WILEY-VCH

Edited by
Stéphane La Barre and Stephen Bates

Blue
Biotechnology

Production and Use of Marine Molecules

e TR A e § et






Blue Biotechnology






Blue Biotechnology

Production and Use of Marine Molecules
Edited by Stéphane La Barre and Stephen S. Bates

Volume 1

WILEY-VCH



Blue Biotechnology

Production and Use of Marine Molecules
Edited by Stéphane La Barre and Stephen S. Bates

Volume 2

WILEY-VCH



The Editors

Prof. Dr. Stéphane La Barre
Sorbonne Université

CNRS

Integrative Biology of Marine Models
(LBI2M)

Station Biologique de Roscoff (SBR)
29680 Roscoff

France

Prof. Dr. Stephen S. Bates
Fisheries and Oceans Canada
Gulf Fisheries Centre

343 Université Avenue

P.O. Box 5030

Moncton, NB E1C 9B6
Canada

Cover
Front cover image was provided by
Arnaud Popihn

W All books published by Wiley-VCH are

carefully produced. Nevertheless, authors,
editors, and publisher do not warrant the
information contained in these books,
including this book, to be free of errors.
Readers are advised to keep in mind that
statements, data, illustrations, procedural
details or other items may inadvertently
be inaccurate.

Library of Congress Card No.:
applied for

British Library Cataloguing-in-Publication
Data

A catalogue record for this book is
available from the British Library.

Bibliographic information published by
the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek

lists this publication in the Deutsche
Nationalbibliografie; detailed
bibliographic data are available on the
Internet at <http://dnb.d-nb.de>.

© 2018 Wiley-VCH Verlag GmbH & Co.
KGaA, Boschstr. 12, 69469 Weinheim,
Germany

All rights reserved (including those of
translation into other languages). No part
of this book may be reproduced in any
form — by photoprinting, microfilm, or
any other means — nor transmitted or
translated into a machine language
without written permission from the
publishers. Registered names, trademarks,
etc. used in this book, even when not
specifically marked as such, are not to be
considered unprotected by law.

Print ISBN: 978-3-527-34138-2
ePDF ISBN: 978-3-527-80172-5
ePub ISBN: 978-3-527-80173-2
oBook ISBN: 978-3-527-80171-8

Cover Design Adam-Design, Weinheim,
Germany

Typesetting SPi Global Private Limited,
Chennai, India

Printing and Binding

Printed on acid-free paper

10987654321


http://dnb.d-nb.de

Contents to Volume 1

Preface «xvii

Part | Bulk Marine Biomass - Industrial Applications and
Potential as Primary Sources 1

1 Microalgae: A Renewable Resource for Food and Fuels and
More 3
Susan I. Blackburn and Kim Jye Lee-Chang

1.1 Introduction 4

1.2 Sourcing Microalgae: Algal Culture Collections 4

1.3 Microalgal Production Systems 7

1.3.1 Open Pond Cultivation 7

1.3.2 Plastic Bags and Tanks 8

1.3.3 Photobioreactors 8

1.3.4 Hybrid or Combination Growth Systems 9
1.3.5 Fermentation Systems 9

1.4 Uses of Microalgal Bioproducts 11

1.4.1 Food 11

14.2 Feeds 11

1.4.3 Biofuels 12

1.4.4 Neutral Lipids: Hydrocarbons 13

1.5 Chemotaxonomy: Setting the Stage for Selecting Biofuel Microalgae
by Taxonomic Group 13

1.6 Manipulating Microalgal Lipid Composition with Culture Growth
Phase and Conditions 14

1.7 High-Value Lipids: Long-Chain Polyunsaturated Fatty Acids 16

1.8 High-Value Lipids: Carotenoid Pigments 18

1.9 High-Value Bioproducts: Polysaccharides 20

1.10 Wastewater Bioremediation and Bioproducts 20

111 Other Bioapplications and the Potential for Bioengineering 21

1.12 Conclusions 22



vi | Contents

Acknowledgments 22
References 23
About the Authors 32

2 Commercial-Scale Production of Microalgae for
Bioproducts 33
Michael Borowitzka

2.1 Introduction 33
2.2 Commercial-Scale Production Systems 34
2.3 Current Commercial Microalgae and Processes 39

2.3.1 Algae for Health Food (Chlorella and Arthrospira) 39
2.3.1.1 Chlorella Production 39
2.3.1.2  Arthrospira Production 40
2.3.2 Production of Carotenoids (p-Carotene and Astaxanthin) 43
2.3.2.1 p-Carotene Production Using Dunaliella salina 44
2.3.2.2  Astaxanthin Production Using Haematococcus pluvialis 46
2.3.3 Production of Long-Chain Polyunsaturated Fatty Acids 49
2.3.3.1 DHA Production Using Crypthecodinium cohnii and
Schizochytrium 49
2.4 Potential New Products from Microalgae 50
2.4.1 Carotenoids 50
24.2 Sterols 53
2.4.3 Polyhydroxyalkanoates 53
2.4.4 Other Products 54
2.5 Regulations and Standards 54
2.6 Conclusion 55
References 56
About the Author 65

3 Ubiquitous Phlorotannins Prospects and Perspectives 67
Emeline Creis, Erwan Ar Gall, and Philippe Potin

3.1 Historical Background 67

3.2 Biosynthetic Routes and Chemistry 68

321 Biosynthetic Routes 69

3.2.2 Chemistry 72

3.3 Subcellular Localization 72

3.4 Extraction and Purification of Phlorotannins 73

3.4.1 Extraction of Soluble Phlorotannins 74

3.4.1.1 Extraction of Cell-Wall-Bound Phlorotannins and Treatment of
Exuded Phenols 78

3.4.1.2 Purification 78

3.4.1.3 Polarity-Based Separation 79

3.4.14 High Pressure Liquid Chromatography 82

3.4.1.5 Molecular Size Discrimination 83

34.1.6 Preparative TLC 84

3.5 Identification Techniques 84



351
3.5.2
3.5.3
3.54
3.6
3.7
3.8

3.9
391
39.1.1
3.9.2
3921
3.9.2.2
3.9.2.3
3.10

4.1
4.2
4.3
4.3.1
43.1.1

4.3.1.2
4.3.1.3
4.4
44.1
4.4.2
4.4.3
4.4.4
4.5

5.1
5.2

Contents

Thin Layer Chromatography 84

Fourier Transform InfraRed 85

Nuclear Magnetic Resonance 85

Mass Spectrometry 88

Quantification 89

Function of Phlorotannins in Brown Algae 90
Phlorotannins: Molecules of Interest in Pharmaceutical,
Cosmeceutical, Agriculture Biotechnology, and Industrial Polymer
Applications 93

Pharmacological Applications 93

Cosmeceutical Interest 95

Photoaging Prevention Activity 95

Other Biotechnological Applications 95

Food Preservation 95

Agriculture 95

Bioadhesives and Precursors of Eco-Friendly Resins 95
Conclusions and Prospects 96

References 97

About the Authors 115

The Potential of Microalgae for Biotechnology: A Focus on
Carotenoids 117

Nicolas von Alvensleben and Kirsten Heimann

Introduction 117

Carotenoid Synthesis 118

Functions of Microalgal Carotenoids 120

Reactive Oxygen Species Scavenging by Carotenoids 121
Influences of Light Intensity on Microalgal Growth and Carotenoid
Synthesis 122

Carotenogenesis Responses to Nutrient Limitation 124
Carotenogenesis Responses to Metal Ions: Mechanism of Action 124
Functional Benefits of Carotenoids as Nutraceuticals 126
Carotenes 126

Astaxanthin 127

Lutein and Zeaxanthin 130

Xanthophyll Cycle Pigments 130

Conclusion 131

References 131

About the Authors 142

Applications of Algal Biomass in Global Food and Feed
Markets: From Traditional Usage to the Potential for
Functional Products 143

Yannick Lerat, M. L. Cornish, and Alan T. Critchley
Introduction 143

Algal Products 144

vii



viii

Contents

521
522
5221
5222
523
5231
5232
5233
5.2.3.4
5235
5.2.3.6
52.3.7
53
5.3.1
53.1.1

5.3.2

5321
5322
5323

5.4

6.1
6.2

6.2.1
6.2.2
6.2.2.1
6.3

6.3.1

6.3.1.1
6.3.1.2
6.3.1.3

6.3.1.4

Raw Biomass 144

Whole Algae 145

Protein 147

Lipids 149

Extracts and Other Molecules of Interest 151
Carotenoids 151

Polyphenols 155

Vitamins 156

Minerals 158

Iodine 159

Polysaccharides 160

Dietary Fibers 160

Applications 161

Animal Feeds 161

SWOT Analysis for Inclusion of Selected Algae and Algal Properties
in Animal Feed 164

Human Food Applications 166

Potential Toxicity 167

Market Description 168

SWOT Analysis for the Inclusion of Algae in Human Food
Applications 175

Conclusions 177

References 178

About the Authors 188

Phytoplankton Glycerolipids: Challenging but Promising
Prospects from Biomedicine to Green Chemistry and

Biofuels 191

Josselin Lupette and Eric Maréchal

Introduction 191

Fatty Acids, Membrane Glycerolipids, and Triacylglycerol in
Phytoplankton 192

General Definition of Glycerolipids 192

Fatty Acids 192

Membrane Glycerolipids and Triacylglycerol 194

General Principles of Glycerolipid Biosynthesis in Photosynthetic
Cells 202

In Primary Endosymbionts (Glaucophyta, Red Algae, and Green
Algae) 202

The Stroma of Chloroplasts is the Cellular Factory of Fatty Acids 202
The Endoplasmic Reticulum is the Site of Fatty Acid Elongation 202
The Endoplasmic Reticulum Generates Membrane Glycerolipids
and is the Site of Biosynthesis of Triacylglycerol 203

The Chloroplast Envelope is a Site of Synthesis of Glycerolipids,
Including the Most Abundant Lipids of Thylakoids: Mono- and
Digalactosyldiacylglycerol 204



6.3.1.5
6.3.2

6.4

6.5

7.1
7.2
721
722
723
724

7.3

7.3.1
7.3.2
7.3.3

7.3.4
7.3.5
7.4
7.4.1
74.1.1
7.4.2

7.4.3

8.1
8.1.1

Contents

Conversion of Galactolipids into Triacylglycerol 204

In Secondary Endosymbionts (Including Diatoms and
Eustigmatophytes) 205

Algae-Based Fatty Acids: Technological Challenges and Promising
Applications 205

Conclusions 207

Acknowledgments 209

List of Abbreviations 209

References 210

About the Authors 215

The Bioremediation Potential of Seaweeds: Recycling

Nitrogen, Phosphorus, and Other Waste Products 217

Nicolas Neveux, John J. Bolton, Annette Bruhn, David A. Roberts,

and Monique Ras

Introduction 218

Ulvales in the Bioremediation of Excess Nutrients 220
Bioremediation in Land-Based Systems with Ulva Cultivation 220
Infrastructure for Land-Based Cultivation of Ulva 221

Ulva Production Rates and Nutrient Uptake in Aquaculture 222
A Fully Commercial Example: Abalone/Ulva Integrated Aquaculture
in South Africa 223

Kelps in the Bioremediation of Excess Nutrients 224
Bioremediation in Coastal Waters with Kelp Cultivation 224
Kelps as Nutrient Scrubbers: Nutrient Remediation Capacity 224
Kelps as Non-Fed Nutrient Extractive Crops in Integrated
Multitrophic Aquaculture 225

Kelps for Biomitigation of Coastal Eutrophication 226
Challenges and Future Perspectives 226

Bioremediation of Dissolved Metals with Seaweeds 227
Biosorption of Dissolved Metals with Seaweed Biomass 227
Barriers to Implementing Biosorption 228

Bioaccumulation of Metals through Cultivation of Live Seaweed
Biomass 229

Challenges and Future Perspectives 230

Acknowledgments 230

References 230

About the Authors 237

Cultivation and Conversion of Tropical Red Seaweed into

Food and Feed Ingredients, Agricultural Biostimulants,

Renewable Chemicals, and Biofuel 241

Shrikumar Suryanarayan, lain C. Neish, Sailaja Nori, and Nelson Vadassery
Cultivation 241

Current Biomass Production and Uses 241



x | Contents

8.1.2 Farm Success Factors 243

8.1.3 Developing Innovations in Tropical Marine Agronomy 245
8.2 MUZE Processing 246
8.3 MUZE Products from Red Seaweed 247

8.3.1 Sea Vegetables as Human Food 247
8.3.2 Seaweed Concentrates (SWC) for Agriculture 248
8.3.2.1 SWC Animal Feed Components 254
8.3.2.2 SWC Biostimulants for Plants 255
8.3.3 Renewable Chemicals 257
8.3.3.1 Carrageenan Conversion to Biodegradable Films 257
8.3.3.2  Carrageenan Conversion to Superabsorbent Hydrogels 257
8.3.4 Biofuels 257
8.3.4.1 Biofuels from Fermentation 258
8.3.4.2 Biofuels from Hydrothermal Liquefaction 258
References 259
About the Authors 263

Part Il Marine Molecules for Disease Treatment/Prevention
and for Biological Research 265

9 Use of Marine Compounds to Treat Ischemic Diseases 267
Catherine Boisson-Vidal

9.1 History of Natural Marine Products 268

9.2 Peripheral Arterial Disease and Cardiovascular Risks: Treatments
and Unmet Needs 274

9.2.1 Prevention of Disease Progression 274

9.2.2 Anticoagulation 275

9.2.3 Surgical Revascularization 275

9.2.4 Novel Therapies: Therapeutic Angiogenesis 276

9.24.1 Cell Therapy 276

9.2.4.2 How Do New Blood Vessels Form? 276

9.3 Chemistry 278

9.3.1 Extraction and Preparation of Low Molecular Weight Fucoidan
Fractions 278

9.3.2 Structural Determination 279

9.4 Biological Properties 279

9.4.1 Marine Polysaccharides Exhibit Anticoagulant Activity 279

9.4.1.1 Principle of Anticoagulation 280

9.4.1.2 Marine Polysaccharides Have Potent Anticoagulant Properties 280

9.4.1.3 Fucoidan Exhibits Venous and Arterial Antithrombotic Properties
with No Hemorrhagic Risk 280

9.4.2 Marine Polysaccharides Have Angiogenic Properties 280

9.4.2.1 Contrary to Other Polysaccharides, Fucoidan Potentiates
Angiogenesis In Vitro and In Vivo 281



9.4.2.2

9.4.3
9.4.3.1

9.4.3.2

9.4.3.3

9.4.4
9.5

10

10.1
10.2
10.2.1
10.2.2
10.3

10.4

11

11.1
11.1.1
11.1.2
112
11.2.1
11.2.2
11.3
11.3.1
11.3.2
11.3.2.1
11.3.2.2
11.3.2.3
11.3.2.4
11.3.2.5
114
114.1

Contents

Injections of LMW Fucoidan Induce Rapid Mobilization of Stem Cells
from Bone Marrow 284

What is the Fucoidan Mechanism of Action? 284

Cellular and Molecular Mechanisms Underlying Fucoidan
Proangiogenic Activity 284

Fucoidan Modulates the Biological Activity of Angiogenic Heparin
Binding Proteins 285

Fucoidan May Act as a Direct Growth Factor Signal

Transducer 285

How Does Fucoidan Act In Vivo? 286

Conclusion 288

References 288

About the Author 296

Bioinspiration from Marine Scaffolds 297

Stephan Béttcher, Angela Di Capua, John W. Blunt, and Ronald J. Quinn
History of Marine Natural Products 297

Chemical Space 301

Scaffold Trees 303

Scaffold Networks 303

Self-Organizing Maps: Chemical Diversity of Marine NPs versus Plant
NPs 311

Conclusion 317

References 317

About the Authors 320

Guanidinium Toxins: Natural Biogenic Origin, Chemistry,
Biosynthesis, and Biotechnological Applications 323

Lorena M. Durdn-Riveroll, Allan D. Cembella, and José Correa-Basurto
General Introduction to Guanidinium Toxins 324

Historical Background of Tetrodotoxin 325

Historical Background of Saxitoxin 326

Biogenic Source and Vector Organisms 328

Tetrodotoxin and Analogs 328

Saxitoxin and Analogs 330

Chemistry of Guanidinium Toxins 332

Physical and Chemical Properties of Guanidinium Toxins 333
Identification and Quantification Methods 335

Chemical Methods for Saxitoxin and Its Analogs 335
Chemical Methods for Tetrodotoxin and Its Analogs 337
Structural and Functional Assays 338

Receptor Binding Assays 338

Immunodiagnostic Assays 339

Synthesis 340

Chemical Synthesis 340

xi



xii

Contents

114.1.1
11.4.1.2
11.4.2
11.4.2.1
11.4.2.2
11.4.3
11.5
11.5.1
11.5.1.1
11.5.1.2
11.5.1.3
11.6

11.6.1
11.6.2
11.6.3
11.7
11.8

12

12.1
12.2
1221
12.2.2
12.2.3
12.2.4
12.24.1
12.2.4.2
12.2.4.3
12.3
12.4
124.1

124.1.1
12.4.1.2
12.4.2

124.2.1
12.4.2.2

12.5

Tetrodotoxin 340

Saxitoxin 340

Biosynthetic pathways 341

Biosynthesis of Tetrodotoxin 341

Biosynthesis of Saxitoxin 342

Genetic Regulation of Guanidinium Toxins 345
Mode of Action and Symptomology 348
Bioinformatic Tools for Guanidinium Toxins 350
Molecular Docking 350

Molecular Dynamics 352

Quantitative Structure—Activity Relationship 353
Existing and Potential Medical and Biotechnological Research
Applications 354

Guanidinium Toxins as Research Tools for Membrane Proteins 354
Pain Control and Muscle Relaxation 355

Other Medical Uses 356

Conclusions 356

Future Perspectives 357

Acknowledgments 358

References 358

About the Authors 369

Carrageenans: New Tools for New Applications 371

Sabine Genicot, Aurélie Préchoux, Gaélle Correc, Nelly Kervarec, Gaélle Simon,
and James S. Craigie

Historical Background 372

Chemistry 375

Extraction 375

Chemical Structure of Carrageenans 377

Physicochemical Properties of Carrageenans 380
Characterization of Carrageenans 381

Infrared (IR) Spectroscopy 381

Nuclear Magnetic Resonance (NMR) Spectroscopy 381

Mass Spectroscopy (MS) 384

Modern Uses of Carrageenans 387

Blue Biotechnology for New Products and Applications 389
Carrageenan Sulfatases and Sulfurylases: Toward Enzyme-Assisted
Preparation of New Carrageenans 389

Sulfurylases (EC 2.5.1.5) 389

Sulfatases (EC 3.1.6.X) 391

Carrageenan Hydrolases: Toward the Production of
Carrageenan-Based New Products 394

From Enzyme to Structural Analysis of Carrageenans 394
Toward the Production of Carrageenan Oligosaccharides and Their
Uses 398

Future Developments 399



13

131
13.2

13.2.1
13.2.2
13.2.3
13.2.4
13.3
134

14

14.1
14.2
14.2.1
14.3
14.3.1
14.4
14.5
14.6
14.6.1
14.7
14.8
14.9
14.10

15

Contents

Acknowledgments 400
References 400
About the Authors 414

Peptide Antibiotics from Marine Microorganisms 417
Noer Kasanah

Introduction 417

Searching for New Peptide Antibiotics from Marine
Microorganisms 419

Peptides from Marine Bacteria 423

Peptides from Marine Actinobacteria 426
Peptides from Marine Cyanobacteria 429
Peptides from Marine Fungi 431

Genomic Approach for New Antibiotics 431
Conclusions 436

Acknowledgments 436

References 436

About the Author 443

Recent Developments and Chemical Diversity of Cone Snails
with Special Reference to Indian Cone Snails 445

Satheesh Kumar Palanisamy, Senthil Kumar Dhanabalan, and
Umamaheswari Sundaresan

Introduction 445

Cone Snails’ Global Distribution and Ecology 446
Molecular Taxonomy and Phylogeny of Conus Species 447
Research on Indian Cone Snails 450

Distribution of Cone Snails 450

Biology of Conus 457

Conus Envenomation: Nonfatal and Fatal Reports 459
Chemical Diversity of Cone Snails 461

Classification of the Conotoxin Family 461

Diversity of Conopeptides in Indian Cone Snails 468
Therapeutic Application of Conus Conopeptides 471
Recent Developments and Future Directions 472
Concluding Remarks 473

Acknowledgments 473

References 474

About the Authors 483

Contents to Volume 2

Preface «xv

Marine Polysaccharides and Their Importance for Human
Health 485
Paola Laurienzo

xiii



Xiv

Contents

16

17

18

19

20

21

22

23

24

25

Marennine-Like Pigments: Blue Diatom or Green Oyster

Cult? 529

Romain Gastineau, Fiddy S. Prasetiya, Charlotte Falaise, Bruno Cognie,
Priscilla Decottignies, Michéle Morancais, Vona Méléder, Nikolai Davidovich,
Francgois Turcotte, Réjean Tremblay, Pamela Pasetto, Jens Dittmer,
Jean-Francois Bardeau, Jean-Bernard Pouvreau, and Jean-Luc Mouget

Bioprospecting and Insights into the Biosynthesis of Natural
Products from Marine Microalgae 553
Angela H. Soeriyadi, Sarah E. Ongley, Caitlin S. Romanis, and Brett A. Neilan

Ovothiol: A Potent Natural Antioxidant from Marine
Organisms 583
Anna Palumbo, Immacolata Castellano, and Alessandra Napolitano

Bioactive Marine Molecules and Derivatives with
Biopharmaceutical Potential 611
George Schroeder, Stephen S. Bates, and Stéphane La Barre

Marine Pigment Diversity: Applications and Potential 643
Benoit Serive and Stéphane Bach

Potential Applications of Natural Bioactive Cyanobacterial
UV-Protective Compounds 683

Richa, Jainendra Pathak, Arun S. Sonker, Vidya Singh, and
Rajeshwar P. Sinha

Bio-Inspired Molecules Extracted from Marine Macroalgae: A
New Generation of Active Ingredients for Cosmetics and
Human Health 709

Valérie Stiger-Pouvreau and Fabienne Guerard

Emerging Therapeutic Potential of Marine Dinoflagellate
Natural Products 747
Wendy K. Strangman, Matthew M. Anttila, and Jeffrey L. C. Wright

How Fluorescent and Bioluminescent Proteins Have Changed
Modern Science 771
Marc Zimmer

Partlll  Biostructures, Biomaterials, and Biomolecules for
other Applications 789

Antimicrobial and Antibiofilm Molecules Produced by Marine
Bacteria 791

Florie Desriac, Sophie Rodrigues, Ibtissem Doghri, Sophie Sablé,
Isabelle Lanneluc, Yannick Fleury, Alexis Bazire, and Alain Dufour



26

27

Chitin of Poriferan Origin as a Unique Biological
Material 821
Hermann Ehrlich

Marine Biominerals with a Biotechnological Future 855
Stéphane La Barre and Stephen S. Bates

Postface 913

Index 915

Contents

XV






Contents to Volume 1

Preface «xvii

Part | Bulk Marine Biomass - Industrial Applications and
Potential as Primary Sources 1

Microalgae: A Renewable Resource for Food and Fuels and
More 3
Susan I. Blackburn and Kim Jye Lee-Chang

Commercial-Scale Production of Microalgae for
Bioproducts 33
Michael Borowitzka

Ubiquitous Phlorotannins Prospects and Perspectives 67
Emeline Creis, Erwan Ar Gall, and Philippe Potin

The Potential of Microalgae for Biotechnology: A Focus on
Carotenoids 117
Nicolas von Alvensleben and Kirsten Heimann

Applications of Algal Biomass in Global Food and Feed
Markets: From Traditional Usage to the Potential for
Functional Products 143

Yannick Lerat, M. L. Cornish, and Alan T. Critchley

Phytoplankton Glycerolipids: Challenging but Promising
Prospects from Biomedicine to Green Chemistry and
Biofuels 191

Josselin Lupette and Eric Maréchal

The Bioremediation Potential of Seaweeds: Recycling
Nitrogen, Phosphorus, and Other Waste Products 217
Nicolas Neveux, John J. Bolton, Annette Bruhn, David A. Roberts,
and Monique Ras



vi

Contents

8

10

11

12

13

14

15

15.1
15.1.1
15.1.2
15.1.2.1
15.1.2.2
15.1.2.3
15.1.3

Cultivation and Conversion of Tropical Red Seaweed into

Food and Feed Ingredients, Agricultural Biostimulants,

Renewable Chemicals, and Biofuel 241

Shrikumar Suryanarayan, lain C. Neish, Sailaja Nori, and Nelson Vadassery

Partll Marine Molecules for Disease Treatment/Prevention
and for Biological Research 265

Use of Marine Compounds to Treat Ischemic Diseases 267
Catherine Boisson-Vidal

Bioinspiration from Marine Scaffolds 297
Stephan Béttcher, Angela Di Capua, John W. Blunt, and Ronald J. Quinn

Guanidinium Toxins: Natural Biogenic Origin, Chemistry,
Biosynthesis, and Biotechnological Applications 323
Lorena M. Durdn-Riveroll, Allan D. Cembella, and José Correa-Basurto

Carrageenans: New Tools for New Applications 371
Sabine Genicot, Aurélie Préchoux, Gaélle Correc, Nelly Kervarec, Gaélle Simon,
and James S. Craigie

Peptide Antibiotics from Marine Microorganisms 417
Noer Kasanah

Recent Developments and Chemical Diversity of Cone Snails
with Special Reference to Indian Cone Snails 445

Satheesh Kumar Palanisamy, Senthil Kumar Dhanabalan, and
Umamaheswari Sundaresan

Contents to Volume 2

Preface «xv

Marine Polysaccharides and Their Importance for Human
Health 485

Paola Laurienzo

General Properties of Polysaccharides 485
Classification of Polysaccharides 486

Sources of Marine Polysaccharides 486
Polysaccharides from Macroalgae 487
Polysaccharides from Microalgae 487
Polysaccharides from Marine Animals 489

Methods of Extraction and Purification 489



15.1.4
15.1.4.1
15.1.5
15.2
1521
152.1.1
15.2.1.2
152.1.3
15.2.1.4
15.2.2
152.2.1
15.2.2.2
152.2.3
15.2.2.4
152.2.5
15.3
1531
15.3.2
15.3.2.1
15.4
15.5

16

16.1
16.2

16.3
16.4
16.5
16.6

16.7
16.8

16.9

16.10

Contents

Chemical Modification of Polysaccharides 489
Copolymerization 490

Polysaccharides as Hydrogels 491

Marine Polysaccharides from Macroalgae 495
Sulfated Polysaccharides 495

Carrageenans 495

Agar 497

Fucoidans 497

Porphyran 497

Alginates 498

Applications 500

Alginate as Excipient 500

Alginate in Drug Delivery Devices (DDD) 500
Alginate as Wound Dressing 501

Alginate in Tissue Engineering 501

Marine Polysaccharides from Marine Animals 503
Chitin 503

Chitosan 503

Chitosan Derivatives: Chemical Strategies 507
Marine Polysaccharides (EPS) from Microalgae 513
Conclusions 515

Dedication 515

References 515

About the Author 527

Marennine-Like Pigments: Blue Diatom or Green Oyster

Cult? 529

Romain Gastineau, Fiddy S. Prasetiya, Charlotte Falaise, Bruno Cognie,
Priscilla Decottignies, Michéle Morancais, Vona Méléder, Nikolai Davidovich,
Francois Turcotte, Réjean Tremblay, Pamela Pasetto, Jens Dittmer,
Jean-Frangois Bardeau, Jean-Bernard Pouvreau, and Jean-Luc Mouget
Introduction 530

Background on the Biodiversity of Blue Haslea Species and
Marennine-Like Pigments 531

Green Oysters: The Bivalve Point of View 532

Can Histology Elucidate the Greening Mechanism? 536
Raman Spectroscopy for Sensing Haslea ostrearia, Marennine, and
Green-Gill Oysters 536

Advances in Elucidating the Structure of Marennine-Like
Pigments 538

Colorimetric Analyses 539

Can Blue Haslea Species Be Considered as Probiotics for Use in
Aquaculture? 541

Potential Applications for Blue Biotechnologies and Current
Issues 542

Conclusion 544

Acknowledgments 544

vii



viii | Contents

References 544
About the Authors 549

17 Bioprospecting and Insights into the Biosynthesis of Natural
Products from Marine Microalgae 553
Angela H. Soeriyadi, Sarah E. Ongley, Caitlin S. Romanis, and Brett A. Neilan
17.1 Introduction 553
17.1.1  Dinoflagellates 553
17.1.2  Cyanobacteria 555
17.2 Biosynthesis of Natural Products from Cyanobacteria 556
17.2.1  NRPS/PKS Thio-Templated 556
17.2.1.1 Lyngbyatoxin 558
17.2.1.2 Aplysiatoxin 560
17.2.1.3 Barbamide 561
17.2.1.4 Jamaicamides 561
17.2.1.5 Hectochlorin 562
17.2.1.6 Curacin 563
17.2.1.7 Apratoxins 563
17.2.1.8 Carmabins 564
17.2.1.9 Phormidolide 564
17.2.1.10 Columbamide 565
17.2.2  Ribosomally Synthesized 566
17.2.2.1 Cyanobactins 566
17.2.2.2 Lanthipeptides 568
17.3 Tools for the Discovery and Characterization of Marine Bioactive
Natural Products 568
17.3.1  Genome Mining 568
17.3.2  Heterologous Expression 569
17.4 Conclusions 569
Acknowledgment 570
References 570
About the Authors 581

18 Ovothiol: A Potent Natural Antioxidant from Marine
Organisms 583
Anna Palumbo, Immacolata Castellano, and Alessandra Napolitano

18.1 Historical Background 583

18.2 Occurrence of Ovothiols 586

18.3 Chemistry 587

18.3.1 Properties 587

18.3.1.1 Acid—Base Properties 588

18.3.1.2 Redox Properties and Thiol/Disulfide Equilibrium 589

18.3.2  Isolation, Structural Characterization, and Detection of
Ovothiols 589

18.3.3  Chemical Synthesis 591

18.4 Biosynthesis 595



18.4.1
18.4.2
18.5

18.5.1
18.5.2
18.5.3
18.5.4
18.6

18.6.1
18.6.2
18.7

18.7.1
18.7.2
18.8

19

19.1
19.2

19.3
19.3.1

19.3.2

19.3.3
19.3.4
19.3.5
19.4

194.1
19.4.2

19.4.3
19.4.4
19.5

20

20.1
20.2
20.3

Contents

Identification of Enzymatic OvoA Activity 595
OvoA Structure and Occurrence 597
Biological Roles of Ovothiols 598
Sea Urchins 598

Marine Worms 600

Pathogenic Protozoa 600

Algae 601

Ovothiol Derivatives 601

Synthesis 601

Antioxidant Properties 602
Biological Activities of Ovothiols 603
Ovothiol A 603

Ovothiol Derivative MFP-4MI = 604
Conclusions 604

References 604

About the Authors 609

Bioactive Marine Molecules and Derivatives with
Biopharmaceutical Potential 611

George Schroeder, Stephen S. Bates, and Stéphane La Barre
Introduction 612

Challenges Facing the Discovery and Development of Marine
Biopharmaceuticals 613

Bioactive Metabolites and Molecules 614

Metabolites That Mediate Pathogen—Cell Interaction in Marine
Botanicals 614

Molecules That Mediate Pathogen Interactions with Human
Cells 615

Molecules with Oncologic, Antitumor Therapeutic Potential 617
Molecules for the Treatment of Pain 622

Marine Peptides with Antimicrobial Activity 623

Methods Used in Biopharmaceutical Research: “From Molecule to
Market” 623

Technologies to Explore Pathophysiology 623

ADME Disposition of a Pharmaceutical Compound Within an
Organism 628

Cell Culture Methods 628

Cell Detachment Methods 629

Conclusions 632

References 633

About the Authors 640

Marine Pigment Diversity: Applications and Potential 643
Benoit Serive and Stéphane Bach

Introduction 644

Pigments in Aquaculture 650

Pigments for Cosmetics and Cosmeceutical Applications 651



X

Contents

20.4
20.4.1
20.5
20.6
20.7
20.8

21

21.1
21.2
21.2.1
21.2.2
21.3
21.3.1
21.3.2
21.4
21.4.1
21.4.2
21.4.3
21.4.4
21.4.5
21.4.6
21.4.7
21.5

22

22.1
22.2
22.3
22.3.1

22.3.2
22.4

Pigments in Functional Food and Nutraceuticals 653
Microalgae and Cyanobacteria as Pigmented “Superfood” 654
Pigments for Pharmaceuticals and Therapies 656

Pigments in Other Applications 665

Sourcing and Beyond 667

Conclusion 671

Acknowledgment 672

Funding 673

References 673

About the Authors 680

Potential Applications of Natural Bioactive Cyanobacterial
UV-Protective Compounds 683

Richa, Jainendra Pathak, Arun S. Sonker, Vidya Singh, and Rajeshwar P. Sinha
Introduction 683

UV Screening Compounds 685

Mycosporine-Like Amino Acids (MAAs) 685

Scytonemin 685

Biosynthesis of Cyanobacterial Photoprotective Compounds 687
MAAs 687

Scytonemin 691

Functions and Applications of UV Protective Compounds 693
Role in Photoprotection 693

Biomedical Applications 695

Antioxidative Potentials of MAAs and Scytonemin 695

Role in Minimizing DNA Damage 696

Role as Osmoregulators 696

Role in Tracing Evolution 697

Role in Space Research and Geosciences 697

Conclusion 697

Acknowledgments 698

References 698

About the Authors 706

Bio-Inspired Molecules Extracted from Marine Macroalgae: A
New Generation of Active Ingredients for Cosmetics and
Human Health 709

Valérie Stiger-Pouvreau and Fabienne Guerard

What are Marine Macroalgae/Seaweeds? 709

Life in the Marine Environment and Its Constraints 710
Selected Chemical Strategies Developed by Macroalgae 712
Osmoregulation and Desiccation of Macroalgae: The Role of the Cell
Wall 712

Photoprotection 716

Extraction of Ingredients (Osmolytes, Polyphenols, and
Alginates) 720



22.4.1
22.4.2

22.4.2.1
22.4.2.2
22.4.3
22.5
22.5.1
22.5.2
22.5.3

22.6

22.6.1
22.6.2
22.6.3
22.6.4

22.7

23

23.1
23.2
23.3
23.4

23.4.1
23.4.2
23.5

23.6

24

24.1
24.2
24.2.1
24.2.2

Contents

Extraction and Purification of Floridoside 720

Extraction and Purification of Phenolic Compounds (MAAs and
Phlorotannins) 720

MAAs from Red Seaweeds 720

Phlorotannins from Brown Seaweeds 720

Extraction and Purification of Alginates 721

Cosmetological Applications of Ingredients 722

Moisturizers 723

Sunscreens 724

Applied Cosmetology-Oriented Research: Selected Examples from
Macroalgae 724

Medical Applications of Ingredients: Wound Dressing and Skin
Regeneration 728

Skin Regeneration and Main Qualities of Modern Wound
Dressings 729

Wound Dressings with Antimicrobial Agents 730

Wound Dressings Delivering Therapeutic Drugs to Wounds 731
Some Examples of Commercial Alginate-Based Wound
Dressings 731

Conclusion 734

References 735

About the Authors 746

Emerging Therapeutic Potential of Marine Dinoflagellate

Natural Products 747

Wendy K. Strangman, Matthew M. Anttila, and Jeffrey L. C. Wright
Introduction 747

Neosaxitoxin and Gonyautoxin: A New Class of Analgesics 748
Brevenal: A Potential New Therapeutic for Cystic Fibrosis 754
Cyclic Imine Toxins: Potential Neurodegenerative Disease Drug
Leads 756

Gymnodimines 758

Spirolides 759

Neuropharmacology and Biotechnology Applications of Cyclic Imine
Toxins 760

Conclusions 762

References 762

About the Authors 769

How Fluorescent and Bioluminescent Proteins Have Changed
Modern Science 771

Marc Zimmer

Introduction 771

Bioluminescence 771

Marine Luciferases 772

Marine Luciferases and Their Uses in Imaging 773

xi



xii

Contents

24.2.2.1
24.2.2.2
24.2.2.3
24.2.2.4
24.3
24.3.1
24.3.1.1
24.4

25

25.1
25.2
25.2.1
25.2.2
25.3
25.3.1
25.3.2
25.3.3
25.3.4
254
25.4.1
25.4.2
25.4.3
25.4.4
25.4.5
25.5

26

26.1
26.2
26.2.1
26.2.2

Aequorin 774

Other Coelenterazine-Dependent Luciferases 775
Bacterial Luciferase 776

Oplophorus and NanoLuc 777

Organisms that Fluorescence 777

Aequorea victoria and Green Fluorescent Protein 778
Green Fluorescent Protein as a Tool in Biotechnology 778
Conclusion 782

References 784

About the Author 788

Partlll  Biostructures, Biomaterials, and Biomolecules for
other Applications 789

Antimicrobial and Antibiofilm Molecules Produced by Marine
Bacteria 791

Florie Desriac, Sophie Rodrigues, Ibtissem Doghri, Sophie Sablé,
Isabelle Lanneluc, Yannick Fleury, Alexis Bazire, and Alain Dufour
Introduction 791

Antimicrobial Compounds from Marine Bacteria 793
Tropodithietic Acid 794

Antibiotic A201A 795

Antibiofilm Molecules 796

Polysaccharides 796

Biosurfactants 800

Quorum-Sensing Inhibitors 801

Examples of Promising Molecules to Further Investigate 802
AlpP and LodA: More Than Just Antimicrobial Proteins 803
The Antimicrobial AlpP Protein 803

Characterization of the AlpP Homolog LodA (Marinocine) 804
A Whole New Family of Proteins 805

Ecological Biofilm-Related Roles of LodA-Like Proteins 806
Toward Biotechnological Applications 808

Conclusion 808

Acknowledgments 809

References 809

About the Authors 819

Chitin of Poriferan Origin as a Unique Biological

Material 821

Hermann Ehrlich

Historical Background 821

Sponges (Porifera) as a Source of Chitin 823

Chitin in Glass Sponges (Hexactinellida: Porifera) 824
Chitin in Demosponges (Demospongiae: Porifera) 826



26.2.2.1
26.2.2.2
26.3
26.4
26.5
26.6
26.7

27

27.1
27.1.1
27.1.2
27.1.3
27.1.4
27.2
27.2.1
27.2.2
27.2.2.1
27.2.2.2
27.2.2.3
27.2.3
27.2.4
27.2.5
27.2.6
27.2.6.1
27.2.6.2
27.2.6.3
27.2.7
27.2.7.1
27.2.7.2
27.2.8
27.2.8.1
27.2.8.2
27.2.8.3
27.2.8.4
27.3
27.3.1
27.3.2
27.3.3
27.3.4
27.3.5
27.4
27.4.1

Contents

Chitin in Freshwater Sponges 826

Chitin in Marine Demosponges 828

Principles of Sponge Chitin Isolation and Identification 830
Structural and Physicochemical Properties of Sponge Chitin 835
Poriferan Chitin, Tissue Engineering, and Stem Cell Research 837
Poriferan Chitin and Extreme Biomimetics 842

Conclusions 845

Acknowledgments 847

References 847

About the Author 853

Marine Biominerals with a Biotechnological Future 855
Stéphane La Barre and Stephen S. Bates
Introduction 856

Defining Bioinorganic Processes in the Marine Ecosphere 856
What is a Biomineral? 856

From Seawater Ions to Biominerals 858
Natural Uses of Biominerals 858

Calcium Carbonate-Based Biominerals 859
Biological Carbonates and the Lithosphere 859
Microbial and Algal Calcifiers 860
Cyanobacteria 860

Haptophytes 861

Calcareous Algae 862

Protozoans 863

Calcareous Sponges 863

Calcified Cnidarians 863

Protostomia Invertebrates 864

Marine Worms 864

Crustaceans 864

Molluscs 864

Deuterostomia Invertebrates 867
Echinoderms 867

Tunicates 868

Fish and Other Vertebrates 868

Of Bones and Teeth 868

Cartilaginous Fish 869

Bony Fish 869

Reptiles, Birds, and Mammals 870
Silica-Based Marine Biominerals 870
Introduction 870

Silicoflagellates 871

Radiolarians 872

Silica Sponges 873

Diatoms 876

Heavy-Metal Bioaccumulations 878
Introduction 878

xiii



xiv | Contents

27.4.2  Iron Complexes as Redox Modulators: the Role of Siderophores 878

27.4.3  Iron as a Navigational Aid: Magnetotactic Bacteria 878

27.4.3.1 Ferromagnetism 878

27.4.3.2 Magnetosome Formation 879

27.4.3.3 Magnetosome Biomineralization 880

27.44  Polymetallic Nodules and Crusts 880

27.4.4.1 Metal Concretions in the Sea 880

27.4.4.2 Seabed Nodules 881

27.4.4.3 Seamount Crusts 881

27.4.44 Hydrothermal Vents 881

27.4.5 Invertebrate Heavy Metal Bioaccumulators 881

27.4.5.1 Vanadium-Accumulating Ascidians 881

27.4.5.2 DPolychaetes with Metal-Clad Jaws 882

27.5 Marine Biominerals and Composites in Novel Technologies 882

27.5.1  From Straight Applications of Biomaterials to Bioinspired
Nanotechnologies 882

27.5.2  Calcium Carbonate-Based Biotechnologies 883

27.5.2.1 New Approaches and New Specifications 883

27.5.2.2 Novel Construction Materials from Biogenic Carbonates 883

27.5.2.3 Nacre as Biocompatible Material and as a Model for Novel
Ceramics 884

27.5.2.4 Optical-Grade Calcite and Eye-Like Systems in Invertebrates 886

27.5.2.5 Paints, Surface Coatings, and Abrasives 886

27.5.2.6 Carbonate—Chitin Hybrids 887

27.5.2.7 Implants and Bioinspired Approaches 888

27.5.2.8 Proxy Models for Environmental Monitoring 888

27.5.3  Calcium Phosphate-Based Biotechnologies 888

27.5.3.1 Bioinspired Therapeutic Materials from Bone 888

27.5.3.2 Bioinspired Materials from Fish Bones and Teeth 889

27.5.3.3 Bioinspired Technologies from Humpback Whale Flippers 890

27.5.4  Silica-Based Bioinspired Technologies 890

27.54.1 Silica Sponge-Inspired Biotechnologies 890

27.5.4.2 Diatom-Inspired Biotechnologies 892

27.5.5  Biometal-Based Technologies 894

27.5.5.1 Novel Materials and Composites with Improved Performance 894

27.5.5.2 Nanotechnologies 894

27.5.5.3 Environmental Monitoring and Control 896

27.5.5.4 Metal Sourcing and Exploitation 897

27.6 Biointegrative Solutions from Nano to Macro to Giga 897
Acknowledgments 898
References 898
About the Authors 912

Postface 913

Index 915



Preface

Scientific editors: Stéphane La Barre and Stephen S. Bates
Commercial editor: Wiley VCH, Weinheim, Germany

The initiative by STEPHANE LA BARRE and STEPHEN S. BATES to edit a
volume on the prospects of “Blue Biotechnology: Production and Use of Marine
Molecules” is remarkably timely, as the Earth is facing major challenges with
global changes and increased human impacts. Indeed, blue biotechnology is a
key approach for a sustainable ocean future. The unexplored and understudied
nature of much of the underwater world means that the capacity of marine
organisms, other than fish and shellfish, to provide inputs to the blue economy
is only just beginning to be appreciated. This is partly through the development
of new gene sequencing technologies for cultivable and uncultivable organisms,
bio-inspired chemistry, genetic engineering, and sustainable aquaculture.

There have already been successes. The antiviral drugs Zovirax™ and
Acyclovir™ were obtained from nucleosides isolated from Caribbean sponges.
Yondelis™, developed from small soft-bodied marine tunicates, was the first drug
of marine origin to fight cancer. Exploration of the ocean’s biodiversity is now
helping us understand, for example, how organisms that can withstand extremes
of temperature and pressure and grow without light could be used to develop
new industrial enzymes or pharmaceuticals, as well as novel biomaterials. At
the same time, concerns about the limitation of terrestrial crops are driving
efforts to explore the use of algae as a source of high value-added chemicals and
bioactive compounds.

Accelerating this process will require a combination of basic research on
ocean life and applied research on possible industrial applications with low
probabilities but high rewards for success. Companies that have historically
never considered marine biotechnology to impact their business are now starting
to claim it or to use it to their benefit. To a large extent, this is driven by the quest
for sustainability: to synthesize our daily life products from renewable resources
by means of smart and eco-efficient processes. Increasingly, major and small
industries have begun to take part in the growing marine bio-economy. They are
shifting their raw material basis and production routes from fisheries or mining
sources to renewable cultivated materials and by-products optimization using a
biorefinery concept and biosynthetic chemistry. In addition, blue biotechnology
is providing cues to prevent the loss of essential ecosystem services.
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