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Foreword

Bivalves are key to the development, functioning, and sustainability of coastal envi-
ronments. Molluscs have long been revered for the beauty of their shells, culinary
attributes, and as the basis for many successful aquaculture ventures. Long overdue,
however, is wider recognition and understanding of their extraordinary abilities to
shape, control, and improve their environments. As highly efficient filter feeders,
bivalves facilitate benthic-pelagic coupling, influence sediment processes, provide
structure, and contribute to habit diversity and biodiversity. While the term ‘ecosys-
tem services’ is relatively new, the role of molluscs in performing those services has
been recognised for centuries. Only in recent decades, however, have these attri-
butes been studied, quantified, modelled, and put forth as integral to ecosystem
development, maintenance, and sustainability.

In recent years, there have been two areas of major advancement in understand-
ing how these bivalves ‘make a living’ — function at the molecular level and the part
played by bivalves in the ecology of coastal seas. The development of advanced
models to capture the complex integrative nature of the functions of bivalves has
provided both theorists and practitioners with the means to understand these inter-
actions. To wit, much of the advancement in these arenas has been through the
contributions of the editors of this volume.

To summarise and explain complex systems and concepts associated with
bivalves, it seems only fitting that the information is presented here by an equally
integrated and diverse group of experts. Just as aggregations of individual bivalves
increase their collective ability to influence their surroundings, so the current book
brings together a stellar group of editors and authors of varied backgrounds who
place bivalves in a well-deserved and prominent position as ecosystem engineers
and providers of ecosystem services. Integration of the individual efforts of these
scientists, their collaborators, and contributors to this volume has moved the impor-
tance of mussels, oysters, and other bivalves to new levels of understanding and
acceptance.
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As the field moves forward, their efforts will serve as a template for new investi-
gators, as a valuable resource for managers, and as a launch pad for as-yet undefined
and integrated studies. It is a dynamic future ahead.

Groton, CT, USA Sandra E. Shumway



Foreword

In 2050 — when the world population will have grown to almost ten billion people —
the increase in income and the demand for more and better food will mean that food
production needs to increase by 50% compared to its present. In many areas, but not
everywhere, the available land for food production is decreasing due to competition
with urbanisation and other uses, nutrient depletion, soil degradation, water scar-
city, and climate change. Given the fact that the largest part of the world’s popula-
tion lives in coastal areas, there is great potential for marine ecosystems to contribute
to the production of food. The Blue Growth Agenda provides a strategy to explore
these resources to contribute to the production of high-quality and attractive food
products as well as the production of feed, bioactive compounds, energy, and other
valuable products.

Marine bivalves like oysters, clams, and mussels have been cultivated for ages
and are recognised as a sustainable low food chain resource that acquires feed from
natural resource in their environment. They provide a rich source for human nutri-
tion and an associated economic value for local communities. Total bivalve aquacu-
luture and fisheries production amounted 16 million tons in 2015 with a landing
value of 26 million US dollars.

Besides human nutrition, they provide food for birds and benthos and a habitat
for a large number of species; they regulate water quality and sequester carbon and
nitrogen. As eco-engineers, epibenthic bivalve beds are used for coastal defence and
nature conservation. They also produce significant amounts of shell material that
has many applications. These functions can be defined as ecological goods and ser-
vices. This concept provides a framework for description and analysis of the role of
bivalves in the ecosystem and a basis for addressing a wide range of topics, benefits,
and controversies related to the use of bivalves for production, habitat restoration,
water quality, and coastal management.

The book presents comprehensive reviews and analyses of the goods and ser-
vices of bivalve shellfish. How they are defined, what determines the ecological
functions that are the basis for the goods and services, what controversies in the use
of goods and services exist, and what is needed for sustainable exploitation of
bivalves from the perspective of the various stakeholders.

vii
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The reviews and analysis are based on case studies that exemplify the concept
and show the strengths and weaknesses of the current applications. The multi-
authored reviews cover ecological, economic, and social aspects of bivalve goods
and services.

The transdisciplinary approaches as applied in this book represent a major
strength in modern science. This approach is the core of the programmes of
Wageningen University and Research, where various disciplines are integrated in
order to achieve solutions. The international cooperation as exemplified in this book
contributes to exploring the potential of the marine bivalves, to improve quality of
life.

CEO Wageningen University and Research Louise O. Fresco
Wageningen, The Netherlands



Preface

Marine bivalves have been a resource for human nutrition since prehistoric times.
Their easy access and high nutritional quality have favoured their use throughout
human history. Bivalve aquaculture and wild catch have shown a steady increase
from 5 to 16 million tons per year over the period 1995-2015. Bivalve aquaculture
nowadays dominates over wild catch almost ninefold, and this figure still increases.
Bivalves are low food chain filter feeders. For their aquaculture, they rely on feed
from their natural environment; hence, it is a non-fed extensive aquaculture.

The interactions with the environment are manifold. Main issues deal with com-
petition with other filter feeders, overstocking, accumulation of biodeposits on the
bottom, introduction of invasive species with bivalve transplantations, impacts of
biotoxins for the consumer, and bivalve diseases. As impacts of bivalve aquaculture
have gained much attention in literature, in this book, we focus on the goods and
services of the bivalves.

In addition to aquaculture for production, both wild and cultivated bivalves have
a suite of functions in the ecosystem. Through their filtration capacity, they clear
water from particles, and under certain conditions, this increases the transparency of
the water column. Better light penetration stimulates the production of phytoplank-
ton if sufficient inorganic nutrients are available. Direct ammonia excretion and
mineralisation of biodeposits, produced by the bivalves, act as a source of inorganic
nutrients. So the uptake of phytoplankton by the bivalves gives a positive feedback
on the growth of phytoplankton through increase in both light and nutrient avail-
ability. This is an example of a service of the bivalves to the ecosystem. This service
can also be used to reduce the excess of nutrients in eutrophic conditions. Through
uptake and assimilation of phytoplankton, the bivalves accumulate nutrients in their
tissue, and harvesting of the product removes the accumulated nutrients from the
ecosystem. Hence, the bivalves play a role in water quality management.

These examples brought the initiators of this book to the idea that the goods and
services of marine bivalves cover a broad suite of bivalve characteristics that are
worthwhile to be better explored. During a workshop in 2016, held in Celleno, Italy,
a core group of almost 20 participants discussed the various topics that contribute to
a more complete picture of the goods and services, as well as the controversies and
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limitations of the approach. It was concluded that the goods and services concept is
a good basis for a comprehensive review of the functions of marine bivalves.
Moreover, we realised that the more functions we addressed, even more ideas on
further use of the bivalves emerged.

So, the initiators brought together a group of ca 100 authors and co-authors that
are experts in the respective goods and services of the marine bivalves, in order to
produce this book. We limited ourselves to the marine bivalves as a lot of knowledge
is available from bivalve aquaculture. We also did not focus on adverse impacts of
bivalve aquaculture on the environment as a lot of excellent literature is available on
these issues.

The aim of the book is to review the knowledge of the various functions of natu-
ral and cultivated bivalves with relevance for human use, direct or indirect. This
should deliver a better understanding of the bivalves and their various options for
making better use of them.

This approach is relevant for anybody that deals with marine bivalves. Bivalve
shellfish farmers can get a better understanding of the role the animals play in the
ecosystem and for society; this may gain interest in combining different services to
make use of the multiple potentials the bivalves have. This also holds for people that
deal with shellfish restoration and conservation, as some of the reviews clearly show

Participants of the workshop on Bivalve Goods and Services, June 2016, Il Convento, Celleno,
Italy, from left to right: Henrice Jansen, Cedric Bacher, Roberto Pastres, Camille Saurel, Luca van
Duren, Ramon Filgueira, Peter Cranford, Pauline Kamermans, Jon Grant, Tom Ysebaert, Jacob
Capelle, Jeroen Wijsman, Tore Strohmeier, @ivind Strand, Jens Petersen, Aad C. Smaal and in
front Joao Ferreira; not on the photo Boze Hancock, Alessandra Roncarati
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that there is synergy in the combination of functions. This aspect is particularly
relevant for policy advisors that need to prepare decisions on spatial planning and
competing claims. As nowadays bivalve reefs are used for coastal defence, the book
is also relevant for coastal engineers. The section on cultural services may inspire
foodies as well as gardeners to start growing their own bivalves, as a sea garden or
as a social community event. The goods and services concept is now further devel-
oped, in this case for the marine bivalves, and this contributes to further scientific
knowledge that is relevant for students and scientists.

The book is set up for the reader with different chapters that can be read stand-
alone as scientific papers. All chapters have been subject to peer reviews.

We are grateful for the help of many people. In particular, the referees for their
constructive comments on the different chapters: Dr Andrea Alfaro, Dr Martin
Baptist, Dr Jeff Barrell, Dr Bas Borsje, Dr Carrie Byron, Dr Matthieu Carre, Dr
Loren Coen, Dr Luc Coumeau, Dr Steve Cross, Dr Jan Drent, Dr Ramon Filgueira,
Dr Gef Flimlin, Dr Tom Gill, Dr Ing-Marie Gren, Dr Boze Hancock, Dr Vivian
Husa, Dr John Icely, Dr Fred Jean, Dr Nigel Keely, Dr Lotte Kluger, Dr Thomas
Landry, Dr Claire Lazareth, Dr Marie Maar, Dr Stein Mortensen, Dr Yngvar Olsen,
Dr Christopher Pearce, Dr Theo Prins, Dr Julie Rose, Dr Matt Service, Dr Sandy
Shumway, Dr Cosimo Solidoro, Dr ir Nathalie Steins, Dr Tore Strohmeier, Dr Jon
Svendsen, Dr Mette Termansen, Dr Brenda Walles, Dr Gary Wickfors, and Dr Tom
Ysebaert.

We are grateful to the colleagues of the Yellow Sea Fisheries Institute in Qingdao,
China, for the Chinese translations of the abstracts.

We also thank Wageningen Marine Research, the Netherlands, for sponsoring
the workshop. Special thanks to the Institute of Marine Research, Norway, the
University of Applied Science Vlissingen, the Netherlands; Wageningen Marine
Research, the Netherlands; and DTU Aqua, Denmark, and many of the authors
institutions to facilitate the open access availability of the book. We thank
Alexandrine Cheronet and Judith Terpos from Springer Nature for their help in
publishing the book.

Yerseke, The Netherlands Aad C. Smaal
Monte de Caparica, Portugal Joao G. Ferreira
Halifax, NS, Canada Jon Grant
Nykgbing Mors, Denmark Jens K. Petersen

Bergen, Norway @ivind Strand



General Introduction

The application in an ecological context of the economic and sociocultural concept
of goods and services has been developed as a response to environmental degrada-
tion and the need to pay more attention to ecosystem functions and biodiversity in
international policy. Loss of natural values due to human activities was recognised
already long ago as a drawback not only for environmental quality but also for eco-
nomic and social welfare. In the traditional economic theory, these were defined as
(negative) external effects. In the course of the twentieth century, research started to
quantify environmental impacts in economic terms, to include impacts in market
decisions. This turned out to be complicated because environmental impacts were
difficult to quantify and it was criticised because of market imperfections. It was
recognised that more attention needed to be given to ecosystem functions in order
to link economy and ecology (de Groot 1987). Ecosystem functions can be consid-
ered as the basis for the goods and services the ecosystems deliver to society. These
ecosystem functions can be defined as ‘the capacity of natural processes and com-
ponents to provide goods and services that satisfy human needs, directly or indi-
rectly’ (de Groot et al. 2002). In this definition, ecosystem functions are explicitly
coupled to human needs, rather than internal ecological processes, implying that
‘ecosystem functions provide the goods and services that are valued by humans’
(Fig. 1).

Meanwhile methodology has further been developed to express the goods and
services in monetary values (Costanza et al. 1997; Pimentel and Wilson 1997).

The concept of ecosystem functions has been used as a basis for policy develop-
ment. In the Convention on Biological Diversity (CBD), agreed upon at the Earth
Summit in Rio, 1992, the ecosystem approach was adopted as a basis for interna-
tional policy. It stands for a holistic approach in environmental policy, including
environmental, economic, and social impacts of developments on the short and long
terms. At the Johannesburg World Summit, 2002, the ecosystem approach was
endorsed as a basis for the CBD. So the ecosystem approach stands for the ecosys-
tem functions as a basis for ecosystem goods and services. As stated by Beaumont
et al. (2007) the ecosystem goods and services concept provides a method to ensure
the integration of environmental, economic, and social demands and pressures.

xiii
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Fig.1 Framework for the integrated assessment and valuation of ecosystem functions, goods, and
services. (de Groot et al. 2002)

Goods and services are defined as ‘the direct and indirect benefits people obtain
from ecosystems’ (Beaumont et al. 2007).

Assessing ecological processes and resources in terms of the goods and services
translates the complexity of the environment into a series of functions. The concept
has been further developed in the framework of the Millennium Ecosystem
Assessment (MEA 2005). In the MEA approach, ecosystem goods and services are
divided into provisioning, regulating, supportive, and cultural services, where sup-
portive stands for habitats and genetic diversity. Many studies have been carried out
on quantification of the ecosystem goods and services in the project The Economics
of Ecosystems and Biodiversity (TEEB 2010). It is a global initiative focused on
‘making nature’s values visible’. Its principal objective is to mainstream the values
of biodiversity and ecosystem services into decision-making at all levels. It aims to
achieve this goal by following a structured approach to valuation that helps decision-
makers recognise the wide range of benefits provided by ecosystems and biodiver-
sity, demonstrate their values in economic terms, and, where appropriate, suggest
how to capture those values in decision-making (www.teebweb.org).

The ecosystem goods and services concept is promoted as a basis for decision-
making that now has a methodology to include not only an integrated approach to
human impacts on the environment but also to evaluate the services that ecosystems
provide for human use. This can be considered as a paradigm shift in environmental
management. From a focus on adverse impacts, now ecosystem functions and their
benefits for society can be analysed, quantified, and evaluated in more detail. This
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is of particular relevance for bivalve aquaculture. Farming of bivalves is an exten-
sive type of aquaculture as the natural environment generally provides feed, seed,
and space. Bivalve farming makes use of nature but also depends on nature. The
close link between bivalve culture and nature has posed questions about possible
negative impacts. In fact, these questions are dominant topics in many public debates
all over the world. It is about impacts on habitats, landscape, sediment, carrying
capacity, and other users, resulting in competing claims. Yet the ecological role of
bivalves in the ecosystem provides a suite of goods and services to society. This has
not yet been addressed in scientific literature in a comprehensive way. Reviews are
available on specific ecosystem functions that exemplify the relevance of the con-
cept (Coen et al. 2011; Ferreira and Bricker 2015; Petersen et al. 2015). Yet many
questions remain to be addressed. A part of these deals with the discussion on the
goods and services concept in broader sense, such as the debate about valorisation
in monetary units (see TEEB 2010).

The aim of this book is to review and analyse the goods and services of bivalve
shellfish. Given the debate about the different types of goods and services and their
content (Haines- Young and Potschin 2017), we included bivalve habitats in the sec-
tion on regulation and did not address a separate section on supportive functions.
So, the papers have been ordered as provisioning, regulating, and cultural services,
and there is a separate section on the assessment of services.

Wageningen Marine Research and Aquaculture Aad C. Smaal
and Fisheries group, Wageningen

University and Research

Yerseke, The Netherlands

aad.smaal @wur.nl
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Chapter 6 ®)
Biotechnologies from Marine Bivalves Gl

Paola Venier, Marco Gerdol, Stefania Domeneghetti, Nidhi Sharma,
Alberto Pallavicini, and Umberto Rosani

Abstract Bivalve molluscs comprise more than 9000 extant species. A number of
them are traditionally farmed worldwide and are fundamental in the functioning of
benthic ecosystems. The peculiarities of marine bivalves have inspired versatile bio-
technological tools for coastal pollution monitoring and several new biomimetic
materials. Moreover, large amounts of sequence data available for some farmed
bivalve species can be used to unveil the organism’s responses to environmental fac-
tors (e.g. global climate change, emergence of new infectious agents and other pro-
duction problems). In bivalves, data from genomics and transcriptomics increases
more quickly than data from other omics, and permit new bioinformatics inferences,
real comparative genomics and the study of molecules suitable for biotechnological
innovations. Bivalves (and their microorganism communities) produce a variety of
bioactive peptides, proteins and metabolites. Among them, the numerous families of
antimicrobial peptides identified in the Mediterranean mussel likely contribute to its
vigour and could assist with the identification of molecular scaffolds for innovative
pharmaceuticals, nutraceuticals and constructs suitable for other applications.
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6.1 Introduction

Technologies based on the peculiarities of marine bivalves not only provide services
and products of current use but are expected to grow in the future, owing to the great
exploration power of current omics strategies (high-throughput production of differ-
ent sorts of molecular data aimed at the complete interpretation of biological struc-
tures, functions, and dynamics) and to the surprising advances of life sciences,
material and nanomaterial sciences and microelectronics engineering. Undeniably,
the growing number of bivalve-inspired innovations add value to animal species
already identified as fundamental components of marine benthic ecosystems and
regarded as a strategic food resource for the future (the European aquaculture pro-
duction of marine molluscs reached 572,957 tons, nearly 3.5% of the global amount,
with an estimated value of 972,987 USD in 2016) (FAO 2018).

6.2 Living Monitors and Source of Versatile Biotechnological
Tools

Since the mid “70s, filter-feeding bivalves such as mussels and clams started to be
used as pollution sentinels because they integrate in space and time the contaminant
mixtures present in the surrounding water and sediments, respectively (Goldberg
and Bertine 2000). Complementary to the analysis of toxicants in the soft tissues
(Guéguen et al. 2011; Melwani et al. 2014), various pollution biomarkers have been
developed and a number of them has been validated (Moore et al. 2006; Banni et al.
2007; Bolognesi and Hayashi 2011) and combined (Pytharopoulou et al. 2008;
Okay et al. 2016) to rank coastal sites according to the intensity of toxicant-induced
adverse effects.
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Table 6.1 Gene expression Datasets Microarrays
datasets and DNA microarray . o
platforms available for Crassostrea gigas 833 20%
selected marine bivalves Crassostrea virginica 668 3°
Mytilus 480 202
galloprovincialis
Ruditapes 340 10°
philippinarum
Mpytilus californianus 196 5°
Mpytilus edulis 163 52
Ruditapes decussatus 141 7
Mytilus trossulus 122 2@
Pinctada maxima 89 4
Pinctada fucata 34 3
Mercenaria mercenaria | 32 1
Chamelea gallina 32 1
Pinctada martensii 22 2

From Gene Expression Omnibus at Aug 2018 (www.ncbi.nlm.
nih.gov)

®GPL22172 probes from Crassostrea angulata, Crassostrea
ariakensis, C. gigas, C. virginica, M. californianus, Mytilus
chilensis, Mytilus coruscus, M. edulis, M. galloprovincialis, M.
trossulus and Venerupis (Ruditapes) philippinarum

®GPL3994 probes from C. gigas and C. virginica

Over time, the increasing availability of nucleotide sequence data inspired the
production of DNA microarrays, adaptable biotechnological tools made of spotted
DNA/cDNA or in situ synthesized oligonucleotides (Table 6.1). Such predefined
assemblies of molecular probes allow the multiple and quantitative assessment of
gene expression levels, among other purposes.

The hybridization of processed RNA samples on DNA microarray slides could
discriminate Mytilus mussels and Ruditapes clams sampled at different distance
from a petro-chemical district in the Venice lagoon area (Venier et al. 2006; Milan
et al. 2015), supporting the use of transcriptional profiles in environmental monitor-
ing and suggesting an innovative way to assess quality and the possible illegal origin
of traded stocks.

Tissue- stage- and sex-specific transcript profiles obtained by DNA microarrays
can assist management actions and sustainability plans in the farming of bivalves.
For instance, they have been used to understand the partial sterility of triploid oys-
ters and genes related to growth and reproduction (Dheilly et al. 2014; Guan et al.
2017; Tong et al. 2015) or the oyster response to pathogens and stress factors nega-
tively impacting the production rates (Venier et al. 2011; Anderson et al. 2015;
Romero et al. 2015; Pardo et al. 2016). Relevant to the growth of the pearl oyster
Pinctada fucata, gene expression profiles obtained during larval development high-
lighted new aspects of shell formation mechanisms (Liu et al. 2015).

Both high-throughput sequencing and a DNA microarray were used to investi-
gate the early mussel response to algal toxins with the aim of developing new
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monitoring tools for okadaic acid, a heat-stable phosphatase inhibitor causing
diarrhetic shellfish poisoning (Suarez-Ulloa et al. 2015). A total of “1,066,985”
nucleotide sequences (at 10.08.2018) and “3,478” GEO datasets (at 10.08.2018) are
available at NCBI for Bivalvia (10 Aug 2018) and the genomes of nine marine
bivalves (oysters: C. gigas, C. virginica, P. fucata martensii; mussels: Bathymodiolus
platifrons, M. galloprovincialis, Modiolus philippinarum, Limnoperna fortunei;
scallops: Mizuhopecten yessoensis; clam Ruditapes philippinarum) have been com-
pleted or drafted (Zhang et al. 2012; Takeuchi et al. 2012; Murgarella et al. 2016;
Mun et al. 2017; Sun et al. 2017; Wang et al. 2017a, b; Du et al. 2017).

Different from the DNA microarray analysis, high-throughput sequencing can
lead to gene discovery and to the validation of population genetics markers for
breeding programmes. The identification of single nucleotide polymorphisms
(SNPs, codominant-inherited molecular features very abundant in animal genomes)
in bivalves is just a preliminary step, before starting to validate their association
with valuable quantitatively inherited traits or with stress-responsive genes, and to
proceed with fine linkage mapping and population genetics analyses (Coppe et al.
2012; Ge et al. 2015; Nie et al. 2015; Dong et al. 2016; Fan et al. 2016; Wang et al.
2016a, b; Qi et al. 2017; Gutierrez et al. 2017; Azéma et al. 2017).

Although proteomics, metabolomics and epigenetics studies in marine bivalves
are at their onset (Gomez-Chiarri et al. 2015; Digilio et al. 2016; Dineshram et al.
2016; Vincenzetti et al. 2017), in the near future they could reinforce and widen the
existing assortment of bivalve services and products. In essence, the comprehensive
knowledge of the vital processes in marine bivalves is a fundamental research strat-
egy, consistent with the growth of a sustainable and innovative blue economy for the
future. To confirm the continuous attention to marine bivalves and their expanding
roles, they have been proposed in Northern Europe as living monitors of multidrug-
resistant Escherichia coli and other Enterobacteriaceae spp. (Grevskott et al. 2017).

In the following section, we present a paradigmatic case which illustrates how
the natural properties of bivalve byssus has guided the development of new materi-
als of practical use.

6.3 Byssal Threads and Adhesive Plaques as Archetypes
for New Biomimetics

Some freshwater and marine bivalves such as Dreissena polymorpha, Perna viridis
and Mytilus spp. anchor themselves to hard substrates by means of silk-like byssus
threads, having remarkable mechanical properties, and adhesive plaque proteins,
functioning as an underwater superglue.

Descriptions of the general structure and microscopical anatomy of mussel bys-
sus date back to 1711 and 1877, respectively, but only in the early 1950s investiga-
tions based on mechanical, chemical and enzymatic assays, histological and
histochemical techniques, polarized light and X-ray diffraction, paved the way to
bivalve-inspired materials for medical and non-medical applications (Fig. 6.1)
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Fig. 6.1 Graphical representations of mussel byssus threads (left, as reported in Deming 1999)
and anatomy of the byssus production in Mytilus (right, as reported in Smyth 1954). Gland tissue
cells, detectable in precise zones of the mussel foot, emit a thread-like protein secretion along the
foot groove whereas cells coating the foot groove secrete the protein components of the terminal
adhesive plaque (disk). The byssus thread is released when it occupies the whole groove length

(Brown 1952; Smyth 1954; Deming 1999; Lee et al. 2011; Kord Forooshani and
Lee 2017).

The proteinaceous byssus fibers comprise a proximal stem region, a mid-thread
region and the terminal adhesive plaque. Mussel byssogenesis occurs in the post-
larval stages within minutes by coordinated secretion and extracellular solidifica-
tion of a composite fluid released by three pedal glands into the distal depression
and ventral groove of the foot organ (Silverman and Roberto 2010; Priemel et al.
2017). More than ten types of secreted proteins compose the mussel byssus, includ-
ing fibrillar collagens, non-collagenous thread matrix proteins and polyphenolic
proteins of the thin cuticle surrounding the stretchy fibrous core and the adhesive
plaque. As a result of post-translational hydroxylation of tyrosine, L-3,4-
dihydroxyphenylalanine (L-DOPA) is a main component of the latter proteins, com-
monly named mussel foot proteins (Mfp, not to be confused with other proteins
with the same acronym) or mussel adhesive proteins.

The unusual resistance of such fibrous and adhesive structure against predators
and the mechanical force of waves and currents has considerably stimulated multi-
disciplinary investigations aimed to develop innovative biomimetic materials
(Degtyar et al. 2014; Reinecke et al. 2016; Priemel et al. 2017). In the byssus thread,
non-covalent protein—metal interactions stabilize the main constituent proteins and
contribute to their tensile strength and self-healing properties. In detail, the thread
core is made by bundles of collagenous proteins (preCols) having a central collagen
domain with a typical Gly-X-Y triple helical repeat and flanking domains. Among
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other features, all preCols have N- and C-termini enriched in histidine, the amino
acid most likely involved in coordination bonds with transition metal ions such as
Zn and Cu. In essence, highly directional and dynamic protein—metal coordination
bonds generate cross-linking and hierarchical structuring of byssal protein blocks,
with the metal site geometry and activity governed by local charges, helical dipoles
and other conformational protein elements. Rupture and rapid restructuring of coor-
dination bonds between histidine residues and Zn** sustain the self-healing of
byssus and, as expected, such self-healing can be inhibited by removing metal ions
with ethylenediaminotetraacetic acid or by lowering the pH, a condition known to
hamper histidine-metal bonding (Degtyar et al. 2014; Reinecke et al. 2016).

In the byssus plaque of Mytilus species, at least six Mfp rich in DOPA and cat-
ionic amino acids contribute with specialized roles to the adhesion in wet conditions
to hard substrates (Table 6.2). The catechol moiety of L-DOPA permits the forma-
tion of hydrogen bonds and the interactions with other aromatic rings and with posi-
tively charged ions such as Cu?*, Zn*, Mn?* and Fe** among others. At sea water pH
(mildly basic), these chemical events result in stable coordination complexes (e.g.
DOPA oxidation coupled with the reduction of coordinated Fe** ions) and cross-
linking (e.g. catechols oxidized to quinones can react with various nucleophilic
groups and produce intermolecular/interfacial covalent bonds). After secretion, the
spontaneous DOPA-Fe cross-linking in the byssus coating acts like a protective
varnish as a result of attained hardness and extensibility. The local distribution of
different Mfp and the significant presence of positively charged ions in the byssus
plaque additionally stabilize its foamy structure and boost cohesive interactions
and, hence, enhance the strong (wet) adhesion to hard surfaces (Lee et al. 2011;
Reinecke et al. 2016; Kord Forooshani and Lee 2017; Priemel et al. 2017).

Using Mf3 as an example, the multiple alignment of 36 protein sequences avail-
able in GenBank highlights fully conserved amino acid residues and variable
sequence traits (Fig. 6.2).

In essence, the byssus threads and their terminal plaques have emerged as a
model for the development of self-healing polymers and water-resistant adhesive
materials (Holten-Andersen et al. 2011; Danner et al. 2012; Guerette et al. 2013;
Park et al. 2013; Liu et al. 2014; Fullenkamp et al. 2014; Schmidt et al. 2014; Wu
et al. 2014; Nichols 2015; Ryu et al. 2015; Grindy et al. 2015; Miller et al. 2015;
Tian et al. 2015; Krogsgaard et al. 2016; Liu et al. 2016; Xu et al. 2016; Zhang et al.
2017b; Waite 2017). In both cases, the coordination of metal ions plays a fundamen-
tal role; however, the occurring chemical events and final material properties depend
on metals and ligands, their molar ratio, pH and redox reactions. Actually, catechols
are regarded as suitable anchoring groups for surface modification, although their
metal-binding strength depends on the oxidation status. Other byssogenic bivalves
produce somewhat different foot proteins yet capable of strong adhesion, e.g. pvip-1
from Perna viridis contains C(2)-mannosyl-7-hydroxytryptophan, Man70OHTrp,
instead of DOPA, and trimerized chains instead of monomeric chains (Hwang et al.
2012). Deep understanding of the complex chemico-physical processes underlying
the byssus formation as well as comparative data deriving from the omics technolo-
gies (Schultz and Adema 2017) should provide additional hints for a step-by-step
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Table 6.2 Some data on the mussel foot proteins (from Kord Foreooshani and Lee 2017)

Mip-1
Molecular | 108*
weight
(Kda)

Isoelectric | 10.5
point®

Secondary | Very little
structure

Proposed | Protective
role coating

4in Mytilus edulis
bin Myfilus californianus
‘from Lee et al. (2011)

Mitp-2
4247

9.5

Highly
repetitive
motifs; 6
mol %
Cys

It is the
most
abundant
protein
(=25 wt
%); its
disulphide
bonds
support
plaque
integrity

Mfp-3
5_7a.b

nd

No repeats;
30-35 variants
rich in DOPA
(>20 to 28
mol %):
MFP-3f and
Mfp-3s are
rich in Gly
(25-29 mol
%), MFP-3f is
highly
hydrophililic;
MFP-3s is
polar but
hydrophobic
It contributes
to adhesion at
the plaque-
surface
interphase

Mitp-4
90-93¢

nd

His-rich
decapeptide
tandeml y
repeated
more than
36 times

Exceptional
binding to
transition
metal ions,
functional
bridge
between
thread
(PreCol)
and plaque
proteins

Mfp-5
8.9

Just 2 closely
related
variants; rich
in DOPA (30
mol%),
cationic ami
no acids (27.7
mol %) and
phosphoserine
(~4.8 mol%);
hydrophilic

It contributes
to adhesion at
the plaque-
surface
interphase

Mfp-6
11¢

9.5

Rich in Tyr
(20 mol %)
mostly not
converted in
DOPA (3
mol %) and
in Cys (11
mol%); the
richest in
charged
aminoacids
(23 mol%
cationic, 16
mol%
anionic)

It
contributes
to adhesion
at the
plaque-
surface
interphase;
it likely
controls the
redox
chemistry
of DOPA in
the other
plaque
proteins

development of useful novelties. As long as the new materials mimic natural sub-
stances and processes, they should have a great chance to be efficiently produced in
environmentally friendly conditions and to be biodegradable. The development of
wet adhesive materials using molluscan models could enable the development of
new surgical adhesives, artificial joints, contact lenses, dental sealants and hair and
skin conditioners (Wu et al. 2014; Nichols 2015; Ryu et al. 2015; Grindy et al. 2015;
Miller et al. 2015; Tian et al. 2015). Moreover, byssus-inspired bioadhesive
polymers, polymer blends and micro- or nano-structures have been proposed to
fabricate new drug delivery or diagnostic systems including the encapsulation of
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Fig. 6.2 Multiple alignment of amino acid sequences of 36 mussel foot proteins (Mfp 3). GenBank

accession number, consensus sequence and sequence logo (i.e. graphical representation of the
conservation extent of each protein residue) are reported

Sequence logo

therapeutic, prophylactic, diagnostic agents to deliver bioactive components
expected to be released upon contact with mucosal tissues of aquatic organisms.
One could also imagine the development of biodegradable and nutritionally attrac-
tive feed formulations containing biocidal or antibiotic compounds and/or microbes,
for the prevention and control of invasive non-indigenous species or for selective
nutritional feed ingredients for more efficient growth of farmed species (Ma et al.
2016; Wang et al. 2016a, b, 2017a, b; Li et al. 2017; Luo and Liu 2017; Zhang et al.
2017a). Patents describing byssus-inspired inventions are exemplified in Table 6.3.

Reversing the scope, new lubricant-infused coatings are now suggested as an
effective strategy to prevent the mussel adhesion and, hence, to mitigate marine
biofouling (Amini et al. 2017).

6.4 Antimicrobials and Other Bioactive Molecules
from Marine Bivalves Are Valuable Assets

The search of bioactive molecules of marine origin dates back to the past century
but continues to generate pharmaceutics of human use and new compounds (1340 in
2015) (Liu et al. 2009; Mayer et al. 2010; Garcia-Ferndndez et al. 2016; Kwon et al.
2016; Anjum et al. 2017; Blunt et al. 2017; Kang et al. 2017).
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Table 6.3 Examples of patents describing byssus-inspired inventions (from Google patents)

Registration | Pubblication | Candidate

Patent date date Appointee Title
US5049504 30/05/1990 | 17/09/1991 | Genex Bioadhesive coding
Corporation sequences
US5202236 25/05/1990 | 13/04/1993 | Enzon Labs Inc. | Method of producing
bioadhesive protein
US6987170B1 09/08/2004 | 17/01/2006 | Battelle Energy | Cloning and expression of
Alliance, Llc. recombinant adhesive

protein Mefp-1 of the blue

mussel, Mytilus edulis
WO02005056708A2 | 09/12/2004 | 23/06/2005 | Spherics, Inc. Bioadhesive polymers

with catechol functionality
WO02007002318A2 | 23/06/2006 | 04/01/2007 | Spherics, Inc. Bioadhesive polymers

CA 2864891A1 21/02/2013 | 29/08/2013 | Advanced Compositions and
Bionutrition methods for target
Corporation and | delivering a bioactive
others agent to aquatic organisms

US20160115196A1 | 28/05/2014 | 28/04/2016 | Ramot At Self-assembled micro-and
Tel-Aviv nanostructures

University Ltd.

Marine species including plants, animals and microorganisms (mostly uncultur-
able and unknown) are a rich source of gene-encoded products and metabolites
whose molecular moieties mediate biological activities potentially exploitable for
new inventions or for the repositioning/reinvention of known bioactive components
(pharmaceuticals and nutraceuticals, among others). For instance, inhibitors of pro-
teases and voltage-gated ion channels have been isolated from marine venomous
animals such as sea anemones and Conus snails and are currently studied for their
therapeutical and biotechnological potential (Liu et al. 2009; Garcia-Ferndndez
etal. 2016; Kwon et al. 2016). In the ‘90s, the cloning of the green florescent protein
from the jellyfish Aequoria victoria and production of mutants opened the way to
use these chromo proteins as probes in cell and tissue imaging (Prasher et al. 1992;
Verkhusha and Lukyanov 2004; Chen et al. 2013). Both discoveries have driven
significant advancements in the field of life sciences. In the discovery phase, the
bioactivity is often claimed following in vifro demonstration of antibacterial/ anti-
fungal/ antiviral, anti-proliferative and anti-tumor properties, although the latter
must be demonstrated in vivo with adequate study design and high costs. It should
be noted that different human ethnic groups have traditionally used molluscs and
mollusc extracts for their anti-inflammatory, immune-modulatory and wound heal-
ing properties. Molluscan species were estimated to be the source of more than
1145 products by 2014. Liprinol® and Biolane Seatone from the green-lipped mus-
sel Perna canaliculus exemplify marketed products of current use, the potent
analgesic ziconotide from Conus snails has been clinically tested and approved by
the Food and Drug Administration whereas other compounds are under trial (Ahmad
et al. 2018).
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Owing to their filtering activity, marine bivalves interact with putative pathogens
including bacteria and viruses, and, thus, are expected to possess effective defence
mechanisms. Nowadays, bioinformatic approaches accelerate the identification and
guide the functional characterization of bioactive molecules from non-model
bivalve species. In Mytilus galloprovincialis, the Mediterranean mussel, many fami-
lies of putative cysteine-stabilized antimicrobials have been described. Mytilins,
defensins, myticins and mytimycins were reported in the ‘90s (Hubert et al. 1996;
Charlet et al. 1996) whereas big defensins, mytimacins, CRP I and the linear myti-
calin peptides were more recently discovered (Gerdol et al. 2012; Gerdol et al.
2015; Leoni et al. 2017). Among all of them, myticin C displayed high gene tran-
script polymorphism, constitutive and microbe-inducible expression, chemokine-
like and antiviral activities. Although the action mode of myticin C is still unclear,
an engineered construct with superior antiviral activity has been developed
(Pallavicini et al. 2008; Novoa et al. 2016). As additional example, Mytichitin CB
from Mytilus coruscus is a chitotriosidase-like antimicrobial which displays anti-
fungal activity whose recombinant production should permit its full characteriza-
tion (Qin et al. 2014; Meng et al. 2016).

While no mussel antimicrobial peptide (AMP) has been commercially exploited
yet, some pilot studies have been carried out over the years, demonstrating the
potential biotechnological applications of engineered peptides. Indeed, synthetic
mytilin-derived peptides were capable or reducing mortality in virus-infected
shrimp (white-spot syndrome) (Dupuy et al. 2004). Interesting antiviral, antibacte-
rial and antiprotozoan activities also have been demonstrated for engineered defen-
sin and mytilin variants (Dupuy et al. 2004; Liu et al. 2010).

Additional bivalve molecules could be regarded as having therapeutic potential.
For instance, the mussel MytiLec-1 is a galactose-binding lectin able to inhibit the
growth of both Gram-positive and Gram-negative bacteria (Hasan et al. 2016) and,
at the same time, able to bind Burkitt’s lymphoma and breast cancer cells expressing
globotriose on their surface, significantly inducing apoptosis (Hasan et al. 2015;
Liao et al. 2016; Chernikov et al. 2017). These remarkable properties have led to the
computational design of an artificial p-trefoil lectin, named Mitsuba, capable of
recognizing globotriose-expressing cancer cells, as an initial step for the develop-
ment of effective MytiLec-1-based cancer treatment or diagnostics tools (Terada
et al. 2017).

Other molluscan lectins with biotechnological potential are two C-type lectins
from C. gigas (CgCLec-4, CgCLec-5), which exhibited anti-microbial (agglutinat-
ing) activity against bacteria and fungi (Jia et al. 2016). One extrapallial protein
(C1Q-domain containing protein) of the mussel hemolymph serum (MgEP) was
also demonstrated to act as an opsonin and to promote interactions between a sus-
pected Vibrio pathogen and Mytilus hemocytes (Canesi et al. 2016).

In addition to ethanolic extracts, hydrolysates obtained by enzymatic digestion
from bivalves and other marine invertebrates, revealed tens of antioxidant peptides
which could benefit health or be used to produce novel food products (Chai et al.
2017; Odeleye et al. 2016; Wu and Huang 2017). Almost certainly, there are many
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more bioactive mollusc/bivalve components yet to be investigated. Regardless of
the current state of knowledge of molluscan bioactives, we should never forget the
possibility of toxic substances co-occurring in the same biological matrix.

6.5 Conclusions and Perspectives

This paper has presented a historical and conceptual timeline of the products and
services provided by marine bivalve molluscs, focusing the attention to biotechno-
logical innovations for a sustainable future. Marine bivalves with their associated
microorganisms are central in the marine trophic networks, from the shoreline to the
deep ocean. Bivalve species are traditionally fished and farmed worldwide as sea-
food since ancient times whereas their use as water pollution sentinels was estab-
lished far more recently. Our time testifies great progresses in life sciences and,
accordingly, further research on marine bivalves will likely confirm them as rich
source of bioactive compounds and as interesting models for technological innova-
tions (Imhoff et al. 2011; Desriac et al. 2014; Newman 2016). Today, the CRISP/
CAS genome editing biotechnology represents a new revolutionary strategy also to
engineer and implement bivalve-inspired products (Mojica and Montoliu 2016;
Singh et al. 2018). As our knowledge base expands based on a multifaceted blue
economy, there is little doubt that discoveries in this field will lead to societal and
economic benefit in the near future.
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