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Abstract: Aquafeed accounts for at least 75–90% of aquaculture’s operating costs. Traditional
aquafeed ingredients such as fishmeal, fish oil, and soybean meal are unsustainable; further, their
increasing cost necessities developing alternative feed ingredients. Microalgae-based aquafeed is
not only environmentally friendly, but it can also be cost-effective with proper optimization. In
addition, the nutrition profile of microalgae is similar to that of many fishes. The digestibility of a
feed is one of the most important factors to consider in feed formulation. A highly digestible feed
can lower production costs, reduce feed waste, and reduce the risk of eutrophication. This review
discusses the digestibility of various nutrients such as protein, lipid, carbohydrate, amino acids, and
fatty acids (including omega-3 fatty acids), dry matter, and energy of various microalgae in fish.
Other commonly used aquafeed ingredients were also compared to microalgae in terms of nutrient
and energy digestibility in fish. The intrinsic characteristics of microalgae, biomass pretreatment,
and feed preparation methods are all discussed as factors that contribute to the nutrient and energy
digestibility of microalgae in fish. Furthermore, methods for increasing the digestibility of microalgal
biomass in fish are suggested. Finally, the review concludes with the challenges and prospects of
using microalgae as a fish feed in terms of digestibility.

Keywords: microalgae; aquafeed; protein; digestibility; lipid

1. Introduction

Microalgae biomass is a promising feed ingredient in aquaculture. Various studies
have reported success in the partial replacement of fishmeal, soybean meal, and the
complete replacement of fish oil in the fish diet by microalgal biomass [1,2]. The inclusion
of microalgae in feed improves weight gain, increases the protein and lipid content in the
fish muscle, improves the disease resistance and stress tolerance in fish, and enhances the
texture and taste of fish fillet [3].

Microalgae are a nutrition-rich ingredient that could be used in fish feed. However, the
nutritional content of microalgae is of limited use in feed formulation because it does not
provide information on the hydrolytic products available for growth after digestion [4]. This
could be known through digestibility studies. The digestibility study provides information
on the amount of digestible nutrients and energy in ingredients, including microalgae.
The digestibility of nutrients in the diet indicates the proportion of food consumed to be
absorbed, with the undigested portion eliminated as feces [5]. Therefore, the portion of
undigested food is a waste of resources.

The addition of highly digestible ingredients to feed can help to improve feed con-
version ratios, lower production costs, and reduce environmental impact by lowering
eutrophication potential [6–8]. Enhanced digestibility would ultimately result in higher
growth and nutrient retention rates in muscle, thus increasing productivity [9]. Therefore,
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one of the first steps in formulating a novel feed will be the determination of the nutrient
and energy digestibility of the individual ingredients in the aquatic organism [5,10].

One of the major ingredients in any aquafeed is fishmeal because it is the ingredient
best used by most fish species [6,9,11–19]. This is perhaps due to the high digestibility
of nutrients and energy of fishmeal in various fishes. But fishmeal prices are steadily
increasing over the years, and it is considered an unsustainable ingredient. Apart from
fishmeal, commonly found ingredients in aquafeed are plant-based ones, including soybean
meal, groundnut cake, rice bran, wheat gluten, wheat middlings, corn starch, and palm oil.
These plant-based ingredients are either used as whole or used as extracts. Extracts are
the leftover biomass after oil extraction. In many fishes, whole and extracts of plant-based
substances have been shown to be comparable to fishmeal in terms of nutrient and energy
digestibility [20]. If any novel biomass, such as microalgae or its specific metabolite, is to
be used in the feed, it must have digestibility similar or higher than that of fishmeal and
the other conventional ingredients currently used to replace it.

In recent years, microalgae biomass has attracted attention as a sustainable ingredient.
Although many microalgal species have yet to be tested for digestibility in fish, preliminary
results show a wide range of digestibility values [9,11,12,21–23]. Hence, microalgae’s true
potential as a feed ingredient has yet to be realized in aquaculture. It is widely accepted
that the best way to compensate for faecal losses is to formulate diets on a digestibility
basis. However, diets are formulated based on crude energy and nutrients due to a lack
of proper information about a new ingredient’s digestibility. From this perspective, this
review summarizes the nutrient and energy digestibility of various microalgae in fish.
Furthermore, factors affecting microalgae digestion in fish as well as methods to improve
microalgae digestibility in fish are discussed.

2. Factors Contributing to Digestion of Microalgae

Many microalgal species ranging from prokaryote to eukaryote contribute to the rich
diversity. Even intra-species variation in biochemical profiles has been reported. Each of
these microalgal species differs in chemical composition and physical structure, leading to
the difference in the nutrient and energy digestibility values. In particular, the digestion of
microalgae by fish is shown to be mainly affected by the composition and rigidness of mi-
croalgae’s cell wall [24]. The prokaryotic microalgae (i.e., cyanobacteria) have a peptidogly-
can layer in their cell walls, whereas the eukaryotic green microalgae have a cellulosic layer
in their cell walls [17,25,26]. A study has shown that the microalgae with peptidoglycan
(murein) layered cell walls are easier to digest by fish than microalgae with cellulosic lay-
ered ones [17]. The rigidness of the cell wall was also found to affect the digestibility of mi-
croalgae. Studies show that thick-walled microalgae exhibit poor digestibility compared to
species with thin cell walls or which lack cell walls [6,21,25,27–31]. Microalgae belonging to
genera including Nannochloropsis, Chlorella, Haemotococcus, and Desmodesmus have thick cell
walls, whereas species like Isochrysis galbana, Porphyridium cruentum, and Dunaliella salina
lack cell walls.

Despite cell wall disruption, the digestibility of microalgae still could be affected by
certain proteins that inhibit digestive enzyme activity. For instance, poor digestion of
Nannochloropsis sp. could be attributed to the high amount of trypsin inhibitor, an adverse
enzyme that prevents proteolytic enzyme activity. Furthermore, some marine microalgae
are reported to contain lipase inhibitors which could affect the digestibility of lipids [32–34].
Other factors that affect digestibility are the presence of non-starch polysaccharides and
fibers in microalgae [35]. Non-starch polysaccharides, found typically in cell walls, are
mostly indigestible, including cellulose, gums, pectins, and hemicelluloses [25,36–39].
Some fish species, like Nile tilapia, lack digestive enzymes to break the beta glycosidic
bond present in non-starch polysaccharides [40]. These undigested carbohydrates rapidly
pass through the digestive tract, but not before absorbing proteins, thus reducing the
protein digestibility [41,42]. A negative correlation was established for fiber content with
the digestibility of organic matter, protein, and carbohydrate [24,43]. However, another
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study reported no such correlation between fiber content and protein digestibility [24].
Therefore, more studies are required to establish the relationship between fiber content and
nutrient digestibility.

Due to the low amount of non-starch polysaccharides and fibers, the digestibility of
nutrients for Isochrysis sp. was found to be better than Nannochloropsis sp. in rainbow
trout [35]. It is also reported that fiber and other anti-nutrient factors negatively affect
proteolytic and amylase activity, decreasing digestibility [31,44]. There are other factors,
which can affect the digestibility of a microalgae-based diet. Exopolysaccharides can inhibit
protein digestion, since these can form stable complexes with protein preventing proteoly-
sis [24,45]. Several strains (e.g., Porphyridium sp.) are known to produce exopolysaccharides,
which are either secreted in the algal culture or remain attached to the cells [24]. Proteins
can be precipitated by phenolic compounds generally associated with plant and seaweed
ingredients [4,46–48]. Even though the phenolic content in microalgae is very low (0–20 mg
gallic acid equivalents g−1 DW), the microalgal protein digestibility could still be affected
by plant phenolic compounds present in the feed [4].

The use of feed preparation techniques involving high-temperature processes (e.g., extrusion)
can damage certain amino acids such as lysine [49,50]. This damage occurs due to heat,
which can cause cross-linkage and denaturation of protein [20]. Thus, amino acid digestibil-
ity could be affected. Moreover, the differences in the physiology of each fish species
contribute to variation in the digestibility of the same microalgal species [17]. In addition
to physiology, fish species show variation in the profile of digestive enzymes. For exam-
ple, only selected fishes such as Rohu (Labeo rohita) have enzymes needed for cellulose
degradation [51].

3. Methods to Improve the Digestibility of Microalgae

The microalgal cells harvested from the growth reactor are usually spray dried to
preserve the biomass quality. In addition, on a large scale, microalgal biomass is sun, drum,
or oven-dried. However, in these cases, the microalgae cell wall remains intact, which is
related to poor digestibility [9,22,34]. Nutrient digestibility can be improved by the pre-
treatment/processing of biomass, including bead milling, pasteurization, freeze-drying,
high pressure homogenization, pulse electric field, ultrasound, microwave, chemical and
enzymatic treatment [21,52]. This is possible since biomass processing/pre-treatment
disrupts the rigid cell wall of microalgae and thus releases intracellular nutrients for
the fish digestive system and subsequent absorption. Literature reports suggest that
biomass processing of selected microalgae is attributed to higher digestibility for various
fishes [1,34,53].

In several studies, bead milling was found to be efficient among pre-treatments in improv-
ing microalgae digestibility in fish. For example, in juvenile Nile tilapia (Oreochromis niloticus),
the diet containing bead milled Nannochloropsis gaditana had the highest protein, lipid, and
energy digestibility when compared to other diets that contained the same algae but were
treated with pasteurization, freezing, or freeze-drying methods [18]. Physical treatment of
Nannochloropsis sp. and Chlorella sp. using bead milling improved protein digestibility by
3–8% compared to that of unprocessed ones in European seabass [34]. In particular, bead
milling of Tetraselmis sp. improved protein digestibility by 20% compared to unprocessed
cells in European seabass [34]. The digestibility of amino acids like phenylalanine, and
aspartic acid in European seabass was improved by bead milled microalgae inclusion in
diet rather than the whole biomass inclusion; however, essential amino acid digestibility
was not improved by the pre-treatment of microalgae [34]. It was observed that 10–39%
of the cell wall of Nannochloropsis sp. and Chlorella sp. could be broken by 10 min of bead
milling and, in turn, may liberate nutrients and thus improve digestibility [1,17,54,55]. In
some cases, the enzymatic processing also significantly improved the protein digestibility
of Nannochloropsis sp. and Chlorella sp. and energy digestibility of Nannochloropsis sp.,
Chlorella sp., and Tetraselmis sp. by 14%, 11%, and 40% for European seabass [34]. The
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extent of cell disruption differs from one species to another; thus, nutrient accessibility
could differ despite the same processing conditions [56].

The extrusion process is preferred for feed making since it produces pellets that could
reduce feed loss and water pollution. It involves high temperature, high pressure, long
processing time, and shear force. Under these conditions, the recalcitrant microalgal cell
walls can be disrupted, which in turn increases nutrient bioavailability and digestibil-
ity [21,57–59]. Furthermore, the extrusion process can denature the enzymes like trypsin
inhibitors, which affects digestibility [38]. In a study, extruded feed containing defatted
biomass of Nannochloropsis sp. and Desmodesmus sp. had higher digestibility of ash, dry
matter, and protein than that of non-extruded diet [21]. Similarly, in Gibel carp fed with
a microalgae-based diet, the digestibility of dry matter, protein, starch, and energy was
higher than that of pellets prepared by cold pelletization technique [52]. In the cold pel-
letization technique, all ingredients are mixed with cold water and cold-pressed, usually
through a meat mincer, then dried, crushed, and sieved to obtain pellets. Cold pelletization,
unlike extrusion, does not use high temperatures or pressure, so the cell wall of microalgae
is largely unaffected during the process.

The digestibility of feed ingredients, including microalgae, can be improved by the
addition of enzymes in diet or by enzymatic processing of microalgal biomass [60,61]. For
example, the addition of enzyme-like protease improved protein digestibility and degraded
the anti-nutritional factors, including lectins, trypsin inhibitors, and antigenic proteins
in diet [62,63]. Cellulase enzyme hydrolyzed 62% of the cellulose in Chlorella pyrenoidosa,
resulting in a 75% increase in lipid extraction, indicating that enzymes have the potential
to improve microalgae digestibility [64]. The addition of non-starch polysaccharide (NSP)
enzymes to the diet containing defatted Nannochloropsis sp. biomass increased the protein
digestibility in Nile tilapia [35]. Besides enzymes, the addition of organic minerals rather
than inorganic minerals in the diet containing microalgae also improved the digestibility of
fatty acids, especially polyunsaturated fatty acids in Atlantic salmon [60].

4. Nutrient Digestibility

4.1. Dry Matter Digestibility

The dry matter contains all the components of biomass except for water. Microalgae’s dry
matter consists of lipids, proteins, carbohydrates, chlorophyll, vitamins, carotenoids, and ash.
Dry matter content varies between 91% and 98% in microalgae [24]. Tables 1 and 2 show the
digestibility of the microalgae dry matter in fish. All the values shown in Tables 1 and 2 are
the digestibility values reported for microalgae and not for the diet in fish. The digestibility of
microalgae dry matter in fishes evaluated ranged from 13% to 97%. In particular, digestibility
of dry matter of Schizochytrium sp. in rainbow trout (Oncorhynchus mykiss) was in the range
of 91–97% [65]. Similarly, for Nile tilapia (Oreochromis niloticus), the Schizochytrium sp. had
dry matter digestibility of 82% [6]. Dry matter digestibility higher than 70% was observed in
rainbow trout for Isochrysis sp., Nile tilapia for Spirulina sp., Chlorella sp., Spirulina maxima
and Chlorella vulgaris, and African catfish (Clarus gariepinus) for Spirulina maxima and
Chlorella vulgaris (Table 1). The in vitro studies showed that Spirulina platensis, Chlorella sorokiniana,
and Chlorella vulgaris had dry matter digestibility greater than 70% (Table 2). These microal-
gal species may have high digestible dry matter content due to their high amount of easily
digestible nutrients and low anti-nutritional factors, as well as less rigid cell wall [66,67].

Microalgae-based diets typically include microalgae as well as other ingredients such
as fish meal, plant-based ingredients, minerals, and vitamins. Studies have reported no
significant difference in dry matter digestibility between a microalgae-based diet and a
control diet lacking microalgae in fish. For instance, a diet containing Chlorella sp., and a
diet containing Nannochloropsis oceanica had similar dry matter digestibility to control diet
lacking microalgae in European seabass (Dicentrarchus labrax) juveniles [34]. Similarly, in
another study, there was no difference in dry matter digestibility between the control and a
diet containing 30% defatted Nannochloropsis sp. in Atlantic salmon (Salmo salar) [21]. How-
ever, studies also have reported that increasing the algal content in diet negatively affected
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the dry matter digestibility in fish. For instance, increasing Phaeodactylum tricornutum con-
tent in the diet, the dry matter digestibility decreased in Atlantic salmon (S. salar) [12].
In another study, with increased content of whole-cell Nannochloropsis gaditana in diet,
the dry matter digestibility decreased in African catfish and Nile tilapia [18]. Similarly,
other studies revealed that higher inclusion levels of algae led to a decrease in dry matter
digestibility in fish [8]. In some cases, a microalgae-based diet’s decreased dry matter
digestibility was compensated by a higher intake of feed by fishes [8]. However, in such
cases it could result in an increase in the feed conversion ratio.

The disruption of algal cells using bead miller led to an increase in dry matter di-
gestibility of Nannochloropsis oceanica, Chlorella vulgaris, and Tetraselmis sp. for juvenile
European seabass (D. labrax) by nearly 21%, 14%, and 50%, respectively [34]. Bead milling
of Nannochloropsis gaditana increased the dry matter digestibility for juvenile African catfish
(C. gariepinus) and juvenile Nile tilapia by 16% and 18%, respectively [68]. Enzymatic treat-
ment increased the dry matter digestibility of Nannochloropsis oceanica, Chlorella vulgaris,
and Tetraselmis sp. for juvenile European seabass (D. labrax) by 27%, 14%, and 12%, respec-
tively [34]. The above results suggest that efficient cell disruption techniques to improve
dry matter digestibility differ from one algal species to another. Defatting of the microalgae
Nannochloropsis oculata decreased the dry matter digestibility for juvenile Nile tilapia
by 7% [38]. This is most likely due to a decrease in the content of easily digestible
lipids, such as polyunsaturated fatty acid (PUFA), in fishes, which has a negative im-
pact on lipid digestibility and, as a result, on dry matter digestibility [69]. The starvation
of Tetraselmis Suecica increased the dry matter digestibility (estimated by in vitro method)
by nearly 5% [24]. This could be due to the fact that nutrient deprivation can increase the
amount of highly digestible lipid-like PUFA and starch in microalgae [69]. The pelletization
technique used to prepare feed has an impact on dry matter digestibility. This was demon-
strated in a study in which extruded pellets had higher dry matter digestibility than pellets
made by cold pelletization for Atlantic salmon diets containing Nannochloropsis sp. [21].
The above results suggest that the starvation of microalgae, cell disruption technique, and
pelletization method can be applied to improve dry matter digestibility of microalgae.

4.2. Protein and Amino Acid Digestibility

Fish require diets comprising of 30% to 55% crude protein and an amino acid sup-
ply focused on specific requirements for maximum growth [70]. If the diet includes
easily digestible ingredients, the high protein demand of fish can be met. The protein
digestibility of microalgae in different fishes ranged from 50% to 94% (Tables 1 and 2). The
digestibility of protein for Schizochytrium sp., Isochrysis sp., Spirulina sp., Chlorella vulgaris,
Nannochloropsis oceanica, and Nannochloropsis oculata was found to be higher than 80% in
fish such as rainbow trout (Oncorhynchus mykiss), Nile tilapia (Oreochromis niloticus), Eu-
ropean seabass (Dicentrarchus labrax), and African catfish (Clarus gariepinus) (Table 1). In
comparison, the commonly used ingredient fish meal has protein digestibility ranging
from 72% to 92% for salmonids and tilapia [8,11,21,71–77]. Other popular ingredients in
the fish diet include soybean meal and corn which have a protein digestibility of 91–96%
and 53–83%, respectively, for salmonids and tilapia [70]. The wheat middling has a protein
digestibility of 20–76% for tilapia [70]. The protein digestibility of seaweed in rainbow
trout ranged from 66% to 80% [77]. Unlike seaweed, the microalgal biomass has lower
total phenolic content (TPC) (<20 mg GAE g−1 DW) [46–48,78,79]. Protein digestibility is
indirectly correlated to TPC content [80]. Thus, in general, microalgal biomass has higher
protein digestibility than seaweed. Overall, the protein digestibility of selected microalgal
species was comparable to that of fishmeal and plant-based ingredients and was higher
than that of seaweed.

In the case of microalgae-based diets, a wide range of protein digestibility values
has been reported for different fishes. The wide range of results could be explained by
differences in feed processing technique, the type of ingredients used in combination with
microalgae in the diet, and the digestive systems of fishes. In general, studies have shown a
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linear decrease in protein digestibility relative to the increase in the content of microalgae in
the diet [8,12]. Protein digestibility is negatively affected by the fiber content of the diet, and
microalgal biomass has a considerable amount of total fiber [61,81]. The fiber inhibits pepsin
activity, which catalyses protein hydrolysis [24,81]. Furthermore, microalgal biomass has
relatively high levels of soluble polysaccharide fibers that can entrap proteins in the cellular
matrix, rendering them less bioavailable to enzymatic hydrolysis [82]. However, decreased
protein digestibility values were compensated by high feed intake for sustaining the fish
growth [8]. Overall, at an appropriate concentration of microalgae (less than 15%) in diet,
the protein digestibility was not found to be affected [12].

Table 1. In vivo digestibility of dry matter, nutrients, and energy of individual microalgae for various fish.

Microalgae
Biomass

Processing/
Pre-Treatment

Aqua Species Pellet
Dry Atter

(%)
Protein

(%)
Lipid
(%)

Carbohydrate
(%)

Energy
(%)

Reference

Chlorella sp. _ Nile tilapia
(Oreochromis niloticus) Meat grinder 73.4 80 94.4 _ 83.9 [6]

Chlorella vulgaris _ African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 70.7 80.7 78.1 84.6 71.6 [17]

Chlorella vulgaris _ Atlantic salmon
(Salmo salar L.) Steam pelleted _ 79.5 69.9 45 59.6 [83]

Chlorella vulgaris
High pressure

homogenization
Atlantic salmon
(Salmo salar L.) Steam pelleted _ 85.4 82.1 82.7 76.5 [83]

Chlorella vulgaris _ European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
41.2 85.5 84.9 _ 81.5 [34]

Chlorella vulgaris Bead milling European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
63.4 88.6 81.2 _ 90.4 [34]

Chlorella vulgaris
Enzymatic
processing

European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
63.4 87.6 78.4 _ 90.6 [34]

Chlorella vulgaris _ Nile tilapia
(Oreochromis niloticus)

Extruded into
sinking pellet 73.7 80.9 84.3 70.4 73.9 [17]

Desmodesmus sp. Defatting Atlantic salmon
(Salmo salar) Cold pelleted 31.8 54.1 _ _ _ [21]

Desmodesmus sp. Defatting Atlantic salmon
(Salmo salar)

Twin-screw
cooking extruder 46.9 67.1 _ _ 50.9 [21]

Isochrysis sp. _ Rainbow trout
(Oncorhynchus mykiss) Steam-pelleted 77.1 86.5 62.8 _ 72.6 [35]

Nannochloropsis
gaditana

_ African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 61.1 72.4 65.1 46.9 59.5 [17]

Nannochloropsis
gaditana

_ African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 48.3 59.3 40.3 31.7 46.6 [68]

Nannochloropsis
gaditana

Bead milling African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 63.7 75.6 76.8 34.9 63.5 [68]

Nannochloropsis
gaditana

Commercial
processing

(Nutrispring®
Liquid 40)

African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 60.3 67.7 47.2 45.4 53 [68]

Nannochloropsis
gaditana

Freeze-drying African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 47 59.8 49.9 43.3 46.7 [68]

Nannochloropsis
gaditana

Frozen thawing African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 50.2 65.2 41.2 28.1 48.8 [68]

Nannochloropsis
gaditana

Pasteurization African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 45.2 55.5 44 48.7 43.7 [68]

Nannochloropsis
gaditana

_ Nile tilapia
(Oreochromis niloticus)

Extruded into
sinking pellet 66.9 74.7 74.5 21.6 65.1 [17]

Nannochloropsis
gaditana

_ Nile tilapia
(Oreochromis niloticus)

Twin-screw
extruder

(Clextral) into
sinking pellets

48.4 61.5 50.4 34.9 51 [18]
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Table 1. Cont.

Microalgae
Biomass

Processing/
Pre-Treatment

Aqua Species Pellet
Dry Atter

(%)
Protein

(%)
Lipid
(%)

Carbohydrate
(%)

Energy
(%)

Reference

Nannochloropsis
gaditana

Bead-milling Nile tilapia
(Oreochromis niloticus)

Twin-screw
extruder

(Clextral) into
sinking pellets

66.3 78 82 56.7 69.2 [18]

Nannochloropsis
gaditana

Commercially
processed

(nutrispring®
Liquid 40)

Nile tilapia
(Oreochromis niloticus)

Twin-screw
extruder

(Clextral) into
sinking pellets

61.2 72.9 66.4 46.6 60.6 [18]

Nannochloropsis
gaditana

Freeze-dried Nile tilapia
(Oreochromis niloticus)

Twin-screw
extruder

(Clextral) into
sinking pellets

50.6 60.6 57.8 38.5 53.1 [18]

Nannochloropsis
gaditana

Frozen thawed Nile tilapia
(Oreochromis niloticus)

Twin-screw
extruder

(Clextral) into
sinking pellets

55.2 66.2 53 40.5 57.1 [18]

Nannochloropsis
gaditana

Pasteurized Nile tilapia
(Oreochromis niloticus)

Twin-screw
extruder

(Clextral) into
sinking pellets

50.2 60.7 56.1 38 53.1 [18]

Nannochloropsis
oceanica

_ European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
32 81.6 63.1 _ 76.2 [34]

Nannochloropsis
oceanica

Bead milling European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
53.6 81 56.1 _ 76.6 [34]

Nannochloropsis
oceanica

Enzymatic
processing

European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
59.4 87.9 63.8 _ 87 [34]

Nannochloropsis
oculata

Defatting Nile tilapia
(Oreochromis niloticus) Meat grinder _ 73.5 60.6 _ 72.8 [38]

Nannochloropsis
oculata

_ Nile tilapia
(Oreochromis niloticus) Meat grinder _ 81.1 64.2 _ 80 [38]

Nannochloropsis sp. Defatting Atlantic salmon
(Salmo salar)

Twin-screw
cooking
extruder

63.1 72.4 _ _ 60.5 [21]

Nannochloropsis sp. Defatting Atlantic salmon
(Salmo salar) Cold pelleted 47.9 72.9 _ _ _ [21]

Nannochloropsis sp. Defatting European seabass
(Dicentrarchus labrax)

Dry pelleted at
50◦C using
pellet press

_ 85.4 _ _ 68 [32]

Nannochloropsis sp. _ Rainbow trout
(Oncorhynchus mykiss) Steam-pelleted 56.7 69.3 60.1 _ 62.1 [35]

Scenedesmus
dimorphus

_ African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 58.2 68.3 68.3 62.3 61.4 [17]

Scenedesmus
dimorphus

_ Nile tilapia
(Oreochromis niloticus)

Extruded into
sinking pellet 55.8 67 65.1 56.9 58.5 [17]

Schizochytrium sp. _ Nile tilapia
(Oreochromis niloticus) Meat grinder 81.8 81.7 97.9 _ 86.5 [6]

Schizochytrium sp. _ Rainbow trout
(Oncorhynchus mykiss)

California
Pellet Mill

(model CPM CL-5)
90.8 90.8 85.9 _ 84.3 [65]

Schizochytrium sp. _ Rainbow trout
(Oncorhynchus mykiss)

California
Pellet Mill

(model CPM CL-5)
97.8 88.2 85.8 _ 81.9 [65]

Spirulina maxima _ African catfish
(Clarias gariepinus)

Extruded into
sinking pellet 73.1 81.4 89.1 66.3 75.3 [17]

Spirulina maxima _ Nile tilapia
(Oreochromis niloticus)

Extruded into
sinking pellet 74.7 82.5 82.4 68.2 75.8 [17]

Spirulina sp. _ Nile tilapia
(Oreochromis niloticus) Meat grinder 79.7 86.1 94.5 _ 86.3 [6]
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Table 1. Cont.

Microalgae
Biomass Processing/

Pre-Treatment
Aqua Species Pellet

Dry Atter
(%)

Protein
(%)

Lipid
(%)

Carbohydrate
(%)

Energy
(%)

Reference

Tetraselmis sp. _ European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
−19.1 69.7 −92.4 _ 48.9 [34]

Tetraselmis sp. Bead milling European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
51.4 83.6 −101.2 _ 81.1 [34]

Tetraselmis sp. Enzymatic processed European seabass
(Dicentrarchus labrax)

Twin-screw
extruder

(Clextral BC 45)
12.5 73.7 −795.0 _ 68.3 [34]

Table 2. In vitro digestibility of dry matter and nutrients of individual microalgae for various fish.

Microalgae
Biomass

Processing/Pre-
Treatment

In Vitro Conditions
Dry Matter

(%)
Protein

(%)
Carbohydrate

(%)
Reference

Chlorella pyrenoidosa _ In vitro (pepsin-pancreatic system) _ 75.3 _ [61]

Chlorella sorokiniana
F&M-M49 _ In vitro (pepsin-pancreatic system) 55 50 60 [24]

Chlorella sorokiniana
IAM C-212 _ In vitro (pepsin-pancreatic system) 72 70 72 [24]

Chlorella vulgaris
Allma

_ In vitro (pepsin-pancreatic system) 70 75 70 [24]

Klamath _ In vitro (pepsin-pancreatic system) 68 70 70 [24]

Nannochloropsis
granulata

_ In vitro pH-Stat using pyloric caeca
enzyme extract of rainbow trout _ 79.1 _ [67]

Nannochloropsis
granulata

Super Critical Fluid
70 ◦C extracted cell

In vitro pH-Stat using pyloric caeca
enzyme extract of rainbow trout _ 86.2 _ [67]

Nannochloropsis
granulata

Super Critical Fluid
90 ◦C extracted cell

In vitro pH-Stat using pyloric caeca
enzyme extract of rainbow trout _ 87.9 _ [67]

Nannochloropsis
oceanica F&M-M24

_ In vitro (pepsin-pancreatic system) 55 50 60 [24]

Nannochloropsis
sphaeroides F&M-C117 _ In vitro (pepsin-pancreatic system) 65 80 68 [24]

Porphyridium
purpureum F&M-M46 _ In vitro (pepsin-pancreatic system) 48 70 50 [24]

Phaeodactylum
tricornutum F&M-M40 _ In vitro (pepsin-pancreatic system) 50 70 55 [24]

Spirulina pacifica _ In vitro (pepsin-pancreatic system) _ 85.6 _ [61]

Spirulina platensis _ In vitro (pepsin-pancreatic system) _ 85 _ [84]

Spirulina platensis _ In vitro (pepsin-pancreatic system) _ 94.3 _ [61]

Spirulina platensis
F&M-C256 _ In vitro (pepsin-pancreatic system) 78 80 80 [24]

Tisochrysis lutea
F&M-M36 _ In vitro (pepsin-pancreatic system) 65 60 65 [24]

Tetraselmis suecica
F&M-M33 _ In vitro (pepsin-pancreatic system) 50 65 55 [24]

Tetraselmis suecica
F&M-M33

Nutrient starvation of
cell In vitro (pepsin-pancreatic system) 55 70 58 [24]

Physical and enzymatic processing of microalgae was found to increase the protein
digestibility of microalgal species. In comparison to whole-cell Tetraselmis sp., the bead
milling processed biomass had 14% higher protein digestibility for European seabass [34].
Similarly, bead milling improved the digestibility of Nannochloropsis gaditana protein by 16%
and 17% in African catfish (C. gariepinus) and Nile tilapia (O. niloticus), respectively [17,68].
Compared to whole-cell Nannochloropsis oceanica, the enzymatically processed microalgae
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had 6% higher protein digestibility [34]. The addition of organic minerals improved the
protein digestibility of a diet containing Schizochytrium sp. [60].

Amino acid digestibility of various microalgae ingredients is shown in Table 3. The
amino acid digestibility of N. oceanica and C. vulgaris, for European seabass (D. labrax),
and C. vulgaris for Atlantic salmon (S. salar) were higher than 90% [34,83]. Tetraselmis sp.
had relatively lower amino acid digestibility for European seabass (D. labrax) juveniles
(Table 3). Among individual amino acids of microalgae, arginine, isoleucine, and lysine
were generally more digestible than other amino acids. Processing of biomass by physical
and enzymatic methods did not increase the essential amino acid digestibility except in
cases of threonine and phenylalanine in physically processed Nannochloropsis sp.; however,
the digestibility of protein for physically processed Chlorella sp., and Tetraselmis sp. was
enhanced by 11−19% [34]. The reason for the increase in amino acid digestibility is that
larger size protein would have been cleaved into peptides and individual amino acid
during the pretreatment process.

Table 3. In vivo digestibility of individual amino acids of microalgae in fish.

Microalgae
Biomass

ProCessing/
Pre-Treatment

Aqua Species
Arginine

(%)
Histidine

(%)
Lysine

(%)
Threonine

(%)
Isoleucine

(%)
Leucine

(%)
Valine

(%)
Methionine

(%)
Phenylalanine

(%)
Tryptophan

(%)
Refrence

Chlorella vulgaris _ Atlantic salmon
(Salmo salar L.) 83.3 77.9 97.3 73.3 79.4 79.2 78 83.4 81.8 90 [83]

Chlorella vulgaris
High pressure
homogenization

Atlantic salmon
(Salmo salar L.) 94.6 93.1 92.7 91.5 90.5 92.4 92.2 89.6 89.2 68.8 [83]

Chlorella vulgaris _ European seabass
(Dicentrarchus labrax) 93.2 74.4 73.8 90.3 83.4 89.1 86.7 97.1 88.7 _ [34]

Chlorella vulgaris Bead milling European seabass
(Dicentrarchus labrax) 92.2 88.2 71.7 92.3 91.9 92.6 92.7 95.8 92.3 _ [34]

Chlorella vulgaris
Enzymatic
processed

European seabass
(Dicentrarchus labrax) 92.8 50.3 73.8 89 89.7 89.2 90.5 67.3 88.3 _ [34]

Chlorella sp. _ Nile tilapia
(Oreochromis niloticus) 96.7 94.1 68.9 90.5 86.5 93.4 91.5 93.9 92.3 95.5 [6]

Isochrysis sp. _ Rainbow trout
(Oncorhynchus mykiss) 99.2 93.2 101.4 94 92.1 94.5 98.5 94.9 94.4 84.4 [35]

Nannochloropsis
oceanica

_ European seabass
(Dicentrarchus labrax) 86.1 92 87.5 86.2 90.5 88.5 91.1 61.4 87.4 _ [34]

Nannochloropsis
oceanica

Bead milling European seabass
(Dicentrarchus labrax) 94.6 83.6 90.5 90.5 88.4 88.1 88.6 _ 88.4 _ [34]

Nannochloropsis
oceanica

Enzymatic
processed

European seabass
(Dicentrarchus labrax) 90.6 78.8 86.4 88.7 86.7 86 87.5 91.2 89.9 _ [34]

Nannochloropsis
oculata

_ Nile tilapia
(Oreochromis niloticus) 71.4 74 75.8 66.6 79.8 78.3 77.7 88.1 72.5 86.5 [38]

Nannochloropsis sp. _ Rainbow trout
(Oncorhynchus mykiss) 74.5 74.1 72.6 67.4 63.1 71.8 58.9 69.8 64.8 11.8 [35]

Schizochytrium sp. _ Nile tilapia
(Oreochromis niloticus) 100 93.1 90.9 93.3 91.9 100 99 100 100 89.6 [6]

Spirulina sp. _ Nile tilapia
(Oreochromis niloticus) 94 100 100 95.3 94.9 99.7 93.2 100 100 96.2 [6]

Spirulina sp. Defatted Nile tilapia
(Oreochromis niloticus) 83 76.7 81.5 60.5 73.6 81.3 73.4 64.1 74 56.1 [38]

Tetraselmis sp. _ European seabass
(Dicentrarchus labrax) 81.4 59.4 84.2 74.8 76.5 71.1 69.1 73.9 74.4 _ [24]

Tetraselmis sp. Bead milling European seabass
(Dicentrarchus labrax) 90.9 78.7 76.2 87.8 93.9 85.6 93.3 89.9 85 _ [24]

Tetraselmis sp. Enzymatic
processed

European seabass
(Dicentrarchus labrax) 95 49.3 76.8 87.5 78 77.4 86.1 86.5 83.7 _ [24]

4.3. Lipid and Fatty Acid Digestibility

Lipids are an excellent source of energy for fish [14,85,86]. Fish use the beta-oxidation
process to break down lipids in the mitochondria of the cell to generate energy. The lipid
content of microalgae varies from 1 to 70% of their dry weight. Table 1 shows the digestibil-
ity of microalgae lipids in different fish. In Nile tilapia (Oreochromis niloticus), a digestibility
of Schizochytrium sp. lipids as high as 98% has been reported [6]. Lipid digestibility higher
than 80% was observed in juvenile European seabass (Dicentrarchus labrax) for Chlorella vulgaris,
Nile tilapia (O. niloticus) for Chlorella vulgaris, Schizochytrium sp., Spirulina sp., and Chlorella sp.,
and African catfish (Clarus gariepinus) for Chlorella vulgaris and Spirulina maxima [6,17,34].
However, in some cases, lower lipid digestibility values were reported, as in the case of
juvenile African catfish (C. gariepinus) for Nannochloropsis gaditana, which was only 40% [68].
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The wide range of lipid digestibility by fishes could be due to the type of lipid and fatty
acid present in the microalgae, as well as the fish to which algae is fed. Various studies
have reported that an increase in algal content in the diet decreased the lipid digestibil-
ity in fish [12,29,32,34,83]. In addition, the presence of lipase inhibitors in microalgae at
higher concentrations can decrease lipid digestibility [32]. Many marine microalgae are
known to contain lipase inhibitors [32]. Lipase inhibitors inhibit lipase, which is an enzyme
responsible for lipid digestion. An example of a lipase inhibitor present in microalgae is
terpene caulerpenyene [33]. In addition, the form of lipid could also affect lipid digestibility.
For example, polar lipids such as phospholipids were found to be better digested by Nile
tilapia than neutral lipids such as triglycerides [6,7].

The digestibility of fatty acids varies with the melting point. Fatty acids with higher
melting point have lower digestibility [87–89]. The digestibility of fatty acid for fish is
also dependent on carbon length and degree of saturation of fatty acid [90]. With an
increase in the carbon length of fatty acids, the digestibility of fatty acids decreased [91].
However, an increase in the degree of unsaturation increased the digestibility of fatty
acids [87,92,93]. Typically, polyunsaturated fatty acid (PUFA) is highly digestible compared
to monounsaturated fatty acid (MUFA) and saturated fatty acid (SFA), as shown for
several fishes listed in Table 4. Studies involving other biomass also showed PUFA to be
more digestible and absorbed than MUFA and SFA for rainbow trout, cod, and Atlantic
salmon [6,12,35,88,93–96]. One of the most important fatty acids in fish nutrition is omega-3
fatty acid. Higher digestibility of omega-3 fatty acids, including docosahexaenoic acid
(DHA), were observed in Schizochytrium sp., a species rich in omega-3 fatty acid, particularly
DHA [6,7,65].

Table 4. Digestibility of individual fatty acids of microalgae in fish.

Microalgae
Biomass Processing/

Pre-treatment
Aqua Species Pellet

Total SFA
(%)

Total MUFA
(%)

20:5n3 EPA
(%)

22:6n3 DHA
(%)

Total PUFA
(%)

Refrence

Chlorella sp. _ Nile tilapia
(Oreochromis niloticus) Meat grinder 74.7 69.6 _ _ 90.9 [6]

Isochrysis sp. _ Rainbow trout
(Oncorhynchus mykiss) Steam-pelleted 58.9 72.2 87.7 91 91.7 [35]

Nannochloropsis oculata _ Nile tilapia
(Oreochromis niloticus) Meat grinder 39.6 57.1 94 _ 74.1 [38]

Nannochloropsis oculata Defatted Nile tilapia
(Oreochromis niloticus) Meat grinder 82.2 54.8 96.9 _ 58.1 [38]

Nannochloropsis sp. _ Rainbow trout
(Oncorhynchus mykiss) Steam-pelleted 55.9 44.7 69.4 _ 61.8 [35]

Schizochytrium sp. _ Nile tilapia
(Oreochromis niloticus) Meat grinder 52 84.8 _ _ 97.5 [6]

Schizochytrium sp. _ Rainbow trout
(Oncorhynchus mykiss)

California Pellet Mill
(model CPM CL-5) 70.6 92.1 98.7 98.5 98.5 [65]

Schizochytrium sp. _ Rainbow trout
(Oncorhynchus mykiss)

California Pellet Mill
(model CPM CL-5) 77.4 87.5 98.4 99.1 98.7 [65]

Spirulina sp. _ Nile tilapia
(Oreochromis niloticus) Meat grinder 75.5 76.1 _ _ 79.1 [6]

4.4. Carbohydrate Digestibility

Digestibility of microalgal carbohydrates depends on the type of carbohydrates
present in microalgal species, carbohydrate content in the biomass, and fish species [41].
Therefore, there is a wide variation in the digestibility values reported for carbohydrates of
microalgae. The carbohydrate digestibility of individual microalgal species for different
fishes ranged from 22% to 83% in Tables 1 and 2. Higher carbohydrate digestibility (greater
than 70%) was observed for species including Spirulina maxima and Chlorella vulgaris for
Nile tilapia (Oreochromis niloticus) [17]. This can be attributed to the presence of starch-
like, easily digestible carbohydrates in these microalgae. Moreover, species including
Chlorella sorokiniana, Klamath, and Nannochloropsis sphaeroides displayed higher carbohy-
drate digestibility as estimated by in vitro studies [24]. Chlorella vulgaris had a higher
carbohydrate digestibility value than other algal species in Nile tilapia, African Catfish,
and in vitro studies (Table 1).

Complex carbohydrates (e.g., non-starch polysaccharides/fibers) are difficult to be
digested by fishes; hence, these compounds affect dry matter, and energy digestibil-
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ity [20,25,32,62,97]. The fiber content of microalgae ranges from 5% to 18% [6,25,35]. The
fiber digestibility of individual microalgal species, including Spirulina sp., Chlorella sp.,
and Schizochytrium sp. for Nile tilapia were 83%, 58%, and 71%, respectively [7]. Fiber
digestibility of Isochrysis sp. and Nannochloropsis sp. in rainbow trout were 96% and 38%, re-
spectively [35]. Even though Isochrysis sp. had higher fiber content than Nannochloropsis sp.,
the latter had a higher fiber digestibility than the former, indicating the importance of
fiber type (soluble and insoluble) in digestibility. Compared to other nutrients, starch is a
well-digested nutrient by fish and crustaceans [29]. For instance, the starch digestibility
in microalgae including Spirulina maxima, Chlorella vulgaris, and Scenedesmus dimorphus
for tilapia and African catfish were greater than 85% [17]. Typically, microalgae biomass
has more starch compared to other plant-based ingredients [98]. The starch content of
microalgal species varies between 7% and 49% [3]. In comparison to other microalgae,
Tetraselmis subcordiformis, Chlorella vulgaris, and Chlamydomonas reinhardtii have a significant
starch concentration in their biomass (30–49%) [3].

4.5. Ash (Mineral) Digestibility

The ash represents the mineral matter in the feed, which typically contains phosphorus,
calcium, potassium, magnesium, and other micronutrients required for fish survival and
growth. The ash content of microalgae ranges from 3% to 30%, depending on microalgae
habitat [12,22,56]. Fresh water habitat species have less ash content than sea water species.
Ash digestibility of microalgae in fish has been reported only in a few studies [12,22,56].
Ash digestibility of individual microalgae ranged from 23% to 83% for different fishes
(Figure 1). An increase from 3% to 6% in the inclusion level of Phaeodactylum tricornutum in
the diet of Atlantic salmon did not affect the digestibility of ash [12]. The digestibility of ash
in the diet fed to seawater fishes has sometimes been reported to be a negative value [99].
This is due to the consumption of seawater by fishes [56,100]. As mentioned earlier, the
microalgae-based diet also contains plant-based ingredients. In plant-based ingredients,
phytate stores 80% of the total phosphorus content; the phytate chelates minerals and
amino acids and is poorly digested by fish [101]. Supplementing the diet with phytases
can help to achieve optimal fish growth. In a recent report, a phytase-expressing cell-
wall deficient Chlamydomonas reinhardtii strain was developed to solve poor phosphorus
digestibility and decreased mineral availability [101]. Since some microalgae have well-
developed genetic tools, methods similar to those described above can be used to over
express digestion-related enzymes in microalgae.

One of the important minerals for fish growth and survival is phosphorus. How-
ever, data is scarce for the phosphorous digestibility of microalgae. Based on limited
reports, the digestibility of microalgal phosphorus in fish was found to range from 38%
to 100% [17,18]. The phosphorus digestibility of Nannochloropsis gaditana for juvenile Nile
tilapia (Oreochromis niloticus) and juvenile African catfish (Clarias gariepinus) was reported
to be 92% and 77%, respectively [18]. The phosphorus digestibility of Spirulina maxima,
Chlorella vulgaris, and Scenedesmus dimorphus for Nile tilapia was 93%, 86%, and 39%, respec-
tively [17]. Similarly, phosphorus digestibility values of Spirulina maxima, Chlorella vulgaris,
Scenedesmus dimorphus for African catfish (Clarus gariepinus) was 92%, 84%, and 45%, re-
spectively [17]. The phosphorus digestibility of selected microalgae is higher than that of
soy meal in different fishes, including European seabass, Senegalese sole, and rainbow
trout [102–105]. The form of phosphorus found in plants is organic phytic acid, which is
indigestible and considered anti-nutritional for fish, whereas the form of phosphorus found
in algae is not clearly established [105–107]. But some studies suggest that phosphorous
in microalgae is found in the polyphosphate granules, whose digestibility is yet to be
determined [106].
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Figure 1. Digestibility of ash of microalgae in different fish (A) African catfish (B) Salmonids (C) Nile tilapia.

5. Energy Digestibility

Energy is required by fish to sustain normal body functions, as well as to grow and
reproduce. The energy digestibility of microalgae in fishes evaluated ranged from 44%
to 90% (Table 1). Energy digestibility higher than 80% was reported in rainbow trout and
Nile tilapia for Schizochytrium sp. [6,65], juvenile European seabass for Chlorella vulgaris [34],
juvenile Nile tilapia for Nannochloropsis oculata, Spirulina sp., and Chlorella sp. [7,38]. The
reported energy digestibility values of microalgae were similar to that of plant-based
ones, fishmeal, animal by-products, seaweed for fishes [8,11,72,77,104,108–110]. Energy
digestibility in juvenile European seabass (Dicentrarchus labrax) was improved by 5% upon
bead milling of the Chlorella vulgaris cell [34]. Bead milling of Nannochloropsis gaditana was
also found to be the most efficient technique compared to other cell disruption methods to
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improve energy digestibility in juvenile African catfish (Clarias gariepinus) and juvenile Nile
tilapia, as it improved the value by nearly 17% and 18%, respectively [68]. However, in
another study, the enzymatically processed Nannochloropsis oceanica had 11% higher energy
digestibility than the same microalgae that had been treated with bead milling for European
seabass juveniles (Dicentrarchus labrax) [34]. A significant increase in dry matter digestibility
of over 40% was observed for Tetraselmis sp. by both bead milling and enzymatic methods
in European seabass juveniles (D. labrax) [34]. High-pressure homogenization improved
the energy digestibility of Chlorella vulgaris from 60% to 77% for juvenile Atlantic salmon
(Salmo salar L.) [83]. Other than the cell disruption technique, the removal of lipid from
the microalgae was found to negatively affect the energy digestibility. For instance, in
juvenile Nile tilapia, the energy digestibility of defatted Nannochloropsis oculata was 7% less
than that of the whole cell [38]. The removal of energy-rich lipid from biomass may have
resulted in a reduction in energy digestibility. The above results suggest that the energy
digestibility of microalgae in fish can be improved by careful selection of cell disruption
techniques and avoiding lipid extraction of microalgae.

6. Digestibility of Individual Microalgal Species

Among all the microalgae, the nutrients and energy of Spirulina sp. are the most easily
digested by fishes evaluated in the study (Tables 1 and 2). For instance, Spirulina sp.’ nutri-
ents and energy were well digested by Nile tilapia [7]. Similarly, the protein digestibility
of Spirulina platensis and Spirulina pacifica estimated by in vitro (pepsin-pancreatic system)
method was reported to be 94% and 86%, respectively [61]. The cell wall of Spirulina sp.
lacks complex polysaccharides, which attributes to its higher digestibility. The dry matter,
protein, lipid, and energy digestibility of Schizochytrium sp. were higher in rainbow trout
(Oncorhynchus mykiss) and Nile tilapia (Oreochromis niloticus; 82–91%) when compared
to many other microalgae [6,65]. Despite the presence of complex carbohydrates such
as pectin, Schizochytrium sp. biomass was found to be more digestible by fish, indicat-
ing the need for further research in the future. Also, Isochrysis sp. in rainbow trout had
higher protein, moderate lipid, and moderate energy digestibility, with values of 87%, 63%,
and 73%, respectively [35]. Isochrysis sp. is a diatom that lacks a rigid cell wall and offers
better digestibility. Although dry matter digestibility was lower, the protein digestibility
was found to be higher (82%) for Chlorella vulgaris and Nannochloropsis oceanica in juvenile
European seabass (Dicentrarchus labrax) [34]. Furthermore, in spite of poorer dry matter
digestibility, the Nannochloropsis oculata for Nile tilapia and Nannochloropsis sphaeroides F&M-
C117 (estimated by in vitro method) had a higher protein digestibility of 80% and 81%,
respectively [24,38]. The studies mentioned above show that certain microalgae are an
excellent source of digestible nutrients and readily available energy for fish.

7. Perspective and Future Direction

The composition and structure of microalgae cell walls affect digestibility. This un-
derlines the importance of screening for potential commercial strains that could be easily
processed for cell disruption by conventional methods. So far, only a handful of microalgal
species have been tested for digestibility. Still, numerous microalgae, including Dunaliella sp.,
Botryococcus sp., and many cyanobacteria like Anabaena sp. and Nostoc sp., are yet to be
tested for digestibility in fish and other aquatic species. It is worth mentioning that some
strains (e.g., Dunaliella salina) lack a cell wall, which could improve the digestibility of the
cellular metabolites in fish. Moreover, the environmental conditions and stress application
that can change the biochemical composition of microalgae need to be explored. For in-
stance, nitrogen starvation can lead to the accumulation of PUFA and starch, which are
easily digestible by fishes. However, the biochemical response to stress like nitrogen starva-
tion by microalgae varies from one species to another. For instance, nitrogen starvation can
suppress the protein content while enhancing the carbohydrate content in several strains
while no such difference can be observed for other species [69]. Therefore, optimization
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of stress conditions and selection of the right species are essential to obtain a suitable
biochemical profile with desired digestibility.

So far, screening of microalgal species for digestibility has been tested in limited fishes
including salmonids, tilapia, sea-bass, and African catfish. As the aquaculture industry
expands rapidly, more novel fish species are introduced, for which the digestibility of
microalgae must be tested. The feed screening studies should include the determination
of anti-nutritional factors like digestive enzyme inhibitors (eg., terpene caulerpenyene)
and factors that decrease nutrient bioavailability in microalgae. Until now, microalgae
digestibility studies have focused on determining the digestibility of macronutrients,
including lipids, carbohydrates, protein, and energy. However, the individual classes
of these macromolecules have been demonstrated to affect digestibility. Therefore, the
digestibility and content of fiber, starch, non-starch polysaccharide, amino acids, fatty acids,
polar lipids like phospholipids, and neutral lipids like triglycerides in microalgae must be
estimated for targeted fishes.

Microalgae biomass generation involves high production cost, which is due to the
energy-intensive harvesting step. Microalgal biorefinery routes could be adopted to reduce
the production cost of microalgal feed ingredients. In the biorefinery route, the high-value
biochemical components like lipids, carotenoids, etc., are separated from biomass, and
left-over biomass is used as fish/animal feed. So far, only a few studies have reported the
effect of defatted biomass on digestibility in fishes. These studies have shown mixed results.
In the biorefinery routes, supercritical fluid extraction and organic solvent extraction are
typically employed to produce defatted biomass. Although digestibility studies on defatted
biomass generated via the above-mentioned biorefinery routes have been published, no
studies on biomass generated via the saponification-based biorefinery route have been
reported. The saponification-based biorefinery is primarily used for the production of
carotenoids and other value-added products from microalgae. In this approach, free fatty
acids, sterols, squalene, and carotenoids are separated from the biomass, while the leftover
biomass can be used as fish feed. Therefore, the left-over biomasses from such biorefinery
routes also need to be tested for digestibility in fishes.

The use of cell disruption technique can be very useful in improving the digestibility
of microalga species. So far, cell disruption-related studies on microalgal digestibility are
minimal, therefore, necessitating further exploration. At the same time, there are some
side effects of pre-treatment/processing. One of the side effects of processing the biomass
to disrupt the cell wall is that it may increase the content of anti-nutrient factor-like fiber,
hemicellulose, trypsin inhibitor, and lectin, as demonstrated in a study involving lipid
extracted biomass of Nannochloropsis oculata [38]. Hence, the level of these anti-nutrient
substances must be measured before and after pretreatment of microalgae to ensure the
high digestibility of nutrients. Although cell disruption processes are useful to improve
nutrient and energy digestibility of microalgae, these techniques utilize considerable energy,
thus increasing the production cost of feed [111]. Therefore, cost-effective methods need to
be identified to prepare algal feed and disrupt the cell wall of microalgae. A promising
cost-effective route may be the utilization of cell-wall-less microalgae such as Isochrysis sp.
and Dunaliella salina as promising candidates in future digestibility studies.

The selection of a high-pressure and high-temperature extrusion process to make
microalgae-based feed pellets can further improve nutrient and energy digestibility. How-
ever, microalgal digestibility studies employed mostly cold pelletization or room-temperature
extrusion processes. Future studies should focus on the effect of pellet-making processes
(i.e., extrusion, cold pelletization, etc.) on the digestibility of different algae. The high-
pressure-high-temperature process of extrusion can damage the digestive enzymes present
in microalgae, but at the same time degrade anti-digestive factors. Therefore, it would
be interesting to study the effect of the extrusion process on digestibility inducing and
inhibiting factors in microalgae.

On the methodology aspect, the processing conditions of pellets are not appropriately
described in many studies. For instance, in several studies, the information on temperature
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and pressure at which the extrusion process is carried out and the type of pellet generated
is missing. As mentioned earlier, these factors could significantly affect the digestibility
of nutrients and energy of microalgae. Therefore, future studies should include such
data. As microalgae are included only as an ingredient in the fish diet, many studies have
determined the digestibility of the fish diet rather than individual microalgae. Therefore,
more data on microalgae digestibility in fishes by direct and in-direct assessment is required
in the future. Nevertheless, from the limited studies, the nutrient and energy digestibility
of microalgae in fishes seems promising.

8. Conclusions

Microalgae are a promising aquafeed ingredient with the right blend of nutrients
and functional components. Microalgae-based feed displays a wide variation in nutrient
and energy digestibility, depending on several factors. This stresses the importance of
digestibility estimation in microalgae-based feed formulation. Spirulina sp., Isochrysis sp.,
Chlorella vulgaris, and Schizochytrium sp. are some of the microalgae, which showed very
high nutrient and digestibility values for the fishes. So far, the use of cell disruption
techniques, pellet processing methods, selection of appropriate species, and optimization
of environmental conditions to generate a suitable biochemical profile have been useful
in improving the digestibility of microalgae for fishes. More screening of microalgae for
digestibility in different fishes will further reveal its true potential.
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