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    The algae, including seaweeds, have gained significant global importance largely due to their extensive utilization in human foods, feed, nutraceuticals, personal care products and several other industrial products of commercial value. In the COVID pandemic, there is a growing awareness among the consumers to eat healthy diets with functional foods, otherwise known as nutraceuticals, that not only collectively boost the immune system by preventing viral and bacterial infections but also contribute to overall wellness. In recent times, considerable effort has been directed to unlock and harness the potential of algae for functional foods in conventional and modified formats. Since the functional foods represent a tiny fraction of the biomass, the remaining portion is utilized sustainably to produce beneficial commodity value products in the biorefinery model. The primary components produced from biorefinery have attracted innovations in the downstream processing industry for developing high-value niche products to create additional revenue streams and promotet6 inclusive sectoral growth. Also, algae farming is a relatively low carbon footprint activity with many positive environmental impacts.




    This book gives a most updated account of the global trends and developments in the cultivation of edible algae along with their environmental impacts, trends, potentials, application and health benefits of algal-based nutraceuticals, probiotics and prebiotics, bioactive properties of algal foods, secondary metabolites, culture-induced nutraceutical compounds, algae-based bio packaging materials, biosafety aspects, etc. Further, the methods for extraction of algal metabolites, pigments and bioactive compounds have also been included and presented in this book. Also, how do algal-based foods impact human health, challenges in consumer acceptance of algal food, and industry needs besides a roadmap ahead are also covered. This book comprises 20 chapters by eminent experts in the field, providing deeper insights and newer perspectives of algae-based functional foods, their health benefits to consumers, bioprospecting of primary and secondary metabolites, and extraction methods.




    I am sure the contents of this book provide the reader with a great deal of information, further advancing the knowledge in the area of algal functional foods. The researchers working on algal foods and human health will find this book a very useful reference resource.
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    “Let food be thy medicine and medicine be thy food,” a quote by the Father of Medicine, Hippocrates, extended our quest towards the use of algal resources as a functional food for human health. Algae have been used as food and food ingredients from ancient times. The objective of the book is to present the current knowledge and recent advances in the field of Algal Functional Foods and Nutraceuticals to stimulate further research and to sensitize the exploration of algal-food for novel applications. The benefits of algae-based foods, opportunities in the exploration of value-added functional foods from algae, and challenges to be encountered during nutraceuticals or product development are key topics, which are the genesis of this book. The concept of algae as a source of biologically active ingredients for the formulation of functional foods and nutraceuticals has also been discussed. The book is organized into twenty-one chapters, covering information on algal cultivation, habitat, nutraceuticals, bioactive compounds, metabolites, pigments, food packaging materials, and toxicity.




    Chapters introduce the cultivation, habitat and environmental impact of the edible algae. Techniques available for cultivation, different types of habitat, and how the environment influences food quality have been discussed in detail. The next few chapters discuss the potential, trends, application in the present scenario, and prospects of algal-based nutraceuticals. Subsequent chapters discuss the extraction of bioactive compounds, their potential, application, and chemical structures of algal metabolites. Various biological properties, such as antioxidant, anticancer, anti-inflammatory, anti-obesity and anti-diabetic are also discussed in the book. The role of algae as prebiotic and probiotic, and their nutritional values have enlightened their wide range of scope. The role of algal-based value-added products in food packaging, biodegradable film and food coating are also key highlights of the book. Bio-refinery concept and role of different algal metabolites and pigments are discussed in detail. Finally, the toxicity of algal foods to human health is also discussed.




    The book covers basic concepts as well as advances in Algal Functional Foods. The book is valuable for algal-farmers, scientists, students, industries and consumers to understand the potential and prospects of algae for Foods and Nutraceuticals. The book will strengthen the concept of readers and also allow them to select an appropriate approach for their research. The book will also enable readers to think differently from the conventional approaches.




    With the grace of Lord Shiva, and the blessing of my parents and family members, I have completed this book. The compilation was made possible only through the voluntary contributions of international experts who provided a valuable and global vision of the edible algae. I express my deep appreciation and gratitude to all the authors for their valuable contributions. My gratitude is also extended to Dr. Kannan Srinivasan, Director CSMCRI, Prof. Bhavanath Jha, former Head of the Division, and all students associated with me. I acknowledge Dr. CRK Reddy, an eminent seaweed-biotechnologist, for forwarding this book. This publication is approved with CSIR-CSMCRI PRIS registration number 02/2021.




    I thank my wife, Mrs. Chetna Mishra, for being my strength and daughters Ekisha and Aaral for unconditional love.
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    Marine ecosystem is highly diversified, and edible algae including seaweeds have been considered as a potential source of functional food, dietary supplements, metabolites and bioactive compounds. Algal-based functional foods have potential health benefits, and their commercial value depends on their applications in the food and nutraceutical industries. Seaweed based foods are preferentially selected over other types of marine foods but still they are considered underutilize marine resources. In this book, different aspect of algal based functional foods has been discussed. In brief, cultivation techniques, environmental impact, habitat, nutraceutical potential, extraction of bioactive metabolites, functional-food composition, bio-prospection, culture-induced nutraceutical compounds, algae-based bio-packaging, algal-biorefinery, toxicity, trends and future prospects have been discussed in detail.
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      Abstract




      The use of algae as food by humans started in pre-recorded history and is most widespread in Asia, where algae are used as part of the peoples’ daily diet. Of more than ten thousand species of algae that have been described taxonomically, only about a hundred species are known to be edible and are generally recognized as safe (GRAS). Algae for human consumption come from both natural population and open-sea aquaculture, but with increasing issues of marine pollution, global warming and marine use conflict, the production of some algal species from aquaculture is shifting towards the more controlled condition of land-based production systems or in sea areas far from sources of pollutants. The preparation of edible algae comes in various forms that are either consumed directly as fresh salad or pickled in vinegar for species with foliose, delicate or succulent nature or as blanched or cooked recipes for species with fleshy, rubbery or firm texture, or they are consumed indirectly as an ingredient or additive of some food recipes as gelling, hardening, or thickening agent. Many species of micro- and macroalgae have nutritional profiles that make them a perfect food for individuals who are on a diet or are health conscious. This chapter describes some of the most common algal genera whose biomass is mainly produced from culture systems that involve a land-based culture facility (e.g., photobioreactor) and or seedling collection procedure prior to open sea cultivation.
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      INTRODUCTION




      Man has used algae since the beginning of recorded history, known as “manna from heaven,” in biblical times, which could be an edible blue-green alga [1]. Algae is mainly consumed by people in countries located along or near the sea, with east Asians most known to gather algae from the sea (seaweeds). The most consumed edible algae are from cultivated species, either through land-based facilities or cultivation systems on the coastal and open seas.




      The term “edible” means “something that is suitable or safe to eat”, but some species of algae contain compounds that can be harmful to health, such as Sargassum fusiforme (formerly Hizikia fusiformis), which contains a high amount of arsenic acid – a heavy metal [2]. Even the most popular among the green algae being consumed in many Oriental and Pacific Island countries, referred to as ‘green caviar’ (Caulerpa racemosa complex), contain a toxic chemical compound called caulerpin, and caulerpic, when eaten in large quantities, may cause health issues, although the review by Rengasamy et al. [3] says otherwise. Indeed, many seaweed species possess natural defense systems against potential grazers and colonizers. Having utilized these species as food for centuries, coastal people may have developed tolerance to mild amounts of these compounds or may have learned and used techniques to remove these toxins to safer levels. The phlorotannins found in the brown algae, including the edible ones, not only afford the seaweeds with a natural defense against grazers and microbial pathogens, but are important compounds with health benefits to humans if taken in a safe amount [2].


    




    

      COLOR MATTERS




      Macroalgae are classified, regardless of size, into four major color groupings based on their dominant pigment – blue-green (cyanobacteria), green (chlorophytes), brown (phaeophytes) and red (rhodophytes), and color variations in terms of intensities and hues depending on their habitat and amount of light received by the thallus. It is not uncommon to find a green red seaweed or a red green seaweed in the seafood market. The intensity and hues of their natural colors make some species attractive as “sidings” or garnishings in some food recipes.


    




    

      ALGAE AS FUNCTIONAL FOODS




      The most commonly appreciated algae in the seafood market are macroalgae, or seaweeds, that are most popular in oriental (Japanese, Chinese, Korean) cooking, and are presented in a wide variety of preparations. They could range from fresh, blanched, to boiled or deeply cooked, depending on the texture of the seaweed thallus. Their uses also depend on the species and include applications as taste enhancers (e.g., ‘umami’ made from Saccharina) or as garnishing in various cuisines and recipes [4] (Mouritsen et al. 2018). The microalgae, which are mostly members of cyanobacteria (e.g., Spirulina, Aphanizomenon flos-aquae) and green algae (e.g., Chlorella, Dunaliella), are mainly popular in the health supplement market due to their high content of protein (as high as 70% of dry wt.), antioxidants, vitamins, amino acids, and micronutrients taken in by health conscious individuals or those who are on a controlled diet. Conversely, macroalgae are becoming popular in the culinary industry and are popular as functional foods associated with the body and mental health and wellness [5]. This chapter describes selected edible seaweeds that are utilized in the modern food industry, either as food for direct human consumption or as raw materials to derive nutraceuticals and seaweed extract-based edible products.


    




    

      SPECIES OF EDIBLE ALGAE AND THEIR CULTIVATION




      Of the more than a hundred species of algae documented to be used as low-calorie food for human consumption or as raw materials for extracting phycocolloids for food applications, only a few (probably less than 30) are cultivated using various agronomic systems (Table 1).




      

        Table 1 List of edible micro- and macroalgae utilized as food for direct consumption and or sources of food-grade extracts.




        

          

            

              	-



              	Popular Name(s)



              	Uses



              	Source of Biomass



              	References

            


          



          

            

              	MICROALGAE

            




            

              	A. Cyanobacteria



              	-



              	-



              	-



              	-

            




            

              	1. Spirulina (Arthrospira)



              	-



              	as food supplement



              	cultured



              	[6-9]

            




            

              	B. Chlorophyta



              	-



              	



              	-

            




            

              	2. Chlorella




              	-



              	cultured



              	[14, 15]

            




            

              	3. Dunaliella




              	-



              	cultured



              	[12, 16]

            




            

              	MACROALGAE

            




            

              	C. Chlorophyceae (green algae)



              	-



              	-



              	-

            




            

              	1. Capsosiphon fulvescens




              	Mesangi (Korean)



              	as an additive to foods (rice noodles)



              	cultured



              	[17, 18]

            




            

              	2. Caulerpa (C. lentillifera,


              3. C. racermosa, C. peltata,


              4. C. sertularioides)



              	Sea grapes, green caviar



              	as seaweed salad in Philippines



              	wild, cultured



              	[19]

            




            

              	5. Codium (C. bartlettii,


              6. C. edule,


              7. C. fragile,


              8. C. intricatum,


              9. C. tomentosum)




              	-



              	as seaweed salad in Philippines



              	wild, cultured



              	[20, 21]

            




            

              	10. Monostroma nitidum




              	Aonori, aosa (Japanese)



              	as condiment, paste or jam



              	wild, cultured



              	[22]

            




            

              	11. Ulva (U. compressa,


              12. U. lactuca,


              13. U. linza,


              14. U. prolifera)




              	wild, cultured



              	[23, 24]

            




            

              	D. Phaeophyceae (Brown algae



              	-



              	-



              	-

            




            

              	15. Ascophyllum nodosum




              	wrack



              	as source of food-grade alginate



              	wild



              	[25]

            




            

              	16. Cladosiphon okamuranus




              	Okinawa mozuku



              	as seaweed salad in Japan



              	cultured



              	[26]

            




            

              	17. Ecklonia (E. cava,


              18. E. stolonifera)




              	-



              	as source of food-grade alginate



              	wild, cultured



              	[27]

            




            

              	19. Hydroclathrus clathratus




              	-



              	as seaweed salad in Philippines



              	wild



              	[19]

            




            

              	20. Nemacystis decipiens




              	itomozuku



              	as seaweed salad in Japan



              	-



              	[28]

            




            

              	21. Pelvetia siliquosa




              	-



              	as source of food-grade alginate



              	-



              	[29]

            




            

              	22. Saccharina (S. acgotensis,


              23. S. angustata,


              24. S. diabolica,


              25. S. digitata,


              26. S. japonica,


              27. S. hyperborea,


              28. S. longissimima,


              29. S. religiosa)




              	Konbu (Japanese)


              Kaidai (Chinese)



              	as source of food-grade alginate; as taste enhancer



              	cultured



              	[28, 30, 31]

            




            

              	30. Sargassum (S. fusiforme = Hizikia fusiformis,


              31. S. fulvellum,


              32. S. horneri,


              33. S. naozhouense)



              	Hiziki (Japanese)



              	as boiled seaweed served with rice in Japan, China and Korea



              	wild, cultured



              	[28, 32-36]

            




            

              	34. Undaria (U. peterseniana,


              35. U. pinnatifida)



              	Wakame (Japanese)



              	prepared as soup in Japan; as source of food-grade alginate



              	cultured



              	[28, 30, 31, 37, 38]

            




            

              	E. Rhodophyceae (red algae)



              	-



              	-



              	-

            




            

              	36. Acanthopeltis japonica




              	-



              	used in making noodle-like gel dish tokoroten



              	wild



              	[28, 30, 42]

            




            

              	37. Ahnfeltia plicata




              	-



              	as source of food-grade agar



              	wild



              	[30]

            




            

              	38. Asparagopsis taxiformis




              	-



              	Boiled into soup in China



              	wild



              	[39, 42]

            




            

              	39. Ceramium kondoi




              	-



              	Steamed with flour in China



              	wild



              	[30, 42]

            




            

              	40. Chondracanthus chamissoi




              	-



              	used as salad in Peru



              	wild, cultured



              	[40]

            




            

              	41. Chondrus (C. crispus,


              42. C. crassicaulis)




              	Irish moss, dulse



              	direct human food



              	wild



              	[41]

            




            

              	43. Eucheuma (E. denticulatum,


              44. E. arnoldii,


              45. E. gelatinae)




              	‘Goso’, agal-agal



              	direct human food as pickled salad; source of food-grade carrageenan



              	cultured



              	[19]

            




            

              	46. Gelidiella acerosa




              	-



              	source of food-grade agar



              	wild



              	[19]

            




            

              	47. Gelidium (G. amansii,


              48. G elegans,


              49. G. japonicum,


              50. G. pacificum)




              	-



              	direct human food as salad or as garnishing for sashimi; source of food-grade agar



              	wild



              	[28, 38, 42]

            




            

              	51. Gloiopeltis (G. furcata,


              52. G tenax)




              	-



              	as source of food-grade agar



              	wild



              	[38, 42]

            




            

              	53. Gracilaria (G. asiatica,


              54. G. chilensis,


              55. G. coronopifolia,


              56. G. lemaneiformis,


              57. G. verrucosa,


              58. G. tenustipitata)




              	Limu manauea (Hawaii); agar-agar (Philippines)



              	direct human food; source of food-grade agar; used in the production of tokoroten



              	wild, cultured



              	[30, 31, 39, 42, 43]

            




            

              	59. Grateloupia turuturu




              	-



              	stir-fried with meat in China



              	wild



              	[38, 42]

            




            

              	60. Halymenia (H. durvillaei,


              61. H. dilatata,


              62. H. microcarpa)




              	-



              	source of food-grade carrageenan



              	wild



              	[42, 98]

            




            

              	63. Himanthalia elongata




              	-



              	potential source of dietary fucoxanthin



              	-



              	[44]

            




            

              	64. Kappaphycus (K. alvarezii,


              65. K. cottonii,


              66. K. procrusteanum,


              67. K. striatum




              	‘Goso’, agal-agal (Phil.)



              	food as pickled salad in Philippines



              	cultured



              	[39]

            




            

              	68. Meristotheca (M. papulosa,


              69. M. procumbens,


              70. M. senegalensis)



              	Tosaka (Japanese)



              	prepared as salad



              	wild



              	[45, 46]

            




            

              	71. Nemalion vermiculare




              	-



              	prepared as salad in Korea



              	wild



              	[25, 27]

            




            

              	72. Palmaria palmata




              	dulse



              	prepared as salad



              	wild



              	[41]

            




            

              	73. Pterocladia capillacea




              	-



              	used to produce noodle-like gel dish tokoroten



              	-



              	[38]

            




            

              	74. Pyropia (formerly Porphyra) (P. haitanensis,


              75. P. umbilicalis,


              76. P. yezoensis)




              	Nori (Japanese), kim or gim (Korean), purple laver



              	direct food either as raw dried or prepared as stir-fried in Japan, Korea and China



              	wild, cultured



              	[30, 31, 38, 41, 42, 47]

            




            

              	77. Scinaia moniliformis




              	-



              	as seaweed salad in Philippines; source of food-grade carrageenan



              	wild



              	[19]

            


          

        




      




      

        Microalgae




        Food-grade microalgae are mainly artificially produced through culture, either under controlled environmental conditions in indoor tanks, in close (tube or flat) bioreactors, or in open outdoor conditions under the natural source of light using open pond systems and raceways (Fig. 1). There are advantages and disadvantages in both systems depending on the purpose and desired quality of the products. In an indoor system, since environmental factors can be controlled (irradiance, photoperiod, temperature, salinity and nutrients), products are of high quality – i.e., free of contaminants and, often, with customized nutritional content. Its main disadvantage is in terms of cost, especially in scaling up to a production volume that meets the demand of certain markets. Open culture systems, on the other hand, have issues of quality due to airborne contaminants (e.g., bird wastes, dust), quality of water supply, and influence of climatic conditions being common problems. Open culture systems are commonly used in tropical countries where the sun is abundant, while indoor culture systems are common in countries in higher latitudes where solar radiation is limited, thus requiring a great amount of energy and, therefore, cost.




        Only a few species of microalgae are utilized as food for direct human consumption, which is mainly manufactured as ingestible tablets, pills or capsules. The three most common microalgal genera are discussed in this chapter:




        

          Spirulina




          Spirulina (Arthrospira) is a blue-green algal genus with unbranched, spiral-shaped filaments found in both marine, brackish and fresh waters, usually high in carbonate and bicarbonate content with pH of up to 11. Spirulina is rich in nutrients – high in protein (60-70% of dry wt.), low fat, high content of vitamins (esp. B12) and essential fatty acid gamma-linoleic acid [6]. Food-grade Spirulina is commercially produced using both open ponds and bioreactors and raceways, which, in the 1980s, produced about 18 and 33-tonne dry wt ha-1 yr-1, respectively, and culture systems have been continuously improved to produce harvestable biomass at a lesser cost with the use of better technology and use of improved culture media (e.g., Zarrouk’s media) [7, 8]. At the currently available culture technology, the biomass of 10 g m-2 day-1 that could translate to about 30 tonnes ha-1 yr-1 is achievable, but the industry is looking into a more efficient culture system that could produce quantities meeting the increasing market demand for healthy foods. Spirulina is commonly sold in food/health supplement shops.




          
[image: ]


Fig. (1))


          The traditional (A, B) and thin culture (C, D) systems used in microalgal production. A – open pond/raceways, B – close tube bioreactor, C – thin flat plate bioreactor, and D – thin cascade raceways. (Photo source: Trends in Biotechnology).

        




        

          Dunaliella




          Dunaliella is a bi-flagellated unicellular, naked (absence of cell wall) green algal genus considered the richest natural source of β-carotene, so that species of these algae appear as orange-red instead of green [10]. Aside from β-carotene, an antioxidant, Dunaliella also contains high amounts of fatty acids and protein used in the nutraceutical, pharmaceutical and health food industries. Many species of Dunaliella (e.g., D. salina, D. tertiolecta, D. parva) are produced in large quantities in areas with high solar output, minimal cloudiness, warm climate, and hypersaline waters [11], such as those in Andalusian coast of Spain and Texcoco, Mexico. The downside of the open-cultivation system is product quality and issues of biomass versus quantity of β-carotene, where carotenogenesis is high when growth is least [12].


        




        

          Chlorella




          Chlorella is a green algal genus with species made up of unicells, occurring either singly or in colonies, and are found in both fresh and marine waters. Members of this genus are high in quality protein (40-70% content) and are commonly sold in health supplement shops in the form of tablets. A number of species (e.g., C. vulgaris, C. pyrenoidosa, C. ellipsoidea) initially maintained in agar medium as tube culture, are cultured mainly in earthen ponds in places like Hawaii, Thailand, and Mexico. Chlorella is one of the most important algae with high nutritional value, making it the first ‘superfood’ brought by astronauts to outer space.


        




        

          Future Prospects for Microalgae




          The need for healthy food with a wide range of medical benefits makes microalgae the food of the future. Due to their simple growth requirements abundant in nature – sunlight, water and nutrients, they are easy to grow for mass production. However, harnessing these requirements entails an innovative approach to obtain biomass of commercial quantity per square meter of surface available in an area. Whilst microalgae are mainly waterborne organisms, their mass production relies mainly on the land-based facility in a standard system that meets food-grade quality generally recognized as safe (GRAS). The prospect of microalgae as a source of nutritionally-rich edible oils, including triglycerides, and as animal protein analogues, make the microalgal culture industry more promising than ever before. New technological innovations in the cultural system are making it possible to increase production in a more efficient and sustainable way. For instance, the introduction of biorefinery technology that is being integrated into the circular bioeconomy is slowly resolving the bottlenecks and challenges of microalgal production through the new techniques of recovering and separating the biomass component, as well as minimizing the production of waste products. However, the downstream processes of harvesting and fractionating organic compounds, which account for 40% of the total cost, remain a challenge [13]. Once these processes are resolved, the single-product capacity of biorefinery could gradually shift towards synthesizing multiple high- and medium-value products. This is taking advantage of the fact that a metabolic imbalance during times of stressful culture conditions, such as nutrient depletion, high irradiance, temperature, salinity, pH, etc., can cause the cessation of growth which could redirect the electron flux during the photosystem stage. This then results in the synthesis and hyperaccumulation of certain compounds (e.g., lipids, carbohydrates and carotenoids) that are deemed as commercially important. Moreover, certain metabolites, such as antioxidants (e.g. phycobiliproteins, carotenoids or astaxanthin), can co-accumulate and be harvested at certain stages




          and conditions during culture. Multiple products from a single biorefinery system make the biorefinery approach a more sustainable and cost-effective.


        


      




      

        Macroalgae (Seaweeds)




        Macroalgae are abundant in the marine environment, and thus are also better known as seaweeds. As many species are good sources of food for direct human consumption and are sources of many bioactive compounds for various industrial applications, the term “seaweed” is inappropriate as it connotes undesirable plants (‘weeds’) that are better burned or disposed of. However, the Chinese character of the English word “sea” ([image: ]), which is pronounced as ‘kai’ or ‘umi’ in Japanese, depicts it as “mother”, while the English word “weed” ([image: ]) pronounced as ‘so’ in Japanese, which means “tree”, is a life-giving creature. Thus, seaweed being used as food for man in various forms can be better called into a much kinder word as “sea-vegetable” [47]. Some species are harvested from the wild (e.g., Chondrus crispus, Meristotheca papulosa), while some others are produced through cultivation (Table 1), either through the vegetative method or from spores or gametes. The following species of seaweeds have been cultivated using well-established techniques for a number of years:


      




      

        Pyropia (formerly Porphyra) spp.




        Pyropia, or nori in Japanese, is one of the most important edible seaweeds in the world, with a well-established cultural technology that was developed in Japan early in the 1940’s and well-adopted in China and Korea [30, 31, 38, 42]. The culture of Pyropia begins with collecting mature fronds of the seaweed, which produce both female and male gametes at the frond margins. In a concrete tank, the non-motile spermatia, which are produced in large numbers, passively move towards the female gametes and the zygotes that form after fertilization divide to produce carpospores. The carpospores are made to settle and penetrate within oyster shells spread across the bottom of the tank containing sterilized seawater. The carpospores germinate into the Conchocelis stage (first described by British phycologist Kathleen Drew-Baker). This filamentous stage produces conchosporangia from late summer to early autumn. By late September to early October, the conchosporangia start to liberate conchospores that are then made to settle into seeding nets as artificial substrates placed inside the tank. The liberation of conchospores is promoted by treating the cultures with low-temperature seawater (18-20 oC) 5-7 days before seeding. Regulating light intensity to 800-1000 lux with low seawater temperature further promotes conchospore settlement and adhesion into nets. Several nets can accommodate thousands of conchospores that develop into young thalli, which, after two weeks or so, will form monospores that also develop into new thalli unto the seeding nets. Before transplanting, the nets bearing the conchospores are exposed to the air for 15-20 days to discourage the growth of diatoms that mainly affects the growth of the young thalli. The modern cultivation system of Pyropia is either a system where nets are hung between poles (pole system) that allows emersion of nets during low tides to maintain foul-free cultivars, or a floating system where nets are kept afloat using buoys. The floating method makes it possible to culture Pyropia in deeper waters. As young thalli grow to 1-3 cm in length, the nets are removed from the field and dried on land to reduce the water content of thalli to 20-40% before placing the nets temporarily in cold storage at a temperature of -20oC. These can be returned to the field to continue the cultivation as required, making harvesting of Pyropia possible all throughout the year. Pyropia is harvested using a harvesting boat equipped with a mechanical scraper and the harvested thalli brought and processed further into a land-based facility. Here the seaweeds are washed in washing machines and the minced product poured into wooden frame, dried into thin sheets in an oven dryer and packed. By automating the production of Pyropia, from the nursery to the post-harvest stages of sheeting and drying, Japan has been able to increase its production volume [28, 47]. The strict quality standard being implemented by the nori-producing countries based on the crispiness and “greenness” of nori products determines the qualities that are desired by the market.




        Pyropia can be eaten raw or used as a wrapper in molded rice (sushi), or in some cases, shredded and used as a rice topping. Korea has a unique way of adding value to Pyropia (known there as kim) by adding chili powder to give it a spicy taste [38].


      




      

        Saccharina spp.




        There are at least seven (7) species of the genus Saccharina (formerly Laminaria) that are utilized as food and are mainly produced from culture farms in the temperate cold waters of East Asia (China, Japan and Korea) [30, 31, 38, 48, 49] and in some production areas of Europe (Spain, U.K., Sweden) [50-52] and North America (U.S., Canada) [53] (Fig. 2). Laminaria, a.k.a. sugar kelp, is cultivated starting with fertile sporophytic thalli collected from the wild. The specialized reproductive branch called sporophyll is excised from the sporophyte and placed into a flask maintained under temperature-controlled conditions. Thousands of spores shed from the sporophyll could then develop into filamentous gametophytes. These microscopic structures release male and female gametes, which can then form zygotes that can be seeded by pouring the contents of the flask into seeding ropes placed inside a tank filled with seawater. The seeding rope bearing the young sporophytes is then cut into short pieces, which are then individually inserted into the twine of culture ropes. They are then deployed in the field to further grow the sporophytes into maturity. This method, developed and referred to as force-cultivation in Japan [49], shortens the time of culturing Saccharina from two years to only a year. After harvesting, the crops are washed with freshwater, boiled, dried, and the fronds cut into short pieces and packed. The product is known as kombu in Japanese, which is used as a roll wrap (usually with tuna chunk inside) and as a source of a taste-enhancing ingredient called ‘dashi’ used in much Japanese cooking. However, a high amount of iodine is an issue that prevents the consumption of Saccharina in western countries [51].




        
[image: ]


Fig. (2))


        Harvesting of sugar kelp (Saccharina) from a culture ground in a U.S. seaweed farm. (Photocredit: GreenWave/Ron Gautreau/Seaweed Aquaculture | NOAA Fisheries).



        

          Undaria pinnatifida




          Undaria is a cold-water brown algal genus that grows on rocky substratum from 1 to 8 m depth. Considered an invasive seaweed in some regions of the world (e.g., New Zealand, Europe, U.S. west coast) [54, 55], Undaria is cultivated in Japan as a source of food using methods quite similar to Saccharina production but with an additional genetic tweak that enables the culture of this cold-water species (a.k.a. “northern type”) into warm waters (a.k.a. “southern type”) [37]. The new technique of artificial seeding of zygotes is done by brushing the zygotes directly into a seeding rope which is wound around a PVC frame instead of pouring the zygote suspension into a tank. This takes 6 months to produce young sporophytes that can be grown out into the field, which in turn takes another 2-3 months to reach harvestable size [28]. This method can produce harvestable Undaria crops in less than a year. Undaria (wakame in Japanese) is used as the main ingredient in Japanese miso soup and Korean miyeok-guk and in other food preparations.


        


      




      

        Sargassum spp.




        There are at least four species of edible Sargassum that are utilized as food in Japan, China, and Korea, namely S. fusiforme (formerly Hizikia fusiformis), S. horneri, S. fulvellum, and S. naozhouense [56]. Different species of Sargassum are known to have anti-inflammatory [57], antioxidant [58], anti-diabetic, and anti-obesity [59] activities. The culture of Sargassum has been developed only relatively recently using techniques adopted from Saccharina and Undaria culture, where zygotes from gamete-producing thalli collected from the field are seeded onto seeding ropes or seedling collectors placed in the tank and allowed to grow until they develop into young plantlets ready for out-planting in the field [60-62] (Fig. 3).
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Fig. (3))


        A cultivar of Sargassum siliquosum in a floating long line to produce harvestable crop. (Photo credit: This author).



        Early development of Sargassum is very slow and may take a couple of months in the tank, but the hatchery can be shortened by manipulating the temperature and light conditions (irradiance and photoperiod) and addition of fertilizer [63]. The technique for out-planting seedlings of Sargassum involves inserting seedling-bearing seeding rope into the culture rope similar to those of Saccharina and Undaria. Sexual reproduction is a common method used by most aquaculturists, but vegetative techniques have also been attempted [33] involving the use of young plants collected from the natural population that is clipped between the twine of culture ropes. Out-planting takes an additional 3-9 months depending on the species wherein thalli grow following their annual pattern.




        Edible Sargassum, such as S. fusiforme is rich in nutrients but has to be pre-cooked to remove toxic arsenic the seaweed is known to produce in high amounts.




        

          Cladosiphon Okamuranus




          Also known as Okinawa mozuku, this brown seaweed (under Family Chordariaceae, Order Ectocarpales) which has a soft and delicate thallus, is only produced in the subtropical to tropical waters of southern Japan through mariculture at depths of not more than 3 meters. Its artificial culture begins with sporophytes (macroscopic phase) collected during low-temperature months (October-June). Thalli are placed in seed tanks (6-8 kg/1 tonne tank) made of polycarbonate provided with strong agitation to discharge a substantial amount of zoospores while maintaining water temperature at 24oC [26]. Released zoospores adhere to surfaces of the inner walls of the plastic tank to develop into gametophytes (microscopic phase) that, later on, produce gametes over the summer period (June-October). Towards the autumn period, PVC seed plates (5cm x 10cm, at 300 plates per tank) are introduced into the tanks while the water temperature is maintained between 7.0-30.5oC and culture medium density of 1.032-1.230 (at 15oC) and seawater medium that remains unchanged during the nursery period. This is to monitor adhered gametophytes (seeds) until they are ready to develop into discoidal sporophytes (apothecia). During this period, seed nets are placed into the tanks where microthallic gametophytes begin to grow into macrothallic sporophytes beginning in the autumn period. Seeded nets (arranged in stacks of up to 12 nets) are then transferred into intermediate nursery ground, usually over seagrass beds at less than 1-meter depth. The microthalli develop into juvenile thalli until they are suitable or large enough to be transferred to the main cultivation ground, ideally where there is good water exchange. Here, the direction of water current is important to consider on how the culture nets should be oriented to avoid losses of cultivars. Harvesting is done using a vacuum pump operated from aboard a boat after cultivars reach lengths of about 30 cm (after 80-90 days cultivation). Harvested crops are washed first on shore and again at the processing factory to maintain a high quality that is meant to be consumed as fresh seaweed salad or as a source of phycocolloid fucoidan. The latter is used as an additive in health foods, drinks and cosmetics.


        


      




      

        Eucheuma Denticulatum, Kappaphycus Alvarezii and K. striatum




        Not just as a source of carrageenan, but these red seaweeds are also a source of food for direct human consumption in many Southeast Asian countries such as the Philippines and Indonesia from which the bulk of the cultured crops are produced. These seaweeds are cultivated over shallow reefs where vegetative cuttings are tied to fixed or floating lines, producing harvestable crops after 30-45 days. The culture of these species is well described by several authors [39, 64]. Today, eucheumatoids are cultivated in almost all tropical waters of the world from cultivars mostly originating from the Philippines. These relatively hard or cartilaginous seaweeds are prepared into fresh salad or pickles by cutting them into short fragments; and to make the seaweeds softer, they are blanched in hot water for a few minutes, the water is removed, and the seaweeds are then added with vinegar and garnished with dried fish and spices such as tomato, onion, and ginger.


      




      

        Caulerpa spp.




        The green seaweed, Caulerpa, where balloon-like vesicles characterize some species, thus the popular name ‘sea grapes’ or ‘green caviar’, is known for thallus plasticity, diverse thallus morphologies, including the shape of vesicles. The thallus can be modified by manipulating irradiance, resulting in the seaweed having several varietal names. There are two species of Caulerpa known to be utilized as food: Caulerpa lentillifera and C. racemosa (Fig. 4), although a third one (C. peltata) is considered a subspecies of C. racemosa. C. lentillifera has been cultivated in the Philippines since the 1960’s in earthen ponds with humus soil used for growing milkfish and shrimp. It is also cultured using vegetative cuttings in land-based tanks supplied with clean, filtered seawater. C. racemosa, although abundant in the wild in some areas, is also grown in tanks. Caulerpa is usually eaten fresh after dipping in vinegar and is also used as decorative sidings in several recipes.


      




      

        Monostroma (M. nitidum and M. latissimum) and Ulva spp.




        Monostroma and related ulvoid taxa represent a group of foliose green algae that are utilized as food for direct human consumption and for other purposes (like animal fodder, organic fertilizer, etc.). The harvesting of Monostroma started in Japan, mainly from the natural population growing in brackish waters of river mouths (e.g., Shimanto River, in Shikoku Island) and inner bays. The culture of Monostroma has been going on for some time, but it is yet to develop into a commercial scale [65] (Kida 1990, as cited in [22] Ohno 1993). Mature vegetative fronds of Monostroma undergo gametogenesis in spring to early summer to produce motile haploid, elongated biflagellate gametes. Gametes undergo conjugation to form zygotes (as diploid sporophyte generation) which then increase in size to develop into a spherical body (Codiolum stage) in summer. At maturation in autumn, the sporophyte produces quadriflagellate zoospores, which germinate and develop into the foliose fronds. The culture of Monostroma follows this cycle involving, first, the collection of spores using spore collectors made of nets placed in the natural grounds where the seaweed is expected to appear in early autumn. Due to the increasing incidence of pollution, this practice of spore collection from natural grounds has been replaced by artificially seeding gametes into seed collectors during neap tides in April [22].
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Fig. (4))


        Caulerpa racemosa (left) and Caulerpa lentillifera (right) – two of the most common species utilized as food for direct human consumption.



        On the other hand, Ulva can be differentiated from Monostroma in having two-cell layered thalli (distromatic) and thus appear darker in color than the latter, where the thalli are composed of a single cell layer and thus are lighter green. Ulva is also harvested from a natural population in eutrophied waters where loosely attached, if not, floating thalli occur in abundance, sometimes in a proportion that creates environmental problems referred to as ‘green tides’. Provided Ulva comes from unpolluted water, it is considered as GRAS and is fit for human consumption. The seaweed, however, can be cultivated in controlled environmental conditions to produce food-grade products, such as in land-based tank facilities supplied with nutrient-rich deep ocean water [23] (Fig. 5). Having an isomorphic alternation of generation, Ulva can be artificially cultured using either sporophytic or gametophytic thalli to obtain spores or gametes, respectively. Mature fronds produce the reproductive structures when artificially stimulated using warm water temperature, releasing them to settle on artificial substrates like nets and ropes.




        Together, with Monostroma, Ulva is harvested, cleaned by washing in fresh water and dried to crispiness that makes them suitable for making into fine powder or flakes, to be used as condiments in various food recipes such as the popular ‘okonomiyake’ or snack food like crackers and cakes (Fig. 6).
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Fig. (5))


        Land-based culture facility in Cape Muroto, Kochi Prefecture, Japan using nutrient-rich deep ocean seawater supplied to tanks for the production of high-value marine species including seaweeds (e.g. Ulva prolifera as shown here). (Photocredit: Alvin Monotilla).
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Fig. (6))


        Mixed Monostroma and Ulva used as condiments (flakes) applied to popular Japanese snack foods such as ‘okonomiyake’, chips and cakes.

      




      

        Gracilaria spp. and Gelidium spp.




        The red seaweed Gracilaria, aside from being one of the main sources of the phycocolloid agar [42, 43], is an edible seaweed consumed directly by coastal people in many parts of the world, either prepared in pickled form (especially in Asia) or as an extract. Agar from Gracilaria is used in food and drinks as a gelling agent in desserts, a thickening agent in juices and beverages, and an extender in canned meat and other food products. The seaweed is harvested mainly from natural population in brackish to marine waters, especially in protected bays and lagoons, or cultured vegetatively in earthen ponds and land-based tanks, or propagated using bottom culture techniques in shallow waters (either by tying fragments in sand-filled plastic tubes or inserted directly into loose sandy or sandy-muddy bottom, as practiced in Chile and other parts of the world, or simply spread at the bottom of ponds (Fig. 7). Gracilaria is also used as a component in integrated aquaculture of fish and shrimp to serve as a biofilter of inorganic wastes. High-value product from Gracilaria includes bacteriological-grade agar and agarose used for biotechnology applications. Food-grade agar from Gracilaria and Gelidium is processed in Japan using a traditional method of freeze-thawing the agar extract in the open air (Fig. 8), after which they are dried and further processed into powder, in flakes, or in strips.
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Fig. (7))


        Typical earthen culture ponds where Gracilaria is cultured by spreading fragments directly into the bottom made up of soft substrate.
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Fig. (8))


        Traditional way of drying agar after extraction process in the freezing open air in the mountains of Nagano Prefecture, Japan. (Photo credit: Prof. Masao Ohno).



        

          Capsosiphon Fulvescens




          This green algal species is a newly cultivated species in Korea (Sohn 2004), similar in principle to Saccharina and Undaria culture. The species has been assessed to be high in protein retinol and ascorbic acid [18], which are found to have several health benefits. The polysaccharides extracted from C. fulvescens (both crude and fractionated) have been found to strongly stimulate macrophage cell lines, producing considerable amounts of nitric oxide (NO) and prostaglandin E2 (PGE2), suggesting strong immunostimulatory properties, with potential application as immunostimulant [66]. Made into powder (mesangi in Korean), the use of this seaweed as an additive in food products is continuously explored in Korea [67-69].


        


      




      

        Codium spp.




        The green algal genus Codium has been utilized as food in some countries, especially in Asia. The seaweed is known to be rich in vitamins, amino acids and minerals. The experimental culture of Codium (C. fragile) has been pioneered in Korea using both sexual and asexual method of reproduction [70]. The seaweed is used as an additive to kimchi, a traditional fermented vegetable [20].


      


    




    

      GLOBAL PROSPECT OF ALGAL UTILIZATION IN THE FOOD INDUSTRY




      Seaweeds and microalgae will continue to be a major source of food and food ingredients for human consumption, which are not only low in calories but high in nutritional content with a lot of health benefits. In 2018, the global macroalgal production was placed at 32.39 million tonnes, with 8 of the top ten major producing countries coming from Asia (China, Indonesia, Republic of Korea, Philippines, People’s Democratic Republic of Korea, Japan, Malaysia, Vietnam) [71]. These are mainly seaweeds grown in different agronomic systems with a fast turnover of biomass used as food or as raw materials for the extraction of phycocolloids such as agar, carrageenan and alginates. In addition, global microalgal production, has been estimated to be less than 20,000 tonnes, mainly from raceway ponds [72]. Of the more than 11,000 species listed in Algaebase (www.algaebase.org), only a few hundreds have been recognized as edible species, leaving the majority of species in the list still unexplored and unexploited for their usefulness as either food for humans or as sources of bioactive compounds that have health benefits, such as those found to have anticancer, anti-inflammatory, antimicrobial, antihelminthic, antiobesity, antidiabetic, antilipidemic, anticholesterolemic, and so many other health benefits, not to mention that some species are gaining popularity in the health and wellness industry. On the other hand, some algae have been recognized as sources of feedstock with high nutritional content used in animal production (including aquatic species in aquaculture), while some other algal species are also being recognized as having the convertible biomass to be used as organic fertilizer (e.g., Ulva, Asparagopsis, kelps) or biostimulants, because of their hormone-like activity (e.g. Eucheuma/Kappaphycus, Sargassum, Ascophyllum, Ecklonia) for agricultural crop production – both contributing to the world’s food security. With the human population continuing to expand, especially in less developed countries, and the terrestrial spaces used for agriculture becoming smaller and smaller everyday due to conversion of spaces for housing and industrial uses, algae from the ocean will be the only remaining sustainable food reserve that mankind can exploit in the future. The availability of these algal resources will depend, to some extent, on the health of our oceans and water bodies and on the continuous improvement and innovation in algal culture techniques for the different species to be produced and utilized. For instance, improvements in photobioreactors, such as the development of biorefineries for microalgal production of high-value products, offer a brighter prospect for more microalgal species to be exploited as sources of functional foods. The increasing demand for polysaccharides from seaweeds for food and other applications requires the production of seaweed biomass that is not only of high quality but also of quantity that can be possible in the wider oceanic space. Besides, with warming seas due to global warming and climate change, it is now imperative that seaweed farming be done in areas where water temperature and other conditions are within an optimal range for growth. Indeed, most phycologists agree (e.g., discussion forum of Phyconomy Coalition, www.phyconomy.org) that, to overcome high water temperature in the shallow coastal waters, is to move the farming of seaweeds to the deeper offshore waters where water temperature and salinity conditions are more stable. Of course, this should be carried out within the Exclusive Economic Zone of a particular maritime country or a defined zone within the EEZ such as a 3-mile distance from the shore in the case of the United States [73]. However, the challenge of often rough seas in offshore areas during stormy weather conditions that could destroy culture lines, thus to crop loss, needs to be overcome by constructing a more durable and robust floating structures in the open sea. This has been demonstrated in kelp farming by designs developed in the U.S. (e.g. Marine Biomass Program), northern Spain, North Sea, Netherlands (SPAR Buoys and H-frame), Norway (e.g. Seaweed Career), Republic of Korea (e.g. Tension-Led Plantform), Chile (e.g. BioArchitecture Lab), and Faroe Islands (e.g. Macroalgal Cultivation Rig) [73]. The high installation cost that hindered the development and execution of offshore seaweed cultivation will have to be offset by the value of the products developed from the cultivated seaweeds. On the other hand, the option of cultivating seaweeds that produce food-grade quality and or high value products can be done in land-based aquaculture tanks supplied with nutrient-rich seawater. Such is the use in Japan of deep nutrient-rich ocean water pumped from more than 300 meters below the surface [74], in the culture of desirable marine species including, among others, seaweeds such as Ulva prolifera, Saccharina spp. and Undaria spp. Using open rectangular tanks supplied with the deep ocean water, growth of Ulva, for instance, has increased growth performance of cultivars with the desirable quality of products.


    




    

      THE VALUE OF ALGAE AS FUNCTIONAL FOOD




      The diversity of algae found in the world’s water bodies is yet to be fully exploited for their potential as an edible food source. Tropical regions with high algal species diversity could be sources of a large number of edible algae with functionalities that relate to human health (e.g [75-77].). The literature is full of information showing that algae are excellent sources of functional food with high nutritional properties [78]. Many species have been investigated in experiments with animal models and human cell lines to have strong immunostimulatory (e.g [75].), antioxidant (e.g [58, 76].), antihypertensive [79, 80], antiobesity [59, 79], antidiabetic [80, 81], anti-inflammatory [82, 83], and antimicrobial properties [76, 84, 85] that address various diseases and health deficiencies. The worldwide increase in lifestyle diseases brought about by a boom in ready-to-eat convenient food which are mostly lacking in nutritional elements, makes algae and seaweeds a better alternative food and food additives for people who are health conscious.


    




    

      SUSTAINABLE SEAWEED INDUSTRY THROUGH INTELLECTUAL PROPERTY PROTECTION FOR NEW STRAINS OF EDIBLE SEAWEEDS




      High on the agenda among countries with an active seaweed industry is the continuous improvement of their genetic stock to support a sustainable industry. Some seaweed producing countries (e.g. China, Japan, Republic of Korea) have joined the International Union for the Protection of New Varieties of Plants (UPOV) which, to date, has 77 member countries. For example, Republic of Korea significantly increased its seaweed production after it joined the UPOV on January 7, 2002 (UPOV Publication 423) and enacted a law exercising its intellectual property rights over 19 new varieties of seaweeds [86]. These consist of 13 Pyropia, 5 Undaria, and one Saccharina – three of the most commercially important seaweeds in the world for their use as source of food and polysaccharide extracts. Also known as “plant patent”, new plant variety protection requires that the new variety has distinctness, uniformity and stability (DUS) and by affording exclusive rights to the developer of these new varieties encourages further development of more seaweed varieties that could lead to better quality crops. Efforts to develop fast-growing seaweed varieties, disease and pest resistant, and producing high-value products are ongoing at various levels of development in many seaweed-producing countries. Indeed, Korea became a major player in the seaweed industry and is now the third top seaweed producers in just a decade or so, next only to China and Indonesia [71]. New strains of the main source of carrageenan, species of Kappaphycus, have been developed both in the Philippines [87] and Brazil [88, 89] to address the carrageenophyte’s deteriorating productivity and increasing susceptibility to ‘ice-ice’ disease. While genetic improvement has been made in microalgae such as Hematococcus [90] and Dunaliella [91], genetic improvement has also been undertaken for macroalgae, such as in edible seaweeds Pyropia (as Porphyra) and Gracilaria, with the aim at producing high-quality seaweeds with improved productivity, and species that avoid inbreeding and loss of genetic variability [92]. Modern techniques to genetically improve cell lines are available [93] for various seaweed crops to sustain mankind’s future source of healthy food.


    




    

      CONCLUSION




      The ocean is indeed a rich source of edible algae, but of the more than a hundred species known to be fit for human consumption, only a few species (e.g., Spirulina, Chlorella, Pyropia, Saccharina, Undaria) have been utilized on a commercial scale that has established methods for culture and mass production, either in a land-based facility or in the open sea. Many other species that are known for their gastronomic functionalities are yet to be fully developed to be well appreciated by culinary enthusiasts. I hope that this chapter is able to ignite the curiosity of the uninitiated and help explore further the many uses of algae for all their health benefits for healthy living.
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      Abstract




      Microalgae are unicellular autotrophic and heterotrophic microorganisms that can exceed the areal productivity of land plants by order of magnitude. Microalgae are producers of food, medicines, high-value bioactive substances and biofuels. They are highly adaptable, allowing them to thrive in freshwater and saltwater, and can be cultivated on non-arable land. Different cultivation methods have varying effects on the yield of bioactive substances produced by microalgae. As such, selecting the appropriate cultivation conditions is imperative for efficient compound production. This chapter summarizes the current state of microalgae cultivation, techniques for overproduction of high-value nutraceuticals, and future prospects, with the aim of providing the reader with fresh ideas for the cultivation of microalgae for human health.
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      INTRODUCTION




      Light, carbon dioxide, and water give life to plants. Through photosynthesis, plants convert these three components into important carbohydrates for growth and reproduction. However, traditional agriculture requires fertilizers to promote plant growth during cropping, which has led to the loss of soil nutrients and greenhouse gas emissions from fertilizer production [1]. Due to the scarcity of arable land, human demand for protein and oils has led to extensive deforestation in the Amazon and other tropical rainforests [2]. The substantial increase in demand is likely to cause more damage, and the environment, in turn, affects animal or plant production, creating a negative feedback loop. Nowadays, various extreme weather events and natural disasters show that Earth urgently needs to




      restore and maintain the functionality of the ecosystem as soon as possible. Microalgae are likely to have a reduced impact on the environment as they are much more productive (approx. 70 times more protein yields than soybean), and their cultivation does not depend on arable land or freshwater resources [3]. As the materials and equipment for production are simple and easy to obtain, microalgae can be grown in large quantities [4]. Microalgae-derived compounds are considered environmentally friendly agricultural products, and, therefore, the microalgae industry has been developed extensively to help achieve sustainability and production goals.




      According to data from the United Nations, more than 2 billion people are affected by micronutrient deficiency, of which 159 million are children [5]. Healthy people must not only meet the recommended daily calorific intake but also ensure a balanced diet [6]. Presently, fish such as salmon are the primary source of dietary omega-3 polyunsaturated fatty acids (PUFAs). However, many people find it difficult to access fish due to geographical location or costs. Fisheries are one of the hardest-hit industries due to unsustainable harvesting practices. Over-fishing has led to a decrease in fish populations and a decrease in diversity [7]. At the same time, marine pollution reduces fish production and quality [8]. Fish provides fish oil (which contains PUFAs) and high-quality protein. These nutrients can also be provided by edible microalgae, which contain a large amount of omega-3 fatty acids and amino acids. Indeed, fish acquire these compounds from microalgae through the food chain. Microalgae can therefore be seen as a food substitute for fish. Nannochloropsis spp. and Chlorella minutissima are rich in the omega-3 unsaturated fatty acid EPA (eicosapentaenoic acid; 20:5,n-3), while Cryptomonas spp. is high in levels of DHA (docosahexaenoic acid; 22:6,n−3). Microalgae also produce polysaccharides, protein, folic acid and vitamins [9]. Cultivation and extraction of these metabolites with high efficiency and low cost as dietary supplements or nutraceuticals is a promising aspect for future research.


    




    

      MICROALGAE AND THEIR METABOLITES




      Microalgae are microscopic organisms that typically source their energy from photosynthesis, living in both fresh and marine water. Microalgae include a wide range of prokaryotic or eukaryotic microorganisms, such as cyanobacteria, diatoms, protists, and unicellular plants [10, 11]. Microalgae have a simple cell structure. They exist in aquatic conditions as single cells, chains or groups. Unlike plants, algae do not possess specialized tissue types, such as roots and stems, which results in reduced growth rates of plants compared to microalgae.




      Consistent with their simple cell structure, microalgae growth conditions are usually simple and easy to establish, requiring only light, carbon dioxide, water and nutrients (mainly phosphorus and nitrogen). Microalgae can use photosynthesis to convert light energy into chemical energy for cell development or organic synthesis. The main chemical components produced by microalgae are a variety of lipids, high-quality proteins, and carbohydrates.




      As microalgae mature, they gradually accumulate lipids and carbohydrates as energy reserves. The production of PUFAs is typically highest during exponential growth, as they occur predominately in the form of polar lipids in membranes. PUFA content reaches its peak at the end of the exponential phase, before nitrogen deprivation starts to occur, after which saturated fatty acids in the form of triacylglycerides dominate [12]. In some microalgae, such as Nannochloropsis, the mass fraction of EPA in the cell increases with time, but the relative proportion of EPA within the lipids remains unchanged unless culture conditions are varied [13].




      In order to adapt to the environment, microalgae will quickly adjust the components in the cells during the growth process. Many of these components have multiple biological activities and can be used as food additives, nutritional health products and even pharmaceutical products [14, 15]. Therefore, microalgae are regarded as feedstocks for nutraceuticals with great market potential.




      Among the various metabolites obtained from microalgae, fatty acids have received special attention due to their nutritional importance and rich content. Some microalgae species can produce a large amount of PUFAs and have the potential to replace animal oil and vegetable oil. The two most important omega-3 PUFAs, EPA and DHA, have been implicated in the prevention of cardiovascular diseases and are important for infants’ brain function, nervous system development and eye development [16, 17]. Regular consumption of omega-3 fatty acids can prevent high blood pressure, hyperlipidemia, arrhythmia, myocardial infarction, and thrombosis by increasing the high-density lipoprotein/low-density lipoprotein (HDL/LDL) ratio and reducing the total cholesterol/HDL ratio. For example, oil extracted from Crypthecodinium cohnii contains 40% to 50% of DHA, and from Nannochloropsis oceanica contains 25% EPA which, when cultivated at a large scale, can be used as sustainable sources for omega-3 fatty acids [12].




      Carotenoids, especially β-carotene and astaxanthin, inositol, folic acid, calcium pantothenate, niacin, and vitamins A, B2, B6, B12, C, and E are common nutraceuticals [18]. The β-carotene in the green alga Dunaliella salina is as high as 14% of its dry weight. It is considered a safe vitamin A supplement product, which can maintain the health of the eyes and skin and prevent night blindness. Inositol is extracted from Nannochloropsis oculata with a content of about 20.32% in monosaccharide extracts, which has a positive effect on the female reproductive system [19, 20]. Long-term use of folic acid can reduce the risk of stroke, and cardiovascular and cerebrovascular diseases, which is essential for the development of the baby's neural tube. Picochlorum sp. contains high concentrations of folic acid, with a total folate content of up to 6.5 mg/100 g [21]. Alkaloids, flavonoids, pigments, phenols, saponins, steroids, tannins, and terpenes are also secondary metabolites of microalgae. They are bioactives for medical treatment, pharmaceuticals, plant growth, insect resistance, and disease resistance [22].




      The edible aspect of microalgae has a long history. The earliest record shows that Spirulina spp. was used as food in the 16th century [23]. Later, due to food shortages caused by the Second World War, people used microalgae as a source of protein [24]. Today, modern microalgae production has a history of more than 30 years.


    




    

      MICROALGAE CULTIVATION TECHNIQUES




      The cultivation conditions of microalgae are one of the most important factors affecting the quantity and quality of algal nutraceuticals. Cultivation technology can be divided into biological factors and non-biological factors. Biological factors include the incorporation of bacteria, rotifers, etc. Non-biological factors include the cultivation system, culture concentration, light, temperature, pH, salinity, nutrients, and plant hormones [25, 26].




      Recently, knowledge of microorganisms as biological fertilizers to stimulate the growth and metabolite productivity of microalgae has made substantial progress [13]. Added probiotic bacteria can mutually influence the physiology and metabolism of photosynthetic microalgae. Bacteria can provide nutrients for algal growth and can improve the productivity of some nutraceuticals via the secretion of plant growth hormones [27]. This relationship is described in Fig (1).




      The selection or breeding of bacteria beneficial to the growth of microalgae where bacteria from nature are adapted to co-culture with algae, is a field that has only recently begun to be explored with promising results [28]. Its basic steps are to collect bacteria in nature, eliminate pathogens harmful to the human body, and co-culture microalgae with plant growth promoting bacteria (PGPB) that have the characteristics of promoting plant growth. Bacteria promote the growth of microalgae generally in the following aspects; firstly, symbiotic nitrogen-fixing bacteria such as Rhizobium, Azorhizobium, Azospirillum, and Enterobacter can convert the inert nitrogen in the air into ionic nitrogen that can be directly absorbed by algae/plants [29]. Under mixed nutrient growth, the biomass obtained of co-cultured Chlorella vulgaris and Rhizobium was three times higher than that of axenic algal cultures, and the fatty acid content was 13 times higher [30]. Additionally, phosphate solubilizing bacteria can release the ineffective phosphorus in minerals into a bioavailable form that is absorbed by microalgae under the catalysis of alkaline phosphatase [31]. Some bacteria, such as Azospirillum, can induce cell division and differentiation by producing plant hormones, like auxins or gibberellins [32]. Auxins such as indole-3-acetic acid (IAA) can also trigger microalgal lipid synthesis [33]. Moreover, siderophores are an important mediator of the interaction between microalgae and bacteria, which can cause interactions such as cooperation, utilization, and competition between the two. Siderophores are small-molecule iron chelates secreted by bacteria at low intracellular iron concentrations [34]. They can be divided into four categories: catecholate, phenolate, hydroxamate, and carboxylate [35]. Insufficient iron will also reduce the cell's chlorophyll concentration and carotenoid composition and limit photosynthesis, but excessive iron may be toxic to the growth of algae. Bacteria, Idiomarina loihiensis RS14, increased the fat content of Chlorella variabilis by 7% under iron-deficient conditions [36].




      
[image: ]


Fig. (1))


      The symbiotic relationship between microalgae and bacteria. In general, bacteria are able to provide inorganic nutrients such as nitrogen, phosphorus and sulfur through remineralization. Microalgae provide dissolved organic matter in return, which is produced by photosynthesis. Some specific bacteria engage in the secretion of cofactors such as vitamin B or use siderophores to bind iron in the water, which is usually limiting in seawater. At the same time, microalgae support nutrient resources through the turnover of dissolved organic carbon and debris of old cells.



      In 1994, Fuqua proposed quorum sensing, that is, during the growth of microbial populations, the increase in population density leads to changes in their physiological and biochemical characteristics, and regulates the specific expression of certain genes as well as physiological functions and lifestyle habits [37]. Some evidence suggests that microbes and bacteria affect each other through the secretion of recognition of quorum sensing molecules [38]. In one study, quorum sensing molecules extracted from wastewater improved the growth of Chlorella sp. and had a positive impact on lipid production. To be more specific, the expression of genes encoding enzymes responsible for fatty acid synthesis was significantly up-regulated, and the lipid content, lipid productivity and production all increased [39].




      

        Photobioreactor Systems




        One of the most important parameters in algae cultivation is the type of photobioreactor (PBR) system used. The systems can be divided into two kinds: a closed system and an open system, with respective advantages and disadvantages. The most optimal culture system varies depending upon the microalgae used and the desired product.




        

          Closed PBR Systems




          Closed PBRs come in various styles, such as vertical tube PBRs, horizontal tube PBRs, stirred tank PBRs and flat panel PBRs. The vertical tube PBR has two forms, bubble column and airlift column. The air or CO2 pump is located at the bottom of the vertical tube PBR, which mixes algae and culture fluid through the power of bubbles rising and bursting [40]. The net photosynthetic activity of the microalgae can be improved by the “flashing light effect”, that is, the light with changing brightness, thereby increasing the productivity of microalgae biomass and overall photosynthesis effectiveness [41]. Because of the air injection, the surface area of the interface between the culture medium and carbon dioxide increases. The top of the column usually has an outlet for air exhaust, which reduces the negative effect of oxygen on the growth of algae. However, the bottom of the bubble column will cause algal cells to settle if insufficient pressure is used [42]. Vertical tube PBRs have a high average photosynthetic efficiency and volumetric productivity because they have a low incident photon flux density on the surface of the reactor. Therefore, the biomass yield per unit area is high, which is suitable for large-scale cultivation, but considering the cost, it is only suitable for the production of high-value products.


        




        

          Horizontal Tube PBRs




          Horizontal tube cultivation systems usually comprise a long horizontal tube stack or ring. The tubes are generally thinner, and the light source has higher permeability. Its shape gives advantages to light-loving microalgae, resulting in high light conversion efficiency. An artificial light source changes the parameters to stimulate the growth and metabolism of algae [43]. Horizontal tube PBRs generally use an automatic evaporative cooling system to control the temperature. In order to avoid the precipitation of algal cells, some PBR tubes require high flow rates, which may cause the rupture of some thin-walled microalgae such as Spirulina. Installing an internal mixer can prevent this from happening but at a higher cost. This PBR covers a large area and is suitable for large-scale cultivation in factories. Compared with horizontal tube PBR, the dissolved oxygen content ratio is higher in vertical tube PBRs because the pressure in the system is higher and thus, the solubility is increased [44].


        




        

          Flat Panel PBRs




          The flat panel PBR is the most common PBR used to cultivate microalgae. It is made of transparent materials such as glass, in a flat cube form, and can be inclined at an angle. It is equipped with a culture fluid inlet, outlet, aeration and an exhaust port. The diversion devices divide the PBR shell into an algae liquid rising area and a descending area [45]. The aeration port provides a suitable concentration of carbon dioxide and removes oxygen in time. Under the action of the air-lift driving force, the culture fluid circulates in the reactor [46]. Obviously, the photosynthetic efficiency of this device is very high, and the biomass production efficiency is very impressive. However, it also has some disadvantages, for example, algae can easily adhere to the transparent wall, which negatively affects light penetration. Expansion of cultivation requires materials of larger specifications, which is inconvenient for fabrication, installation and transportation. In addition, PBRs are generally hard to clean and it is also a problem that it is difficult to control the culture temperature. If the surface area is too large, heat dissipation becomes a design constraint, as microalgae typically grow optimally in warmer temperatures.


        




        

          Stirred Tank PBRs




          A stirred tank PBR has the most traditional stirring method, which is similar to a fermentation tank. It is stirred by the mechanical movement of impellers of different sizes and shapes [47]. It can mix algae well and ensure uniform light, nutrient absorption and heat transfer. The use of baffles can increase turbulence which promotes gas exchange. The air introduced at the bottom provides a carbon source for the algae, and artificial light sources are added [44]. The light exposure area is not as large as the first three photobioreactors, which affects the efficiency and absorption of light energy into chemical energy. Currently, this equipment is only used in small-scale cultivation or laboratories probably because of the suboptimal light exposure.


        


      




      

        Open-Pond Cultivation Systems




        Open-pond microalgae cultivation systems cannot ensure contamination-free operation and are greatly affected by the environment, but it is cheap and suitable for large-scale, low-cost cultivation. As large volumes can be used, i.e., a full-scale 1-acre raceway pond usually contains > 1.2 million L, the water is less prone to temperature fluctuations. Common open-air cultivation methods include unstirred and raceway-type ponds where water circulation is assisted by paddle wheels. Rapid growth of dominant microalgae is needed if algae are to be grown continuously (e.g., Nannochloropsis spp.). Alternatively, a batch process can be used where open ponds are inoculated from clean cultures grown in closed PBRs (e.g., Haematococcus pluvialis). To ensure optimal growth, raceway ponds are typically less than 30 cm deep and require frequent nutrient supply, pH regulation by addition of CO2, and control of grazers (e.g., by ammonia or pH changes). As open raceway ponds are typically quite large, it is important that microalgae in continuous systems are monitored for cell culture density and harvested within the window of exponential growth (i.e., avoid over- and under harvesting). Open raceway ponds are by far the cheapest way of growing microalgae and are popular within the industry for the growth of Spirulina, Chlorella and Nannochloropsis.


      




      

        Attached Microalgae Cultivation




        Attached microalgae cultivation is a relatively new concept. It means that microalgae grow in the form of a biofilm, attached to the surface of a supporting matrix. It is different in structure from the closed systems and open systems above, but the basic growth elements are the same (all need light, water, nutrition, carbon dioxide). This system is easier to harvest and consumes less energy. For example, Chlorella vulgaris grown on biofilms saved 99.7% of energy required for dewatering and drying [48]. Since microalgae adhere to the support matrix, the density is very high, with about 15% w/w solids and the water flow cannot take it away, so it is easy to change the concentration and composition of the cultivation medium. For example, attached microalgae cultivation can more easily provide a nitrogen starvation environment that is conducive to promoting lipid synthesis. It is more water-saving, relatively compact, and has higher light energy conversion efficiency and biomass production efficiency [49]. This mode is suitable for spherical or slightly oblong cells of approximately 10–12 µm, such as Chlorococcum sp [50]. Some articles show that the protein content of microalgae cultivated in the attachment system is higher, but the results are influenced by various conditions [51]. The cultivation support material of the system is a big problem as it cannot meet the demand of large-scale cultivation, due to its high cost and not being recyclable. In conclusion, attached microalgae cultivation as a novel cultivation system has the potential for large-scale cultivation, and it also meets the needs of contemporary industrial energy conservation and emission reduction.


      




      

        Light




        Light provides the requisite energy for the growth of microalgae. Light intensity, wavelength and light duty cycle will affect the efficiency of microalgae photosynthesis and nutrient production. Different types of microalgae respond differently to light intensity and photoperiod [52]. First of all, different algae have different light compensation points and saturation points, and light intensity has different effects on biomass yields. When light intensity increases, the microalgae will respond to it, increasing productivity and accelerating reproduction. However, when the light intensity exceeds the light saturation point, the algae will be photo-inhibited under stress, and photosynthetic efficiency will decrease. In order to obtain more expensive nutraceuticals at the same time, it is very important to master the light compensation and saturation point of microalgae, as well as their correct mix of colors that make up the “light quality”. For example, in an experiment on the influence of light intensity on Chlorella vulgaris, an increase of light intensity from 37.5 μmol photon m-2 s-1 to 62.5 μmol photon m-2 s-1 resulted in an increase in biomass, but at 100 μmol photon m-2 s-1, the phenomenon of light suppression occurred at times [53].




        An increase in light duration is related to an increase in specific growth rates. The light and dark responses of photosynthesis have different functions. Light reactions synthesize ATP and NADPH, and dark reactions are responsible for the formation of the photosynthates (sugars). Therefore, the length of illumination greatly influences the content of organic matter in microalgae, such as protein, carbohydrate, lipid, and vitamins. An increase of the illumination time from 8 h to 16 h positively affected the production of C. vulgaris biomass [54]. Moreover, with the increase in light time, saturated fatty acids showed an overall upward trend, while monounsaturated fatty acids and polyunsaturated fatty acids showed a downward trend. The synthesis of saturated fatty acids requires a large amount of ATP and NADPH produced by photosynthesis. It is possible that microalgae convert the excessive light energy absorbed into saturated fatty acids in order to protect themselves. As many nutraceuticals are unsaturated fatty acids, attention should be paid to the relationship between growth and the efficiency of unsaturated fatty acid synthesis. Different wavelengths also can be used to stimulate the biosynthesis of specific compounds. For example, blue light was found to be advantageous to stimulate astaxanthin production in H. pluvialis [55].


      




      

        Flashing Light




        High-frequency flashing of 10 kHz LEDs has been used in the cultivation of microalgae in order to enhance photosynthetic efficiency [41]. This occurs through the prevention of non-photochemical quenching, which is a system whereby microalgae dissipate excess light as heat. This operation is to avoid damage caused by light saturation and the accumulation of unsaturated fatty acids, which are diminished by oxidative stress triggered by light saturation [56]. By pulsing the light, the photosynthetic apparatus allows time for the reaction centre to return to a basal state, and thus can accept more photons per unit time compared to continuous illumination. Further, pulsed light is more cost-effective than continuous illumination as the duty cycle (i.e., the period of time a light is on and consuming electricity) is reduced [57, 58]. It has been reported that compared with a constant light source, flashing light can promote biomass accumulation and growth of the microalga Dunaliella salina [59]. The vertical photoreactor uses this principle.


      




      

        Dark Treatment




        Microalgae in an organic carbon-rich culture medium do not need to undergo photosynthesis and grow heterotrophically, thereby increasing the per unit area yield of microalgae biomass and lipid. It is reported that lipid contents of Scenedesmus sp. increased more than 60%, and Chlorella sp. produced 80% more lipids in 11 days of dark growth [60] compared to control under normal conditions. In a recent study by Chua et al., 2020, the EPA content of N. oceanica grown under light followed by a dark period increased by 85.9% compared with control cultures, as thylakoids membranes (that harbor phospholipids with EPA) were more abundant [61].


      




      

        Temperature




        The temperature has a great influence on the growth of microalgae and the biochemical composition of their products. Temperature increase, in general, is associated with a significant decrease in protein content and an increase in lipids and carbohydrates, and vice versa. But there are some differences depending on the species. For example, low temperature positively affected the protein content and quality of the algae Chlorella UMACC 234, and Chlorella UMACC 237. However, the protein quality of Navicula UMACC 231 and Stichococcus UMACC 238 did not increase at 6-9°C. The percentage of PUFA in Navicula UMACC 231, especially the percentage of EPA, also decreased [62].


      




      

        Cold Treatment




        A cold shock is a common approach to stimulating cold-adapted microalgae to produce high biomass products. The optimum growth temperature of most microalgae is generally 25°C, and cold treatment is generally to control the temperature at 5, 10, 15, and 20°C [63]. For example, after 3 days of 15°C cold treatment, the EPA content of N. oceanica increased from 26% to 36%, which was higher than that at 30°C. At the same time, the carotenoid content was higher, which may be caused by the combined oxidative stresses caused by changes in the ambient temperature [61]. For Nannochloropsis salina, the optimum temperature for producing EPA was found to be 20°C [64].


      


    




    

      CONCLUSION




      In summary, microalgae cultivation is strongly influenced by different cultivation techniques, and appropriate conditions may induce the best yield of the desired product. Table 1 summarizes examples of how valuable metabolite biosynthesis in microalgae can be induced by various cultivation techniques. With the deepening of research on microalgae, low-cost and environmentally friendly technologies will positively impact the production of microalgae. For industrial cultivation, the main dilemma lies in the high cost of harvesting and processing. In the future, significant cost reductions can be expected from automation and artificial intelligence that learn to stimulate and maximize nutraceutical biosynthesis from microalgae under varying cultural conditions.




      

        Table 1 Examples of induction treatments for the biosynthesis of valuable compounds in microalgae.




        

          

            

              	Microalgae



              	Desirable compound



              	Induction conditions



              	Reference

            


          



          

            

              	Most marine microalgae and some freshwater microalgae (e.g. Tetraselmis spp., Chlorella spp.)



              	Triacylglycerides



              	Nitrogen starvation in the light



              	[65]

            




            

              	Dunaliella salina



              	Beta-carotene



              	Nitrogen starvation in bright light under high salinity; plant hormone methyl jasmonate



              	[66]

            




            

              	
Nannochloropsis spp.



              	Eicosapentaenoic acid



              	Rapid cell division (exponential growth) followed by cold and/or dark treatment; growth-promoting bacteria



              	[12, 13]

            




            

              	
Haematococcus pluvialis



              	Astaxanthin



              	Nitrogen starvation in bright light (especially blue light)



              	[55]
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