3.8. Covering by climate

Though urchins who cover to protect themselves from light tend to be found in warmer
oceans, this rule does not apply for all genera (Figure 4a, b). Some urchins within tropical
regions cover for mechanical reasons (Table 2; Figure 4b). Additionally, some urchins use
the behavior to shield themselves from light are also found in temperate and polar waters
(Table 2). Based on the studies reviewed, no clear trend was found between urchin crypsis

and ocean climate.
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Figure 4. Map of urchins distribution and covering behavior. Distribution of the fifteen urchin genera considered,
mapped onto an existing climate map (courtesy of NOAA). (a) Genera and shape/color, (b) genera and covering reason/
color. The covering reasons were abbreviated to unknown, light, mechanical, food, and predator.

Climate(s) Genera Depth (meters) Covering Use
Tropical Tripneustes 0-75 L
Pseudoboletia 0-100 U
Toxopneustes 2-50 M
Tropical/Temperate Genocidaris 12-420 8]
Lytechinus 0-250 L
Mespilia 0-60 U
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Climate(s) Genera Depth (meters) Covering Use

Temperate Echinus 0-1200 F
Temnopleurus 5-65 u
Salmacis 0-180 L
Strongylocentrotus 0-1150 L/M
drobachiensis
Paracentrotus 0-35 L
Sphaerechinus 0-100 L
Pseudechinus 0-820 P
Glyptocidaris 10-150 M
Strongylocentrotus 0-65 F
purpuratus

Temperate/Polar Psammechinus 0-100 Up
Strongylocentrotus 0-35 L
intermedius

NOTE: U stands for unknown, L stands for sunlight/UV shielding, M stands for mechanical protection, and P stands for
predator defense.

Table 2. Urchin covering by ocean climate: List of the 15 urchin genera and their use of covering behavior, organized by
the climate(s) in which they are found.

4. Discussion

Phylogenetic relationships are a better tool than environmental considerations for predict-
ing why sea urchin species use cryptic behavior. Urchins that are found closer to the equator
are more likely to cover to shield themselves from light, but Toxopneustes, Pseudechinus, and
Mespilia urchins are exceptions and several genera including Paracentrotus, Temnopleurus, and
Strongylocentrotus cover to protect themselves from light despite being further from the equa-
tor (Figure 4a, b). These exceptions decrease the power of climate as a predictive tool for
determining the function of covering. This study also found no relationship between reason
for the behavior and depth at which urchins were found (Table 1). In contrast, more closely
related urchin species cover for similar reasons (Figure 3). This may suggest a genetic basis
for urchin crypsis and its species-specific uses.

The covering reaction remains nebulous. For several genera, no studies have been performed
to determine the function of the behavior, leaving gaps in the phylogeny as well as the cli-
mate and depth tables that might have impeded otherwise prominent patterns (Figure 3;
Table 1; Table 2). It is also worth noting that for other genera that were assigned a most
likely reason for covering, alternative hypotheses often were not tested. Glyptocidaris urchins,
for example, were found to most likely heap for mechanical defense, and their place in the
phylogeny suggests that this may be the ancestral reason for sea urchin crypsis (Figure 3).
However, the effects of light intensity or the presence of predators have not been studied
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for Glyptocidaris and so cannot be conclusively ruled out as functions of their covering reac-
tion. Of the urchin genera for which a most likely reason for covering was assigned, Salmacis,
Echinus, Sphaerechinus, Lytechinus, Toxopneustes, and Pseudechinus all had at least one possible
reason for the behavior that had not been explicitly tested. In other cases, multiple reasons
for covering had convincing evidence, such as both food source and light protection for
Strongylocentrotus urchins [7, 19].

It seems that heaping can perform several functions for a sea urchin, though within a gen-
era there may be one primary reason for the behavior. Tripneustes and Lytechinus urchins
primarily use the reaction to avoid bright light, but the importance of protection from wave
surge has also been noted for both species [25, 33]. Strongylocentrotus urchins cover to shield
themselves from light and use covering as a food source, but one study has also suggested
the behavior might be used to prevent mechanical damage [17]. Because of this, it remains
difficult to determine the reasons for a species cryptic behavior by any means apart from
running experiments on the species in question. However, this study suggests that phylo-
genetic relationships provide a good framework for making predictions about the use of the
covering reaction in other urchin species. For example, although the reason for the behavior
is unknown for Psammechinus urchins, it is reasonable to predict that it also covers to defend
itself from bright light because of its close relationship to Paracentrotus (Figure 3) and its noted
phototaxic ability [40].

This study has important implications for the study of sea urchin heaping as a whole because
of its novel suggestion that there might be a relationship between the various uses of cover-
ing and other aspects of urchin biology, be they genetic or environmental considerations.
Understanding covering in sea urchins is particularly important because the ability is crucial
to survival; one study has even shown that some sea urchins die if not provided with sulffi-
cient material with which to cover themselves [25].

Sea urchin ecology is important because of their role in coral reef systems, where they con-
sume and control populations of algae that threaten corals [43], as well as in aquaculture,
where they are part of the diet of humans in many countries [44]. Additionally, understand-
ing the covering reaction itself, and how it may be determined by genetic and environmental
factors, is important when considering it in relation to the multitude of cryptic behaviors that
exist within the animal kingdom. Further studies of covering in urchin genera with currently
unstudied covering behavior would be especially insightful for this study. Additional studies
might also include ruling out other uses of the behavior for which one primary use has been
considered, or studying the phylogenetic relationships of all urchin genera that cover.
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Abstract

The results of long-term studies (2003-2015) of the reproductive biology of the sea urchin
Strongylocentrotus intermedius in wild populations located in the northwestern Sea of Japan
along 400 km of the coast of the Primorye region of Russia and differing by the level of
anthropogenic pressure are reported. Our analysis showed that since 1970-1980s, the shift
in spawning season from autumn to early summer occurred in S. intermedius populations
inhabiting anthropogenically polluted areas of Peter the Great Bay, resulting in the appear-
ance of three types of populations that differ from each other in the proportions of indi-
viduals with early spawning (the end of May-June) and late spawning (September—early
October). Our results indicate that neither photoperiod nor temperature may be consid-
ered as the primary external factors determining a shift in S. intermedius temporal patterns
of gonad maturation and the timing of spawning and that phytoplankton concentration is
the main factor for initiation of sea urchin spawning activity. We hypothesized that the shift
in spawning season from autumn to early summer in S. intermedius populations inhabiting
polluted areas can be explained by a phenotypic response of this species to environmental
changes caused by chronic eutrophication.

Keywords: broadcast spawning, echinoderms, reproductive cycle, phytoplankton,
temperature, anthropogenic pollution, eutrophication

1. Introduction

Reproduction of marine poikilothermic animals is a cyclic physiological process. Most marine
invertebrate species release eggs and sperm into the water column where fertilization and devel-
opment into a pelagic larval stage takes place and are called broadcast spawners. Broadcast
spawners inhabiting the temperate climate zone mostly possess an annual reproductive cycle

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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with the spawning period to the season when both abiotic and biotic factors (temperature,
salinity, and phytoplankton) are favorable for offspring development and survival [1, 2]. The
role of environmental variables in the regulation of the timing of the reproductive cycles and
variations among and within populations of the same species is not fully understood. The
temperature and photoperiod (either in combination or separately) are generally believed to
be the most important environmental factors that control the succession of the reproductive
cycle stages and spawning timing and promote the synchronization of the performance of
these processes in different individuals within population [3, 4]. Mass synchronous spawning
of the individuals of both sexes within a population is very important for reproductive suc-
cess in broadcast spawners, that is determined by the short longevity of gametes and rapid
gamete dilution associated with a decrease in fertilization efficiency [5-7]. It is known, how-
ever, that the reproductive cycle of some common species of sea urchins (Paracentrotus lividus,
Pseudechinus magellanicus, Strongylocentrotus droebachiensis, Strongylocentrotus intermedius) is
not synchronized within a population as well as between the populations [8-11]. Some indi-
viduals breed under conditions of rising photoperiod and increasing temperature whereas
the others breed under opposite conditions. The reasons for such desynchronization of the
reproductive cycle remain unclear.

It is well known that appearance of a large number of planktotrophic larvae of bottom inver-
tebrates in the plankton coincides well with the occurrence of microalgae blooms [12-17].
As it was shown in laboratory experiments, the addition of microalgae and their extracts to
sea water is able to induce the spawning of sea urchins and bivalve mollusks [18-20], and
the combined addition of phytoplankton and sperm causes a synergistic effect on spawning
activity [18, 20, 21]. Temperature [17, 22, 23], lunar phases [16, 21], and water salinity [24] can
also serve as the stimuli that synchronize or trigger the spawning of bottom invertebrates. In
addition, many researchers noted that a combination of several natural factors can contribute
to spawning synchronization. Moreover, an analysis of the reproductive cycle of P. lividus [17]
suggests that in sea urchins possessing fully mature gonads, spawning can begin even in the
absence of external stimuli.

Sea urchins are widely distributed in marine coastal waters around the world. Many sea
urchin species are both ecologically and economically important; besides, they are used as
model organisms to study different aspects of reproductive biology of broadcast spawners
both in the laboratory experiments and under field conditions. The sea urchin S. intermedius
(A. Agassiz, 1863) inhabits hard substrates in the northern regions of the Asian Pacific coastal
waters, from the Kamchatka Peninsula in the north to the Korean Peninsula in the south and
from the Russian coast in the west to the Japanese Islands in the east [11, 25, 26].

In this paper, we give a review of the results of long-term studies (2003-2015) of the reproductive
biology of the sea urchin S. intermedius in wild populations of this species located in the north-
western Sea of Japan along 400 km of the coast of the Primorye region of Russia and differing by
the level of human activity. The main purposes of our work were: (1) to study the reproductive
cycle and spawning schedule of S. intermedius populations in the areas with different level of
anthropogenic pressure and (2) to clarify the relationships between natural environmental factors
(phytoplankton, temperature, salinity, dissolved oxygen, moon cycle, tide level, and anthropo-
genic pressure) and the timing of spawning in sea urchin populations.
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2. Reproductive cycle and spawning schedule of S. intermedius in
different populations

2.1. Study area, sea urchin sampling, and examination of gonadal state

Seasonal dynamics of gonadal state and the timing of spawning were studied in S. intermedius
populations from 23 sites located in the northwestern Sea of Japan in the areas with different
levels of anthropogenic pressure (Figure 1 and Table 1). Ten sites in Amursky Bay and seven
sites in Ussuriisky Bay, the secondary bays of Peter the Great Bay, are located at a different
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Figure 1. Map of the study area and spatial distribution of the populations of the sea urchin Strongylocentrotus intermedius
differing in the proportions of individuals with different spawning schedules in the northwestern Sea of Japan. Light grey
and dark grey parts of the circles correspond to the proportions of females with early (May—June) and late (September—early
October) spawning. Asterisks denote the stations where the studies were conducted during more than one reproductive season.

37



38

Sea Urchin - From Environment to Aquaculture and Biomedicine

distance from Vladivostok, the largest port in the Russian Far East of over 600,000 popula-
tion, which is the main source of marine pollution in Peter the Great Bay. Numerous studies
(reviewed in [27-30]) have been undertaken since the 1970s to determine the levels of anthropo-
genic pollutants in water, sediments, and biota of Peter the Great Bay and to assess the ecologi-
cal consequences of pollution. Based on the results of these studies, we concluded that coastal
waters adjacent to Vladivostok are chronically polluted by heavy metals of anthropogenic ori-
gin (Zn, Cu, Ni, and Pb) and organochlorine compounds such as dichlorodiphenyltrichloroeth-
ane (DDT) and polychlorinated biphenyls. The eastern coastal area of Amursky Bay where the
sites Sport Harbor and Tokarevsky Cape are located and western coastal area of Ussuriisky Bay
in the vicinity of a large municipal dump located on the Gornostai Bay coast (Figure 1) were
considered the most polluted areas of Peter the Great Bay. The open part of Peter the Great Bay
(off Russky, Popov, Reineke, and Verkhovsky Islands) was considered a relatively clean zone.

In the 1990s, there was an abrupt recession in industrial production in Primorye region
that generated hope for the improvement of the ecological situation in Peter the Great Bay.
Actually, according to chemical monitoring, the level of sediment contamination by oil, hydro-
carbons, phenols, lead, and copper considerably decreased in the northern part of Amursky
Bay [31]. However, our results of long-term monitoring of several sites located in the eastern
coastal area of Amursky Bay showed that the contamination of bottom sediments by heavy
metals and organochlorine pesticides in the late 1990s and in the early 2000s remained rather
high [27]. Moreover, according to our data, during this period silting and contamination of
bottoms in the island part of Peter the Great Bay increased in the vicinity of Popov Island
(Amursky Bay) and Verkhovsky Islands (Ussuriisky Bay). This was probably related to the
removal of thin sediment particles in the form of a suspension by currents from the coastal
areas adjoining the city into the open island part of Peter the Great Bay. The ecological risk
index SQG-Q, suggested by Long and MacDonald [32], was calculated for several surveyed
areas in Amursky and Ussuriisky Bays [27]. It was found that sediments were potentially
toxic at all surveyed sites.

Considering all above results, the Vostok Bay is a part of Peter the Great Bay whereas Kievka and
Rudnaya Bays are located off Peter the Great Bay (Figure 1) were chosen as the reference sites
in our studies of the reproductive cycle and spawning schedule in S. intermedius populations.

Sea urchins were sampled using scuba in 2003 and 2005-2010 on stony and stony-pebble
grounds, at depth of 2-6 m once a month: annually at sites Sport Harbor, Gornostai Bay,
Alekseev Bay, and Kievka Bay; from May to October at sites Rudnaya Bay, Patrokl Bay,
Vostok Bay, Russky Island, Tokarevsky Cape, Verkhovsky Islands, Stark Straight, Reineke
Island, Nakhodka Bay (Novitsky Bay site), and Pos’et Bay (Vityaz Bay site); from May to July
at sites Perevozny Cape, Narva Bay, Manchzhur Bay, Andreev Bay, Pod’yapolsky Bay, and
Strelok Bay (Abrek Bay site); in May and June, at several sites off Russky Island (Pospelov
Beach, Babkin Bay, and Voevoda Bay), at the eastern side of Amursky Bay (Figure 1 and
Table 1). At 11 sites, the studies were conducted in sea urchin breeding seasons over more
than 1 year (Figure 1 and Table 1). The size of each sample was >50 individuals.

The gonads of 30 animals with test diameter of 5075 mm were weighed to determine the gonad
index (GI). The stage of gonad maturity was determined for each individual in accordance with
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the slightly modified classification which was suggested for the sea urchin S. intermedius [33, 34].
Five stages of gonad maturity for both males and females were distinguished: (1) recovering,
(2) growing, (3) premature, (4) mature, and (5) spent. Spawning was revealed by a significant
increase in the number of spent individuals of both sexes and decrease in the GI.

2.2. Determination of temporal spawning patterns of different S. intermedius
populations

An analysis of seasonal dynamics of gonadal condition showed the timing of spawning to be
different in different S. intermedius populations of the northwestern Sea of Japan. We distin-
guished three types of sea urchin populations that differed from each other in the proportions
of individuals with different spawning schedules (Table 1 and Figure 1).

Sea urchin populations with pronounced late (autumn) spawning were referred to the first
type. Sea urchin Gls in these populations were the highest during summer months and sharply
decreased in September—October. The portion of females with mature gonads exhibiting egg
release reached maximum in August to the beginning of September and sharply decreased in
the second half of September—October, whereas the percentage of spent females in this period
was 90-100% (Table 1 and Figure 2A). Such populations are located from Vostok Bay north
to Rudnaya Bay (Figure 1).
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Figure 2. Seasonal dynamics of the gonad index (mean * SE) and portions of mature and spawned females in
populations of the sea urchin Strongylocentrotus intermedius with different spawning timing. (A) Populations of the first
type (individuals with autumn spawning prevail); (B) populations of the second type (individuals with early summer
spawning prevail); (C) populations of the third type (approximately equal proportions of individuals with early and
late spawning).
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Sea urchin populations with pronounced early spawning (early summer) were referred to
the second type. Sea urchin Gls and the portion of mature females in these populations sig-
nificantly decreased in June-July (Figure 2B). The portion of females that spawned in the
end of May to the beginning of June varied from 71 to 100% in different years (Table 1). Such
populations inhabit Sport Harbor and Gornostai Bay sites which are located in coastal waters
of Amursky and Ussuriisky Bays adjacent to Vladivostok, as well as Stark Straight between
Russky and Popov islands, Russky Island site at the western side of Ussuriisky Bay where
heavily contaminated sediments dredged from Vladivostok harbor were dumped, and Abrek
Bay located in Strelok Bay where Navy ships were based (Figure 1). In 2013, the second type
populations were found at Pospelov Beach, Babkin Bay, and Voevoda Bay sites located in
Amursky Bay off the Russky Island (Figure 1 and Table 1).

The major part of S. intermedius populations belongs to the third type, which is characterized
by approximately equal proportions of individuals with early and late spawning (Figure 1). In
these populations, sea urchin GIs remained almost unchanged during summer and decreased
in September—October, and the portion of mature females exhibited two picks, in May and
August (Figure 2C). Such populations are located in the insular zone of Peter the Great Bay
(Popov Island, Reineke Island, and Verkhovsky Islands) as well as at the sites near the west-
ern shore of Amursky Bay (Narva Bay and Perevozny Cape) and near the eastern shore of
Ussuriisky Bay (Andreev and Pod’yapolsky Bays). Sea urchin populations from Manchzhur
Bay, Patrokl Bay, and Tokarevsky Cape sites also can be referred to the third type; it should
be noted, however, that at Tokarevsky Cape site in 2013, 80% of females and 95% of males
with early spawning pattern were found (Table 1). At Vityaz Bay site located in Pos’et Bay,
approximately 30% of females were ready for spawning in May-June (Table 1).

In most of S. intermedius populations studied, the individuals both with early and late spawn-
ing occurred, and their ratio was different in different locations (Figure 1 and Table 1).
Analysis of the dynamics of gonadal maturation and spawning in S. intermedius populations
with different spawning schedules showed that the total proportions of females and males
that spawned over the entire spawning season, including early and late periods, were 99 + 9
and 126 + 30%, respectively (mean + SD, the differences were significant at p < 0.0001). This
indicates that females participated in the spawning only ones, whereas significant proportion
of males took part in both spawning periods. An exception was the total sample of sea urchins
from Sport Harbor site collected in 2009 and comprised 92% females that had spawned in
early summer and 43% females that had spawned in autumn period. However, the data on
the timing of gonad maturation and spawning in females allowed us to determine the type of
spawning (early-, late-, or double-peak) for S. intermedius populations [35].

The spawning schedule of S. intermedius did not depend on the relative weight of gonads.
The largest GIs (>20%) were registered in sea urchins from sites Rudnaya Bay, Kievka Bay,
Vostok Bay, and Sport Harbor (Table 1); however, late spawning was characteristic of the first
three populations, whereas at the fourth site, early spawning was observed. In 2014, in Kievka
Bay, sea urchins had relatively low GI of approximately 10% but retained the late spawning
pattern. Significant variations in the GIs were found among S. infermedius populations with a
double-peak (early and late) in spawning activity (Table 1).
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Comparison of our results (Table 1) with literature data suggests that, at present, the spawn-
ing schedule of S. intermedius in the northwestern Sea of Japan differs from that described for
this species in the end of 1960s, in 1970s, and the beginning of 1980s. The first studies of the
reproductive cycle of S. intermedius in Russian waters of the Sea of Japan were performed in
several secondary bays of Peter the Great Bay in 1970-1980s [36-39]. It was concluded that
the spawning period of S. intermedius in Ussuriisky Bay and Vostok Bay usually falls on late
summer—early autumn [38, 39]. In the 1970s, in S. intermedius populations inhabiting Pos’et
Bay (at Pos’et Village and in Troitsa Bay) autumn spawning was also clearly pronounced;
however, in 20-30% of sea urchin females the ripe eggs were also found in May [40]. In the
end of 1970-1980s, approximately 5% of females with mature ovaries could be found in May
in S. intermedius populations inhabiting Vityaz Bay (Pos’et Bay), whereas sea urchin mass
spawning occurred from the end of August to October (Durkina V.B., NSCMB FEB RAS, per-
sonal communication).

According to our results, in 2007 and 2009 in Vityaz Bay, the portion of S. intermedius females
which spawned in the early summer was on average 31.5%, and more than 50% of females
spawned during late August to the beginning of October (Table 1 and Figure 1). The repro-
ductive cycle of S. intermedius inhabiting Amursky Bay has not been previously studied.
However, in the mid-1980s to the beginning of 2000s, we observed an extremely low level of
the gonad maturity in sea urchins from several sites in Amursky Bay in August, just before
an anticipated S. intermedius mass spawning, and suggested another timing of spawning of
this species [41, 42]. Indeed, our further studies revealed the peaks of early spawning (late
May-June) in several S. intermedius populations from Amursky Bay (Table 1 and Figure 1).
The highest percentages of females participating in early spawning were found at sites Sport
Harbor (88.8 + 8.8%, 5 years mean + SD, min = 78%, max = 100%) and Stark Straight (88.5 +
10.6%, 2 years mean + SD, min = 81%, max = 96%). This parameter tended to decrease along
the western and eastern coasts of the bay, in the direction of its open part; however, several S.
intermedius populations with more than 90% of females with the early spawning pattern were
found in the vicinity of Russky Island (Figure 1).

In Ussuriisky Bay, the spawning schedule of S. intermedius has changed significantly in the
last 40-50 years. In the late 1960s and early 1980s, autumn spawning was registered here
[36, 38], while our studies revealed predominantly early spawning in most of S. interme-
dius populations. Thus, at Gornostai Bay site located close to municipal waste landfill, early
spawning was registered in 71.8 + 6.3% females (3 year mean + SD, min = 65.5%, max = 78%).
At Russky Island located close to dumping, 77% of females spawned during early summer
(1 year observations). In Ussuriisky Bay, a tendency to decreasing percentages of females
with early spawning along the western and eastern coasts of the bay was also observed, up to
30 and 40% at Pod’yapolsky Bay and Verkhovsky Islands sites, respectively (Figure 1). This
tendency was disrupted in Strelok Bay adjacent to Ussuriisky Bay on the east, Abrek Bay is a
part of Strelok Bay (area of Navy base), the portion of females with early spawning was 74%.

S. intermedius populations inhabiting Vostok Bay vicinal to the Strelok Bay and the bays located
east and northeast of Vostok Bay exhibited predominantly late spawning (August-September).
In May-June of 2009, the ripe eggs were found in the ovaries of only a small portion of sea



Effects of Environmental Factors on Reproduction of the Sea Urchin Strongylocentrotus Intermedius
http://dx.doi.org/10.5772/intechopen.69511

urchin females in the samples from Vostok Bay (18%), Kievka Bay (8%), and Rudnaya Bay (3%)
sites. It should be noted that the studies of the reproductive cycle of S. intermedius conducted in
1971-1975 in Vostok Bay revealed only late spawning of S. intermedius [37].

Thus, our results showed that the reproductive cycle of S. intermedius in the study area is
desynchronized both within one population (the individuals spawn in different seasons, in
early summer and autumn) and between the populations (there are three types of populations
differing in the proportions of individuals with early or late spawning).

2.3. Hypotheses to explain regional differences in sea urchin spawning schedule

The studies of the reproductive cycle of S. intermedius from different population in the
Hokkaido area along the Sea of Japan, Sea of Okhotsk, and Eastern Pacific sides conducted
over the past 50 years have also revealed different spawning schedules in this species (see
for review [11]). Three patterns of S. intermedius reproductive cycle were distinguished, as
follows: (1) “Sea of Japan cycle” with autumn spawning peak (September-October); (2) “Sea
of Okhotsk-Eastern Pacific cycle” with extended spawning period (June-October), and (3) a
cycle with two pronounced spawning peaks, in spring (April-May) and in autumn (August-
October) that was characteristic of sea urchins inhabiting the northern part of Tsugaru Strait
and Funka Bay (southern coast of Hokkaido) [11]. It is important to note, however, that Fuji
[33] studied the reproductive cycle of S. infermedius in the eastern Tsugaru Strait and Funka
Bay in 1950s and revealed only autumn spawning peak (September-October).

There is evidence that the populations of other sea urchin species, in some areas of their geo-
graphic range, can spawn in different seasons [8-10]. In most detail, the reproductive biology
has been studied in the sea urchin P. lividus distributed along the western coast of the Atlantic,
from Ireland to the southern extremity of Morocco and in the Mediterranean. The data from
52 publications were involved into a statistical analysis to reveal spatial and temporal pat-
terns of the reproductive processes of this species over the entire geographical range [43]. It
was shown, that Atlantic populations of P. lividus spawned once a year, in spring—early sum-
mer. Mediterranean populations of this species, according to most authors, spawned twice
(in spring and autumn), although some authors reported either a single spring spawning or
multiple summer spawning peaks [44, 45].

The reasons for such desynchronization of the reproductive cycle of the same sea urchin
species remain unclear. There are several hypotheses that have been proposed to explain
regional differences in spawning schedule of sea urchins.

1. Hypothesis of the latitudinal gradient is based on the recognition of temperature and pho-
toperiod as the main environmental factors regulating reproductive cycles of marine inver-
tebrates and states that in temperate waters, the specimens spawn during a short period of
the year while under tropical conditions, the spawning period extends and some species
can spawn throughout the year (see for review [46]). However, this hypothesis cannot
explain, why P. lividus populations located along the western coast of the Atlantic, from
Ireland to the southern extremity of Morocco, that is, for approximately 2000 km from
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south to north, are characterized by a single spawning [43], whereas the populations of
the same species inhabiting the Mediterranean and located at the same latitude have sev-
eral spawning peaks that mostly fall on spring and autumn [44, 45]. This hypothesis also
cannot explain different spawning schedules of the sea urchin S. intermedius in Peter the
Great Bay (Sea of Japan) because all the examined populations of this species were located
at approximately the same latitude (Figure 1 and Table 1). The populations of this species
around Hokkaido are also located at approximately the same latitude but have different
spawning seasons (see for review [11]).

. Hypothesis of genetic determination of temporal patterns of gonad maturation and timing

of spawning of S. intermedius is based on the results of the experiments on transplantation
of the offspring obtained from sea urchins with different spawning schedules [47, 48]. In
these experiments, the offspring of sea urchins inhabiting the Sea of Japan side of Hokkai-
do was transplanted into the region of the eastern Pacific coast and vice versa, the offspring
of sea urchins from the oceanic region into the Sea of Japan. The results showed that in both
cases sea urchins retained the parental pattern of the reproductive cycle. It was suggested
that these two populations are isolated. However, from this point of view, it is difficult to
explain the changes in spawning schedules of some S. intermedius populations happened
during the recent 50-60 years. For example, in the 1950s the spawning in sea urchin popu-
lations of southern Hokkaido occurred from September to November [33], whereas studies
of 1980-1990s revealed double spawning (spring and autumn) in this area [11]. This disa-
greement was explained by changes in the warm Tsushima Current and Oyashio Current,
which provided prerequisites for transfer of sea urchin larvae from other regions of the
Pacific. In the northwestern Sea of Japan, in the late 1960s and early 1980s autumn spawn-
ing was also registered in S. intermedius from Ussuriisky Bay [38], whereas in the 2000s we
revealed double spawning in this species [35]; moreover, in the population at Gornostai
Bay site, most sea urchins spawned during early summer (Table 1). From point of view of
the hypothesis mentioned above [47, 48], it should be concluded that genetically isolated
populations of S. intermedius exist in Peter the Great Bay at distances of a few tens kilo-
meters from each other. However, taking into account active hydrodynamics of this area
owing to monsoon climate, such a conclusion appears unlikely. Summer winds of mostly
southern directions and northerly autumn winds initiate pronounced wind currents mix-
ing the water and transferring planktonic invertebrate larvae from the open part of Peter
the Great Bay to its inner areas and wvice versa. Also, no information is available about any
changes in hydrological regime of the bay for the recent 50 years, which could benefit the
transfer of S. intermedius larvae from remote areas, like, for example, the Sea of Okhotsk.

Moreover, the study of the genetic structure of 10 S. intermedius populations in the north-
western Sea of Japan that differ in the proportion of individuals with different spawning
seasonality was conducted using seven allozyme loci as genetic markers [49]. No sig-
nificant genetic differences between specimens of S. intermedius with different timing of
spawning were revealed (genetic similarity was 0.988-0.991). A similar conclusion was
drawn from the study of population genetic structure of 8 S. intermedius populations with
different spawning schedule based on the analysis of 12 polymorphic loci of microsatellite
DNA [50]. The results of these studies led us to suggest that the shift of spawning period of
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S. intermedius in Peter the Great Bay from autumn to early summer is a phenotypic response
of sea urchin populations to changes in environmental conditions.

3. Hypothesis of phenotypic response of S. intermedius populations to changing environmen-
tal conditions due to chronic anthropogenic pollution is based on our observations that: (1)
early spawning is the most characteristic of sea urchin populations located close to sources
of pollution and (2) during the recent 50-60 years, the shift in spawning season from au-
tumn to early summer happened in some sea urchin populations inhabiting chronically
polluted environments in Peter the Great Bay, whereas in relatively clean areas, sea urchin
populations retained autumn spawning [49].

2.4. Marine pollution, eutrophication, and sea urchin reproductive cycle

Sea urchins are characterized by high level of phenotypic plasticity; their morphological and
physiological characteristics (growth rate, maximum sizes of body and gonads, and morphol-
ogy of the body) are prone to changes during the adaptation to particular environmental
conditions [51]. Boudouresque and Verlaque [52] explained different spawning schedules in
different populations of the sea urchin P. lividus in terms of an adaptive response of this spe-
cies aimed to increase the chances of the offspring for survival. The individuals of P. lividus
are supposed to synchronize their spawning with conditions favorable for food supply for the
larvae (availability of phytoplankton) and preventing their evacuation with currents into the
open ocean. An analysis of genetic variability using fragments of mitochondrial and nuclear
DNA as markers in two cohorts of P. lividus recruits enriching the populations of this species
in the Mediterranean after spring and autumn spawning peaks did not reveal any significant
differences between the cohorts [53]. The results of our study, which showed the absence of
significant genetic differences between the individuals of S. intermedius from Peter the Great
Bay that spawn in early summer and in autumn [49, 50], are consistent with these data and
greatly support the hypothesis that different spawning timing in different populations of the
same sea urchin species can be result of their adaptation to environmental changes caused by
chronic anthropogenic pollution of marine environment.

Significant positive correlation was found between the portions of females with early spawn-
ing in S. intermedius populations from several localities in Peter the Great Bay and potential
toxicity of surface bottom sediments from these localities assessed by the calculation of the
ecological risk index (Figure 3) that supports this hypothesis.

It is important to note that marine environment pollution is associated with eutrophication of
waters; thus, the effects of anthropogenic pollution on the reproductive cycle of the sea urchin
are likely to be indirect and conditioned by great concentrations of phytoplankton and its
metabolites in seawater. Based on the analysis of the structural and quantitative characteris-
tics of phytoplankton of Peter the Great Bay during the period from 1996 to 2009, the waters
adjacent to Vladivostok in the Amursky Bay were characterized as extremely eutrophic (>3 x
10° cells/l) whereas the open waters of Amursky Bay and Ussuriisky Bay as well as Vostok Bay
were attributed to the eutrophic type (from 3 x 10* to 3 x 10° cells/I) [54]. The changes in phy-
toplankton composition and biomass in Amursky Bay are attributed, to a significant degree,
to anthropogenic eutrophication [55].
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Figure 3. Correlation between the portions of females with early spawning in populations of Strongylocentrotus
intermedius inhabiting several localities in Peter the Great Bay and potential toxicity of surface bottom sediments from
these localities assessed by the calculation of the ecological risk index SQG-Q. 1—Sport Harbor, 2—Tokarevsky Cape,
3—Alekseev Bay, 4— Verkhovsky Islands, 5—Reineke Island. The SQG-Q values are given according to Ref. [27].

To address whether the timing of spawning in S. intermedius populations is associated with
the level of anthropogenic pressure in the study area, we examined in more details the repro-
ductive cycle of this species in Kievka Bay. This bay is located in sparsely populated area
adjoining the State Reserve of Laso, one of the largest forest reserve in Russian Far East; there-
fore, there is no any significant anthropogenic impact on the marine environment in the cho-
sen area. The wind-induced upwelling associated with the monsoon has a pronounced effect
on the hydrological regime and enhances the primary productivity in this bay, especially
during the period from April to October [56-59].

In the course of our research, we have faced an unexpected phenomenon. In 2008, more
than 90% of sea urchin specimens seemed to have not completed their reproductive cycle by
spawning [59]. To the best of our knowledge, this was the first case when the spawning failure
in wild sea urchin population was revealed. Below we give a brief review of this phenomenon
and discuss potential environmental causes.

3. Spawning failure in S. intermedius populations

Sea urchins were sampled in Kievka Bay from 2 to 6 m depths monthly from April 2008 to
April 2011, that is, across three reproductive cycles. Methods for GI determination and gonad
histology are described in Ref. [59]. In addition to five stages of gonad maturity (1) recovering,
(2) growing, (3) premature, (4) mature, and (5) spent, we distinguished one more stage for
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unspawned females, in which the gonadal cleaning process was highly prolonged. Therefore,
we referred to this period of the reproductive cycle as the stage of prolonged oocyte resorp-
tion (6) [59]. In unspawned males, the gonad acini contained a large number of spermatozoa
across two reproductive cycles, therefore, we referred to this period as the mature stage (4).
The percentage of ready for spawning individuals that released gametes through gonopores
during sampling or after dissection was calculated and referred to a group of sea urchins
ready for spawning, independently whether they released normal or degenerating gametes.

3.1. Peculiarities of gonadal temporal dynamics in spawned and unspawned
S. intermedius

Examination of S. intermedius gonadal development throughout three reproductive cycles
showed that in all the years, the GI of S. intermedius reached its maximum in the period from
April to July (Figure 4) which corresponds to growing (2) and premature (3) stages of gonadal
development. In August, the gonads of both sexes were at the premature (3) and mature (4)
stages of the reproductive cycle (see Figure 3 in Ref. [59] for temporal dynamics of the per-
centages of the reproductive cycle stages). However, despite the seasonal ripening of gonads
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Figure 4. Temporal dynamics of the gonad index (bars, mean +SE) and the percentages of Strongylocentrotus intermedius
females (lines with circles and triangles) and males (lines with squares) ready for spawning from Kievka Bay
(northwestern Sea of Japan) in 2008-2011. Photograph 1 shows normal eggs, photograph 2 and 3 show degenerating
eggs at different stages of their fragmentation. The data shown are extracted from Figures 3 and 5 and the graphical
abstract in Ref. [59].

49



50

Sea Urchin - From Environment to Aquaculture and Biomedicine

by all individuals in S. intermedius population, the dynamics of the Gls and percentages of
females and males ready for spawning as well as gonad histology throughout April 2008 to
April 2011 indicate that spawning may not occur for a most individuals in a population in
some years. In two of three reproductive seasons, a nearly complete absence (95% unspawned
females in 2008) or a partial absence (53% unspawned females in 2009) of spawning was
observed. The males also did not spawn completely. In September, the destruction of undis-
charged eggs had begun in unspawned females. Undischarged eggs disintegrate into numer-
ous spherical fragments (Figure 4). The stage of prolonged oocyte resorption (6) as well as the
cleaning process associated with the resorption of numerous undischarged sperm by testicu-
lar nutritive phagocytes lasted for approximately 7 months [59].

The seasonal dynamics of the percentages of sea urchins ready for spawning generally cor-
responded to the data obtained from the histological analysis and reflected well the level of
gonadal maturity [59]. In August 2008, approximately 80% of females released normal eggs;
in September, the percentage of females ready for spawning reached 91% but 13% of females
released a mixture of degenerating and normal eggs (Figure 4). In December, the percentage
of females ready for spawning reached 100%; however, only degenerating eggs and egg frag-
ments were released. The females which released degenerating eggs were observed through
March 2009 (Figure 4). In 2009, the dynamics of females ready for spawning was similar to
that in 2008; however, the percentage of females releasing degenerating eggs during autumn-
winter seasons was two times lower.

Judging from the 3 month shift in the line reflecting the percentage of females which
released fragmented eggs compared with that reflecting the percentage of females which
released normal eggs (Figure 4) and from significant positive correlation between these
dynamics (r = 0.966, p = 0.0073), it may be proposed that a life-time of mature eggs in sea
urchin ovary lasts approximately 3 months.

The males ready for spawning were found in all sea urchin samples taken in 2008 and 2009
(Figure 4). During the period from August 2008 to March 2009, the portion of males ready
for spawning was approximately 100%, and during the period from July 2009 to December
2010, it was from 87 to 57%. In July-August 2010, the percentage of males ready for spawning
increased up to 100%.

In 2010, the GIs decreased stepwise from August to October up to zero in both sexes, and the
percentage of sea urchins ready for spawning dropped to zero in September (Figure 4). It
indicates that spawning in S. intermedius population was synchronous in females and males
and was completed by October. The 3-year minimum for the GI was observed during the
period from October 2010 to February 2011 (Figure 4), when the GIs were 5.8 and 4.5 times
lower than the corresponding GI values recorded in 2008 and 2009, respectively.

The data on the size frequency distribution of female reproductive cells (oocytes and eggs)
provided valuable information regarding the dynamics of oocyte development over three
reproductive cycles, in relation to the presence or absence of spawning in S. intermedius popu-
lation (Figure 5). Generally, the changes in the oocyte size frequency distribution between
March and August were similar for the 3 years, reflecting a single cohort of growing oocytes
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Figure 5. The size frequency distribution of the reproductive cells in Strongylocentrotus intermedius females sampled in
Kievka Bay (northwestern Sea of Japan) in 2008-2010.

which was present in the ovaries, and the oocyte size distribution was approximately uni-
modal. However, some peculiarities were observed in the period from August to December.
It is important to note that in all the 3 years, a fraction of the smallest oocytes that just
began to grow (a diameter of approximately 10 pm) was absent in June-July and appeared
in September, independent of whether spawning in S. intermedius population took place or
not. In September and October of 2008 and 2009, the oocyte size distribution was bimodal,
reflecting approximately equal shares of small growing oocytes with a diameter <30 um and
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large vitellogenous oocytes with a diameter >50 pm and undischarged eggs (Figure 5). In
November, when no morphologically normal eggs were present in the gonads (fragmented
eggs were not taken into account), a fraction of large oocytes decreased sharply, and in
December, it was negligible. In September and October of 2010, after complete spawning,
spent ovaries presented 70-80% of growing oocytes and less than 20% of residual eggs which
disappeared by November (Figure 5).

Thus, our study revealed the unique characteristics of the reproductive cycle of S. inter-
medius individuals displaying spawning failure. First, in the case of normal spawning, a
more than 10-fold decrease in the GI occurred in September-October whereas in the case of
absence of complete spawning, the decrease in the GI was about half of its maximum value,
and these intermediate GI values remained stable (no significant differences between subse-
quent samples) until May of the next year. Second, the cleaning process associated with the
resorption of numerous undischarged eggs and spermatozoa was unusually long, lasting for
approximately 7 months.

It is well known that after spawning, the acini of sea urchin gonad still contain small quantity
of undischarged gametes. These gametes subsequently undergo resorption, which involves
nutritive phagocytes [33, 60-64]. Our data indicate that this mechanism is triggered regard-
less of whether spawning occurs. The ovaries and testes of unspawned sea urchins contain a
tremendous quantity of undischarged eggs and sperm which have to be subjected to phago-
cytosis. Due to the differences in size of female and male gametes, the patterns of their phago-
cytosis are also different. Undischarged spermatozoa are phagocytosed by testicular nutritive
phagocytes and become a part of their heterophagosomes, that is, undergo intracellular diges-
tion [61-64]. Undischarged eggs are too large to undergo phagocytosis without being disinte-
grated. The large-scale fragmentation of undischarged eggs which we revealed in the ovaries
of unspawned S. intermedius [59] corroborate the suggestion of Masuda and Dan [65] that sea
urchin residual eggs are destructed into spherical fragments, probably through autophagy,
which subsequently are phagocytosed by nutritive phagocytes and digested.

The resorption of relict gametes in the sea urchin gonad normally lasts for 2-3 months [64].
The much greater duration (over 7 months) of the cleaning process revealed in the ovaries of
unspawned S. intermedius [59] is in all likelihood due to the much larger volume of the sex
cells that were subject to resorption in seasons of 2008-2009. Development of a new genera-
tion of oocytes in S. intermedius took place from December to August (Figure 5). Thus, in the
absence of spawning, the growth and differentiation of the new generation of oocytes occur
simultaneously with the cleaning process.

3.2. Occurrence of spawning failure in S. intermedius populations along the coastline of
the Primorye region and dynamics of environmental variables

To reveal the spatial (geographic) distribution of cases of spawning failure in S. intermedius
populations in the northwestern sea of Japan, we carried out the following studies: (1) a one-
time survey to examine the gonads of sea urchins sampled from Vostok Bay (42°53'N, 132°43'E)
in November 2008 (in the post-spawning period of S. intermedius reproductive cycle); (2)
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monthly analysis of sea urchin gonads during the period from May to November 2009 in
Vostok Bay and Rudnaya Bay (44°20" N, 145°49" E); (3) a one-time analysis of the sea urchin
gonads sampled in November 2009 in the Bays of Vrangel (42°45' N, 133°3' E), Shepalova
(42°41' N, 133°4’ E), Sokolovskaya (42°52' N, 133°53' E), and Kit (43°4' N, 134°11" E) (Figure 6).

Our interest to Vostok Bay is explained by the fact that (1) in this bay, the reproductive cycle
of S. intermedius has been examined earlier for 5 years, in 1971-1975, and spawning failure
has not been observed [37]; (2) according to satellite data (http://www.satellite.dvo.ru), the
chlorophyll a (Chl a) concentration in Vostok Bay significantly exceeded that in Kievka Bay.

In sea urchin sample taken from Vostok Bay in November 2008, only 1 of 14 females (7%) was
unspawned (Figure 6) and had a large gonad with degenerating eggs. Seasonal analysis of
gonadal state showed that in 2009, sea urchins in Vostok Bay and Rudnaya Bay (extreme south
and north sites) as well as in Kievka Bay (centrally positioned site) became mature almost
simultaneously. In the first half of August, more than 90% of ripe sea urchins were found in
all these populations, which allows to assume synchronous maturation in S. intermedius popu-
lations at other sites (the Bays of Vrangel, Shepalova, Sokolovskaya, and Kit). However, the
percentage of unspawned females varied from 0% in Vostok and Sokolovskaya Bays to 68%
in Kit Bay (Figure 6).

To reveal regional differences in the temperature of the water surface and phytoplankton
production (determined as the Chl 2 concentration) in the surveyed area, satellite monitoring
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Figure 6. Occurrence of spawning failure in Strongylocentrotus intermedius populations along the coastline of the Primorye
region (northwestern Sea of Japan). Yellow parts of the circles denote the percentages of unspawned females. The data
shown are taken from Ref. [59], with addition of new data.
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data over the period of 2008-2009 were used (see Ref. [59] for details). From our point of view,
the comparison of temperature and Chl a dynamics in Kievka Bay and Vostok Bay is of most
interest due to a large difference in the percentages of unspawned females in these bays.

The temperature profiles in Kievka and Vostok Bays during August and the beginning of
October 2008 were well synchronized and strongly correlated (Pearson r = 0.81, p < 0.0001,
a=0.05) (Figure 7A). An abrupt temperature decrease caused by upwelling, which is typically
observed in this season [59], occurred on September 28 at both stations simultaneously. At the
same time, the concentrations of Chl a greatly differed among these two sites: the maximum
and mean values in Vostok Bay were 5.5 and 3.5 times higher, respectively, than those in
Kievka Bay (Figure 7B).
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Figure 7. The satellite-based data (mean = SD) showing temporal dynamics of the temperature (A, C) and Chl a
concentration (B, D) in Vostok Bay and Kievka Bay (northwestern Sea of Japan) in summer—autumn seasons of 2008
and 2009. Horizontal dashed lines in (B, D) correspond to Chl a concentration of 1 mg m=. The data shown are extracted
from Figures 7-9 in Ref. [59].
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In August-September 2009, temperature dynamics in Kievka and Vostok Bays (Figure 7C) as
well as at other five sites (the Bays of Rudnaya, Vrangel, Shepalova, Sokolovskaya, and Kit,
see Figure 5 in Ref. [59]), was very similar. A sharp decrease in temperature due to upwell-
ing was observed at all stations between August 28 and 31 followed by the second (lower)
temperature oscillation. The proportions of females that failed to spawn, however, were dif-
ferent between different localities (Figure 6) and positively correlated with mean Chl a con-
centrations at these sites [59]. The highest Chl a concentration was observed in Vostok Bay
(Figure 7C) where no unspawned females were found in 2009 (Figure 6).

All these data indicate that a link appeared to be between spawning success in S. intermedius
populations and the phytoplankton level in the study area. In summer 2010, from July to
October, we had the opportunity to measure the Chl a concentration, water temperature and
salinity in Kievka Bay directly at the site of sea urchin sampling near the bottom. Analysis
of gonadal state of the sea urchins was carried out at intervals of 8-14 days. Three subse-
quent spawning events were revealed between August 6 and September 8 based on significant
decrease in the GI and a sharp increase in completely spawned sea urchins (Figure 8A). In
2010, sea urchin spawning was the most successful for over three years (2008-2010): in the
sample collected on September 22, only one unspawned female of the 22 examined was found

(Figure 8A).
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Between August 6 and August 18, 2010, when the first spawning event took place, the water
salinity was relatively stable, whereas during August 18-31 and August 31-September 8,
when the second and third spawning events occurred, a short-term decrease in salinity by
2-5%o was recorded (Figure 8B). During the first and second spawning events, the tempera-
ture variations were from 17 to 23°C, whereas the third spawning event occurred under con-
ditions of fairly stable temperature (Figure 8B). A sharp decline in temperature caused by
upwelling occurred on September 11, when the sea urchin spawning was virtually completed.
The Chl a concentration varied from 0.83 to 2.7 mg m= during the first and second spawning
events and rose up to 10.1 mg m= during the third spawning event (Figure 8B).

Taken together, the results of our study indicate that a certain environmental stimulus or com-
bination of stimuli is necessary for triggering the spawning in S. intermedius natural population.
A sufficiently high concentration of phytoplankton, which serves as food for larvae, and water
temperature suitable for larval development are the factors ensuring survival of sea urchin
offspring; therefore, S. intermedius spawning may be triggered by these environmental stimuli.
Our findings are not consistent with the studies presuming the changes in temperature may
serve as proximal cues triggering the spawning of sea urchins (see for review, Ref. [46]). At the
same time, the results of our analysis support a hypothesis that an increase in the phytoplank-
ton concentration may be the most appropriate candidate for inducing sea urchin spawning.

Primary production in nearshore waters substantially depends on the influx of biogenic ele-
ments from the terrigenous runoff, upwelling and anthropogenic sources (see for review,
Refs. [66-68]). The study area is characterized by spatially different level of anthropogenic
pressure and significant year-to-year variations in the magnitude of river runoff and the
upwelling schedule [56-59]. We hypothesized that the phenomenon of spawning failure in
natural populations of S. intermedius seemed to be attributable to combination of environmen-
tal factors responsible for low primary productivity in water column during the sea urchin
spawning season. The results of our subsequent studies showed that the phenomenon of
spawning failure seems to be common in S. intermedius populations in Kievka Bay, so the
sea urchin spawning season can last for more than 2 months [58], and spawning failure was
observed during 4 reproductive seasons between 2008 and 2015 (Figure 6).

To test the hypothesis that phytoplankton induces or fails to induce spawning in S. interme-
dius populations, we conducted a detailed analysis of environmental parameters (concentra-
tions of dissolved oxygen and Chl 4, temperature, salinity, moon phases, and tide level) which
were monitored directly in the animal habitats, along with examination of gonadal state of sea
urchins sampled at a fine temporal scale (3-12 days, on average 4.2 days) [58].

4. Environmental variables influencing S. intermedius spawning

The studies were carried out in Kievka Bay at Sites 1-3 in 2011 and at Sites 14 in 2012
(Figure 9). An analysis of sea urchin gonads sampled at intervals of 3-12 days (on average, 4.2
days) was performed during the period from the beginning of August to the end of September
(in the pre-spawning, spawning, and post-spawning periods of the reproductive cycle [59]).
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Figure 9. Map of Kievka Bay located in the northwestern Sea of Japan. The sites where sea urchins were collected are
denoted by the squares, and 26 sites where the sounding of the water column was performed are denoted by small
circles. Solid lines with arrowheads show surface currents in Kievka Bay in August (according to: Ref. [69]).

Fresh smears were used to determine the state of maturation of S. intermedius females. Six
stages of ovarian maturation were determined: (1) immature, (2) premature, (3) partially
mature, (4) mature, (5) spent, and (6) over-mature [58].

The measurement of depth, water temperature, salinity, photosynthetically active radiation,
and concentrations of dissolved oxygen and Chl a was performed with a multi-parameter
sonde directly at the sites of sea urchin sampling. At site 3, environmental variables were
continuously (every 15 min) recorded by a YSI 6920V2 data logger which was installed 50 cm
above the bottom. Additionally, these parameters were measured at 26 sites (Figure 9) in the
bay by the CTD-sounding of the water column up to depth of 60 m. Details of the methods
and statistical analysis are given in Ref. [58].

4.1. Gonadal maturity and spawning events

Examination of gonadal development (GI dynamics, ovarian maturity, and dynamics in the
proportion of sea urchins ready for spawning) in S. intermedius at different sites in Kievka
Bay throughout two reproductive seasons (August-October of 2011 and 2012) showed that
sea urchins become mature by the August, so they have the potential to spawn at any time in
August and most parts of September. However, mass spawning may be both synchronous and
asynchronous between sea urchin populations within a bay; moreover, it was shown that not
all populations spawned completely even within a comparatively small area. The differences
in the dynamics of sea urchin spawning between the sites and the years are most evident from
a comparison of the parameters of gonadal development in sea urchins from site 1 and those
from other sites (Figure 9). In 2011, 30% of females and approximately 60% of males from site
1 failed to spawn which was evident from the analysis of the final sample taken on October 21
(Figure 10A). The percentages of females and males ready for spawning and mean GI value
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differences compared to previous month (p < 0.05, binomial statistics). (B) Temporal dynamics of the percentages
of the ovarian maturity stages in S. intermedius females. Letter “a” above the column denotes significant increase in
the portion of spent females (p < 0.05, binomial statistics). (C) Spawning events and the dynamics of environmental
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GI: significant decrease in the gonad index; Q,: significant decrease in the portion of females ready for spawning; Q,:
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were rather a high due to a presence of unspawned individuals in the sample. Unspawned
females had disintegrating egg in the ovaries, which corresponded to the over-mature stage
(6) of the ovarian maturation (Figure 10B). Two sea urchin spawning events were revealed by
a significant increase in the number of spent females and significant decrease in the GI and/
or the percentage of females and males ready for spawning (Figure 10C, shaded areas). At the
same time, at sites 2 and 3, the dynamics of the GIs, readiness for spawning, and level of ovar-
ian maturity were significantly different from those at site 1 [58]. Three and two subsequent
spawning events occurred during August-September, respectively, and all the females were
spent on October 21. The GIs and percentages of females and males ready for spawning at
sites 2 and 3 sharply decreased by September 28 and were close to zero on October 21.

In 2012, seasonal dynamics of the Gls, proportion of sea urchins ready for spawning and level
of ovarian maturity at sites 1-4 were synchronous [58]. At site 1, more than a 50% decrease in
the GI occurred between August 14 and August 18, and then, the GIs gradually decreased until
October 17 up to values less than 5% (Figure 11A). At other three sites, the GIs exhibited very
similar dynamics [58]. At all four sites, the seasonal dynamics of the proportions of females
and males ready for spawning showed drops, mostly coincident with significant decreases
in the GIs (see Figure 11A, for example). In September, the percentages of spent females at
different sites constituted from 25 to 55% of the total female number (see Figure 11B, for
example). From two to three sea urchin spawning events were revealed at different sites,
and the analysis of the final sample taken on October 17 showed that the reproductive cycle
of S. intermedius in all four populations studied ended in virtually complete spawning (see
Figure 11B and C, for example).

In sum, in 2011 and 2012, 16 sea urchin spawning events (spawning windows) were revealed
by a significant increase in the number of spawned females and significant decreases in the GI
and/or the percentage of females ready for spawning.

4.2. Relationship between environmental variables and spawning events

The temporal patterns of S. intermedius spawning events throughout two reproductive sea-
sons indicate that the exact timing of spawning during the spawning period depends on the
local properties of the environment, that is, a certain external stimulus or a favorable combi-
nation of environmental conditions is necessary for spawning. Analysis of data logger mea-
surements showed that the summer—-autumn seasons of 2011 and 2012 differed in weather
and hydrological conditions: (1) the quantity of precipitation and associated changes in the
terrigenous input into Kievka Bay and bottom layer salinity were substantially higher in 2012
than in 2011; (2) seasonal wind-driven upwelling was more pronounced in 2011 than in 2012,
this was responsible for the higher spatial and temporal variability in distribution of tempera-
ture in the water column in 2011 (see Figures 10C and D and 11C and D for comparison). The
oxygen content in the waters of Kievka Bay was close to saturation in both seasons.

To evaluate the relationships between temperature, Chl a concentration, salinity and the prob-
ability of sea urchin spawning, generalized linear models for binomial data (logistic regression)
were used. The result of the registration of spawning events was used as a binary dependent
variable, that is, a value of 1 was assigned to each inter-sample time interval when spawning
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Figure 11. The timing of the spawning of the sea urchin Strongylocentrotus intermedius and the associated environmental
conditions in August-September of 2012 at site 1 in Kievka Bay. (A) Temporal dynamics of the gonad index (columns:
mean + SD) and the percentages of the males (lines with squares) and females (lines with circles) ready for spawning.
Letters above the columns denote significant mean difference compared to previous month (a: p < 0.05, b: p < 0.01, one-
way ANOVA, Kruskal-Wallis statistics, Dunn’s multiple comparison test). Large squares and circles indicate significant
differences compared to previous month (p < 0.05, binomial statistics). (B) Temporal dynamics of the percentages
of the ovarian maturity stages in S. intermedius females. Letter “a” above the column denotes significant increase in
the portion of spent females (p < 0.05, binomial statistics). (C) Spawning events and the dynamics of environmental
variables: Chl—chlorophyll a (mg m~), S—salinity (psu), T—temperature (°C). Horizontal dashed line corresponds to
the Chl a concentration of 1 mg m. Shaded areas indicate the spawning windows determined by different parameters.
GI: significant decrease in the gonad index; @: significant decrease in the portion of females ready for spawning; Q,:
significant increase in the portion of spent females. (D) Daily runoff of the Lazovka River, the main tributary of the
Kievka River that flows into Kievka Bay (m? s™). x-axis: month and date. The data shown are extracted from Figures 4,
6, and 8 in Ref. [58].
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occurred (spawning windows, n = 16), and a value of 0 was assigned to each inter-sample time
interval when spawning did not occur (non-spawning windows, n=>55). Different combinations
of environmental variables were used as continuous independent variables (predictors). The
year of study or the site was used as a categorical independent variable. Both separate and com-
bined influences of these predictors were analyzed using free and open-source R software [70].

No apparent relationship was revealed between temperature or salinity and the timing of
spawning in S. intermedius populations. At the same time, our statistical analysis showed
a significant positive relationship between Chl a concentration and spawning events in
S. intermedius populations. These results provide strong support for the hypothesis that an
increase in the concentration of phytoplankton may serve as the primary stimulus to trig-
ger sea urchin spawning [13, 15-17, 71]. Based on the results of the laboratory experiments,
it was proposed that phytoplankton stimulates the spawning of the most sensitive males,
whose sperm promotes synchronous mass spawning. However, there are some contradic-
tory results on the role of phytoplankton and sperm in inducing spawning. For example,
phytoplankton alone did not induce spawning in experiments with the sea urchin Lytechinus
variegatus, though the introduction of phytoplankton 75 min before sperm greatly accelerated
the initiation of male spawning followed by female spawning [21]. In the field experiments,
however, no consistent reaction of L. variegatus to sperm was observed [72]. The phenomenon
of spawning failure repeatedly registered in S. intermedius populations from Kievka Bay dur-
ing four reproductive seasons between 2008 and 2015 (Figure 6) indicates that S. intermedius
males with mature gonads are not able to induce spawning in the absence of external stimuli.
From a fine-scale temporal analysis of the dynamics of sea urchin gonadal development and
environmental parameters, we can draw a conclusion that phytoplankton concentration is
the main factor driving the initiation of S. intermedius spawning [58].

Our study showed that an increase in phytoplankton concentration in the bottom water layer
of Kievka Bay, as judged from measured Chl a4, occurred under different temperature condi-
tions, that is, increasing, decreasing, or almost constant temperatures [58]. It is well known
that warmer temperature promotes the acceleration of larval development of temperate sea
urchin species, thereby decreasing the time when the larvae are susceptible to predation. The
coincidence of increasing phytoplankton concentration and a stable warm or rising tempera-
ture, it seems, would benefit the reproductive success of S. intermedius. However, according to
our data, such a combination of environmental factors occurs rather rarely in the study area.
Our field observations showed that the spawning process in natural populations of S. interme-
dius lasted for approximately 1 h [58]. For this species, the time from fertilization to the forma-
tion of swimming blastulae over a temperature range of 15-20°C varied from 14 to 9.5 h [73].
We suggest a mechanism, involving a rapid response of S. intermedius parental individuals
to increasing phytoplankton density, which promotes transportation of the sea urchin swim-
ming larvae by advection together with warm water masses enriched with phytoplankton
and thereby food supply for the offspring, even under conditions of the short-time oncoming
of phytoplankton-rich warm water during a half-day tidal advection.

The next interesting finding of our study is a coincidence between the majority of S. intermedius
spawning events and new and full moons [58]. This is in consistence with field observations
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of spawning events in a number of echinoids, both tropical (two species of the genus Diadema
and two species of the genus Echinothrix [74]) and temperate (S. droebachiensis [16]), as well as
with laboratory experiments on L. variegatus [21] which provide evidence of lunar periodic-
ity in some species. However, the differently pronounced influence of the moon cycle on the
spawning of S. intermedius in different years, as judged from different levels of both spawning
success and synchronization between spawning events and lunar phases, forced us to suggest
that this factor seems unlikely to be a proximal environmental cue for triggering S. intermedius
spawning activity. Most likely, the lunar cycle may serve as an additional factor enhancing sea
urchin sensitivity to other natural stimuli as proposed for L. variegatus [21].

5. Conclusion

In the northwestern Sea of Japan along 400 km of the coast of the Primorye region of Russia,
three types of populations of the sea urchin S. intermedius were found that differ from each
other in the proportions of individuals with early spawning (the end of May-June) and late
spawning (September—early October). All S. intermedius populations studied live at the same
latitude and experienced the same photoperiodic conditions, but the timing and implemen-
tation of spawning are different both between and within localities. The individuals with
early spawning breed in spring and spawn in late spring—early summer under conditions of
rising photoperiod (the duration of daytime) and temperature. However, the temperature
in this period in the study area is much lower as compared to the warmest summer season
when gonad maturation in the individuals with late spawning takes place. These individuals
spawn under conditions of decreasing photoperiod and relatively stable warm temperature.
Sharp temperature fluctuations in the study area caused by upwelling/downwelling do not
drive S. intermedius spawning. Moreover, we found that, in some years, sea urchins from sev-
eral localities failed to end their reproductive cycle with complete spawning despite similar
temperature and photoperiod changes. Hence, neither photoperiod nor temperature may be
considered as the primary external factors that determine S. intermedius temporal patterns
of gonad maturation and the timing of spawning. We also found no apparent relationships
between salinity, dissolved oxygen or tidal activity, and the spawning events.

Our analysis showed that since 1970-1980s, the shift in spawning season from autumn to
early summer occurred in S. intermedius populations inhabiting anthropogenically polluted
areas of Peter the Great Bay whereas sea urchins inhabiting relatively clean areas retained an
autumn pattern of spawning. Based on these observations and on the results of the studies
of population genetic structure of several S. intermedius populations with different spawn-
ing schedule which revealed no significant differences between the individuals with early
and late spawning, we hypothesized that the shift of spawning seasonality from autumn to
early summer would be a phenotypic switch related to the changes in environmental condi-
tions caused by chronic anthropogenic pollution. Considering that (1) there is statistically
significant relationship between S. intermedius spawning events and Chl a (phytoplankton)
concentration; (2) spawning failure occurs in S. intermedius populations under conditions
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of low phytoplankton concentration throughout summer—autumn season; and (3) human
activity is associated with the eutrophication of the seawater and phytoplankton increase,
we propose that phytoplankton may be the main environmental factor driving reproductive
cycle and spawning in S. intermedius populations. We hypothesize that permanent increased
levels of phytoplankton and its metabolites in the eutrophic seawater would be environmen-
tal cues that are used by the sea urchins for assessing the appropriateness of environmental
conditions for reproductive success in terms of benefits to offspring survival. We believe that
S. intermedius reproductive cycle in the area not subjected to anthropogenic impact (Kievka
Bay) may be considered as a “baseline” (reference) reproductive cycle for this species in the
northwestern Sea of Japan. Analysis of the temporal patterns of S. intermedius gonadal matu-
ration in Kievka Bay showed that a vast majority of individuals become mature by the end
of July; however, approximately 5% of mature females and more than 50% of mature males
were found in June [59]. Moreover, in June 2009, approximately 5% of spent individuals of
both sexes were found. This indicates that S. intermedius possesses high reproductive plastic-
ity which promotes the possibility of both early and late spawning depending on the local
properties of the environment. Considering mentioned above, we can propose that there are
at least two mechanisms responsible for the shift in S. intermedius timing of spawning from
autumn to the early summer: (1) the seawater eutrophication promotes the probability of
early spawning followed by the earlier beginning of a new wave of gametogenesis and gonad
maturation and (2) sea urchin offspring from parents with early spawning pattern attains
sexual maturity earlier than that from parents with late spawning pattern, thereby increas-
ing the number of the individuals in sea urchin population which are able to spawn in late
spring—early summer.
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Abstract

Paracentrotus lividus gonads represent a valued gourmet delicacy, particularly appreci-
ated in Europe and in Japan. Their commercial value is generally associated to their
size, freshness, colour and texture. Diet, gametogenesis and environmental condi-
tions have a marked influence, promoting the indispensable mechanisms of synthesis,
selective storage and mobilization of the bioactive compounds, as lipids, proteins and
carbohydrates of gonads in order to obtain nutrients. The objective of this work is
to compare the morphological and biochemical profiles of reproductive life cycle of
the gonads of adult P. lividus in its marine natural environment and adult captured
sea urchins breeding into a fish aquaculture system. The reproductive cycle of male
and female wild and breeding P. lividus was characterized during 1 year by analys-
ing variations of the gonadal content of lipids, proteins and carbohydrates of animals
captured at four different locations of the south-western coast of Salento, Italy, with
the animals grown in a fish farm and fed with four different types of diet. The gonadal
and repletion indexes were determined before the specimen dissection for evaluation
of sex, development stages and physiological aspects. Gonads were processed for his-
tological and biochemical analysis. The gonadal content of lipids, proteins and carbo-
hydrates was performed by the gas chromatography-mass spectrometry (GC-MS) and
by spectrometry, respectively.

Keywords: sea urchin, gonadal cycle, lipids, proteins, carbohydrates

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



74 Sea Urchin - From Environment to Aquaculture and Biomedicine

1. Introduction

The potential marketing of the edible sea urchin Paracentrotus lividus (Lamark 1816) has
been considerably augmented during the last two decades due to its culinary value for vari-
ous Mediterranean and mid-European populations. This fact poses particular interest for
this invertebrate species [1] that is the most studied group of benthic macrofauna in the
Mediterranean sea [4]. This edible Mediterranean sea urchin species has an extensive geo-
graphical distribution in Apulia sea, in the south of Italy [2]. However the local consumption
of edible sea urchin is more substantial, coinciding with the peak of the tourist season. Local
populations of sea urchins experience unavoidable pressure during that season, and in some
cases, local authorities have imposed a temporary or permanent ban to protect them. Several
studies have reported that sampling activities (fishing, harvesting) have direct consequences
on the benthic macrofauna, potentially decreasing density and individual size and leading to
sex ratio imbalance [3]. Furthermore, because edible sea urchins are frequently found in shal-
low waters, they are also subject to recreational fishing [4, 5].

The valuable food product of sea urchins is the gonads of female animals, referred as roe. The
largest fisheries are in Japan, Chile and the USA, the latter two countries primarily exporting
the product to markets in the Far East. The Chilean urchin fishery has increased dramatically
in recent years to around 54,000 tons, largely due to the discovery of new fishing grounds.
Smaller fisheries exist also in Europe, mainly supplying domestic markets. However the fish-
ery statistics clearly demonstrate that most of the world’s urchin fisheries are fully or over-
exploited, and it is generally accepted that further urchin fishing grounds are unlikely to be
discovered. Whereas the biological basis for sea urchin culture has been long established,
research continues to refine the hatchery production of the juveniles [6, 7]. To promote sea
urchin production, different strategies, relatively to the optimal diets for sea urchin, in order
to improve the quality of gonads (colour, taste and texture) are reported [8-11]. For exam-
ple, in Japan the cages are allocated, immediately (juvenile period) in sea floor, but in other
countries, the cages are first incubated in area with a low quantity of nutrient and later are
arranged in sea floor [8-11]. Hatchery-reared juveniles have been grown in suspended culture
with Atlantic salmon, Salmo salar [12-14]; in closed recirculation systems [15]; in land-based
integrated systems [16] and in rock pools in southern Ireland (J. Chamberlain, Dunmanas
Seafoods Ltd., pers. Comm.). Another interesting and cost-effective option is to obtain a uni-
form quality of gonads combining the advantages derived from the systems that produce
a uniform size class, with the systems that use the coculture [17]. In north-west Scotland,
P. lividus is being evaluated as a potential new species for aquaculture. P. lividus is often
described as herbivorous, although there are documented instances of its feeding on artificial
diets containing fish meal [18], sponges, hydrozoa, copepods, dead fishes and mussels [19].
Diet quality can significantly influence the sea urchins’ somatic and gonadal growth [20-24].

Aquaculture has been supporting human demands for fish products for centuries and is an impor-
tant industry worldwide [25]. Aquaculture fisheries are a booming industry but discharging
heavy nutrient loads into coastal water [24] and on an intensive scale causing severe environmen-
tal problems. Modern intensive monoculture requires high inputs of water, feeds, fertilizers and
chemicals and inevitably produces considerable wastes. Therefore, many aquaculture operations
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put enormous pressure on coastal habitats [26]. Waste products from fish farms consist mainly
of nitrogen, phosphorus and carbon dioxide. A possible solution to this problem is to integrate
seaweeds or filtrating species into fish farming. Numerous studies have been performed which
combine seaweed culture with land-based fish tanks or open sea fish cages [24, 27-29]. Seaweeds
removed up to 90% of the nutrients discharged from an intensive fish farm. Algal farming along
the coasts, therefore, may function as an effective biofilter to alleviate the eutrophication problem
worldwide [28-33]. Moreover, the use of filtrating species has also been considered in an inte-
grated cocultured system and showed reasonably high efficiency in the removal of waste inor-
ganic nutrients [24-29]. In this respect, the present research work is aimed to set up the best diet
for the optimal breeding conditions of P. lividus in a coculture offshore fish farm. To this purpose
the morphological and biochemical characteristics of sea urchin grown in their natural marine
environment and in fish farm were compared. The wild samples were captured in four different
sites along the Ionian sea of Apulia and near the offshore fish farm located in Torre Suda. The
sampling sites were chosen: two, Capilungo and Posto Rosso, at south and two, Arcobaleno and
Torre Pizzo, at north of fish farm (Figure 1). These animals were analysed during 1 year for the
monitoring of the growth by comparing the population living in natural conditions, in relation to
the sea flowing variability of available food with the population of sea urchins in breeding condi-
tions and fed with different determined diets (Figure 1).

1.1. Gonad quality: the importance of lipids, protein and carbohydrates

Gonadal growth and maturation of sea urchins are characterized by an accumulation of nutri-
ents in the nutritive phagocyte cells that are then used for gametogenesis. Pre-gametogenesis in
both sexes begins with the gonad size increase by accumulation of nutrients into the phagocytic
cells, filling the gonadal lumina. During gametogenesis, nutritive phagocytes gradually decrease
in size, supplying nutrients to developing germ cells; lumina progressively are filled with eggs
and sperms [34, 35]. Diet, gametogenesis and water temperature may have a marked influence
on gonad quality, promoting the indispensable mechanisms of synthesis, selective storage and
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Figure 1. (A) Map of Ionian Salento coast with the sampling sites of wild sea urchins. Location of fish farm is indicated
by the circle; (B) overview of the cage distribution in the offshore aquaculture system at Torre Suda, Gallipoli, Italy.
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contents [36-39]. Indeed, quality and quantity of food affect the reproductive maturation and
growth of sea urchins [20-39] and biochemical composition of gonads [40—43]. Lipids, proteins
and carbohydrates are all necessary for the sea urchin growth. Their presence in the gonads
allows the correct gametogenesis.

Lipids, important energy reserves storing more energy per unit volume than proteins or car-
bohydrates, are structural components of cell and subcellular membranes and are vital for
somatic growth. Lipids, like fatty acids (FA) and polyunsaturated fatty acids (PUFAs), are
present in the gonads and are essential for a multitude of physiological functions. In addition
PUFAs have also significant effects on human health, like eicosapentaenoic acid (EPA, C20:5
(n-3)) and docosahexaenoic acid (DHA, C22:6 (n-3)), that can prevent arrhythmia, cardiovas-
cular diseases and cancer [44, 45]. A large group of FAs characterized by a furan ring (FFA)
[46, 47], whose activity in nature is not completely clear, show a promising nutritional value,
with scavenger activity against hydroxyl and peroxyl radicals [46]. The composition of these
valuable FFAs, however, varies greatly among different urchin species and is influenced by
their natural diet as well as physiological processes, that is, reproductive stage [18, 35]. FAs
are also important for sea urchin reproduction. During gametogenesis, they can be used as a
source of energy [48], and additionally, sea urchin spermatozoa obtain energy for swimming
through oxidation of fatty acids derived either from phosphatidylcholine or from triglycer-
ides [49]. The latter are important for larval development and survival [50].

Proteins are one of the most necessary and costly nutrients of most aquatic animal diets.
Adequate provision of dietary protein decreases feed intake and increases growth and roe
production in all species of sea urchin. On the other hand, high protein levels or the pres-
ence of specific amino acids could have an adverse effect on the quality of sea urchin roe.
Therefore, an adequate protein diet should be formulated to get maximal growth and roe
production, avoiding protein excess.

Soluble carbohydrates are easily digested by sea urchins, and numerous carbohydrates have
been identified in the sea urchin gut [35], indicating that sea urchins can most likely uti-
lize carbohydrates from a wide array of sources. Few studies have examined the relationship
between dietary protein and dietary energy requirements in sea urchins. Understanding this
relationship may be an important step in the formulation of a feed suitable for sustainable sea
urchin aquaculture.

2. Materials and methods

2.1. Sample management

The study was carried out from July 2015 to June 2016 in a fish farm located 900 m far from
the south coast of the Gallipoli (Lecce, Italy) area in the Ionic Sea (Figure 1). Four different
cages are fed with artificial diet which was composed of a mixture in equal proportion of
organic maize kernel (Zea mays), previously crushed with a blender into grains of a few mil-
limetres, and chopped fresh organic spinach leaves (Spinacia oleracea); soya-based diet; Ulva
lactuca fresh-based diet and pellet diet Classic K (Hendrix S.p.A). The diets were administered
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ad libitum; all cages are bred in coculture with Sparus aurata and Dicentrarchus labrax. The
wild-type samples were collected monthly, in the same period, in four different localities: at
south (Capilungo and Posto Rosso) and north (Arcobaleno and Torre Pizzo) of the fish farm.
P. lividus are situated at 5-6 m depth. It is a steep zone and the bottom is mainly rocky. The
diet of wild type was chiefly based on seaweed U. lactuca.

2.2. Biometric measures and histological studies

For each sampling site, 50 animals were collected randomly and brought back to the labora-
tory alive. Measurements of the “height” along the oral-aboral axis, in mm “diameter”, per-
pendicular to the oral-aboral axis and “wet weight” in grams were taken for each animal. The
gonadosomatic index (GSI) was calculated as GSI =100 x wet weight of gonads/wet weight of
whole animal. For the estimation of a feeding index, the gut contents of specimens per sample
were dry-weighed and used to calculate a repletion index (RI) as proposed by Kempf [53], RI
=100 x wet weight of gut/wet weight of whole animal [51]. Specimens were then dissected to
collect gonads that were weighted and the stage was determined. All the individuals with a
gonad dry weight less than 4 g were considered to be immature or undifferentiated. Gonads
were fixed in Bouin's liquid for histological studies. Samples were dehydrated in alcohol and
embedded in agar-paraffin wax, and 2 pm sections were stained with hematoxylin and eosin
[2]. Maturity of the gonads was estimated according to stages established by Lozano et al. [51]
and Sanchez-Espana et al. [52], which included four phases of development in the female and
two in the males.

2.3. Biochemical composition
2.3.1. Lipid extraction and quantification

Fatty acids were methylated with amodified version of the method proposed by Antongiovanni
et al. [54]. The total lipids were extracted from fresh sample (gonads and gut) five times with
hexane solution of internal standards, containing 1 mg/ml each of methyl valerate, methyl
nonanoate, methyl tridecanoate and methyl nonadecanoate. Hence, 40 pl of methanolic KOH
2 N was added. The mixture was vortexed for 1 min at room temperature, and then the hex-
ane phase was analysed by GC. The product of each extraction was filtered and then collected
in one round glass flask.

Methylations were carried out in triplicate for each extract. Mixtures of fatty acid methyl esters
(FAMEs) were analysed using a modified version of the method proposed by Santercole et
al. [55], using one temperature programme with a 175°C plateau. Each FAME was identified
using pure FAME reference materials, a custom reference mixture and Menhaden fish oil
analytical standard (Sigma Aldrich, St. Louis, MO, USA). All chemicals and solvents were of
analytical grade and were purchased from Sigma Aldrich (St. Louis, MO, USA). The sample
was dried under vacuum by Rotavapor (Buchi) and the residue was dissolved with toluene.
The transesterification reaction was performed with BF3 in methanol for 20 min at 90°C. Then
by adding water and shaking vigorously, we obtained two phases, only the organic phase,
containing lipids derivatized, was analysed by Gas Chromatografy with Flame Ionization
Detector (GC-FID) for quantitative analysis.
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2.4. Quantification of protein

To measure the protein content, 0.2 g of the gonad was homogenized with 3 ml of radioim-
munoprecipitation assay buffer (RIPA buffer) and centrifuged at 3500 g for 10 min. Protein
in the solution was measured by the Bradford method [56], with bovine serum albumin as a
standard.

2.5. Quantification of polysaccharides

The polysaccharide content was extracted according to Unuma 2002. Polysaccharide in the
solution was measured according to the anthrone-sulfuric acid method [57] with glucose as
a standard.

3. Results

3.1. Gonadal growth and quality

The gonad maturity of female and male sea urchins was observed for 1 year in wild and
breeding animals. Sea urchins have a reproductive cycle characterized by (i) a growing
stage, the nutrients are accumulated in the nutritive phagocytes; (ii) a maturation stage,
the nutrients are transferred to germ cells for gametogenesis and lastly (iii) a spawning
stage, mature gametes are released from the gonad. The gonadal annual cycle for female
distinguishes four stages: H1, H2, H3 and H4, while the gonadal cycle for male shows
three stages M0, M1 and the spawning identified as M1s. In Figure 2, the histological anal-
ysis of gonadal cycle for female sea urchins is reported. In the first stage (H1), said turned
off stage, ascini are devoid of gametes, the ascinal walls are thin and the lumen is filled
with nutritive phagocytes. The primary oocytes are few along the ovary wall. The second
stage (H2), or oocytes maturation phase, coincides with the onset of vitellogenesis and the
consequent size increase of the primary oocytes. The oocytes remain attached to the ovar-
ian capsule walls and are still surrounded by nutritive phagocytes. Primary oocytes of
larger dimension start to migrate towards the middle of the ovary capsule and displace
nutritive phagocytes. In the third stage (H3), which is the spawning and post-spawning stage,
the ovaries are filled with eggs, and the nutritive phagocytes form a thin layer along the
capsule ovary wall. The last stage (H4) consists in the gonadal reconstitution with a thick
nutritive layer. In the capsule of the ovaries, the number of mature eggs is reduced, and
empty spaces are observed due to post-spawning. In addition, the wall of the ovary is
almost devoid of cells and is very thin. The histological analysis of female gonads from
wild sea urchins grown in the different sites and those breeding did not show histological
differences, while a temporal variability of gonadal cycle distribution during the year was
observed (Table 1).

The stage MO, or turned off stage, of male gonadal cycle is characterized by lack of sperms
and by nutritive phagocytes at the periphery. During the stage M1, the presence of sperm is
observed, the mature testes are packed with spermatozoa and the nutritive phagocytes are
absent or limited to the periphery. Males’ specimens showed a similar pattern in all locations.
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Figure 2. Histological representation of wild-type female gonad phases, that is, H1, H2, H3 and H4.

H1 H2 H3 H4
Different sites
Capilungo Oct-Dec Jan—-Mar Apr-Jul Aug-Sept
Posto Rosso Sep-Dec Jan-Apr May-Jul Aug-Sept
Torre Pizzo Sep-Nov Dec-Feb Mar-Jun Jul-Aug
Arcobaleno Sep-Nov Dec-Feb Mar-May Jun-Aug
Breeding condition
U. lactuca diet Oct-Nov Dec-Feb Mar-Jun Jul-Sep
Pellet-based diet Sep-Dec Jan-Mar Apr-Jun Jul-Aug
Soya-based diet Sep-Dec Jan-Apr May-Jun Jul-Aug
Artificial diet Oct-Dec Jan-Mar Apr-May Jul-Sept

Table 1. Annual distribution of gonadal cycle phases in female sea urchins.

The histological analysis of male gonads from wild sea urchins grown in the different sites
and those in bred conditions shown a temporal variability of gonadal cycle distribution dur-
ing the year (Table 2) (Figure 3).
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MO M1 Mis
Different sites
Capilungo Oct-Mar Apr-Jun Jul-Sep
Posto Rosso Sep-Mar Apr-Jun Jul-Aug
Torre Pizzo Nov-Mar Apr-Aug Sep-Nov
Arcobaleno Nov-Apr May-Aug Sep-Oct
Breeding condition
Ulva lactuca diet Oct-Feb Mar-May Jun-Sep
Pellet-based diet Sep-Mar Apr-Jul Aug
Soya-based diet Sep-Feb Mar-May Jun-Aug
Artificial diet Nov-Apr May-Jun Jul-Oct

Table 2. Annual distribution of gonadal cycle phases in male sea urchins.

Figure 3. Histological representation of wild-type male gonads phases, that is, M0, M1 and Mls.

The gonadosomatic index (GSI) vs. size of wild animals captured at the four sites and of
the animals fed with four different diets in the fish farm are shown in Figure 4. The lowest
GSI values were observed in 15-35 mm size class collected in Capilungo, Posto Rosso and
Arcobaleno, with Arcobaleno being the lowest one. In all four cages, the GSI of 15-35 mm size
class of sea urchins are comparable to Torre Pizzo. A significant rise of GSI was observed in
the 36-50 mm size class for all sites. High GSI values were measured for the 51-60 mm size
class of Capilungo, while in Arcobaleno, the GSI value is comparable between 36-50 class and
51-60 class sizes. In Posto Rosso and Torre Pizzo, the GSI decreased significantly in the largest
size class. In sea urchin cages, the GSI values of 36-50 mm size class were higher than for the
wild conditions except for the animals fed with a soya-based diet.

The greatest repletion index (RI) values were found in the 51-60 mm size class in all four
sites (Figure 5). The same trend was observed for the different sites: RI values increased with
the increase of the size of sea urchins. Significant differences were found among the north-
ern sites and southern sites: Capilungo and Posto Rosso measured the highest values for the
36-50 mm size class. The temporal trend of RI highlights the differences between the stations
at north of Torre Suda (i.e. Capilungo and Posto Rosso) and those at south of Torre Suda (i.e.
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Figure 4. The gonadosomatic index (GSI) in wild and breeding animals.
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Figure 5. The repletion index (RI) in natural and in breeding conditions.

Arcobaleno and Torre Pizzo) in terms of values. In absolute, the highest RI values were mea-
sured in August in Capilungo and Posto Rosso, while the highest RI values for Arcobaleno
and Torre Pizzo were measured in March. In the breeding sea urchins, the same trends of the
environmental condition of Capilungo and Posto Rosso were observed; also in the breeding
condition, the highest value was observed in August.

3.2. Biochemical profiles

Quantitative changes in the content of proteins, lipids and polysaccharides are analysed
in wild samples (Capilungo, Posto Rosso, Torre Pizzo and Arcobaleno) and in breeding
samples (four different diets). The content of proteins, lipids and polysaccharides decreased
with the gametogenesis ongoing. The quantitative change of each class of molecules in the
gonads during gametogenesis was standardized to the sizes of gonads. Figures 4-7 show
changes in the biochemical composition of ovaries and testes in function of phase of gonadal
cycle (Tables 1 and 2) standardized to g100 g™ body mass. Protein level in female gonads
remained relatively constant between phases H1 and H2 (September and February) and
decreased to a minimum value during phase H4 (July and August) in wild samples. Also in
female gonads of breeding sea urchins, protein level remained relatively constant during the
phases H1-H2 (October and March) and decreased to a minimum value during phase H4
(July and August).
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Figure 6. Biochemical composition of ovary of P. lividus wild type.

In wild male gonads, the content of protein is dependent on the site of sampling; in fact the
maximum level of proteins in the wild samples grown at south of fish farm is registered dur-
ing phase M1 (June); instead, the high value of proteins are registered in August at north of
fish farm. In the breeding samples, the maximum content of proteins is recorded at the end of
phase M1 (over spring/summer). The carbohydrate content remained constant in wild-type and
breeding female gonads over phases H3 and H4, respectively (July and until June). The wild
male gonads sampled at south of fish farm show a swift decrease in June, while the decrease
was observed in August for the sample sites at north of fish farm. For the breeding samples,
the speedy decrease of carbohydrate content is recorded during phase M1 (spring season). The
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Figure 7. Biochemical composition of ovary of P. lividus bred.

lipid content underwent monthly variations in sea urchin gonads. In contrast to proteins and
carbohydrates, the lipids are relatively growing until the start of phase H4 (July-August) in both
wild and in bred female animals; afterwards the lipid content decreases simultaneously with the
release of gametes. In the male gonads, the content of lipids was maximum during the phase M1
(spring season) for both wild and bred animals and decreased after the spawning.

In the light of these observations, it turns out that the process of gonadal maturation of breed-
ing animals is retarded of about 1-2 months compared to the wild type. Moreover, there are
also differences among the four groups of animals fed with different diets; the best content in
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lipids, proteins and polysaccharides is found in cages fed with pellets and U. lactuca, followed by
cages fed with artificial diet. Animals raised on a soy-based diet have a lower lipid profile than
other breeding animals and wild. Artificial diet consumption was comparable to those recorded
for the most preferred algae, whereas maize consumption was significantly higher than those
referred to pellet. This feeding behaviour could be due to the high content of carbohydrates and
proteins in maize with respect to algae and spinach which exhibit a very similar biochemical
composition, characterized by a moderate content of protein and lipid intake (Figures 8 and 9).
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4. Discussion

In the present work, the morphological and biochemical gonad characteristics of sea urchin grown
in their natural marine environment and in cocultures with fish in an offshore fish farm were
analysed for a period of 1 year. These data, which allows to define the best diet for sea urchins in
view of the breeding set-up conditions, represent an important starting point for a scale produc-
tion of sea urchins. Sea urchins are luxury food, and thus there is a growing economical interest
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for their cultivation, but P. lividus is also central for its importance in determining the structure
of rocky reefs [58]. Taking into consideration the fact that P. lividus is one of the most intensely
harvested benthic invertebrate species for commercial and recreational purpose, the definition
of optimal conditions to set up sea urchin culture is thus pivotal from broad perspectives. Our
data demonstrated the good feasibility of a low-cost and easy-to-standardize diet, such as based
on fresh U. lactuca and artificial in rearing vulnerable species, such as P. lividus in aquaculture
system. The specimens of sea urchin demonstrated a good propensity to ingest both maize and
spinaches, content in artificial diet, as it can be inferred from the RI reported in Figure 5; in addi-
tion, the GSI values related to this diet are the highest registered in this study. This diet also
shows a low mortality rate, about 20%, compared to the other diets that bring a maximum value
of mortality as 30% (data not shown). Other researchers have described the benefit of artificial
diets over the use of maize: Repolho assessed the effect of captive brood-stock diet on fertilization
and endotrophic larvae development of P. lividus obtained for maize diet [59, 60]. Histological
analysis revealed a good quality of gonadal tissue in all cages, but compared to the wild animals,
the gonadal cycle seems to be slowed down by 1-2 months, despite the biochemical profile of the
gonads that does not reveal alterations in the amount of the different components. The biochemi-
cal composition of the sea urchin gonads has been studied in different species; the immature
ovary and testis contained a big quantity of polysaccharides, lipids and proteins. In our study the
polysaccharides decrease during the gametogenesis in both sexes and in wild and bred animals;
according to literature these macromolecules are involved in the energetic metabolism [35, 48].
During the gametogenesis the lipids are stable for long time and decrease in the late phases of
gonadal cycle for both sexes. Fatty acids, in fact, are an important energy source because they
are needed by spermatozoa for swimming [49], in eggs for larval development and survival [50].

In conclusion, we propose an artificial diet to define a system offshore of sea urchin culture,
in order to obtain gonads with comparable quality to that of wild type. This method permits
to preserve the wild stocks and satisfy the market demand.
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Abstract

Several approaches have been tested to respond to the depletion of wild stocks, from
the production of seeds to the setting up of closed echinoculture systems, starting with
fertilization of eggs with the consequent development to adult sea urchins. Hence, in the
last years, our research group has focused on the assessment of a feasible and sustain-
able strategy aimed to ensure a rapid and effective gonadal growth of healthy gametes
in recirculating aquaculture system (RAS) to employ in ecotoxicological application. In
order to compare the health of obtained gametes with wild populations, the effective-
ness of diets was evaluated with different biological parameters, such as fertilization and
embryo-development test, and with histological analysis of gonads to appraise the stage
of maturation. Moreover, the information regarding different breeding conditions of
adults and genetic variability should be combined with the analysis of larval settlement
and its requirements, demonstrating the importance of these parameters for the possible
closure of the echinoculture cycle in RAS. Results achieved so far in terms of gonadal
development and health of gametes have provided evidence of success in overcoming
natural gaps between reproductive events in natural populations and an efficient and
standardize breeding condition in RAS.

Keywords: Paracentrotus lividus, gonadal growth, sexual maturation, diets, recirculating
aquaculture system
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1. Introduction

The commercial fisheries and destructive harvesting methods employed to meet market
demand, caused, in the last decades, a dramatic depletion of Paracentrotus lividus in Europe,
especially in the Mediterranean, leading to a complete disappearance of urchins from areas
of former abundance. This scenario was exacerbated by its worldwide recognition as one of
the most reliable bioindicator species, and its gametes have been used for biological assays in
marine pollution monitoring.

Several approaches have been tested to respond to the depletion of wild stocks, from the
production of seeds (juveniles for out-planting) [1] to the induction of gonadal growth (GG)
in organisms belonging to natural populations [2, 3], but the most challenging strategy could
be the setting up of closed echinoculture systems, starting with fertilization of eggs with the
consequent development to adult sea urchins [4, 5].

The reproductive cycle of echinoids has been extensively studied and documented since
the early 1930 [6, 7] and several studies have been carried investigating different light/dark
regimes, temperature, and supply of artificial diets to ensure a rapid gonadal growth and to
promote an effective maturation of gametes of P. lividus.

The aim of the present chapter is to present the most effective breeding conditions to pro-
mote gonadal growth and sexual maturation in P. [ividus. Particular emphasis will be put
toward the work carried out by our research group in the assessment of a feasible and sus-
tainable strategy aimed to ensure a rapid and effective gonadal growth of healthy gametes in
recirculating aquaculture system (RAS) with pellets, macroalgae, and formulated diets rich in
carotenoids (Spinacia oleracea and Zea mays), which have been demonstrated to be crucial for
various biological function, especially during egg production and development [8-11].

In order to compare the health of obtained gametes with wild populations, the effective-
ness of diets was evaluated with different biological parameters, such as fertilization and
embryo-development test, and with histological analysis of gonads to appraise the stage of
maturation.

The results obtained by our group demonstrated the good feasibility of a low-cost, easy to
standardize and sustainable diet in rearing vulnerable species such as P. lividus in RAS.

2. Gonadosomatic growth and sexual maturation in Paracentrotus lividus
natural population

Different factors can be significant for the somatic growth (SG) of P. lividus, such as water
temperature, nutritional aspects of nutriment, and gonadal development [12]. Among these,
previous research demonstrated that seasonal variations of growth rate seem to be predomi-
nantly related to water temperature with a dilatory effect in response to low temperatures; in
fact, Le Gall [13] reported the absence of growth in the population of sea urchins in the English
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Channel when temperature was between 4 and 7°C. From the literature on this topic, growth
is noted to increase proportionally with increasing temperature between 7 and 18°C, with
the optimum condition predominantly between 18 and 22°C above this condition, growth
slows to a halt completely when temperature exceeds 28°C [14-17]. In the Mediterranean
Sea, growth peaks during spring, when the water temperature is between 12 and 18°C, while
sporadically occurs in autumn and is practically absent in winter [14-17]. As a result of these
premises, it can be estimated that urchins of 2 cm in diameter are around 2 years old and it
takes approximately 4-5 years for them to reach 4 cm in diameter [12, 16, 18-21].

P. lividus has an annual reproductive cycle. According to some authors, these species pres-
ent a single spawning event [22, 23], while others support the hypothesis that in a year may
occur two reproductive events [24-26]. The reproductive cycle of P. lividus has been studied in
detail by several authors and is known as the cycle of many echinoids, which is influenced by
various environmental factors such as temperature [22, 23], photoperiod [17, 22, 23], hydro-
dynamics conditions [27], and trophic availability [23, 25-27].

Gonadosomatic index (GSI) is defined as the ratio between the mass of gonads and the mass of
the whole organisms [23]; generally, the highest GSIs are reached by bigger individuals, with
size tests ranging from 40 to 70 mm, rather than individuals belonging to the 2040 mm class
size [28, 29]. Previous studies on the gonadal growth (GG) of P. lividus in the Mediterranean
and in the Atlantic Ocean reported the presence of two growth peaks whose timing can vary
considerably even in populations of neighboring adjacent areas: indicatively the first peak
takes place in spring followed by the second in late-summer/autumn [22, 29, 30].

Both field and in vitro studies seem to confirm the correlation between SG and GG with food
availability [21, 31] and high rate of organic matter ingestion [32]. Gonadal development in
particular seems to be enhanced by temperatures comprised between 18 and 22°C [17], even if
some contrasting data were obtained from in situ studies reporting developed gonads in well-
fed subtidal populations both in open sea and in lagoon environments [12, 22, 33-35]. High
GSlIs have been measured in populations with either low or high densities: the former [36] as
a consequence of a low competition for food, the latter where the substrate is populated by
a few algal species [23]. On the basis of these information, it can be noted that individuals of
P. lividus invest greatly in reproductive strategy in conditions of scarcity of food. Although,
GG, could be supported by high supply of algal fragments or food of high nutritional value
transported by current flow.

P. lividus has separate sexes and there is no sexual dimorphism, yet, hermaphroditism cases
have been observed for this species [22, 37]. In vitro, sexual maturity is reached in individuals
of size ranging between 13 and 20 mm and/or after 5 months [38, 39]; however, sexual matu-
rity can be reached in natural populations over longer periods of time.

2.1. Gamete spawning in Paracentrotus lividus

According to Fenaux [25], although the production of gametes takes place up to a temper-
ature of 8°C, spontaneous spawning is not possible under 13.5°C. Thus, the reproductive
period at subtropical latitudes takes places, from autumn to spring, until temperatures remain
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below 20-22°C. Along the French Mediterranean coasts, two main reproductive events were
observed: one between May and June and the other in September/October [25]. In contrast
with this scenario, data in the literature report for Italian populations of P. lividus in one single
spawning period from October to June [22, 23, 40].

Generally, during the spawning events, male and female of P. lividus aggregate simultane-
ously release their gametes in the water [41]. Although these episodes do not always involve
all individuals of a population, the homogenized suspension of sperms and eggs can trig-
ger and encourage the release of gametes by other sea urchins located in remote places [42].
In both cases of single or double spawning periods throughout the year, water temperature
seems to play a key role in determining the start of the event. While two spawning events
have been registered, the first episode occurs when the temperature reaches 14-16°C and the
second when the temperature returns to these values after the summer [22, 25, 43, 44]. It has
been hypothesized that the first release can also be prompted by lengthening of photope-
riod (about 15 h of daylight) rather than the temperature, while the end of spawning events
seems to be controlled exclusively by temperature [30, 45]. Even though the presence of one
or two spawning periods can be observed within the same region among different habitats
[46], according to Lozano et al. [23], the natural emission of gametes would occur exclusively
during spring/early summer. It should be taken in consideration, though, that the presence
of larvae and postmetamorphosis individuals (1 mm in diameter) in October would seem to
reveal the presence of a spawning event in late summer. Boudouresque and Verlaque [47], in
apparent contrast with the pace dictated by the above reported variables (water temperature,
photoperiod, habitat), reported that spawning can occur almost year-round, although not
profusely. This adaptation can be a strategy to facilitate the dispersal of larvae and ensure
greater reproductive success of the species.

2.2. Getting started: An overview on formulated diets to enhance gonadal growth and
sexual maturation

To date, several studies have been conducted to identify the most suitable breeding condition
for P. lividus, and frequently the results shown in these studies are not in accordance. Diverse
formulated diets are available to promote GG, some formulated diets of particular interest
among them are reported in Table 1.

Basuyaux and Blin [54, 55] tested six different diets (three of which were algal-based and the
other three being based on maize) to enhance SG of the sea urchin P. lividus in a semi-closed
system; their study reported the best growth rates with a mixed diet (maize and Palmaria
palmata) and the lowest results obtained with the administration of algal-based diets. These
results find confirmation in the data described by Garmendia et al. [56] after 60 days of rear-
ing with carrot and algae (Gelidium sesquipedale). Frantzis and Grémare [32] rearing over a
6-month period sea urchin with macrophytes achieved the highest ingestion and gonadal
production with Rissoella verruculosa, which is frequently reported among the most preferred
species of seaweed for P. lividus despite the presence of repellent and toxic metabolites such
as brominated compounds in it [57, 58].
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Tested species

Composition Reference

Texas A&M Lytechinus variegatus

formulation

NIWA feed Evechinus chloroticus

NIFA feed Evechinus chloroticus

Lawrence diet Loxechinus albus, Strongylocentrotus
franciscanus and Strongylocentrotus
purpuratus

Micciche’ et al. Paracentrotus lividus, Loxechinus

albus, Strongylocentrotus granularis,
Strongylocentrotus intermedius

Ross Island Strongylocentrotus droebachiensis
Salmon Ltd. feed

St. Andrews Strongylocentrotus droebachiensis
Biological Station

feed

Pliva-Kalinovica- Paracentrotus lividus

Zagreb factory diet

Three different formulation based on protein  [48]
content: final protein concentrations vary
from 9 to 31% dry weight (as fed basis)

* Protein 40.8% by dw; [49]
* Carbohydrates 26.2% by dw

* Protein 24.5% by dw; [49]
® Carbohydrates 49.6% by dw

* Total crude protein 12-24% by wt 15-20%  [50]
by wt;

¢ Total carbohydrate 30-60% by wt 40-55%
by wt;

* Total crude fat 3-9% by wt. 4-7% by wt

¢ Egg albumen 45-55% by wt; [51]
®  Lactuca sativa 30-40% by wt;

¢ Fish flour 4-6% by wt.

* Rockweed meal (Ascophyllum nodosum) [52]
22.84% by dw;

* Soybean meal 27.92% by dw;

* Dulse powder (Palmaria palmata.) 10.00%
by dw;

* Lecithin 1% by dw;
¢ Canola oil 2% by dw

* Rockweed meal (Ascophyllum nodosum) [53]
8.40% by wt;

¢ Soybean meal 45.00% by wt;

® Lecithin 2% by dw;

e Canola oil 4% by wt.

¢ Crude protein 12.6-22.4% by dw; [54, 55]
e Fat7.6% by dw;

* Crude fiber 1.8-2.4%

Table 1. Formulated diet of particular interest to promote gonadal growth with their major component.

Studying the effect of light regime and temperature in rearing condition, indications reported
in the literature are once again not consistent: McCarron [59] showed that darkness supports
higher SG than the photoperiod treatment whereas other works exhibited that the most suit-
able rearing condition to enhance gonadal growth were short photoperiod (9 h daylight) and
temperature ranging between 18 and 24°C [17, 45]. In addition to these results, for a short
rearing period, Fabbrocini et al. [60] found that nutrition appears to be the key factor in the

induction of GG.
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Comparing theresults obtained with “vegetal” and “animal” diet, Fernandezand Boudouresque
[61] suggested that the latter resulted in the highest absorption rate, and consequently the best
GG; on the contrary, the highest ingestion rate was obtained with vegetable feed. With regard
to absorption, results showed that it was negatively correlated with ingestion and carbohy-
drate level content of the food. These data were confirmed by further works and substantially
the prepared diets, characterized by high protein content, guaranteed a better GG in compari-
son with vegetable diet or low protein content diet [62—-65]. Luis and co-worker [66] studying
the effect of plant-based diet on spawning performance of P. lividus in captivity recorded that
a mixed diet maize and seaweed gave better results (79% of the tested urchins) if compared to
pure maize diet (50%) and the pure seaweed diet (36%) in terms of consistency of spawning
throughout the year.

In conclusion, when the reproductive conditions (organisms in mature or premature stage)
allow short breading periods, the synchronization of the gonads to the emission stages can
be induced simply by controlling the diet, without the need for altering the photoperiod and
stressed the animals with unnatural photoperiod.

2.3. Breeding condition to promote sexual maturation in RAS

Interest in cultivation of sea urchins has increased over the last 2 decades as a consequence
of the depletion of wild stocks [1, 22, 47, 62, 67, 68]. In this context, breeding of P. lividus for
restocking wild populations in addition to its use for human consumption is an aspect to
consider for future developments. An additional reason for that is since 1980, it was recog-
nized worldwide among the most reliable bioindicator species [69], and its gametes have been
extensively used for biological assays [70-89]. Therefore, the development of rearing tech-
niques for this species is a current issue for both production of gametes for ecotoxicological
application and restocking depleted natural populations due to the growing market demand
of roe; a request that otherwise natural populations are unable to meet [83].

Hence, in the last years our research group has focused on the assessment of a feasible strat-
egy aimed to ensure a rapid and effective GG of healthy gametes of P. lividus in RAS.

2.3.1. Maintenance of mature stage in Paracentrotus lividus in RAS

Our first goal was focused on the maintenance in RAS over a 4-month period of P. lividus
specimens in mature stage collected during spawning period. After initial 5 days acclimatiza-
tion fasting period, individuals were reared in the recirculating aquaculture system at 14°C
temperature and photoperiod of 10 h L: 14 h D testing two different diets. The first diet was
composed of 50% (in volume) maize kernel that had been previously crushed with a blender
into grains of a few millimeters and the remaining 50% (in volume) by a mixture of fresh sea-
weed (Dyctiopteris sp., Padina Pavonica, Dyctiota sp., Ulva lattuga, Halopteris scoparia, Flabellia
petiolata, Laurencia sp., Corallina elongata, Codium sp.), collected from the same sampling site of
sea urchin. The second diet consisted of a mixture in equal proportion of maize and freshly
chopped spinach leaves. Spinach, such as maize, is a vegetable with a high nutritional value
and high content of carotenoids [83]. Several studies have demonstrated that spinach leaves
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contain natural antioxidants with potential biological activities [90-92]. Indeed polyphe-
nols are now widely accepted as physiological antioxidants that have significant activities
and capacity to protect critical macromolecules against the numerous degenerative diseases
linked to free reactive oxygen species (ROS) [93-95].

Before being administered, the ingestion rates of every single element of diets were assessed
in order to establish the most suitable feed for sea urchins in RAS (Table 2). Results showed
that in order of preference, the most appreciated food were maize, Dyctiopteris sp., spinach,
and Codium sp.

Considering that brown algae together with Posidonia oceanica leaves are among the main com-
ponents of adult P. lividus diet [96-98], with regard to the brown alga Dyctiopteris sp. results
confirmed this expectation. On the contrary, it is not as clear as the poor desirability for the other
brown algae administered. The low appreciation of red algae, with the exception of Laurencia
sp., could be related to the presence of brominate substances as reported by Codomier et al.
[57] for the red alga Asparagopsis armata. Among the seaweed provided, P. lividus clearly did
not show any preference toward algae that have a coriaceous consistency due to the presence of
precipitates of calcium carbonate in the structure of the alga (Corallina elongata, Padina pavonica,
and Flabellia petiolate). The poor desirability toward Halopteris scoparia could be due to the pres-
ence of phenolic compounds, which act as a deterrent for P. lividus [99]. However, in contrast
with what reported in literature [47], P. lividus used in our experiments did not ingest impor-
tant quantities of the green alga Ulva lactuca (ingestion rate [g/day + sd]: 0.030 + 1.06 by dw, see
Table 2). As already mentioned above, among the red algae, an appreciable consumption has
been registered for Laurencia obtusa; these data seem to be in contrast with those reported in
Boudouresque and Verlaque [47].

Species Ingestion rates (g/day dw)
Codium sp. 0.137+0.32
Corallina elongata 0.025+0.68
Duyctiopteris sp. 0.141+0.45
Dyctiota sp 0.076 +1.16
Flabellia petiolata 0.030 +2.08
Halopteris scoparia (=Stypocaulon scoparium) 0.035+2.13
Laurencia sp. 0.115+0.89
Zea mays (crusched Kernel) 0.281+0.93
Padina pavonica 0.085 +0.56
Spinacia oleracea 0.139+1.18
Ulva lactuca 0.030 +1.06

Table 2. Ingestion rates by for the macrophyte, maize, and spinach tested. Ingestion rates are expressed in terms of dry
weight per day. The values are mean and standard deviation.
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The consumption of spinach resulted to be comparable to the “most preferred algae”; however,
the consumption of maize was significantly higher than those recorded for macrophytes. This
unusual feeding behavior could be partly explained by the higher content of carbohydrates and
proteins in maize with respect to algae and spinach. Indeed, these two ingredients exhibit a
very similar biochemical composition, characterized by high water content and moderate pres-
ence of proteins and lipids. Maize is a primary source of energy supplement and can provide
up to 30% protein, 60% energy, and 90% starch in animal diets [100] and is an important source
of carotenoids. Echinenone and (60R)-B-carotene-4-one are the major carotenoids in both ova-
ries and testes [101, 102]; in gonads, echinenone accounts for approximately 50-60% of the total
pigment [11, 103] and it is metabolized from dietary {3-carotene. It is transported to or stored
into gonads in much greater concentrations than other carotenoids, where it may play a role
both in production of eggs, development, and immunological modulation [9, 102, 104, 105].

To evaluate the quality of gametes and embryos obtained from organisms maintained into
mature stage in RAS, fertilization, and embryo-development tests by means of reference toxicant
were performed every month during treatment with gametes collected by reared individuals.

Diets tested in these trials, in combination with a 10 h L:14 h D light regime and a water tem-
perature of 14°C, have ensured the maintenance of animals into a mature prespawning stage for
a 4-month period [83]. This result permitted to overcome the summer months during which, at
our latitude, it is not possible to obtain gametes from organisms belonging to wild populations
[40]. EC,, values obtained, both for fertilization and embryo-development tests during the exper-
iments, were consistent with the laboratory control chart and those reported in the literature for
different species of echinoderms, including P. lividus [10, 78, 82, 106-109]. It is worth reporting
that the gametes obtained by tested individuals were comparable to those of natural populations
in terms of response to the reference toxicant copper(Il) nitrate (Cu(NO,), x 3H,0) [83].

2.3.2. Reliable breeding condition to promote sexual maturation in RAS

P. lividus has an annual reproductive cycle, although according to some authors these species
presents a single spawning event [22, 23], whereas others support the hypothesis that two
reproductive events may occur in a year [24-26]. The reproductive cycle of P. lividus has been
well studied, and much research has been carried out to determine all its phases in relation
to temperature [22, 23, 29, 30] photoperiod [17, 22, 23], hydrodynamics conditions [27], and
trophic availability [23, 25-27].

After having identified the suitable conditions to maintain P. lividus in mature stage (stages
III-V) [22] in RAS, our research group focused on the analysis of fast reliable breeding condi-
tions to promote GG and sexual maturation in P. lividus in order to have a continuous pro-
duction of gametes for scientific research and ecotoxicological tests. Different diet treatments
to enhance gametes maturation were tested by our research group in a previous study [83],
focusing in particular on the reliability of a maize and spinach diet (MSD), a macroalgae diet
(MD), and a diet based on a commercial pellet normally used in aquaculture for warm-water
species (Classic K®, PD). The biochemical composition of pellet Classic K® (Hendrix S.p.A)
employed in our study is shown in Table 3.
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Composition %
Protein 43.0
Crude fat 11.5
Crude fiber 3.2
Ash 8.0
Phosphorus 0.8
Digestible energy (M]/kg) 14.8

Table 3. Biochemical composition (%) of pellet Classic K® (Hendrix S.p.A.).

The MD and the MSD were the same, previously employed in the maintenance of mature
stage in P. lividus reared in RAS.

Before being fed ad libitum with three chosen diets, sea urchins were starved for 2 months in
order to promote the reabsorption of gonads and get them in phase regarding their reproduc-
tive cycle [30]. Specimens were kept in aquaria with 12 + 1°C water temperature and exposed
to a photoperiod 12 h L:12 h D completely deprived of food [4]. To promote the maturation
of adult P. lividus, diets have been tested for 9 weeks in combination with a photoperiod of
10 h L:14 h D and water temperature of 16°C. In order to evaluate the effectiveness of the
different diets, multiple biological data were analyzed, in particular: gonad index (GI), his-
tological examination of gonadic tissue; analysis by using harmonic generation (HGM) and
two-photon photon (2PF) microscopy; fertilization and embryo-development test with a ref-
erence toxicant (Cu(NO,), x 3H,0).

The second and third harmonic generation microscopy (SHG-THG) and the 2PF are nonlinear
microscopy techniques, which base their optical resolution on the interaction of the wave-
length of light with matter.

The THG and SHG techniques are a nonfluorescent multiphoton technique of laser scanning
microscopy that allow to acquire signals with submicron spatial resolution without the use of
fluorescent markers [111]. In copepods and zebrafish, these techniques have been shown to be
able to reveal the onset of cell death mechanisms (apoptosis) [111-113]. In particular, the sig-
nal of the SHG can reveal the distribution of collagen fibers and striated muscle myosin [114],
while THG microscopy is more versatile than SHG microscopy and can highlight, through the
discontinuity of the refractive index, the morphology of cell membranes and of lipid vesicles
[115]. The microscope used for this work is based on a femtosecond laser Cr-forsterite, which
operates around 1230 nm. This laser is able to penetrate deep into the tissue causing little
damage compared with the common Ti: sapphire laser used in fluorescence microscopy (700-
1000 nm). The laser was mounted on an Olympus BX51 microscope, and plutei obtained from
gametes of reared organisms in recirculating aquaculture system were observed with a 60x
immersion objective and numerical aperture (NA) of 1.2 (Figure 1) at the Molecular Imaging
Center, National Taiwan University, Taiwan.
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Figure 1. Schematic diagram of the microscope: BC, beam collimator; GM, galvanometric mirrors; CF, color filter; BS,
beamsplitter; IF, interference filter; PMT, photomultiplier tube; FVC, fluoview control unit [110].

Tested diets were successful in stimulating gametogenesis and ensuring the production of
healthy gametes in short time (3 weeks); among these, MSD gave the best results in terms of
Gl values. According to histological analysis, only MSD and PD diets were suitable to guaran-
tee a rapid transition of sea urchins from an inactive phase (stage VI-Spent) to an active phase
of gametogenesis (stages II-V) [22]. These results confirmed that photoperiod, temperature,
and diet allowed to maintain the constant presence of mature P. [ividus in the rearing tanks
and overcome summer period during which sea urchins belonging to natural population are
unable to produce gametes [40].

EC,, values obtained from fertilization and embryo-development tests with reference toxi-
cant (Figure 2a and b) were consistent with those reported in the literature, demonstrating
the good quality of gametes [10, 72, 82, 106, 109]. In particular, sperm obtained from animal
reared with MD diet seems to be more sensitive toward copper(Il) nitrate if compared with
gametes obtained from other diets or belonging to natural population. This aspect reveals that
the high energetic value of PD diet (protein =43.0% and crude fat = 11.5%) and the richness in
carotenoids and antioxidant in MSD diet proved to be important factors in the ability of sperm
to cope with toxicity resulting from exposure to the reference metal [83]. The effect of the bio-
logical richness of MSD in terms of energy source, carotenoids, and antioxidants can be seen in
the high EC, value; indeed after a 9-week treatment, plutei demonstrated to have a resistance
against copper(Il) nitrate comparable with the wild population, higher than plutei bred with
MD or PD diet (Figure 2b); these data were further confirmed by histological evidence [116].

Indeed, as previously demonstrated, thanks to the combination of the high nutritional value
due to carbohydrates content and fairly good presence of protein in maize [117] with the
remarkable richness in carotenoids and polyphenols of spinach [90, 118], MSD holds the essen-
tial chemical compounds to protect biological tissues against oxidative processes [119, 120].

Nevertheless, both field and in vitro studies seemed to confirm that somatic and GG ensued
when food availability and organic matter ingested was high [21, 31, 32], although other phys-
ical parameters such as light regime and temperature can positively affect it [59].
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Figure 2. EC,  (ug/L) values of reference toxicant [Cu(NO,), x 3H,0] obtained with fertilization (a) and embryo
development (b) tests performed on Paracentrotus lividus reared in a recirculating aquaculture system (RAS) with artificial
diets maize and spinach (MSD), pellet Classic K® (PD) and macroalgae (MD). The EC,; values obtained are compared
with those obtained from P. lividus belonging to a natural population (Natural Pop.). EC, (ug/L) values obtained at
T = 0 for the wild population are reported. The values are mean and standard deviation [116]. “Note: *a= statistically
sigfootnificant with respect to MD diet; *b statistically significant with respect to PD diet”.

This chapter reviews innovative techniques established by our research group with regard
to sea urchin plutei developed from gametes of reared organisms. Results concerning bred
organisms were compared with those obtained from organisms belonging to the natural pop-
ulation in order to evaluate and assess possible events of cell death or abnormalities develop-
ment biological damage linked with the rearing conditions and diets employed.
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The evaluation of effects induced by rearing conditions by means of HGM microscopy
techniques highlighted differences between plutei from the three diets. In particular, plutei
obtained from the MSD diet presented an increase in fluorescence signal, both with 2PF
and THG technique that we could hypothesize be related to apoptotic [121] or autophagy
event [122, 123] (Figure 3). On the contrary, natural larvae or larvae obtained after PD or
MD diets did not show any increase in fluorescence signal. Another factor to consider when
evaluating MSD diet is that plutei showed a loss of THG signal in the skeleton, poten-
tially due to incorrect tissue organization in the skeletal structures, phenomenon previ-
ously observed in P. lividus plutei exposed to HgCl, [121]. Considering these data, although
feasible both for GG and gametes maturation in short rearing period, MSD could lead
to the generation of plutei unstable for ecotoxicological and echinoculture application.
Further investigations are needed with regard to this topic, considering that programmed
cell death is a physiological process aimed to prepare the tissues of P. lividus larvae before
metamorphosis [124].

The HGM microscopy technique applied in this study allowed the observation of abnor-
malities in the development of sea urchin plutei obtained from P. lividus kept in RAS with
different diets. This technique is certainly a valuable and promising tool for applications in
ecotoxicological studies, as confirmed by other in vivo studies with other model organisms
such as zebrafish embryos (Danio rerio) [111, 112]. The same apoptotic body in the zebraf-
ish hindbrain was positively stained through the fluorescent marker acridine orange. In a
study conducted on nauplii of Acartia tonsa authors reported that the strong fluorescent signal
detected with the 2PF and with the THG was associated with the onset of apoptosis in the
digestive system of copepods, data confirmed by the classical staining technique of TUNEL

Figure 3. Sea urchin plutei obtained from different diets observed with light microscopy, two photon fluorescence (2PF)
microscopy (a, €, i, 0), third (THG) (b, f, 1, p), and second (SHG) harmonic generation microscopy(c, g, m, q). The images
obtained merging the THG, 2PF, and SHG signals are presented in images d, h, n, r. Plutei observed are obtained from
Paracentrotus lividus belonging to natural population (a—d) and reared with maize and spinach (e-h), pellet Classic K®
(i-n) and macrophytes (o-r).
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[113]. In our experience, the noninvasive nature of the SHG and THG technique has permitted
a three-dimensional observation of the cellular structures of sea urchin pluteus allowing the
observation of morphological changes, in the complex development processes related to the
rearing condition. In addition, these techniques provided important results without the use of
fluorescence markers, overcoming the common phenomena of photodamage, phototoxicity,
and photobleaching linked to the use of fluorescent probes.

3. Further development

Results achieved so far in terms of gonadal development and health of gametes have pro-
vided evidence of success in overcoming natural gaps between reproductive events in natu-
ral populations and an efficient and standardize breeding condition in RAS. In the past few
years, different authors published results originating from different cultivating conditions,
considering various environmental parameters as well as diets. Raposo et al. [125], for exam-
ple, tested the efficacy of three artificial diets (A, green macoalgae Codium sp.; B, solid mix
diet, with macroalgae Codium sp., carrot and cabbage; and C, maize and spinach) during 80
days to promote gonadal growth and the maturation of P. lividus gametes. In their experi-
ments, a temperature of 20 + 1°C was set during the dietary treatment, whereas in our trials
this temperature caused spawning in specimens compromising the continuous collection of
gametes. Sanja et al. [126] tested the efficacy of four different diets in a semiclosed recirculat-
ing system. In this experiment, temperature and salinity of seawater were not kept constant
but allowed to vary according to natural environment; in particular, they ranged between
15 and 23°C and 32-37%o, respectively. Colak et al. [127] opted for a temperature of 22°C
and a salinity of 38%o and a diet based on pellet to cultivate urchins for histological analysis.
The variability of results combined by the different environmental conditions of the tanks
suggests that different populations of P. lividus, sampled by diverse areas and in different
periods of the year, can respond in dissimilar ways to aquaculture conditions. To confirm this
hypothesis, we compared the toxicological responses of three different populations toward
three contaminants; these populations where distributed in a radius of ca. 10 km and the
sampling activity was performed in five different times of the year [128]. Results showed a
high variability of responses, even if considering a small-scale variation of populations. This
result suggests that further analyses are required in order to assess the variability of a larger
distribution of populations and the contribution of the genetic variability. Therefore, genetic
analyses will be performed on the urchins belonging to these populations, with the expected
results useful to comprehend the genetic variability and its correlation with the results previ-
ously obtained.

Finally, the information regarding different breeding conditions of adults and genetic vari-
ability should be combined with the analysis of larval settlement and its requirements. Indeed,
Colin et al. [129] demonstrated that settlement rates of competent urchin larvae were signifi-
cantly correlated with different substrates. Brundu et al. [130] combined the analysis of two
different settlement substrates with four larval dietary treatments on the survival and growth
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of the larvae, demonstrating the importance of these parameters for the possible closure of the
echinoculture cycle in RAS.
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Abstract

Most of the current knowledge concerning fundamental genetic mechanisms, evolution-
ary processes and development, cellular physiology, and pathogenesis comes from stud-
ies of different animal model systems. Whereas mice, rats, and other small mammals
are generally thought of as the typical model systems used by researchers in biomedi-
cal studies, aquatic models including both freshwater and marine organisms have long
proved to be essential for the study of basic biological processes. For over a century,
biologists have used the sea urchin embryo as a prototype for the investigation of devel-
opmental mechanisms that contribute to building the embryo body plan. Here we high-
light the contribution of the sea urchin embryo as a simple model for studying aging
and age-associated neurodegenerative diseases, as well as the pathways and mechanisms
involved in cell survival and death. Moreover, we point out the role of this embryonic
system as a potent and affordable tool for learning about developmental effects and toxic-
ity responses to environmental contaminants and chemical compounds.

Keywords: embryonic model system, developmental effects, neurodegeneration,
senescence, chemical compound assays

1. Introduction

Sea urchins are well-studied marine organisms belonging to the Echinoderm phylum. Since
the mid-nineteenth century, the amazing transparent sea urchin embryo has been one of
the favored animal models for descriptive experimental work on embryo development.
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Afterward, it has been used for studying intercellular communication and cell adhesion [1-3],
cell cycle control mechanisms [4], calcium signaling [5], fertilization [6], cell differentiation [7],
and cell survival and death [8].

Added benefits of this system are low maintenance costs, small size, high fecundity, and the
transparency of embryos, features that allow the direct observation of cell division and move-
ment inside the living embryos and larvae. Moreover, as invertebrate species, sea urchins are
not subject to restricted animal welfare concerns. Notably, this trait meets the strategy of the
European Partnership for Alternative Approaches to Animal Testing for the development of
alternative approaches to using animals in biological assays.

Studies on different sea urchin species have, indeed, identified maternal molecules which are
spatially restricted and involved in the determination of cell fate [9-12], molecular mecha-
nisms that respond to cellular stress such as heat shock [13-15], apoptosis [16], and autophagy
[17]. More recently, researchers have used sea urchin embryos as a model for elucidating the
role of cellular and molecular mechanisms involved in human health and disease. The poten-
tial of using the sea urchin as a model for disease research relies on the fact that general cel-
lular properties are common to many organisms. The complete sequencing of the sea urchin
genome has also revealed that sea urchins are more closely related to humans than other
invertebrates [18, 19], including the model organisms D. melanogaster and Caenorhabditis ele-
gans which are commonly used as disease models. Research on the sea urchin animal model
now extends over a wide range of areas, such as immunology, microbiology, pathology, toxi-
cology, and microbiology.

Recently the sea urchin embryo has played an important role as a model in the study of neu-
rodegenerative disorders that can cause dementia and memory loss. This is possible because
of the presence of a larval nervous system that arises during gastrulation within the ectoderm
of the embryo [20]. Later, a set of neurons and neurites begins to be present in the structure
called the ciliary band. Several clusters of neurons with associated neuropil are organized in
ganglia, the largest of which is the apical organ of the larva, composed of some bilaterally
positioned sensory cells containing serotonin. Thus, dysfunction in the cellular processes of
these cells can be compared to what occurs in human neurons during pathological dysfunc-
tions. In neurodegenerative disorders, such as Alzheimer’s disease, neuronal loss occurs due
to a buildup of a particular protein called Amyloid beta (Abeta) that, in this pathological
condition, is misfolded and prone to aggregating, forming fibrils and plaques [21]. Abeta is a
peptide derived from the proteolysis of a membrane-spanning precursor protein called amy-
loid precursor protein (APP); to strengthen the view that sea urchins can be utilized in these
studies, an antigen related to human APP was identified [22, 23].

Another interesting opportunity presented by sea urchins is the possibility of gaining new
insight into aging mechanisms. Aging is a multifactorial process, and many theories, such
as telomere loss, oxidative stress, and free radical theories, have been proposed to explain
this phenomenon at the molecular, cellular, systemic, and evolutionary levels [24]. Some
reports indicate that different life spans have been found for different sea urchin species rang-
ing between few years and 100 years. The sea urchin Strongylocentrotus franciscanus, indeed,
shows a negligible senescence with decreased mortality and retained reproductive capacity
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for a long time [25]. In contrast, Lytechinus variegatus has an estimated life span of only 4 years
[26], while Strongylocentrotus purpuratus has an estimated maximum life span of more than
50 years [27]. Thus, to study sea urchin species with different life spans could be relevant for
understanding mechanisms involved in aging.

Animal models also give an invaluable contribution to our knowledge of all biological aspects
and processes, including the discovery and development of new chemical compounds by
studying their properties and functions. The researcher’s first choice is often to select mod-
els that are highly similar in biology and physiology to humans, although a combination of
experimental data from different models can be more informative than those from a single
organism, even evolutionarily closer. In vivo high-medium-throughput assays using small
aquatic model organisms provide significant advantages for bioassay development, generat-
ing molecular and physiologically relevant responses. Among them, the sea urchin embryo is
considered a valuable model to test and assess the safety of biomolecules, even those devel-
oped for therapeutic purposes [28-31] but also to discover basic molecular mechanisms and
gene regulatory networks with which they may interfere.

In this chapter, we describe the role of the sea urchin embryo in studies of aging and age-
related neurodegenerative disorders. Furthermore, we provide an update and underline the
relevance of this model for assessing the developmental responses and/or toxicity effects of
small molecules, many of which are used for medical purposes.

2. The sea urchin as a tool for studying neurodegenerative disorders

Neurodegenerative diseases are defined as hereditary and sporadic conditions, which are
characterized by the progressive dysfunction of central or peripheral structures of the ner-
vous system. These disorders are often debilitating disorders affecting memory, learning,
skilled movements, and feelings. They include common diseases such as Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD) and rarer disorders such as multiple sclerosis, amyo-
trophic lateral sclerosis (ALS), Huntington’s disease (HD), spinocerebellar ataxia, and prion
diseases. Even though their clinical manifestations and symptoms are completely different,
neurodegenerative disorders share some common features, such as their appearance with
aging, neuronal loss and synaptic anomalies, and mainly the presence of cerebral deposits
of misfolded protein aggregates [32]. Although the presence of extracellular deposits is a
common feature of these diseases, the protein component and distribution of the aggregates
are specific to each pathology. Thus, for example, 3-amyloid is the main component of the
deposits in AD, a-synuclein in PD, and polyglutamine-rich in HD, and the accumulation of
the protease-resistant aggregates of the prion protein (PrP) is present in the diverse forms
of transmissible spongiform encephalopathy. The presence of abnormal aggregates in dam-
aged regions of the brain is due to protein misfolding, which is one of the main causes of
neurodegenerative diseases. Generally, the specific native protein is mainly composed of an
unordered a-helical structure, but in the pathological condition, it is misfolded in a 3-sheet
structure that aggregates to form ordered protofibrils, fibrils, and plaques. Today, it is widely
accepted that small oligomers, rather than compacted aggregates deposited in the brain, are
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the real causes of neurodegeneration [33, 34]. However, regardless of the different sizes of
aggregates, the induced toxicity leads to different cellular dysfunctions that culminate in the
neuronal apoptotic process, though the mechanism by which protein misfolding and aggre-
gation trigger neurodegeneration is still unclear. Since molecular mechanisms and basic
pathways are conserved during evolution, the use of a simple model system can help us to
understand the derived dysfunction and the pathways affected by a specific insult. Among the
neurodegenerative diseases, AD is a pathology that is rapidly increasing with longer human
life expectancy. AD is, indeed, the most common cause of dementia in elderly people and
typically begins with subtle and weakly recognized failures of memory and slowly becomes
more severe. It leads to the progressive loss of mental, behavioral, and functional abilities.
The pathological hallmarks in the AD brain present two different abnormal structures, extra-
cellular amyloid plaques, composed of amyloid-3 (Af) peptides, and intraneuronal neuro-
fibrillary tangles, composed of hyperphosphorylated tau [21]. Amyloid-3 peptides (AP) are
proteolytic fragments of 40-42 amino acids, derived from the transmembrane amyloid pre-
cursor protein (APP), whereas tau is a brain-specific, axon-enriched microtubule-associated
protein. Depending on cellular conditions, A is misfolded, and the establishment of ordered
structures rich in -sheet, prone to self-assembling, produces aggregates typical of amyloid
assemblies. For a long time, large aggregates of A, found in amyloid plaques, have been
considered the major cause of neuron damage and degeneration in AD. Recent studies have,
instead, demonstrated that Af3 soluble oligomers, also known as Abeta-derived diffusible
ligands (ADDL), are the more toxic form [35]. The combination of biochemistry, molecular
and cell biology, and systems biology has been utilized for understanding some of the main
molecular mechanisms leading to AD onset, but other efforts and knowledge are required.
AD is probably caused by complex interactions among multiple genetic, epigenetic, and envi-
ronmental factors; thus, interdisciplinary approaches leading to the identification of useful
biomarkers are necessary for the development of suitable drugs for prevention and treatment.

In this scenario, how can a simple model system help AD neurodegeneration research? What
questions can we ask and what answers can we have from a simple model system? For this
aim, the first issue to be addressed is to obtain evidence that A induces toxicity on the chosen
model system. As mentioned earlier, the sea urchin is a suitable model system to test effects
induced by chemical or natural toxic agents on biochemical pathways and embryo morphol-
ogy. The sea urchin has a primordial nervous system, and the same neurotransmitters used
in embryonic development are conserved between sea urchins and the mammalian brain. The
sea urchin embryo, indeed, synthesizes, stores, and releases acetylcholine (Ach) and other
neurotransmitters and possesses analogous receptors and downstream signaling cascades,
all of which appear over a well-defined developmental period and act as morphogens in con-
trolling cell differentiation and embryo and larva assembly [36]. Furthermore, under specific
stimuli, the sea urchin embryo triggers apoptosis [16], the death mechanism by which neu-
rodegeneration occurs (Figure 1). Studies from different laboratories have utilized two sea
urchin species, Paracentrotus lividus and Sphaerechinus granularis, to test Af3 toxicity.

By using the sea urchin as model system, one of the first questions to be addressed was to
establish if different structural A3 species have the same toxicity. To this aim, it was pro-
duced a recombinant A§3,, peptide by using the pQ30 expression vector [37]. Different sizes
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Figure 1. Sea urchin embryos have neurons and neurites, and respond to classical mechanisms involved in
neurodegeneration processes, such as apoptosis or oxidative stress. P. lividus gastrula and pluteus stage embryos
are depicted. (A, D), nuclei of pluteus and gastrula stage embryos are stained with Hoechst 33258; (B), late-stage
larva stained with anti U-295 antibody (kind gift of Dr. David R. McClay) that specifically recognizes neurites at the
ciliary band; (C) reactive oxygen species detected by a fluorescent dye in a pluteus stage embryo.

of aggregates, either small oligomers or larger aggregates, were obtained upon dissolving
the recombinant A{,, under different pH conditions (7.2 or 3, respectively); different ionic
strengths, indeed, change the kinetic of oligomer formation. By using a light scattering
instrument, it was established that at pH 7.2, small A{3,, species were present in solution;
in contrast, at pH 3, larger aggregates were detected. To define a structure-toxicity relation-
ship, AB,, was dissolved in the two solutions and administered, in different concentrations,
to a two-cell-stage embryo culture of Paracentrotus lividus. Under these conditions, embryos
were allowed to develop until controls had reached the pluteus stage, and different percent-
ages of surviving or degenerating embryos, with respect to the controls, were observed.
After only 4 h of embryo development, morphological defects in the cell membrane were
observed. After 1 day of development, instead, retardation of embryo development as well
as cellular disorders visible inside the blastocoele was detectable. After 48 h of develop-
ment, cellular degeneration in two different pathological phenotypes, the occluded blastulae
and the occluded prism, was present [37]. In general, small oligomers were more toxic than
larger aggregates, in agreement with the discovery that small ADDLs are highly toxic [35],
indicating that the A{3,, state of assembly appeared to influence its biological activity. Based
on the obtained results, it was supposed that more diffusible small oligomers could be more
easily internalized than larger aggregates in the developing embryo, producing cellular and
molecular dysfunction. Thus, the sea urchin was a suitable in vivo organism for A, toxic-
ity studies and could be used as an indicative tool for the pharmacological evaluation of a
therapeutic agent.

Regarding A, toxicity, another group identified both the critical periods in which different
types of anomalies are induced by A,,, and the protective role played by acetylcholine and
other neurotransmitters such as serotonin and cannabinoids [38]. The sensitivity to AB,, is
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greatest when the peptide is introduced at the mid-blastula stage, in a particular period called
“mid-blastula transition,” when new genes become expressed by the embryonic genome.
Thus, the neurotoxic effects of AP are associated with changes in gene transcription. Further,
the morphological changes correspond to a level of toxicity indicating that sea urchins pro-
vide a system that allows for the rapid screening of potential therapeutic interventions [38].
Furthermore, the morphological anomalies were inhibited by the addition of lipid-permeable
analogs of acetylcholine (arachidonoyl dimethylaminoethanol), serotonin (arachidonoyl sero-
tonin), and cannabinoids (arachidonoyl vanillylamine), indicating that they can prevent the
neurotoxicity associated with AP and be used for therapies that enhance cholinergic function,
as well as for AD.

By using S. granularis, the effect of a specific 15-amino acid sequence (NWCKRGRKQCKTHPH)
placed in positions 96-100 within the extracellular domain of the APP protein (APP,, |, ) was
evaluated and compared to that of AB,, [39]. This fragment corresponds to a proteoglycan-
binding domain that specifically controls neurite outgrowth and other aspects of neurode-
velopment [40]. Sea urchin embryos at the 2—4 cell stage, blastula stage, or at late gastrula to
early pluteus stages were treated with the two peptides, with or without neurotransmitters or
neurotransmitter-related agents, and embryonic malformations were observed. With respect
to AB,,, APP,, - had a weaker effect in disrupting development, requiring higher concentra-
tions to produce the same malformations caused by AB,,. APP, , - was dangerous only within
a defined window of vulnerability corresponding about to the mid-blastula stage, whereas
AB,, had adverse effects from early cleavage to the pluteus stage [39]. For both peptides,
developmental anomalies were prevented or reduced by the addition of neurotransmitters.
This finding indicated a role for APP in development and identified specific interactions with
neurotransmitter systems that act as morphogens in developing sea urchins as well as in the
mammalian brain.

3. The APP gene is conserved in the sea urchin genome

As mentioned above, A is a peptide derived from a multiple proteolytic cleavage at the
C-terminal position of a large transmembrane protein called APP [21]. To validate the sea
urchin embryo as a model system in the study of AB-induced toxicity, it was necessary to
demonstrate the presence of an antigen related to human APP. APP is a protein conserved
during evolution, and APP-related genes have also been found in less evolved organisms,
such as Drosophila melanogaster and the worm Caenorhabditis elegans. This suggested that
common mechanisms and responses to pathological stimuli could be conserved [41-43].
Thus, the possible presence of an antigen related to APP in sea urchins was investigated.
For this aim, the presence of APP was examined in proteins extracted from gastrula stage
embryos and pluteus larvae at 48, 120, and 288 h of development [22]. The choice of these
developmental stages was based on the moment at which a primordial nervous system
appears. The sea urchin larval nervous system consists of an array of neurons that control
swimming and feeding, and a more defined organization begins to be present at the late
gastrula stage [20].
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The presence of an antigen related to APP, called Paracentrotus lividus APP (PIAPP), was
detected, and in addition, a fragment of lower molecular weight was identified at late plu-
teus stage, suggesting that after the gastrula stage, a portion of the PIAPP was proteolytically
cleaved, producing a peptide as occurs in higher organisms. Immunofluorescence colocaliza-
tion experiments with serotonin, a neuronal antigen, confirmed that PPAPP was present in sea
urchin primordial neurons [22]. Furthermore, clear proof of the presence of a gene encoding
for PIAPP was obtained by cloning and sequencing a full-length cDNA.

Subsequently, the possibility that P. lividus embryos could trigger different apoptotic path-
ways was investigated after stimulation with A aggregates of different sizes. AB-induced
apoptosis generally occurs through caspase-dependent pathways, even if caspase-indepen-
dent pathways have also been described [44, 45]. In sea urchin embryos, apoptosis is never
found during cleavage stages. It begins to manifest between the early blastula and late gas-
trula stages [16, 46]; thus, we performed apoptosis analysis only in embryos after the gastrula
stage. In light of this evidence, Paracentrotus lividus embryos at the two-cell stage were incu-
bated with small oligomers or fibrillar aggregates and cultured until the controls arrived at
gastrula and pluteus stages [22]. By microscopic inspection, a higher percentage of malformed
or dead embryos was observed upon treatment with A3 oligomer forms with respect to the
AP aggregate forms. By TUNEL assay, apoptosis on surviving embryos treated with the dif-
ferent aggregation forms was detected. In addition, it was found that aggregates employed an
exclusively extrinsic apoptotic pathway via caspase 9 activation, whereas oligomers activated
both extrinsic and intrinsic apoptotic pathways via caspase 9 and caspase 8, respectively.
These findings suggested that a part of the smaller soluble oligomers was able to penetrate
the cells and produce mitochondrial damage that activated caspase 9. In contrast, other oligo-
mers could attach to a neuron surface-specific binding site and, perhaps, seed the aggrega-
tion process, mimicking what occurs in human pathology. In summary, these studies of the
sea urchin embryo give information about the possibility that small oligomers may cross the
membrane and penetrate the intracellular environment. This appears to be in agreement with
biophysical and modeling studies that have demonstrated the ability of A to interact with a
lipid bilayer due to its obliquity and hydrophobicity [47].

4. Species-specific sea urchin longevity and senescence

Aging, also called senescence, is the process of becoming older. The term is particularly used
to refer to humans, but all living organisms generally share this process. It is a well-defined
biological route characterized by a progressive functional decline and increasing death over
time. Because aging and life span characteristics diverge extremely between similar species,
it has been believed that intrinsic organism life span is genetically determined and developed
through an evolutionary process similar to the one that determines other species-specific
characteristics. Furthermore, many theories have been proposed to explain this phenomenon
at different levels such as loss of telomeres or enhanced free radical generation [24]. Telomeres
are chromosome regions made up of repetitive sequences which function to protect chro-
mosome deterioration. During aging, telomeres become shorter, and their attrition can be
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counteracted by telomerase activity. Thus, telomere attrition contributes to aging. The free
radical, or oxidative stress, theory of aging, instead, proposes that the accumulation of oxi-
dative cellular damage is a major contributor to the aging process and a key determinant of
species longevity. The latter, referred to especially long-lived members of a population, is
the challenger of aging. Studies on human longevity suggest that some of it is attributable
to genetic factors and the rest is influenced by epigenetic and environmental factors [48].
Lifestyle and nutrition influence longevity at all stages of development and levels of human
diversity [49, 50].

However, there are a number of different animals that show slower senescence, with decreased
mortality and no reduction in reproductive capacity, no increase physiological dysfunction,
and increased disease resistance with age [51, 52]. The study of these animals may furnish
new insights about effective defenses against the degenerative process of aging. The sea
urchin offers an ideal model to investigate mechanisms of longevity and reduced senescence.
Different species of sea urchins, indeed, have very different natural life spans, ranging from 4
to more than 100 years, thus providing a unique model to investigate the molecular, cellular,
and physiological mechanisms underlying both life span determination and negligible senes-
cence. As told before, the species Strongylocentrotus franciscanus lives in excess of 100 years
[25, 53]; L. variegatus has a life span of only 4 years [26], while S. purpuratus has an estimated
life span of more than 50 years [27]. Identification of molecules involved in specific pathways
that could be activated or inhibited in species with different longevity may provide insight
into mechanisms involved in senescence. Thus, sea urchins represent an interesting alterna-
tive model for aging research [52]. To demonstrate that the red sea urchin, S. franciscanus, is a
long-lived organism, some studies were carried out in two different localities of Washington
State, USA [53]. By using a chemical marker, tetracycline-HCl, that binds to calcium ions and
becomes incorporated into the skeleton during calcification [54], growth rates were deter-
mined. Further, since aging can be defined as the time-related deterioration of the physio-
logical functions necessary for survival and fertility, these parameters were analyzed. Some
individuals were tagged, and diameters (diameter test) of all sea urchins and their gonads, as
survival and fertility parameters, were measured at the time of tagging as well as when col-
lected after a year or more in the field, to establish the size structure of the populations. Gonad
size, indeed, changes during the seasons, reaching a maximum in spring and minimum in
summer, and these different sizes are correlated to reproductive capacity.

No decrease in gonad size with respect to the increasing diameter of individuals was found.
By applying a mathematical model, change in survival and increasing reproductive esteems
were done, and it was concluded that S. franciscanus shows no evidence of senescence. This
was in contrast with the disposable soma theory [55], in which generally organisms have a
limited amount of metabolic resources that have to be used to maintain the reproductive and
nonreproductive activities of the organism (soma), including the repair of cellular damage.
Senescence occurs when metabolic resources are exhausted and survival mechanisms, which
operate throughout life, are altered. The data obtained on S. franciscanus, the long-lived spe-
cies, indicate that it is subject to negligible or slow senescence [51] or none at all. As related
above, life span differences among different species of the same organism have been found.
This means that the biological changes leading to senescence occur at different ages, and
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comparison among long-lived (S. fraciscanus), intermediate-lived (S. purpuratus), and short-
lived (L. variegatus) species could give new insights regarding the molecules, mechanisms,
and key cellular pathways involved in life span determination and aging.

With the aim of finding the biomarkers involved in the longevity/senescence process, a pro-
teomic study has been carried out using coelomic fluid of the three sea urchin species [56],
whose age was determined by diameter test. Similarly to the blood, the coelomic fluid of
sea urchins contains a miscellany of cells and macromolecules that provide essential func-
tions such as nutrient transport as well as immune and clotting activities. Further, it contains
proteins that are actively secreted as well as proteins released through cell lysis and cellular
turnover. Proteomic analysis of the three sea urchin species revealed that the ectodomain of
low-density lipoprotein receptor-related protein 4 (LRP4) was among the proteins that mainly
increased with age. It has been proposed that since LRP4 is considered to be involved in Wnt
signaling, the role of Wnt in negligible senescence should be better investigated [56].

5. Senescence and oxidative stress

According to the oxidative stress theory, both of the processes of aging and longevity are reg-
ulated by the accumulation of reactive oxygen species (ROS). ROS are partially reduced deriv-
atives of oxygen that are highly reactive with major cell components such as proteins, lipids,
and DNA, causing their damage. Many physiological cellular processes generate ROS, but
others are produced by exposure to various external stimuli, such as ultraviolet light, ionizing
radiation, and environmental toxins. Oxidative stress results from an imbalance between the
production of ROS and the cell’s intrinsic ability to inhibit damage through the production
of antioxidant molecules or mechanisms that repair or eliminate damaged molecules. Thus,
it is an imbalance between oxidants and antioxidants in favor of oxidants, which probably
leads to damage. The existence of sea urchin species with different natural life spans, includ-
ing some species with extraordinary longevity and negligible senescence, represents a model
to study the accumulation of cellular oxidative stress with age. Oxidative cellular damage,
antioxidant capacity, and proteasome enzyme activities were measured in different tissues of
the three sea urchin species with different life spans, L. variegatus, S. purpuratus, and S. francis-
canus [57]. No aged-related change in the marker of oxidative damage was observed in tissues
of sea urchins with different life spans. Furthermore, levels of 8-hydroxy-2-deoxyguanosine,
a marker of oxidative DNA damage, measured in cell-free coelomic fluid showed no general
increase with age. Thus, the results suggested that negligible senescence is accompanied by a
lack of accumulation of cellular oxidative damage with age; thus, the maintenance of antioxi-
dant capacity and proteasome enzyme activities may be an important mechanism to mitigate
time-linked damage.

Oxidative stress and mitochondrial dysfunction are the basis of aging and, consequently, to
neurodegenerative diseases including AD. Thus, the use of natural antioxidants suppressing
or reducing oxidative stress could be a neuroprotective strategy for blocking cell death. Ferulic
acid (FA) (4-hydroxy-3-methoxycinnamic acid) is an antioxidant naturally present in plant cell
walls. It has a phenolic nucleus and a long side chain, so it readily forms a resonance-stabilized
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phenoxy radical with high antioxidant [58] and anti-inflammatory [59] activities. It has been
suggested that FA can act as a free radical scavenger [60]. Ferulic acid was used in vitro to
block damage induced by beta amyloid, in the presence or not of drug delivery systems that
could improve its transport and release in an in vivo system [61, 62]. P. lividus embryos were
used as models to test the ability of FA to reduce cytotoxicity induced by Abeta. By morpho-
logical and fluorimetric test, it was possible to demonstrate that FA reduced the number of
perturbated embryos induced by AB,, [63]. Under this stimulus, sea urchins induced ROS
generation and mitochondrial dysfunction, leading to embryo degeneration, and this process
was counteracted by FA addition. Furthermore, after A§3,, treatment, a modulation of the mol-
ecules involved in the apoptosis process and activated by oxidative stress, such as the tran-
scription factor foxo3a, was observed. In agreement with its antioxidant role, FA was able to
inhibit the degenerative process through the downregulation of foxo3a. As happens in higher
organisms, the sea urchin embryo exploits molecules, pathways, and mechanisms involved in
both survival and death processes.

6. Sea urchin cells and embryos respond to external agents: humans
exploit their skills!

Echinoderms, together with the Hemichordates, are sister groups of the Chordate phylum
which includes humans and other vertebrates. As revealed by the analysis of the genome
of the sea urchin S. purpuratus, the first nonchordate marine deuterostome to be completely
sequenced [18, 64-66], a significant amount of the sea urchin gene repertoire is genetic mate-
rial exclusive to the deuterostome superclade. Notably, a large part of the human gene cata-
logue, including orthologs of many human disease-associated genes, is expressed in sea
urchins. Genome drafts, together with transcriptomes and other expression data from sea
urchins and other Echinoderm species, are available at the SpBase and Octopus websites
(http://www .echinobase.orghttp://www.echinobase.org/Echinobase/ and http://octopus.obs-
vlfr.fr/, respectively).

A large number of studies have highlighted the power of the sea urchin embryonic system.
The discovery of conserved gene regulatory networks (GRNs) driving development and mor-
phogenesis has been a milestone in biology. Interactions between sequence-specific DNA bind-
ing molecules and DNA regulatory regions, together with signaling interactions and cofactors,
control transcription and gene spatial temporal and expression [67-71]. Development, cell-type
specification, and differentiation depend on these hardwired processes. A canonical and wide-
spread developmental event, the embryonic epithelial mesenchymal transition (EMT), has been
intensely studied in sea urchins. Primary mesenchyme cell (PMC) ingression during embryo-
genesis is evolutionarily conserved and is an excellent model of EMT in vivo [72, 73]. In humans,
reactivated EMT drives organ fibrosis and tumor progression [74-76]. The approach to the
identification of the GRN and subcircuits controlling EMT in sea urchin embryos constitutes a
beautiful example of the strength of this system, as an excellent model system for the analysis
of the transcription factors controlling EMT [77]. In addition, more traditional approaches have
helped to discover networks and signaling pathways and even highlight the contribution of
single molecules participating in embryo patterning along the embryonic axes [78-86].
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The US National Institutes of Health has designated the sea urchin embryo as a model system
helping to explain processes related to human health and disease [18]. Medical research and
studies on environmental contaminants rely on the development of simple and affordable
bioassays in cell systems and model organisms. These experimental activities are essential to
elucidate mechanisms through which chemical compounds may exert their effects. Sea urchin
embryo assays show high sensitivity and experimental reproducibility, providing rapid evi-
dence of gamete abnormalities, developmental defects, and molecular changes in gene tran-
scription and signaling pathways involved in constructing the embryo. The activity of several
chemical compounds has been evaluated using sea urchin embryos along their early develop-
mental stages, allowing the use of hundreds or even thousands of embryos in single screens.
The high-throughput properties of this system benefit from the large amount of molecular
and evolutionary data in the literature joined to the availability of powerful molecular tools
that researchers of the sea urchin scientific community exchange each other [87].

Sea urchins express gene families that participate in response to environmental stressors. A
genome-wide survey of the chemical defense gene network in S. purpuratus revealed around
400 genes, whose products contribute to the response to environmental stressors and cellular
homeostasis. They include genes encoding for cytochrome oxidases, conjugating enzymes,
ATP-dependent efflux transporters, oxidative detoxification proteins, and transcription fac-
tors involved in their regulation, many of which are expressed during embryogenesis. A great
part of this repertoire is extraordinarily conserved during evolution [88, 89].

Members of the ATP-binding cassette (ABC) superfamily transport-specific molecules and sub-
strates across membranes and mutations in these genes contribute to several human genetic
disorders [90]. In sea urchin embryos, efflux transporter genes act as a first line of defense
against toxic xenobiotic compounds; their expression is upregulated after fertilization [91],
and this process is accomplished with relatively small energy costs [92, 93]. Cytochrome P450
family (CYPs) enzymes catalyze the oxidation of many xenobiotics, environmental chemi-
cals, and drugs and protect the embryo from toxicants. Cytochrome P450-dependent oxidase
activities have been used as potential markers for the assessment of environmental quality in
marine areas, using different Mediterranean species including the sea urchin P. lividus [94].

In the sea urchin embryo, inducible forms of the heat shock proteins HSP70 (HSP70/HSP72)
mainly mediate the cellular stress response. In sea urchin embryos, HSPs were first identi-
fied after heat treatment [14], although their expression has also been induced by heavy met-
als [95], UVB radiation, and other environmental pressures [96, 97]. It has been shown that
proteins involved in stress responses cross talk with the immune signaling pathways [98]. In
contrast to mammals that use both adaptive and innate immune responses, sea urchins only
developed innate immune functions, as testified by the presence of an immune system with a
rich repertoire of recognition receptors, regulators, and effectors [99]. This complex repertoire
provides a nonspecific response to infection and/or injury [100, 101]. Immune receptor genes
include molecules participating in the recognition of pathogens. Toll-like receptors (TLRs) and
the echinoid-specific 185/333 gene family are expressed in different classes of adult immune
cells, known as coelomocytes, while NACHT domain-LRR (NLR) cytoplasmic receptors have
been found in the gut epithelium. Another expanded gene family present in the sea urchin
genome encodes for the scavenger receptor cysteine-rich (SRCR) proteins [89, 102-104]. The
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expression of many of these factors is also activated during the larval stages and is medi-
ated by a heterogeneous set of specialized immune cells [105, 106]. The adaptive behavior of
the powerful sea urchin immune cells and the modifications of their parameters have been
recently used as tool for monitoring disease susceptibility and to establish water quality stan-
dards and for nano-safety/nano-toxicity analyses [107-109]. In comprehensive review articles
about the use of sea urchin embryos for assessing the toxicity of environmental contaminants,
the chemical and physical effects of stress during development or in adults are reported in a
thematic book focused on the molecular marine biotechnology of Echinoderms [110].

Methods for assessing pharmaceutical and pollutant embryo toxicity and teratogenicity in sea
urchin embryos have been developed in sea urchins, indicating that gametes and embryos
function as sensitive indicators of environmental toxicity and mutagenicity. Several biologi-
cal endpoints can be simultaneously evaluated [111, 112], and the long history of sea urchin
developmental biology has enormously contributed to these studies.

Teratogenic effects of lithium on sea urchin embryos were first reported more than one cen-
tury ago [113]. After treatment with LiCl, sea urchin embryos developed as exogastrulae,
characterized by an increase in endoderm and mesoderm tissues at the expense of ectoderm.
The most visible sign was the alteration in the balance between animal and vegetal regions,
with an abnormal and exaggerated presence of vegetally derived cells [114, 115]. It was later
shown that embryos cultured in high Li+ concentration delayed the cell cycle, arresting cells at
metaphase and at cytokinesis, and that lithium affected the phosphoinositide cycle [116, 117];
this block was, in fact, reversed either after removing lithium or by counteracting its effects by
adding myoinositol [118, 119]. Molecular analyses have added information on the properties
of lithium, which shift the border between the vegetal and animal embryonic regions. Lithium
dramatically increased the expression of vegetal-specific molecular markers [120], even in iso-
lated animal caps [121], and restricted the expression domain of the hatching enzyme toward
the animal pole [122, 123]. Lithium, which has been successfully employed in the treatment
of bipolar disorders [124], mimicked the activation of Wnt/beta-catenin signaling, producing
embryonic phenotypes similar to those elicited by GSK3[3 inhibition [80]. More recently, it has
been reported that sea urchin female gametes had enhanced sensitivity and embryo develop-
ment was more affected when LiCl was applied before rather than after fertilization [30].

The metallic element nickel perturbs the sea urchin embryo dorsoventral axis, altering the
commitment of ectodermal cells. Embryos treated with NiCl, showed an overrepresentation
of oral (ventral) ectoderm cells, causing an increase in the expression of the oral ectoderm-
specific markers EctoV and Orthopedia [125, 126].

The effects of specific inhibition of the epidermal growth factor receptor (EGFr) are another
example of the strength of sea urchin embryonic assays to analyze perturbations at cellu-
lar and molecular levels. EGFr inhibition by Tyrphostin AG1478 determined the decrease of
mesoderm and endoderm marker expression, the ectopic distribution of the ectoderm-specific
hatching enzyme, and the reduced level of B-catenin nuclearization; effects on development
were mediated by the MAPK-ERK signaling pathway. The addition of TGF-alpha ligand of
EGEFr to AG1478-treated embryos completely rescued the embryonic phenotypes either at
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early or late developmental stages, indicating that the effects of this compound were EGFr-
specific (Figure 2). Furthermore, AG1478 negatively controlled the expression of the EMT-
linked transcription factors Snail and ScratchX/Snai2 and inhibited primary mesenchyme cell
specification and EMT [31, 127].

The sea urchin embryo has also been used as model for the assessment of antiproliferative, anti-
mitotic, and cytotoxic effects of small molecules. Due to the structural and functional similarities
of tubulins among species, including sea urchins [128-130], a number of chemical compounds

Figure 2. Effects of EGFr inhibition and developmental rescue by TGFa. (A,B) 48 h pluteus stage embryos treated with
10 pg/ml AG1478 from fertilization or from hatching blastula stage, respectively. (C, D) Embryos co-treated with 10 pg/
ml AG1478 and 80 ng/ml TGFa. (E) Plutei after treatment with 80 ng/ml TGFa; (F) control plutei.
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have been screened for their antimitotic and microtubule-destabilizing activity. The specific
effects on embryo development and the swimming behavior of P. lividus embryos allowed the
identification of chemical agents with specific tubulin destabilizing effects [131-134].

The sea urchin embryo, from fertilization to late embryonic stages, was the subject of several
assays aiming to test antitumoral and antiepileptic compounds such as doxorubicin, retinoic
acid, phenytoin, valproate, and tamoxifen. Straightforward, reproducible morphological
analyses demonstrated that sea urchin embryos function as a simple, specific, and sensitive
biological factory for developmental toxicology experiments [135-138]. Reports describing
the toxic effects of chemicals, pharmaceuticals, insecticides, pesticides, and other environ-
mental contaminants on sea urchin embryos and adults have been recently published [112,
139-143]. Investigators in marine research have paid particular attention to the fast growth
of submicroscopic materials contaminating marine and coastal ecosystems and have ana-
lyzed biochemical and histochemical markers of toxicity, taking advantage of the sensitivity
of sea urchin gametes, embryos, and adult cells [144]. Recently, researchers have developed
new computation methods and a new toxicity index, integrating the frequency of abnormal
embryos obtained after treatment with marine waters and sediments with the adverse effects
observed during development. This approach has been taking advantage of the high number
of morphological parameters that can be measured in sea urchins [145].

Finally, sea urchins play an essential role in ecology, being part of marine benthic commu-
nities and functioning as grazers and prey [146]. The physiological performance of marine
organisms in challenging the natural environment is endangered by old and emerging haz-
ards coming from anthropic activities and climate-induced changes [147]. Worldwide, liv-
ing sea urchins, as part of trophic cascades and an important fishery resource, may become
threatened in the near future. Assessing the adaptive capacity of these organisms, also in the
context of multi-stressor effects, to function as early warning sentinels is thus of increasing
interest to researchers and marine organizations, for the management of biological resources
and ecosystems [148].
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This book is addressed to the readers operating in the sea urchin field of research, as
well as to the lovers of this fascinating organism. Sea urchin, among the most known
marine invertebrates belonging to the deuterostomes, is more closely related to
humans than other invertebrates, thus representing a suitable model system not only
for developmental biology and ecotoxicology but also for biomedicine. The topics
described highlight the validity and versatility of this organism for different kinds
of investigations. A collection of interesting chapters contributes to this volume and
clearly shows the reason of the high interest manifested by a huge number of scientists
around the world for this organism over time. Each contribution is a separate and
comprehensive chapter but within the book’s aim.
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