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Abstract Microalgae are a sustainable food source for humans and aquatic organisms, and this study
explores their nutritional and physiological importance. Marine and freshwater microalgae exist as
microscopic photosynthetic organisms. In aquaculture, microalgae are used as food and as live feed for
bivalve mollusks, juvenile stages of abalone, crustaceans and some fish species and as zooplankton in food
chains. Using microalgae for food and aquatic feed is a sustainable and economically beneficial process.
As a source of protein, omega-3, fatty acids and carotenoids, microalgae are more nutrient-dense than
traditional forms of animal and aquatic feed, such as millet, grams and other small fish. In addition to
being nutritious, they contain antioxidants, antimicrobials and disease-preventative molecules, extending
the lifespan of humans and fish.
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Introduction

Human population is growing steadily, which leads to an increased demand for food products and increased
use of agrochemicals. The world population in 2017 was 7.6 billion people and projected to rise to 9.8
billion by 2050 (Saxena et al. 2021). Some studies reveal that food production must be doubled by 2050
to meet the expanding demand (Tilman et al. 2011; Alexandratos and Bruinsma 2012). There were many
valuations projected to increase the production feed of 25-60% by 2050 (Hunter et al. 2017). It is important
to conserve the lands and water bodies that we have or might locate for the production of food and feed. In
this review, we analyzed the alternative food scenario for the human and aquaculture demands to their
dietary requirements. Another essential part of agriculture is aquaculture, which treated the breeding and
harvesting of marine - freshwater species of fish and plants in different water systems like rivers, oceans,
ponds and lakes As reported by Godfray et al. (2018), the use of exogenous feed increases aquaculture
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production yield to 66% in 2015. In response to this increase in demand, aquatic products have been used
six times as much, growing from 8 million tons to 48 million tonnes. The Hasan and Soto studies in
2017 suggested reducing fishmeal and feed conversion ratios could reduce greenhouse gas emissions from
aquaculture. The global fish production (including aquaculture and capture) in 2016 was accounted for
171 million tonnes valuing the industry at USD 362 billion. However, in 2030 this production is projected
to reach 209 million while 103 million coming from aquaculture (Godfray et al. 2018). Thanks to these
projections, 5.3 and 1.0 million tonnes of fishmeal and fish oil can be produced using 16% of capture
fisheries by 2030 (Dineshbabu et al. 2019). The future objective solution should be finding an alternative
product that is easy to manufacture and less expensive in order to avoid causing a large part of production
to be attributed to aquaculture feed. However, several commercial applications of microalgae have recently
been used to improve the nutritional value of aquaculture feed and food. In fish farming, fishmeal is the
most important feed. It was obtained from the small fish or the waste of the fish drying after crushed,
cooking and pressing to obtain a solid form (Miles and Chapman 2015). As a result, it is better to use waste
fish to produce fishmeal than to use whole fish, due to the fact that the whole fish does not meet current
demand and the food prospects for the future. The Food and Agriculture Organization of the United Nations
(FAO) shows that by 2030 the use of fishmeal will increase by 19% to that used in 2016. However, the use
of waste fish and fish oil accounts for 54% of the production of fishmeal (Godfray et al. 2018). At present,
researchers are looking for alternatives to fishmeal in order to produce fishmeal from fish. Therefore, using
microalgae can be represented as the best alternative to utilize as a dietary supplement in the production
of fishmeal, which ensures the reduction of the pressure on fish and fish oil. In this review, the importance
of using microalgae as an alternative to feeding aquatic animals as well as the methods of production are
discussed, since they are not only cost-effective and sustainable, but also ecologically beneficial.

Microalgae

Algae constitute a large group of photosynthetic organisms, such as eukaryotic microalgae and prokaryotic
cyanobacteria (Lee 2018). These microalgae are regarded as ‘living biorefinery’ due to their capacity to
offer a large variety of green chemicals, also growth rate and consequently increased biomass yield than
the other terrestrial plants, primary and secondary metabolites within photosynthesis method and due to
their higher photon conversion efficiency, they can convert carbon dioxide (CO,) and water into oxygen
(O,) to a renewable energy source (Gouveia 2011; Malcata 2011). Lipids, carbohydrates and proteins are
considered the primary metabolites. Secondary metabolites include fatty acids, triglycerides, phenolic
substances, flavonoids, tannins, esters, alkaloids and terpenes, which are green molecules with a high
added value (De Corato et al. 2018). Microalgae accumulate the most nutrients during the growth phase,
producing algal biomass rich in lipids, proteins, and carbohydrates (Packer et al. 2016). In addition to being
economically and environmentally benign, they are also sustainable. There are several applications for
microalgae that include feed, food, pharmaceuticals, nutraceuticals, and cosmetics. It has been successful
in commercializing antioxidants, cosmetic components, polyunsaturated fatty acids (PUFAs), and natural
colors derived from microalgae (Spolaore et al. 2006).

Nutrition from microalgae
Aquaculture feed

The microalgae are used as supplement feed in aquaculture due to their toxicological and physiological
activities (Milione and Zeng 2008; Nunes et al. 2009; Khatoon et al. 2010; Ghaeni et al. 2011; Komprda et al.
2015; Ozcicek et al. 2017). In aquaculture feed, microalgae can provide color, disease-resistant effects, and
immunostimulant properties to fish. The high content of lipids, carbohydrates, fatty acids (docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA)), proteins, pigments (carotenoids, phycobiliproteins and
chlorophyll) and vitamins (A, B1, B2, B6, B12, C, E and biotin) favors their uses as an alternative to fishmeal
(Tokusoglu and Unal 2003; Batista et al. 2013). The most frequently utilized species in aquaculture feed are
Chlorella, Tetraselmis, Isochrysis, Pavlova, Phaeodactylum, Dunaliella, Chaetoceros, Nannochloropsis,
Arthrospira, Haematococcus, Schizochytrium, Skeletonema and Thalassiosira (Yaakob et al. 2014; Madeira
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et al. 2017). Significant results are obtained by using microalgae as feed in the most hatchery production of
zooplankton, fish farming, shrimp, mollusks and crustaceans (Haoujar et al. 2020).

Zooplanktons

The first aliment for the small fish in farmhouses is zooplankton; they provide live prey for them. As
a result of drying, some nutrients, such as proteins, are denatured, so live food is more nutritious than
preserved food. They have a small size ranges from 0.1 to 2 mm. Artemia, copepods, rotifers (Brachionus)
and cladocerans represented the most used zooplanktons can be cultivated to be addressed as live prey
for small fishes. Artemia are particle filter feeders, used in fisheries as live prey due to their high nutrition
(Herawati et al. 2014). Rotifers lack PUFA, for that it’s necessary to alimented with microalgae diet. Yeast-
fed rotifers lack ascorbic acid and polyunsaturated fatty acids, but microalgae can improve their fatty acid
content (Cahu et al. 2003; Seychelles et al. 2009). The microalgae using as feed for the zooplankton needs
a specific place for their culturing in the hatcheries. Microalgae witch used as feed for zooplankton are
growing in ponds or tanks. However, the growing technique of zooplankton in microalgae culture is called
green-water aquaculture. Specific criteria are necessary to choose the appropriate microalgae like as; j) cell
with small size, jj) easy to digest, jjj) does not contain any toxic substances and jv) easy to grow with v)
high nutritional value. The most algae frequently applied as feed for zooplanktons have a range of around
25 um size; such as Nannochloropsis, Tetraselmis, Chlorella, Isochrysis and Dunaliella (Le et al. 2019).

Fishes

Recently, several researchers have been interested in using alternative compounds that are rich in unsaturated
fatty acids as a substitute for fish oils. Consequently, microalgae have become the focus of attention as a good
industry in the future. In hatcheries, the small fishes can be alimented by some species of microalgae like live
prey by Green-water aquaculture. Some kinds that can use microalgae as feed: flounders, halibut, seabass,
Atlantic cod, Seabream and striped mullet (Tredici et al. 2009). There are already some microalgae being
used in aquaculture-related applications, which facilitates their use as aquaculture feeds. Haematococcus
pluvialis is an essential species of microalgae that can produce and marketed worldwide because it is rich
in astaxanthin. Astaxanthin is an element that makes a pink color to salmon fish as well as improves the
nutrient profile and the price of fish instead of using the pinkening of the salmonids flesh (Spolaore et al.
2006; Raja et al. 2007; Ambeati et al. 2014). In 2018, the United States Food and Drug Administration (US
FDA) affirmed the utilization of H. pluvialis algae meal in the salmonid feed (FDA, 2018). Dunaliella
salina considered the principal source of natural B-carotene used as a color for the seafood-market. Among
the carotenoids, it was a naturally fat-soluble stereoisomeric pigment rich in pro-vitamin A (Chen et al.
1993). A diet based on microalgae addressed to ornamental goldfish (Carassius auratus) makes it possible
to approve their pigment value and their marketing (Gouveia and Rema 2005). Whose aim is to improve
the color of the muscles, sea bream, lobster, carp and shrimp have benefited from an algal diet (Sousa et
al. 2008). A diet based on Pavlova sp., is allowing an increase of DHA / EPA in clams, mussels, oysters
and brood stock. And on the other hand, Nannochloropsis sp., is used in fish hatcheries for its high EPA
level. Several studies show that the use of a mixed diet allows presenting a complete and balanced diet that
improves growth and survival rates for mussels, oysters, scallops and clams (Brown 2002; Haoujar et al.
2020). The best method of drying microalgae is freeze-drying since it contains the most nutrients while
spray-drying or air-drying shrinks in size, shrinks at high temperatures, and loses quality (Lubzens et al.
1995; Cafiavate and Fernandez-Diaz 2001).

Shrimp

The diet for shrimp in its second stage of larval growth based on microalgae and in the third stage is consists
of microalgae combined with zooplankton (Tacon 1987). DHA and arachidonic acid-rich feed increases
hemocytes, bactericides and antioxidant properties (higher phenol oxidase and superoxide dismutase
activity) (Nonwachai et al. 2010). Besides, an algal diet allows shrimp larvae to have a balanced survival
rate, optimal growth and maximum development in good quality water because of pH stabilization and
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oxygen production (Muller-Feuga 2013). And as an example, the diet based on Dunaliella salina is allowed
to report the survival rate to 60% up to 5 days while the food which lacked this microalgae reached mortality
of 100% for 48 hours for black tiger shrimp (Madhumathi and Rengasamy 2011). Skeletonema, Isochrysis,
Chlorella, Chaetoceros and Tetraselmis were examined as desirable feed for shrimp larva (Muller-Feuga
2013).

Sea urchins

The Chaetoceros gracilis helps the urchin larvae to survive in the sea conditions, while the mixture of
C. gracilis and I. galbana is favored the larvae growing and metamorphosis (Carcamo et al. 2005; Qi et
al. 2018). A variety of life stages of larvae, larval posts, and broodstock are fed microalgae as nutrient
feed in hatcheries (Kaparapu 2018). Many types of mollusk as the blue mussel (Mytilus edulis), New
Zealand green shell ™ mussel (GSM, Perna canaliculus), flat oysters (Ostrea edulis, Ostrea chilensis
and others) and Pacific oyster (Crassostrea gigas) depend on algae for their feed (Packer et al. 2016). A
significant development at the level of genetic transformation in microalgae has recently been recognized.
Chlamydomonas reinhardtii represents the organism most studied for the transformation of transgenes into
the nucleus and chloroplast (EI-Sheekh 2000; Purton 2007; Neupert et al. 2012; Wittkopp 2018). These
microalgae can produce biomolecules with j) immune properties; for example of fatty acids and anti-p57
antibodies against bacterial kidney disease in salmonids, jj) disease resistance and jjj) bactericides in the
form of bovine lactoferricin with broad-spectrum antimicrobial peptide (Siripornadulsil et al. 2007; Li and
Tsai 2009; Hamilton et al. 2014).

Human food

Microalgae were used to survive during famines in China before 2000 years ago. Microalgae may market
like capsules, tablets and liquids. In addition, it can be used to make pasta, candy bars, drinks, snack
foods, and gum (Yamaguchi 1996; Liang et al. 2004). Microalgae have different biochemical properties
and can act as food supplements and use as a source of food coloring. Besides, they are rich in protein,
fiber, carbohydrates and enzymes. The vitamins: A, C, B1, B2, B6, niacin and minerals like iron, calcium,
potassium, iodine are potentially abundantly found in microalgae.

Chlorella, Aphanizomenon flos-aquae, Arthrospira and Dunaliella salina are the most commercial
strains that can be used in different applications.

A significant quantity of Arthrospira reproduction is effectuating in China and India. For human
nutrition, Arthrospira was used due to its content of protein and its high added value (De Oliveira Rangel-
Yagui et al. 2004; Soletto et al. 2005). Also, she has different health-promoting effects like the regulation
of hypertension, increases development of intestinal Lactobacillus, alleviation of hyperlipidemia and
diminution of serum glucose levels (Yamaguchi 1996; Liang et al. 2004). Additionally, because Chlorella
has taste-and-flavor-adjusting properties, it can also be used as a food additive (Yamaguchi 1996). For
-carotene production, D. salina is the most useful strain that can produce more than 14 % of dry weight
(Metting 1996). However, Cognis Nutrition and Health, the world’s largest yielder of Dunaliella, suggests
that strain powder as an element of dietary complements and functional foods addressed to human
consumption. Spirulina is considered as nutritional research due to its protein contents, biological value and
digestibility. According to various study studies, 4. flos-aquae prefers good overall health (Pugh and Pasco
2001). Compared to plant materials, meat and daily, Spirulina is considered a high source of protein. Due
to their low levels of sulfur-containing essential amino acids, it was a high source of protein. Therefore, it
can be compared to another plant as a protein source if the culture conditions are modified to provide high
sulfate levels. This strain represents a source of vitamins A and B12 (Jassby 1988). It utilized in Europe,
Asia and North America in the form of powder and tablets with accepted therapeutic effects (for immune
responses, antiviral activities and radioprotection) (Belay et al. 1993).

As have already mentioned, microalgae are sources of proteins, carotenoids, vitamins and fatty acids
that favor their use in the formulation of health food products. The comparison of several compositions of
human food sources based on microalgae is detailed in Table 1.
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Fig. 1 Earthrise Farms Arthrospira production plant (Calipatria, CA, USA)

Health foods

Microalgae for human nutrition are nowadays available in a variety of forms such as tablets, capsules and
liquids. Pasta, candy bars, gums, snack foods and beverages can also contain them. As well as its health-
promoting properties, the microalgae may alleviate hyperlipidemia, protect against renal failure, suppress
hypertension, stimulate the growth of intestinal Lactobacillus and lower blood glucose levels (Liang et
al. 2004; Soletto et al. 2005). Due to their diverse chemical properties, they can be used as nutritional
supplements or as food colors. Chlorella, Arthrospira, Aphanizomenon flos-aquae and D. salina dominate
commercial applications.

The high protein content and excellent nutritional value of Arthrospira make it a popular ingredient in
human nutrition (De Oliveira Rangel-Yagui et al. 2004; Desmorieux and Decaen 2005; Soletto et al. 2005).
China and India produce a significant amount of Arthrospira. Located in Hainan province in China, Hainan
Simai Enterprising Ltd. is the largest producer worldwide. The algal powder is produced at this company
every year, which makes up 25% of the country’s total output and nearly 10% of the world’s. Earthrise
Farms owns the largest plant in the world, covering 440,000 m? (located at Calipatria, CA, USA; Fig.1).
In Fig. 2, their production process is presented. In over 20 countries, they distribute tablets and powder
containing Arthrospira. This microalgae is widely used in nutraceuticals.

Spirulina products are produced in Alaska, Hawaii and Myanmar, for example. In Hawaii, a company
named Cyanotech Corp. produces Spirulina Pacifica products that range from pure powder to packaged
bottles. With the development of Cyanotech Corp.’s process, the oxidation of carotenes and fatty acids is
eliminated from the drying process, which occurs with standard dryers. Closed drying systems maintain
low oxygen concentrations through nitrogen and carbon dioxide flushing. Using a very cold ocean water
crown that’s 600 meters deep offshore, the process dehumidifies and dries microalgal products in less than
6 seconds (Fig. 3).

Over 70 companies manufacture Chlorella; Taiwan Chlorella Manufacturing and Co. (Taipei, Taiwan)
is the largest, producing 400 t of dried biomass every year. Significant production is also achieved in
Klétze, Germany (130 — 150 t dry biomass per year) with a tubular photobioreactor. There are 500,000
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Fig. 4 Glass tube photobioreactor (700 m3) producing Chlorella biomass (Klotze, Germany)

m of horizontal running glass tubes arranged vertically with a volume of 700 m* and a total length of
500,000 m (Fig. 4). In the world, Chlorella is sold for over US$ 38 billion annually (Yamaguchi 1996).
Chlorella contains numerous antiinflammatory agents such as free radical scavengers, immunostimulants
and blood lipid reducing agents. Furthermore, other benefits have been studied (preventing ulcers, wounds
and constipation; preventing atherosclerosis and hypercholesterolemia and preventing cancer) (Yamaguchi
1996; Jong-Yuh and Mei-Fen 2005; Salih and Haase 2012).

Conclusion

Increasing demand for fish and livestock meat also increases the need for feed. Furthermore, consumers today
want food that is not only tasty but also nutritious, so fish and meat must be improved nutritionally. Microalgae
can significantly enhance the nutritional profile of feeds and feed supplements. Microalgae and related
products will be economically viable, profitable and global with foolproof technology and improvements
in cultivation and harvesting. Depending on the type of nutrition desired, microalgal species used for
feed production may vary; for example, Spirulina sp. Haematococcus spp. is recommended for protein
supplementation and also useful for carotenoid enhancement.

In addition to being nutritionally superior, microalgae feed is also faster to grow, requires less
land, has no need for arable land and can be grown in seawater. Furthermore, it reduces the amount of
fish sacrificed as well as grains for aquaculture and animal feed. In the coming years, microalgae will be
needed by an increasing population as a food or dietary supplement. In addition to providing significant
nutrients, antioxidative properties and disease preventative properties, microalgae are also ecologically
sustainable.
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