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6.1 INTRODUCTION: BACKGROUND AND DRIVING FORCES

In applied phycology, the term microalgae refers to microscopic algae and pho-
tosynthetic bacteria, such as cyanobacteria. Both classes are considered a potential
source of energy, fuel, food, and many other interesting commercial products.
Microalgae are the primary producers found in several ecosystems, both marine and
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freshwater. Seventy-two thousand five hundred species and 16 classes have been
listed. They have a unique biochemical composition and produce primary and
secondary metabolites with interesting biological properties. In particular, these
compounds have shown potential as antioxidant, anti-inflammatory, and anti-cancer
agents. Microalgae have been used for centuries as human food or animal feed.
However, large-scale industrial cultivation is relatively recent technology. Recent
articles review state of the art biotechnological production and the use of micro-
algae. However, this chapter aims to provide an overview of microalgae properties
and to examine its potential in use as a feed product.

6.2 DEFINITION OF MICROALGAE

The estimated number of microalgae species is between 30,000-1,000,000. While there is
vast application potential due to their unique metabolism, chemical diversity, and ability
to tolerate wastewater for culture, certain limitations and challenges remain for the
commercial development of microalgae and microalgae-related products. The most
complex and crucial issues are related to science, technology, legislation, administration,
and marketing gaps.

The concept of algae is associated with a diversity of micro- and macro-organisms
that can proliferate through photosynthesis (Patras et al., 2019). Both macro- and
microalgae can grow in freshwater and marine environments. Microalgae include
eukaryotic microalgae and prokaryotic cyanobacteria (Sathasivam et al., 2019), which
are ubiquitous and can be found in the most diverse environments, including extreme
ecosystems experiencing high or low temperatures, light intensity, pH, and salinity
(Martinez-Francés and Escudero-Oiiate, 2018).

Eucaryotic microalgae have traditionally been classified according to their pig-
ments. The current classification systems consider other criteria, including the
chemical nature of photosynthetic storage products, the organization of photo-
synthetic membranes, and other morphological features (Remize et al., 2021). Blue-
green algae (Cyanophyceae), green algae (Chlorophyceae), Bacillariophyceae
(including diatoms), and Chrysophyceae (including golden algae) have been de-
scribed as the most abundant microalgal phyla (Garcia et al., 2017).

Environmental diversity results in the synthesis and secretion of primary and
secondary metabolites, which have industrial applications and principal health
benefits. (De Morais et al., 2015). Microalgal biomass has the potential to be used as
a feedstock for an alternative and innovative source of nutrients, in cosmetics,
pharmaceuticals, and nutraceuticals (Rumin et al., 2020). It is important to note that
the interest of all those markets in microalgae has been bolstered by the growing
concerns concerning environmental sustainability and regulatory issues linked to
synthetic chemicals found in food and feed and in beauty products and health care.

Microalgae cultivation can take place in three principal ways, namely photo-
autotrophic, heterotrophic, and mixotrophic. Most microalgae are designated as
photoautotrophs once they can generate energy directly from light, CO,, and water,
typically through photosynthesis, producing organic compounds. Autotrophic mi-
croalgae use inorganic carbon forms, such as CO, or bicarbonate (HCOj3")
(Borowitzka, 2018). Additionally, some microalgae species are heterotrophic using
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organic substrates, such as acetate or glucose, both as energy and carbon sources, in
the absence of light (Perez-Garcia et al., 2015). According to the conditions, several
of those organisms have a plastic metabolism that allows switching between auto-
and heterotrophy. When the microalgae combine the two metabolisms, they are
defined as mixotrophs (Pires, 2015). Those organisms can metabolize, simulta-
neously, both carbon forms in the presence of light.

Compared with autotrophic microalgal growth, heterotrophic and mixotrophic
cultivation are more productive in terms of biomass yield (Pires, 2015), as het-
erotrophic production, the cultivation mode achieving higher productivities. Besides
higher productivity, heterotrophy reveals many other advantages. Heterotrophic
cultivation occurs in closed fermenters, significantly reducing the crop area used
and allowing strict parameter control (Hu et al., 2018), such as pH, temperature,
oxygen levels, and nutrients. The contaminations and consequent culture collapse
are, moreover, better avoided due to this strict control and sterilization. Therefore,
heterotrophic cultivation is economically advantageous once the cost per produced
biomass is significantly lower (Hu et al., 2018).

Chen (1996) and Borowitzka (1999) had long recognized that the cell density of a
heterotrophic culture could vary between 20 and 100 g.L ™' (Chen, 1996; Borowitzka,
1999). However, cell densities of 174.5 and 255 g.L. ™" had already been reported for
Chlorella vulgaris (Barros et al., 2019) and Chlorella protothecoides (Ghidossi et al.,
2017), respectively. Compared to autotrophic cultivation, heterotrophy had allowed
enhancing C. vulgaris final biomass up to 137.4 times (Barros et al., 2019). However,
the chlorophyl content had demonstrated to be lower when C. vulgaris was cultivated
heterotrophically, increasing from 5 mg g~' DW to 24 mg g~' DW when the culture
was exposed to autotrophic conditions (Barros et al., 2019). The same changes in-
duced a 70% increase in protein content in this microalga (Barros et al., 2019).
Therefore, the biochemical composition of the final biomass achieved depends on the
trophic state of the cultures. The lipid content of a heterotrophic C. protothecoides
culture was demonstrated to be 55.2% (Xu et al., 2006), compared to 37.5% in the
same autotrophic species (Krzeminska et al., 2015). Similar patterns were reported for
different microalgae: autotrophic C. sorokiniana presented 12—-18% lipid content,
compared to 24-31% in the heterotrophic biomass (Rosenberg et al., 2014); auto-
trophic Chlorella minutissima had shown 20.2% lipids, compared to 36.2% of het-
erotrophic biomass (Dubey et al., 2015).

Several limitations are associated besides hetero- and mixotrophic cultivation of
microalgae, undoubtedly offering higher productivities and cell densities. The in-
ability to produce light-induced metabolites, primarily related to antioxidant ac-
tivities, represents a great constraint. Besides, there is also the indirect need for
arable land to produce the organic carbon sources used during those cultivations
(Borowitzka, 1999), suppressing one of the most significant microalgae cultivation
advantages. It is also important to note that only a limited number of microalgae
species can metabolize organic carbon sources (Perez-Garcia et al., 2015).

Generally speaking, selecting a suitable microalgae cultivation system depends
on the species and added-value compounds intended, as well as their final appli-
cation. Therefore, several parameters should be considered for cultivation, such as
light efficiency, pH and temperature control, species/biocompounds productivity,
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hydrodynamic stress, the need for an axenic culture and harvesting, and ease of
scale-up (Guedes and Malcata, 2012). The primary decision when cultivating mi-
croalgae is whether to use closed or open systems. The open systems require low
investment and operational costs, and they are also easy to build and operate.
However, contamination issues are more common and difficult to control and high
cell densities are not reached due to self-shading effects (Wu et al., 2017). Most of
the species commercialized and produced industrially on open systems, like
Spirulina sp. and Dunaliella salina, grow in extreme environments, suitable for
cultivation in open pounds avoiding the most common contaminations.

On the other hand, closed systems have shown to be more efficient than open
ones, allowing better control of the culture parameters. Close bioreactors include
tubular configurations, flat plate reactors, and fermenters (Perez-Garcia et al., 2015).
The first two configurations are ideal for the autotrophic cultivation of microalgae
and the fermenters are used for heterotrophic growth.

Despite a wide range of advantages of using closed systems for microalgae cultiva-
tions, some constraints also arise. Those systems are commonly associated with fouling
and overheating, cleaning is more time- and resource-consuming and oxygen accumu-
lation (in the autotrophic reactors) results in a decrease in culture growth. Additionally,
the closed systems require relatively high investment and operational costs.

Thus, there are many opportunities to cultivate microalgae, which are dependent
on the species aimed to produce and the application of the final biomass. Besides
this, the investment and operational costs are key factors when selecting the trophic
mode of cultivation and the suitable bioreactor.

6.3 MICROALGAL BIOCHEMICAL AND NUTRITIONAL VALUE

The bioactive compounds produced by microalgae and the cellular content are
strain-specific and respond to biotic and abiotic factors, e.g., growth phase, light
intensity, etc. (Lafarga, 2020). Therefore, these factors should be considered when
cultivating microalgae to manipulate their cell composition and biomass pro-
ductivity, cell metabolism pathway, and final bioactivity (Matos et al., 2017). Most
metabolites accumulate intracellularly, even if, in the case of exometabolites, their
excretion to the culture medium takes place.

Microalgae compounds can be grouped into proteins/enzymes, acids, pigments,
and vitamins, derived from primary metabolism. Secondary bioactive compounds
can also be synthesized (Levasseur et al., 2020). Figure 6.1 summarizes the nu-
tritional components that can be acquired from microalgae biomass.

Even though the biochemical composition appears species-, and even strain-
dependent, protein is typically the principal organic constituent (12-35%), usually
followed by lipids (7-23%) and carbohydrates (5-23%) (Vieira et al., 2020). It is
important to note that these proportions may change depending on the culturing
conditions (Vieira et al., 2020).
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6.3.1 PROTEINS

Microalgae have been recognized as a protein source since the 1950s
(Venkataraman, 1997). Depending on the species and culturing factors, the protein
content ranges from 42% to over 70% on a dry weight basis, reported for specific
cyanobacteria species (Barkia et al., 2019).

In terms of quality, microalgae have a rich and varied amino acid composition,
containing all the essential amino acids (EEAs) humans are incapable of synthe-
sizing (Barkia et al., 2019). In addition, this group of organisms contains non-
essential amino acids (NEAAs), such as arginine, aspartic, proline, glutamic acid,
glycine, cysteine. NEAAs of C. vulgaris and Haematococcus pluvialis appear
around 51.03 and 48.50% of the total amino acid profile, respectively. Biological
properties in immunity, gene expression regulation, redox homeostasis, and cell
communication that can be used in the nutritional, cosmetics, and pharmaceuticals
fields have been reported for those compounds (Jacob-Lopes et al., 2019).

6.3.2 LiriDs

Particular attention has been given recently to microalgae lipids. These compounds
can make up to 74% of microalgae’s total biochemical composition (Sathasivam
et al., 2019). Polyunsaturated fatty acids (PUFAs) have recently been the subject of
attention because of their health benefits. Based on 12 to 24 carbon atom fatty acids,
these molecules include the n-3 and n-6 polyunsaturated fatty acid families. Among
PUFAs, the bioactivity of docosahexaenoic acid (DHA, 22:6) and eicosapentaenoic
acid (EPA, 20:5) is usually highlighted. For example, brain function, more speci-
fically, short- and long-term memory, can be improved by DHA. This molecule also
has a positive effect on cognitive decline, depression, bipolar symptoms, and mood
swings. EPA and/or DHA have also been associated with a preventive role in
cardiovascular diseases (CVDs), and cancer. Generally speaking, the bioactive lipid
properties are expected to be of central interest in developing novel ingredients or
compounds for various sectors, including the feed and food industry, with high
commercial value (Calder, 2006).

Fish such as salmon, tuna, mackerel, sardines, anchovies, herring, or pollock is a
good source of EPA and DHA for human consumption. However, marine fish
cannot give the global demand for n-3 fatty acids due to their limited stocks and
some undesirable contaminants, encouraging industries to find novel alternative
sources (Oliver et al., 2020). In this sense, the feasibility of using microalgae as an
alternative has been long-explored (Remize et al., 2021). However, it is essential to
note that the content of n-3 PUFAs varies within species according to environ-
mental factors, given that it is naturally relatively low (Sahu et al., 2013). Thus, cell
EPA and DHA productivity improvement strategies have been investigated, in-
cluding manipulating culturing conditions, partial or complete deprivation of ni-
trogen, or using two-phase culturing approaches (Wang et al., 2019). Acting
directly on the microalgae metabolism and applying the heterotrophic mode is
another way to stimulate lipid production (Remize et al., 2021). Thus, under optimal
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cultivation conditions, several species, especially those belonging to the genera
Chlorella, Nannochloropsis, and Dunaliella are described as showing exceptionally
high amounts of lipids in their cell mass.

Other essential fatty acids such as alpha-linolenic acid (ALA), gamma-linolenic
acid (GLA), linoleic acid (LLA), and arachidonic acid (ARA) are produced by mi-
croalgae. They can be applied by the feed and food markets. They have also proven
to be active on healing and wound repair, as well as having anti-microbial prop-
erties (Choopani et al., 2016).

6.3.3 CARBOHYDRATES

Besides lipids, microalgal biomass can be a source of carbohydrates with great
industrial applications. They are represented by poly- or oligosaccharides present in
vacuoles and cell walls. Cellulose, and amylose are some main polysaccharides
present in microalgae, which also excrete exopolysaccharides (EPS). These car-
bohydrates have different biological roles linked to 1) energy reservation, 2) for-
mation of the cell wall and 3) cell communication.

Tetraselmis sp., Isochrysis sp., Porphyridium cruentum, Porphyridium pur-
pureum, Chlorella sp. and Rhodella reticulata are the main genera and species used
for the production of polysaccharides. More particularly, Chlorella sp. is described
as having high carbohydrate content, with C. vulgaris able to accumulate 37-55%
dry weight (Illman et al., 2000). Chlamydomonas reinhardtii and Scenedesmus
obliquus have been indicated as suitable for biofuel feedstock due to their 45-60%
carbohydrate content. With appropriate cultivation conditions, such as under three-
day nitrogen starvation, the production of microalgal carbohydrates can be im-
proved. The biomass concentration and carbohydrate content of S. obliquus reached
4.96 g.L_1 and 51.8%, respectively under this stress condition (Ho et al., 2012).

The polysaccharides derived from Porphyridium sp. are described as having
many techno-functional and biological properties (Delattre et al., 2016).
Porphyridium cruentum is a fast and flexibly grown eukaryotic marine microalga.
In addition, its cells are encapsulated in a mucilaginous sheath, representing a cell’s
structural polysaccharide. Some of these polysaccharides are excreted in this
medium in the form of exopolysaccharides (EPSs). The exact physiological func-
tion of EPS remains ambiguous, even if the literature reports it as the prevention
against desiccation and protection against many environmental conditions such as
pH, temperature, salinity, and irradiance (Ramus, 1972). Many factors such as
culture media, mode of cultivation (batch, continuous), illumination, and salinity
impact the soluble EPSs (Ramus, 1972).

The most studied red microalgae exopolysaccharides were produced and ex-
tracted from Rhodella reticulata, Porphyridium sp., P. aerugineum, and P.
cruentum. Porphyridium cruentum is described as producing a high amount of
exopolysaccharides (0.1-0.7 g.L_l), such as Arthrospira platensis (0.37 g.L_l),
Botryococcus braunii (0.25-1 g.L_l) and Dunaliella salina (0.94 g.L_l) (Trabelsi
et al., 2013; Casadevall et al., 1985; Mishra and Jha, 2009).
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6.3.4 PIGMENTS

Microalgae appear macroscopically in different colors due to the presence of pig-
ments, which absorb visible light and have a fundamental role in photosynthetic cell
metabolism. The main classes of pigments found in microalgae include chlorophylls
(0.5-1.0% DW), carotenoids (0.1-0.2% DW, but some species can achieve up to
14%), and phycobiliproteins (up to 8% DW) (D’Alessandro and Filho, 2016). For
several years, pigments have acquired crucial importance in various fields, namely
the pharmaceutical, medical, and food fields (Santiago-Santos et al., 2004), because
of their health benefits, including antioxidant, anti-cancer, and anti-inflammatory
properties. They are also used in cosmetics because they can replace artificial colors
(Rodrigues et al., 2015).

Chlorophylls are green pigments with polycyclic planar structures esterified by a
phytol side chain. According to their structural features and wavelength absorption,
different chlorophylls (a, b, c, d, ) have been identified in microalgae. Chlorophyll
a is present in all photoautotrophic algae and the only found in Cyanobacteria and
Rhodophyta. Chlorophyll b is found, generally, in green algae (Stengel et al., 2011).
Chlorophylls c, d and e can be found in diverse marine microalgae and freshwater
diatoms. When isolated, the fraction containing chlorophyll represents 0.5-1.0%
DW (Vieira et al., 2020).

Carotenoids are another class of pigments found in microalgae in abundance,
ranging from red and brown to orange and yellow colors. Their biological properties
related to redox homeostasis, anti-cancer, regulation of triglycerides and HDL
(high-density lipoprotein) (Tanaka et al., 2012; Berthon et al., 2017) allow this
group of compounds to accumulate several industrial applications in cosmetics,
food and feed.

Carotenoids are classified as a, B, €, and y or oxygen-containing compounds,
named xanthophylls (Guedes and Malcata, 2012). The last group involves lutein,
violaxanthin, spirilloxanthin, neoxanthin, and fucoxanthin. Their distribution pat-
terns vary depending on the species, with more than 600 different carotenoids
identified.

Chlorophyceae class represents the primary source of carotenoids within the mi-
croalgae group of organisms. Those organisms can produce carotenes (p-carotene,
lycopene) and xanthophylls (astaxanthin, violaxanthin, antheraxanthin, zeaxanthin,
neoxanthin and lutein, among others). Other pigments such as fucoxanthin, diatox-
anthin and diadinoxanthin are produced by different microalgae phyla (Berthon et al.,
2017). Dunaliella salina, Dunaliella bardawil, Dunaliella tertiolecta, and Scenedesmus
almeriensis demonstrated their capability in producing a significant proportion of
B-carotene when compared to the other pigments (Berthon et al., 2017).

Another carotenoid that is industrially exploited not only in the cosmetic field, but
also in aquaculture, is astaxanthin. However, the production cost of this pigment,
mainly produced by Haematococcus sp., 1s very high (Canales-Gomez et al., 2010).
In aquaculture feed, it has been used to culture salmon, shrimp, ornamental fish and
sea bream. 3 g.kg™' feed of Haematococcus pluvialis administration effectively en-
hanced the oxidative status and other biochemical parameters in rainbow trout
(Sheikhzadeh et al., 2012).
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Despite also being produced by Chlorella zofingiensis, Chlorococcum sp.,
Scenedesmus sp. and yeast Xanthophyllomyces dendrorhous (Yuan et al., 2011),
Haematococcus pluvialis is the main source of this pigment once it can synthesize
up to 81% astaxanthin out of its total carotenoids (Rammuni et al., 2019).

Phycobiliproteins represent the last class of pigments found in red algae, cyano-
bacteria, cryptophytes, and glaucocystrophytes. According to their absorption spectra,
they are classified into four major subgroups: 1) red phycoerytrin, 2) magenta phy-
coerythrocyanin, 3) blue phycocyanin, and 4) light blue allophycocyanin. In the medical
field, they are used as markers in flow cytometry, microscopy, and DNA tests linked to
their highly sensitive fluorescent properties. The natural blue pigment phycocyanin, the
major microalgae phycobiliprotein, is used for multiple applications in the pharmaceutical
field due to its bioactive properties such as antioxidant, anti-inflammatory, and anti-cancer
activities. The cosmetic industry also seeks it out for application into lipsticks, eyeliners,
and so on (Bingula et al., 2016). Moreover, since 2013, the Food and Drug
Administration has accepted its use in food matrices as a coloring additive.

6.3.5 VITAMINS

Microalgae represent a source of vitamins which is more complete than terrestrial
plants. These microorganisms produce vitamin A, B1, B2, B6, B12, C, E, K, niacin,
nicotinate, biotin, and folic acid. The concentrations of vitamin A, B;, B,, E, and
niacin can achieve those found in vegetables by some microalgae genus, such as
Arthrospira sp., Chlorella sp., and Scenedesmus sp. (Del Mondo et al., 2020).
Dunaliella is also known to highly accumulate vitamins B,, By, Bo, B3, C, and E.
More specifically, Hernandez-Carmona et al., (2009) reported that Eisenia arborea,
a species of brown microalgae, contains 3.44 mg.g™' of vitamin C, which is similar
to that of mandarin oranges.

Therefore, microalgae are essential sources of macro- and micro-nutrients with
interesting market possibilities in nutraceuticals and feed. However, due to food
safety regulations, especially in Europe, few of them are currently marketed.

6.4 INDUSTRIAL APPLICATIONS OF MICROALGAE IN THE
FUNCTIONAL AQUAFEED INDUSTRY

Up to the present day, microalgae have diverse industrial applications, including
food formulation, cosmetics, health products, and fertilizers. Due to their high
nutritional and functional value, microalgae have a high potential for application in
the feed industry, being incorporated as a feed supplement, enhancing animal
performance. Moreover, the increased capacity of microalgae to produce natural
anti-microbial compounds promoted the use of some species for immunostimulant
applications. Moreover, microalgae cultivation has already been tested for waste-
water treatment and biofuel production (Rumin et al., 2020).

The increasing global population and increasing demand for protein will promote
feed ingredient soybean production. (FAO, 2018). This process will involve using
large areas of arable land, causing the destruction of several terrestrial ecosystems.
In addition, several marine ecosystems are being destroyed due to anthropogenic
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activities, diminishing their natural resources and decreasing the fish and seafood
stocks available for human consumption. Nowadays, aquaculture has been de-
monstrated to be the best way to mitigate lack of natural resources and obtain edible
protein. The aquafeed market has been growing faster than other food sectors
(Napier et al., 2019) and it is projected to reach 73.15 million tonnes of feeds by
2025, representing a growth of 8—-10% (FAO 2018). Feed inputs for aquaculture
production represent 40—75% of the global production costs, representing the most
relevant driver in this market (FAO, 2018). The increasing demand for meat by a
rising population will become particularly dramatic in the coming decades, because
dedicated soybean food crops, the conventional feedstuff for animal feeding, will
need to occupy an increasing fraction of arable land (FAO, 2018). Aquaculture is
currently the world’s most efficient producer of edible protein, and continues to
grow faster than any other major food sector in the world in response to the rapidly
increasing global demand for fish and seafood (Napier et al., 2019). Feed inputs for
aquaculture production represent 40-75% of aquaculture production costs and are a
key market driver for aquaculture production (FAO, 2018). The aquafeed market is
expected to grow 8—10% per annum and is the production of compound feeds is
projected to reach 73.15 million tons in 2025 (FAO, 2018).

Recent studies have shown that animal feed supplemented with microalgae,
either as a live feed or as an additive, present higher quality and performance,
enhance antiviral and antibacterial protection, and improve the immune system, and
consequently the disease resistance stress (Remize et al., 2021). Moreover,
microalgae-enriched feed has been proven to contribute positively to animal phy-
siology, improving protein turnover, gut function, and stress tolerance (Rehberg-
Haas et al., 2015) which helps to achieve a final product with high quality and
performance. Despite all advantages of microalgae as livestock feed, it is essential
to define a feeding objective to adapt the use of different microalgae according to
their biochemical characterization, such as protein, carbohydrates, lipids, vitamins,
and pigments composition.

Astaxanthin is one of the pigments used in the aquaculture industry, and its
benefits are well documented. Lim et al., (2018) showed that this pigment enhances
the immune system, increasing the resistance to infectious diseases in farmed fish.
Moreover, due to its high antioxidant activity, astaxanthin could improve the re-
productive performance of aquatic animals, increasing the quality of eggs, the
growth rate of larvae, and their survival (Lim et al., 2018). Recently, Jaseera and co-
workers noted that 2% Aurantiochytrium sp. incorporation can significantly im-
prove the growth, survival, nutritional quality of giant tiger prawn, Penaeus
monodon postlarvae, and increase the tolerance to stress (Jaseera et al., 2021).

Fish-derived fishmeal (FM) and fish oil (FO) used in aquafeeds have long been
identified as non-sustainable resources. The use of grain and oilseed crops, such as
soy or corn, to substitute FM and FO have been debated in the past. However, it
faces critical concerns once terrestrial plant ingredients appear to have low di-
gestibility, anti-nutritional factors, and a deficient amino acid profile, as well as
lacking the bioactive long-chain omega-3 EPA and DHA (Borowitzka, 2018, Li
et al., 2009).
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The use of microalgae blends in fish feed can be found in the literature from the
perspective of allowing fish to benefit from a combination of the biochemical
compositions of several microalgae species. A blend of Nannochloropsis sp. and
Isochrysis sp. had proven to be a good substitute of 15% fishmeal of juvenile
Atlantic cod, Gadus morhua, not interfering with fish survival and feed conversion
ratio (Walker and Berlinsky, 2011). Sarker et al., (2020) combined two commer-
cially available microalgae, Nannochloropsis oculata and Schizochytrium sp., to a
fish-free feed for Nile tilapia (Oreochromis niloticus) that would promote its health
performance. Compared to the control diet, Nile tilapia fed with microalgae showed
higher growth, weight gain, and specific growth rate. Higher fillet lipid and DHA
content, the highest degree of in vitro protein hydrolysis and protein digestibility
were also obtained on fish fed with the experimental diet (Sarker et al., 2020).

Several studies exploring the possibility of substituting fishmeal with Arthrospira
platensis, Chlorella sp., Scenedesmus sp., Nannofrustulum sp. and Tetraselmis sue-
cica for diverse fish species are reported in the literature (Shah et al., 2018). A 5%
replacement of fishmeal with Spirulina pacifica significantly increased weight gain,
protein efficiency ratio and feed intake of Parrot Fish, Oplegnathus fasciatus (Kim
et al., 2013). The same study reported that a 15% supplementation resulted in higher
muscle protein and lower whole-body lipid (Kim et al., 2013). Hajiahmadian et al.,
(2012) reported that Spirulina platensis substitution of fishmeal up to 20% led to
weight gain and increased specific growth rate and feed conversion ratio of golden
barb fish, Puntius gelius (Hajiahmadian et al., 2012). The growth of silver seabream,
Rhabdosargus sarba, was also not affected by a substitution up to 50% Spirulina sp.
(El-Sayed, 1994). Neither were red tilapia fingerlings, Oreochromis sp., by 30%
substitution with Arthrospira maxima (Rincén et al., 2012). Juvenile Nile tilapia
presented a higher feed conversion ratio when 50% fishmeal was substituted by
Spirulina sp. (Hussein et al., 2013), despite Velasquez and co-workers having found
that 30% inclusion is the optimal level of replacement (Velasquez et al., 2016).

Twenty percent Desmodesmus sp. was included as a fishmeal substitute in
Atlantic salmon, Salmo salar, feed without compromising the animal growth in-
dexes (Kiron et al., 2016). Sgrensen et al., (2016) verified they were able to use
Phaeodactyum tricornutum as a substitute for 6% of fishmeal in Atlantic salmon,
not compromising the nutrient digestibility and growth performance (Sgrensen
et al., 2016). T. suecica was described as able to replace 20% of fish protein, not
interfering with the animal growth and quality of European juvenile sea bass meat
(Tulli et al., 2012). Also, the complete substitution of fishmeal by Chlorella sp.
resulted in an increase in the final weight, improvement in total cholesterol, LDL,
triglyceride levels, as well as the reproductive performance of zebrafish, Danio
rerio (Carneiro et al., 2020).

Aquaculture of mollusks is currently the market utilizing most of the feed-
destined produced microalgae. The most recent numbers go back to the 1990s, but it
was calculated that in 1999, 62% of the aquaculture-predetermined microalgae were
used for mollusks. While 21% were used for crustaceans, only 16% were applied to
fish aquaculture. Due to their richness in n-3 PUFAs, Isochrysis affinis lutea (T-
150), Pavlova lutheri, and Chaetoceros sp. represent the classic microalgae used in
shellfish hatcheries (Packer et al., 2016). When released into the cultivation tanks,
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microalgae are quickly and efficiently filtered from the water. n-3 PUFAs are also
crucial for cultivating crustaceans, which can feed directly on microalgae (Spolaore
et al., 2006).

Other microalgae had been included in aquafeed due to their immunostimulant
properties. 6-8% Chlorella vulgaris feed supplementation enhanced prophenolox-
idase activity and total hemocyte counts and resistance of giant freshwater prawn
Macrobrachium rosenbergii postlarvae against Aeromonas hydrophila infection
(Maliwat et al., 2017). Other Chlorella sp. supplementation in the diet of rainbow
trout Oncorhynchus mykiss fingerlings improved the animal growth and physiolo-
gical parameters and stimulated the resistance to bacterial infection (Quico et al.,
2021). Labeo rohita fingerlings demonstrated to be immunostimulated by 0.5 g
Euglena virilis kg_l dry diet, with increased levels of superoxide anion production,
lysozyme, serum bactericidal activity, serum protein, and albumin, as well as in-
creased resistance to A. hydrophila (Das et al., 2009). Watanuki et al., (2006) de-
monstrated that 5-10% of Spirulina platensis has the same effect on carp, Cyprinus
carpio (Watanuki et al., 2006).

As illustrated, microalgae can also be used as probiotics. Chaetoceros sp., Pavlova
sp., and Isochrysis sp. have been shown to improve pearl oyster resistance to bacterial
pathogens when added to their diets (Shah et al., 2018). Inulin, galactooligosaccharides,
xylooligosaccharides, agarose-derived oligosaccharides, neoagaro-oligosaccharides,
alginate-derived oligosaccharides, arabinoxylans, galactans, and B-glucans are a few
examples of microalgal compounds with prebiotic activities. The proliferation of leu-
kocytes as monocyte-macrophages and neutrophils, as well as phagocytic activity and
secretion of immune mediators (e.g., cytokines), are associated with this class of
bioactive compounds (Vetvicka et al., 2021). Paramylon is a linear -1,3 polymer of
glucose initially isolated from Euglena gracilis and represents an immunostimulant
intensively used in aquaculture. These prebiotic compounds are incorporated as feed
supplements, enhancing the immune performance of species such as mussels and
Atlantic salmon (Kiron et al., 2016).

Beta-glucan derived from yeast, mainly Saccharomyces cerevisiae, has to date been
the most successful prebiotic on the market. Some other products can also be found on
the market, such as WellMune™, by Biothera Corporation (Eagan, MN, USA),
BetaGlucans, by BioTec Pharmacon (Tromsg, Norway), and Macrogard™ by
Immunocorp (Werkendam, Netherlands). Paramylon, available commercially as
Algamune™ by Algal Scientific Corporation (Plymouth, MI, USA). This B-1,3-glucan
yield can go up to 90% DW when Euglena gracilis is grown heterotrophically (Barsanti
et al., 2001). Despite many compounds already being commercially available, further
research in this topic appears to be necessary. The probability of finding compounds
with prebiotic activities into marine microalgae species is enormous. However, their
complex polymer-derived structures are a puzzle for researchers.

Direct utilization of microalgae as feed is also practiced in aquaculture. Heterotrophic
protists and small zooplankton, such as Brachionus sp. or Artemia salina, are critical
players in supplying the microalgae nutrients and functionality to higher trophic levels
(Camacho et al., 2019). The heterotrophic dinoflagellate Crypthecodinium cohnii can be
easily found in the market traded as a FO substitute due to its DHA content for seab-
ream, Sparus aurata, microdiets (Ganuza et al., 2008). These characteristics seem to be
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of great importance for seabream larvae and resulted in similar performances compared
to classical fisheries diets (Bec et al., 2006).

Nannochloropsis sp., Isochrysis galbana and Schizochytrium mangrovei are also
widely used due to their EPA and DHA composition for rotifer production. Those
microalgae were demonstrated to increase rotifer survival, productivity, the effi-
ciency of feed assimilation, and biochemical composition (Ferreira et al., 2009;
Ferreira et al., 2008).

Therefore, the potential of using microalgae in aquafeed is tremendous. Besides
being a reliable and unconventional source of nutrients, microalgae biomass is rich
in bioactive metabolites, which confer cultivation advantages to cultured animals.

6.5 INDUSTRIAL APPLICATIONS OF MICROALGAE IN THE
FUNCTIONAL TERRESTRIAL FEED INDUSTRY

The incorporation of microalgae in non-aqua feed, while not being as common, can
be seen in the literature and the market. Several products using Spirulina sp. as a pet
feed supplement are commercialized, such as Phycon® pastes, from Phycon (The
Netherlands) or Allvitae®, from Allmicroalgae (Portugal). Besides Spirulina sp.
PUFA-rich microalgae are most commonly found in pet food — for cats and dogs,
once essential to keep the animals’ health intact, especially during their growth and
reproduction. Together with these products, the literature supports the supple-
mentation of Schizochytrium sp. into canine diets as a source of n-3 LC-PUFA
DHA (Hadley et al., 2017). Souza et al.,, (2019) described that a 0.4%
Schizochytrium sp. diet supplementation is pleasant to dogs’ palate while increasing
the metabolizable energy and nutrients digestibility. Also, it stimulates phagocytic
cells and the phagocytosis of monocytes, while not affecting the animals’ fecal
characteristics, biochemical profile, and blood hemogram (Souza et al., 2019).

Many experiments have been applied to farm animals showing that dietary mi-
croalgae can improve their growth performance and health condition. Poultry feeding
assays are reported in the literature, demonstrating the physiological and functional
effects of microalgae supplementation on those animals. Waldenstedt et al., (2003)
verified that Haematococcus pluvialis supplementation could reduce caecal coloni-
zation of Clostridium perfringens on female broiler chickens (Waldenstedt et al.,
2003). Specific-pathogen-free chicken fed with 1-2 g.kg™' Spirulina sp. of ration
exhibited optimum immune response, increased protection against heterologous virus
strains, and reduced viral shedding (Abotaleb et al., 2020). The immune stimulation
conferred by Spirulina sp. in chickens was also confirmed by Mirzaie et al. (2018).
Moreover, Spirulina sp. supplementation decreased stress hormones and serum lipid
parameters and elevated antioxidant status, while not affecting animal performance
characteristics (Mirzaie et al., 2018). Kang et al., (2013) noted that 1% fresh liquid
Chlorella vulgaris supplementation improved body weight gain, immune factors, and
the production of Lactobacillus bacteria in the intestinal microflora of broiler
chickens (Kang et al., 2013). The beneficial effects of this microalga have also been
reported for ducks. Oh et al., (2015) found that the animal body weight was increased
in line with the supplementation of heterotrophic C. vulgaris, and the meat quality
was positively affected (Oh et al., 2015).
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Studies on pig feeding using microalgae are scarce when compared with other
animals. Furbeyre et al., (2017) demonstrated that 1% Arthrospira platensis and C.
vulgaris supplementation is responsible for improving the intestine mucosal ar-
chitecture and nutrient digestibility of weaned piglets. Moreover, C. vulgaris was
demonstrated to play a role in regulating digestive disorders after weaning, avoiding
diarrhea (Furbeyre et al., 2017). In growing pigs, the inclusion of 0.1% hetero-
trophic C. vulgaris improved the growth performance, nutrient digestibility, mi-
crobial shedding (decreased Escherichia coli and higher Lactobacillus sp.), and
decrease the fecal noxious gas emissions (ammonia and hydrogen sulphide) (Yan
etal., 2012). Coelho et al., (2020) showed that the growth performance, carcass, and
meat quality traits remained stable when finishing pigs were supplemented with 5%
C. vulgaris diets. This inclusion increased the levels of some lipid-soluble anti-
oxidant pigments and n-3 PUFA, and decreased the n-6:n-3 fatty acid ratio, im-
proving the nutritional value of pork fat (Coelho et al., 2020).

A limited number of ruminant feeding assays are reported in the literature. The
reason is mainly attributed to the amount of microalgae necessary to perform those
assays being enormous when compared to other animals (Becker, 2004), as well as
the technical details necessary to conduct them. Nevertheless, one of the first mi-
croalgae feeding assays, performed by Hintz et al., (1966) demonstrated that when
weaning lambs were fed with supplementation of a microalgae mixture, containing
Chlorella spp., Scenedesmus obliquus, and Scenedesmus quadricauda, significant
weight gain occurred compared to the other rations (Hintz et al., 1966). Alves et al.
(2018) used sheep ruminal fluid, hypothesizing the protection of Nannochloropsis
oceanica cell walls to EPA. These authors demonstrated that N. oceanica resultant
EPA metabolism was remarkably reduced, demonstrating, for the first time in ru-
minants, the kinetics of EPA biohydrogenation class products and the formation of
20:0 fatty acids (Alves et al., 2018).

The supplementation of 10%, but not 20%, A. platensis to weaned lambs led to
an increase in body weight and score, and body condition score when compared to
the non-supplemented control group (Holman, 2012).

Kulpys et al., (2009) evaluated the effect of A. platensis when supplemented to
lactating cows, during a 90-day trial. It was verified that a 200g daily supple-
mentation of Spirulina sp. led to an increase in cow bodyweight of 8.5-11% and
21% of milk when compared to the control group. The authors even concluded that
this supplementation is economically sustainable (Kulpys et al., 2009).

Although the microalgal species was not revealed, a study performed by Elzinga
et al., (2019) demonstrated that a DHA-rich microalgae supplementation given to
horses with equine metabolic syndrome can modulate their metabolic condition and
reduce inflammation. This study is especially relevant since a big portion of the
equine population is predisposed to develop this metabolic syndrome (Elzinga
et al., 2019).

Several other microalgae have been experimented on in lab animals, supporting
the potential of the use of this group of microorganisms in animal diets (Navarro
et al., 2016). Therefore, besides minor effects being found in terms of meat quality,
the inclusion of different species of microalgae in animal diets can improve their
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productivity by increasing growth performance parameters and stimulating their
immune response. The scientific community has demonstrated the role of several
microalgal strains in the most diverse terrestrial animals, increasing opportunities
for the establishment of robust and scientifically supported feed products.

6.6 COMMERCIALIZED FORMULATED AQUA AND
TERRESTRIAL FEED

While the potential of microalgae as a feed supplement for the most diverse animals
has long been recognized, the products available on the market are still limited to a
few formulations. During the 1960s, protein-rich microalgae were the main product
available. The commercialization of Dunaliella sp. and Haematococcus sp. aimed at
the functionality and color conferred by their pigments, B-carotene, and astaxanthin,
appeared and had their boom during the 1980s. The 1990s brought the lipid-rich
microalgae and EPA and DHA became a trend in feed products (Camacho et al.,
2019). Nowadays, the market is populated by diverse microalgae-based products
commercialized by several companies, some microalgae producers, and other feed
formulators, as demonstrated in Table 6.1.

Allmicroalgae Natural Products, located in Portugal, and Necton, located in the
same country, are two examples of companies whose core activity is microalgae
production and which have a brand of aquafeed products in the market, Allvitae®
and Phytobloom®, respectively.

In the aqua market, two significant categories of microalgae-derived feed pro-
ducts can be found: microalgae cultures, usually concentrated, mostly used for
larval fish, shrimp, and bivalves, and formulated rations, supplemented with mi-
croalgae. Algagen LLC, located in Florida (USA), supplying concentrated micro-
algae cultures for the most diverse aqua cultivation. However, in Belgium Proviron
commercialized their microalgae for feed application in powder form. Others, like
Sera in Germany formulated products on the market, instead of pure microalgae.

Most of the commercialized microalgae for feed applications are being used
fresh, either as the only component or as an additive. Some suppliers produce
microalgae seed cultures so that the aquaculture farmers can have an on-site mi-
croalgae cultivation for further utilization. Algagen LLC is one company with a
diverse offer of seed microalgae species. There is also a large number of options in
terms of species. As an example, GreenSea, located in France, has more than ten
species available as a product.

The market of microalgae-based feed for terrestrial animals is not as developed
as that of aquatic animals. The products only started to appear on the market late in
the 20th century, and the majority are nutritional supplements. Chlorella sp. and
Spirulina sp. are the predominant microalgae in these products, such as patés and
biscuits for cats and dogs commercialized by Yarrah, in the Netherlands, or
Equialgae, the ration sold by NeoAlgae for horses. However, other species appear
supplemented in the animal feed, such as Tetraselmis chui, Nannochloropsis
oceanica and Scenedesmus obliquus used in Allvitae® by Allmicroalgae Natural
Products, as is demonstrated in Table 6.2.
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The market perspective for microalgae-based feed products is positive for the
coming years. Besides representing an excellent alternative to the classical ingredients
used for aquafeed, research and development support the evidence of the health-
promoting effects induced by this group of organisms. There is also a growing need to
diminish the number of antibiotics used during fish production. It is then expected
that the offer on products supplemented with microalgae shall increase significantly
in the next few years.

6.7 CHALLENGES AND FUTURE PERSPECTIVES

The recent rapid evolution in the microalgae biotechnology field led to an increase
in the algal bioeconomy applied to the feed industry. Microalgae researchers have
been focusing on increasing biomass productivity while reducing production
costs. Significant achievements have been reported for bioreactor design, har-
vesting techniques, strain development, adaptation, and genetic and metabolic
engineering, allowing improvements in biomass and added-value compounds
productivity. Culturing conditions have also been manipulated to increase the
biomass content in carbohydrates, proteins, lipids, pigments, and other metabo-
lites of interest. All those improvements allowed for the achievement of a cell
factory undergoing continuous improvement and becoming more effective in
carbon capture and more suitable for market applications, such as feed. In spite of
all these improvements, the price of microalgal feed is still higher when compared
to the traditional ingredients, while conferring to the product functionalities that
are not seen in the other crop ingredients. Another constraint in microalgae
marketing relates to aquaculture demand for live biomass instead of dried powder.
The sourcing and transport of concentrated and frozen biomass inevitably increase
the product’s final cost.

The balanced nutritional profile and functionality of the biomass are critical
factors for the use of these microorganisms in animal feed. Further studies are
needed, especially for product formulation, but the future seems promising for this
market.

6.8 SUMMARY

Scientifically validated evidence showing that microalgal metabolites develop
functional roles when incorporated in feed has been increasing in recent times.
Biotechnological research in this field is promising. New bioactive metabolites
relevant in the most diverse areas, from human to animal health, are likely to be
found in the near future. The microalgae market is also a likely to become a
growing sector once consumers become more aware of its nutritional and func-
tional properties and are consequently willing to pay to benefit from that. The
possible use of microalgae is then destined to become a prominent reality, in-
tending to promote the growth and health of the fed animal. Beyond microalgae
functionality being well documented, further studies are needed in the field of
product formulation.
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