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Abstract
The aquaculture industry is an efficient edible protein producer and grows faster than any other food sector. Therefore, it requires
enormous amounts of fish feed. Fish feed directly affects the quality of produced fish, potential health benefits, and cost. Fish
meal (FM), fis oil (FO), and plant-based supplements, predominantly used in fish feed, face challenges of low availability, low
nutritional value, and high cost. The cost associated with aquaculture feed represents 40–75% of aquaculture production cost and
one of the key market drivers for the thriving aquaculture industry. Microalgae are a primary producer in aquatic food chains.
Microalgae are expanding continuously in renewable energy, pharmaceutical pigment, wastewater treatment, food, and feed
industries. Major components of microalgal biomass are proteins with essential amino acids, lipids with polyunsaturated fatty
acids (PUFA), carbohydrates, pigments, and other bioactive compounds. Thus, microalgae can be used as an essential, viable,
and alternative feed ingredient in aquaculture feed. In recent times, live algae culture, whole algae, and lipid-extracted algae
(LEA) have been tested in fish feed for growth, physiological activity, and nutritional value. The present review discusses the
potential application of microalgae in aquaculture feed, its mode of application, nutritional value, and possible replacement of
conventional feed ingredients, and disadvantages of plant-based feed. The review also focuses on integrated processes such as
algae cultivation in aquaculture wastewater, aquaponics systems, challenges, and future prospects of using microalgae in the
aquafeed industry.
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Introduction

Aquaculture is one of the fastest-growing food sectors glob-
ally. Aquaculture provides ~50% of the fish for human con-
sumption, and the trend is on the continuous rise over recent
years (Prem and Tewari 2020). In the last five decades, world-
wide fish consumption per capita has increased significantly
from 9kg in 1961 to 20.2kg in 2015 (Cordeiro 2019). By
2050, aquaculture production needs to be doubled from the

current production capacity to cater to the global per capita
fish consumption rates without further burden on wild fisher-
ies (Waite et al. 2014).

Despite the fast growth rate of the aquaculture industry,
globally, meeting the demand for quality fish is still a chal-
lenge. Many health authorities recognize fish as good primary
dietary sources of omega-three fatty acids and proteins, which
can potentially improve human health, including reducing the
risk of heart disease and cancer and helping to uplift brain
growth and function (Ruxton et al. 2007; Tacon et al. 2020).
As a result, consumption of animal and fish proteins has in-
creased due to heightened health awareness, resulting in
higher demand for quality fish (Yaakob et al. 2014).

Fish provide essential fatty acids for humans such as ALA
(α-linolenic acid, C18:3ω3), DHA (docosahexaenoic acid,
C22:6ω3), and EPA (eicosapentaenoic acid, C20:5ω3)
(Lagarde 2008; Spolaore et al. 2006). These polyunsaturated
fatty acids are mainly supplied through the diet; ALA comes
from vegetable oils and nuts, while DHA and EPA from fish
and seafood (Kalogeropoulos et al. 2010). Some dietary ALA

Responsible Editor: Philippe Garrigues

* Faizal Bux
faizalb@dut.ac.za

1 Institute for Water and Wastewater Technology, Durban University
of Technology, P O Box1334, Durban 4000, South Africa

2 Amity Institute of Biotechnology, Amity University, Mumbai, India
3 Environmental Engineering, Department of Civil Engineering,

Indian Institute of Technology, Delhi, India

https://doi.org/10.1007/s11356-021-14989-x

/ Published online: 25 June 2021

Environmental Science and Pollution Research (2021) 28:43234–43257

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-14989-x&domain=pdf
http://orcid.org/0000-0002-8108-0238
mailto:faizalb@dut.ac.za


may be converted to EPA and DHA in the human diet, al-
though this is limited (Lagarde 2008). Essential PUFAs (poly-
unsaturated fatty acid) must be provided in the diet at recom-
mended daily levels of 140–667mg/day (Lemahieu et al.
2013); much higher levels, up to 4g/day, may be required
for those suffering from CVD (cardiovascular diseases) and
other pathologies.

Thus, it is imperative to ensure that farmed fish feeds have
an appropriate balance of ingredients to accumulate essential
fatty acids in fish. Unlike industrialized nations, people in
some highly populated, emergent, and small island develop-
ing states obtain most proteins and essential fatty acids
through fish consumption. Therefore, many factors influence
the production of high-quality farmed fish, including feed
quality, size and shape, and water quality (Miranda et al.
2020; Gupta 2020).

The balanced nutritional feed has emerged as a critical
limiting factor to increase production quality and efficiency.
As a result, the aquafeed market has a global annual value of
around $60b (Tibbetts et al. 2015b).

Fish need feed with all required ingredients for energy,
movement, normal function, defense against diseases, main-
tenance, and metabolic growth. Globally, aquaculture produc-
tion depends (>70%) on formulated feed, and 50–70% of total
production cost is associated with feed (Gong et al. 2019;
Llagostera et al. 2019). Formulated feeds are made of different
constituents such as proteins, oils, carbohydrates, essential
amino acids, vitamins, minerals, and pigments. These constit-
uents are derived from various sources. Fish meal (FM),
chicken feather meal, and soybean meal are commonly used
for protein, and maize and wheat bran are employed as a
carbohydrate source. The inclusion percentage of each ingre-
dient (protein, oil, carbohydrate, mineral, vitamin, etc.) varies
according to fish species and growth stages (i.e., larvae, fry,
juvenile, adult, and spawning). The protein requirement is
higher during early development (e.g., larvae or juvenile)
due to higher metabolic growth when compared against grow-
er and finisher stages. Among all feed constituents, ingredi-
ents that provide protein are a major contributor to the total
feed cost. The quality of fish feed ensures not only reasonable
growth rates but also has physiological benefits to fish.
Therefore, it is imperative to ensure that those feed ingredients
are relevant (Kiron 2012). Most conventional protein sources
provide basic nutrition but lack essential amino acids, long-
chain polyunsaturated fatty acids (LC-PUFA), and pigments.
Furthermore, the addition of these expensive essential ingre-
dients in feed significantly increases the cost of fish feed (Hass
et al. 2016). FM is one of the best protein sources for fish feed
due to its high digestible protein content (60–72%), essential
fatty acids, and balanced essential amino acid profile (Cho and
Kim 2011). Fish oil (FO) contains a good proportion of ALA,
EPA, and DHA. FM is also a good source of natural vitamins
(e.g., biotin, B12 and choline) and trace elements (selenium

and iodine). Hence, FM and FO are considered essential in-
gredients in diets for different fish species (carnivorous, om-
nivorous). An alternative good-quality feed ingredient avail-
ability will be significantly constrained for the future develop-
ment of the aquaculture industry (Palmegiano et al. 2005).

To reduce the overall cost of fish feed, low levels of FM are
supplemented in feed formulations. The inadequate inclusion
of FM in feed is not adequately compensated for by plant-
based proteins and oil sources. Thus, final products may lack
critical nutritional components such as PUFAs and essential
amino acids (Turchini et al. 2009). It has also been estimated
that 25% of the world’s captured fish are utilized for FM and
FO production (De Silva et al. 2010). Approximately 70% of
the FM supplies globally are utilized by the aquaculture in-
dustry (Subhash et al. 2020). The increased use of FM in fish
feed adversely affects the sustainability of the marine environ-
ment. Therefore, it is a significant challenge for the aquacul-
ture industry to find replacements for FM that can provide
proteins, oil, pigments, etc. There is a need to find sustainable
alternative feed sources for aquaculture that can provide all
essential requirements, including proteins, oil, carbohydrates,
pigments, vitamins, and minerals (Tibbetts et al. 2015c;
Tibbetts et al. 2017).Many alternative plants (soya beanmeal)
and animal-based ingredients (feather meal, poultry meal)
have been explored and deemed to have their advantages
and disadvantages.

Microalgal biomass contains important biochemical con-
stituents such as lipid, protein, carbohydrate, and various pig-
ments (Apandi et al. 2018). They are a major source of food
for fishes in their natural habitat, making them suitable ingre-
dients for aquaculture feed production. Algae provide nearly
all essential nutrients such as PUFA, amino acids, vitamins,
and minerals (Benemann 1992; Becker 1994; Knuckey et al.
2005; Carneiro et al. 2020). Due to their balanced nutritional
content, microalgae are rapidly gaining importance as a feed/
feed supplement, potentially replacing FM and other conven-
tional constituents in aquaculture and animal feed. Algae such
as Spirulina, Chlorella sp., Scenedesmus sp., Dunaliella sp.,
and Nannochloropsis sp. are most commonly used in aqua-
culture feed due to their excellent nutritional value and suit-
ability (Khatoon et al. 2010). Microalgae have been used as
feed additives at a large scale for fish and prawn larvae, crus-
taceans, and molluscan (Belay et al. 1996; Borowitzka 1997).

Dry whole algae and lipids and pigment-extracted biomass
could also be used to supplement aquaculture feed. For exam-
ple, globally, 30% of algal biomass produced is used in animal
feed (Becker 2007). This is due to the many advantages of
algae, such as fast growth rate, year-round growth, and be-
cause they do not require fertile land, they can grow in waste-
water and sequester 1.83 kg of CO2 for the production of 1 kg
of algal biomass (Chisti 2007; Bhola et al. 2016; Chauton
et al. 2015; Gupta et al. 2016; Rawat et al. 2011; Shriwastav
et al. 2014). In addition, microalgal yields can be improved for
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PUFA, protein, pigment content, etc. by altering cultivation
conditions (viz. light intensity, nutrient, and temperature).

In this review, the prospects of microalgae in aquaculture
feed are summarized. The advantages and disadvantages of
conventional feed ingredients, using the nutritional composi-
tion of microalgae, the mode of application of microalgae in
aquaculture feed, and the possible substitution of conventional
ingredients by microalgae are critically evaluated. The review
also discusses the potential use of lipid-extracted algae (LEA)
in aquaculture feed. Challenges of using microalgae in aqua-
culture feed are discussed. An integrated biorefinery ap-
proach, including microalgae cultivation using aquaculture
wastewater and aquaponics systems, is emphasized to make
aquaculture and microalgal cultivation processes economical-
ly viable.

Conventional aquaculture feed formulations
and their limitations

Conventional fish feed formulations make use of resources
that are traditional and commonly available in local markets.
These ingredients are mixed in a balanced ratio to provide the
required nutrition to the fish. Many components of conven-
tional feeds are non-competitive in terms of human use, less
expensive by-products, or waste products from many process
industries. These constituents include feedstuffs from the plant
(soya bean whole, soya bean oil extracted, wheat middling,
groundnut cake, palm kernel cake, rice brans, maize, sorghum,
etc.), brewery (brewery dried yeast, brewery dried grains), and
animal by-product sources (chicken feather meal, fish head,
poultry by-product, etc.) (Table 1).

Soybean and FM are the essential constituents in aquacul-
ture feed, used as a source of proteins and oil. Approximately
70% of the global FM supplies are utilized by the aquaculture
industry (Subhash et al. 2020). Cheap plant-based protein
sources are often used in conventional feeds. Plant-based pro-
teins (soybean, sunflowers meal, rapeseed meal, corn gluten,
wheat gluten, peameal, rice products, etc.) are widely used as a
supplement to FM protein or as a protein source in fish feed.
The plant-based proteins lack essential amino acids such as
methionine, lysine, tryptophan, and threonine (Li et al. 2009).
Methionine is involved in the initiation of peptide synthesis
required for protein synthesis. Thus, it is crucial to provide
methionine in soybean-based fish feed to get optimum
growth, health, and nutritional quality. Plant-based protein
sources are also associated with compromised fish health.
Soybean meal is not a natural fish food and, in aquafeed, has
been reported to induce intestinal inflammation and reduce the
survival rate of fish (Bravo-Tello et al. 2017). Poultry process-
ing produces many by-products like feathers, blood, head, leg,
and skin. These discards are processed to make a protein
source for fish feed.

In the early stages of growth, fish require more significant
amounts of protein, which decline over the growth period.
Thus, protein requirements generally depend on fish and
growth conditions, with average protein requirements for ma-
rine shrimp being 18–20%, catfish 28–32%, tilapia 32–38%,
and hybrid, striped bass 38–42% (Craig and Helfrich 2009).
Typically, lesser protein is required for herbivorous and om-
nivorous fish than for carnivores.

Fish themselves do not synthesize PUFA; it comes from
the algae, which are primary producers in the aquatic food
chain. A fish diet deficient in omega-3 fatty acids negatively
affects fertility, fertilization, and hatching rates. The inclusion
of critical ingredients quantitatively and qualitatively in the
feed has great importance in maintaining the nutritional value
of fish in aquaculture (Patil et al. 2005). FO is used as a source
of PUFA essential for fish nutrition. Conventional feed con-
stituents like soybean cannot meet omega-3 fatty acids and
pigment requirements in fish feed. Soybean has high-fat con-
tent and trypsin inhibitors, hemagglutinin, and antivitamins,
while brewery dried yeast has limited methionine and cysteine

Table 1 Aquaculture feed ingredients and their advantages and
disadvantages

Ingredient Advantage Disadvantage

Soybean meal
(SBM)

Cheap protein and oil source Lack methionine, lysine, and
PUFA

Wheat High starch content Low proteins
Barley Digestible proteins Low protein content, high

fiber concentration
Corn gluten

meal
High digestible proteins Lack in lysine

Peas/lupins High digestible proteins Lysine and methionine are
limited, presence of
antinutrients quinolizidine
alkaloids

Canola
protein
concentrate

Protein content similar to
fishmeal

Amino acid supplements
needed to overcome
limiting amino acids levels

Cottonseed
meal
(CSM)

Cheap protein and oil source Gossypol might have a toxic
effect

Microalgae Easy to digest, balanced
essential amino acids,
PUFA, and also contains
pigments, vitamins, and
minerals

High cultivation and
processing cost

Feather meal/poultry meal Cheap protein source, easily
available

Lack of
pigments,
imbalanced
essential
amino
acids

Fishmeal
(FM)

Easily digestible, rich in
essential amino acids and
PUFA

High cost, lack of pigments
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(Nguyen 2008). Soybean meal contains high crude protein
and a more suitable amino acid profile among plant-based
protein sources but contains antinutritional factors (ANF)
(Huang et al. 2017). Brewery dried grain has higher crude
fiber content, limiting its use in fish feed as a protein source
(Abowei and Ekubo 2011).

Carbohydrate is the cheapest energy source in fish diets
for which starch and glucose are most commonly used.
Non-essential carbohydrate sources are used to reduce
overall feed cost, which gives the shape and serves bind-
ing purposes during feed manufacturing. For floating
feeds, dietary starches are very important during the ex-
trusion process (Craig and Helfrich 2009). Fish utilizes
glucose and glycogen as an energy source during muscle
exercise and, ≈30-fold glucose utilization increase during
peak activity (Hemere et al. 2002). In fish feed, carbohy-
drates have an essential role in digestibility. Rice bran,
wheat bran, and maize are commonly used to provide
carbohydrates due to their low cost.

Conventional feedstuffs often lack antioxidant factors, so it
becomes necessary to obtain these antioxidants from other
sources. The most common antioxidants used are BHA (bu-
tylated hydroxyanisole), BHT (butylated hydroxytoluene), or
ethoxyquin (FAO 1980). The inclusion level of each antioxi-
dant varies according to fish species and their growing stage.
The by-products of crustacea provide carotenoid pigment that
enhances fish color (Abowei and Ekubo 2011).

Mineral and vitamins are required in trace amounts but are
essential for growth and disease resistance. Both water-
soluble (vitamins like B and C) and fat-soluble vitamins (vi-
tamins A, D, E, and K) are essential for fish growth and are
required in the correct proportions. Extruder-based processing
of feed components increases the probability of destroying
vitamins due to the process conditions. Therefore, it is impor-
tant to add more than enough vitamins in fish feed formulation
to fulfill the minimum requirement.

Natural and synthetic pigments impact the color of fish
flesh and skin. The most frequent colors used are red and
yellow. Synthetic astaxanthin and naturally occurring colors
are usually obtained from microalgae, dried shrimp meal, ex-
tract from marigold, etc. that are used in aquaculture feed. To
keep all feed ingredients together, binding agents are critical in
feed formulations.

Binding agents provide strength to the pellet and enhance
stability in water. Gelatin agents derived from seaweed prod-
ucts and carbohydrates (agar, carrageenan, starch, cellulose,
pectin, and other polysaccharides) are the most widely used
binding agents in fish feed formulations (Abowei and Ekubo
2011). The cost of fish production has increased sharply as the
cost of the aquaculture feed ingredients is subjected to the hike
in their market price. The commodity price index (CPI) in-
creased more than 50% to a hike in the ingredients’ price
(FAO, 2009). Correspondingly, the price of almost all types

of oils used in fishmeal has increased. The cumulative in-
crease resulted in the rise in the aquaculture feed price.

Antinutritional factors in plant-based feed ingredient

Plant-based aquafeed is widely used globally to meet the high
demand in the aquaculture industry. However, the application
of plant-based protein sources has shown lower dry matter
digestibility than FM, leading to increased waste production
(Kokou and Fountoulaki 2018). The main reason for lower
digestibility is ANF, such as indigestible non-starch polysac-
charides and fibers (Francis et al. 2001; Krogdhal et al. 2010).
Antinutrients are substances that interfere with food utilization
directly or via products generated through metabolic process-
es and adversely affect the physiology of the animal (Subhash
et al. 2020).

Protease inhibitors (trypsin, chymotrypsin elastases, etc.)
are ANF types, mainly found in legumes. The effectiveness
of protease inhibitors depends on the source of the inhibitor
and the target enzyme. Commercially available soybean prod-
ucts, which are used in a fish feed, contain trypsin. Dabrowski
and Kozak 1979) used commercial soybean meal as FM for
grass carp; results showed that growth performance decreased
with an increase in soybean content. High concentrations (>4–
5gm/kg of feed) of protease inhibitors in diets significantly
affect protein digestibility resulting in high nitrogenous waste
production (Kokou and Fountoulaki 2018). Fish species differ
in their ability to tolerate trypsin inhibitors. Trypsin concen-
tration lower than 4–5gm/kg did not significantly affect the
feed efficiency of either salmonids or gilthead sea bream
(Kokou and Fountoulaki 2018). To reduce ANF concentra-
tion, various techniques such as moist heat treatment, and
chemical and organic solvents have been employed.
However, these techniques are expensive and time-consum-
ing. Moist heat treatment is widely accepted to reduce trypsin
inhibitors. However, this treatment might result in loss of nu-
tritional quality of feed.

Phytates or phytic acid (phytate in its salt form) are respon-
sible for adverse effects on growth performances, thyroid
function, feed conversion ratio, and feed intake (von
Danwitz and Schulz 2020). Phytates are commonly found in
plant seeds and chelate with di and trivalent minerals ions,
including Ca+2, Mg+2, Cu+3, and Fe+3, which reduces mineral
availability for consumers. Non-ruminant animals cannot
break down phytates, and their presence in feed reduces the
availability of phosphorus. In addition, phytates form digest-
ible phytic acid-proteins complexes that reduce the availabil-
ity of dietary proteins (Kokou and Fountoulaki 2018; Subhash
et al. 2020). The presence of phytic acids in the diet of com-
monly reared fish, including trout, tilapia, carp, and salmon,
inhibits their performance. The role of phytates in inducing
adverse effects has been explored in feeding studies of aquatic
animals where synthetic phytates were supplemented in the

43237Environ Sci Pollut Res  (2021) 28:43234–43257



fish diet of rainbow trout (Spinelli et al. 1983) and channel
catfish (Satoh et al. 1989). Denstadli et al. (2006) found a
decrease in phosphorus retention by approximately 50%when
2% of phytic acid was added to Atlantic salmon diets. The
negative effect depends on phytate concertation and fish spe-
cies. Milling of feedstuffs, fermentation, and heat treatment
(autoclaving) are widely accepted techniques to reduce the ef-
fects of phytates. Other common ANFs are lectins, allergen,
saponins, polyphenols, alkaloids, and glucosinolates found in
soybean meal, soybean protein concentrate, wheat, sunflower
lupins, and rapeseed meal. Processes to reduce ANF levels
include heat treatment, microbial fermentation, and aqueous
extraction (Kokou and Fountoulaki 2018). However, these pro-
cesses increase the cost of feed production. The challenges
mentioned above act as limiting factors for a higher level of
supplementation of plant-based protein ingredients in fish feed.

Microalgae as feed for aquaculture

Microalgae are one of the oldest organisms inhabiting the
earth. Over the last 50 years, microalgae have been intensively
investigated to produce oils, proteins, carbohydrates, pig-
ments, and other value-added products for various purposes.
For thousands of years, humans have consumedmicroalgae as
a food source. In China, people eat Nostoc and other algae
such as Arthrospira (Spirulina) and Aphanizomenon
(Milledge 2011). Chad and Mexico have both used
Spirulina as food since ancient times (Chisti 2006). During
the Second World War, German scientists cultivated algae for
the first time at a demonstration scale in open systems to
produce proteins (Soeder 1986). Microalgae are a diverse
group of organisms with varying characteristics. Some species
contain biogenic toxins (purines) and non-biogenic toxins
(heavy metals). Certain species rapidly accumulate high con-
centrations of heavy metals from their surroundings; others
generate pathological metabolites that cause neurodegenera-
tive disorders (Lum et al. 2013). Thus, not all algae can be
used for consumption or feed applications.

Nevertheless, some algal species are commonly used in
aquaculture systems due to their ease in cultivation, balanced
nutritional profile, etc. For example, in Japan, dried Spirulina
was used for koi carp and juvenile shrimp (Benemann 1992).
Live microalgae also play crucial roles in culturing numerous
zooplanktons, which are suitable feed for the larval stages of
marine fish and crustaceans.

Microalgal biomass contains proteins, fats, amino acids,
coloring the flesh and enhancing metabolic activities, and car-
bohydrates, making it a potential source for FM alternative
(Hemaiswarya et al. 2011). Microalgae, which provide pig-
ments, antioxidants, and other bioactive compounds, are pri-
mary natural feed sources for zooplankton in aquatic systems,
having primary nutritional value (Tibaldi et al. 2015). Brown

et al. (1997) found that microalgae, on average, contain 10–
20% lipids, 5–15% carbohydrates, and 30–40% proteins in the
late log phase of growth. However, there is a variation in the
biochemical composition of microalgae biomass depending
on the microalgae species and strategies applied for cultiva-
tion conditions and cultivation strategies (Table 2). Apart from
favorable biochemical composition, several other factors, in-
cluding shape size, palatability, digestibility, and cell wall
composition, make microalgae a good feed ingredient for fish.
Therefore, microalgae have tremendous potential as an aqua-
culture feed; fish consume it as live cultures or in the form of
dried microalgae supplemented to conventional feeds
(Hemaiswarya et al. 2011; Radhakrishnan et al. 2016).
Using microalgae for aquaculture feed has several commercial
as well as environmental advantages. They can improve pal-
atability and feed nutritional quality and contribute to reduced
feed costs, thereby improving the economic viability of the
sector. Other vital benefits of microalgae as fish feed include
providing proteins with balanced essential amino acids,
omega-three fatty acids, and pigments. The composition of
fatty acid and antioxidant content differs between microalgal
strains according to the taxonomic group.

Many studies have reported that microalgae-supplemented
feed enhances fish morphometric characteristics (size, girth,
weight) and nutritional value (Rossi and Davis 2012;
Abdulrahman 2014a; Babuskin et al. 2014; Chen et al.
2015). Therefore, it is crucial to determine the various criteria
such as level of inclusion, ease in cultivation, lack of toxicity,
balanced nutritional value, and proper cell shape and size be-
fore the use of algae in aquaculture feed. The inclusion level of
microalgae in fish feed depends strongly on species and fish.
Microalgae can be used in aquaculture feed in different forms,
and the mode of application depends on the fish, type of aqua-
culture, and product. Fish with high nutritional requirements
can be fed with live microalgae or whole microalgae biomass,
whilst fish with lower nutritional requirements can be fed with
lipid-extracted algal biomass.

Beal et al. (2018) in their case study reported an integrated
system for the production of microalgae oil and proteins
consisting of both photobioreactors and raceway ponds to
replace FM and FO in aquaculture feed. They reported 2750
tonnes/year of protein and 2330 tonnes/year of algal oil can be
produced by adopting this system for 11 ha plant at the cost of
$29.3 M. They also reported that setting up of such 100 plants
can replace 10% world fishmeal production. Selection of right
microalgae strains and cultivation in raceway pond could be
more feasible and economical to replace FM in aquaculture
feed.

Nutritional composition of microalgae

Some groups of microalgae (mostly green microalgae) have
similar nutritional composition to higher plants. Apart from
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the primary metabolites (lipid, protein, and carbohydrates),
they also contain vitamins, pigments, antioxidants, and trace
metals. The composition of these nutrients in microalgae
varies considerably according to the strains and cultivation
conditions, viz. temperature, light, pH, and nutrient levels in
growth medium (Ho et al. 2012; Pancha et al. 2015). Nitrogen
limitation in microalgae has shown high lipid and carbohy-
drate accumulation while protein content was compromised
(Chen et al. 2013; Pancha et al. 2015; Singh et al. 2015).

Microalgal biomass rich in proteins in terms of quantity
compete favorably with conventional protein sources (eggs,
soybean, etc.) and have balanced essential amino acid profiles
(Becker 2007; Sarker et al. 2018; Carneiro et al. 2020).
Spirulina sp. contains 50–70% protein (depending on the
strain), while Dunaliella sp. can produce 50–100% higher
proteins per unit area than conventional plants and animals
(Ejike et al. 2017). There are ten essential amino acids, which
animals and fish cannot synthesize. Thus, these essential
amino acids must be supplied through diets. Microalgal
amino acid compositions have shown the presence of all
essential amino acids. Brown et al. (1997) studied 40 species
of microalgae and reported that all algal species contain a

similar profile of amino acids. The composition of essential
amino acids in whole microalgae and LEA in different
microalgae are shown in Table 3. Microalgal protein has great
potential to be used as a feedstock in aquaculture industries.
Future studies must determine suitable microalgae species that
are easily cultivable at a commercial scale and produce a high
protein yield with balanced essential amino acids.

The carbohydrate in heterotrophic microalgae is mainly
composed of starch in the chloroplast and cellulose on inner
cell walls. The algal cell does not contain lignin in combina-
tion with cellulose (Ho et al. 2012). The most common sugars
found in polysaccharides of many algal species are glucose
and 28–86% of the total carbohydrate. The most commonly
usedmicroalgal spp. in aquafeeds as a carbohydrate source are
Isochrysis galbana, P. lutheri, C. vulgaris, Pseudoisochrysis
paradoxa, and Pyramimonas virginica (Roy and Pal 2014).
Chlorella vulgaris accumulates 50% (DCW) carbohydrate un-
der autotrophic conditions (Wang et al. 2014). Zhao et al.
(2013) reported that Chlamydomonas could contain around
60% of carbohydrates, of which 44% was starch, which can
easily be hydrolyzed and converted into glucose. Thus, the
application of microalgal carbohydrate as an aquaculture

Table 2 Composition of major
metabolites in various microalgae
species

Microalgae Lipid

%

Protein

%

Carbohydrate

%

Pigment

%

Reference

C. minutissima 16.32 43.78 14.59 - Prajapati et al. 2014

C. pyrenoidosa 13.65 40.92 25.3 - Prajapati et al. 2014

C. vulgaris 14-–22 51–58 12–17 - Becker 2007

C. vulgaris 21.5 52 - - Ren et al. 2017

C. vulgaris 14.4 37.5 26.6 Viegas et al. 2021

C. sorokiniana 26 29.46 29.74 - Guldhe et al. 2017

C. sorokiniana 31.85 28.81 35.43 - Ansari et al. 2017a

Chlorella sp. 14 52 19.5 1.64 μg/ml Yadav et al. 2020

S. obliquus 30.85 19.52 35.05 - Ansari et al. 2017a

S. obliquus 21.43 50 12.43 - Ansari et al. 2015

S. obliquus 22.6 21 48 Viegas et al. 2021

A. obliquus 15.34 40.56 16.97 Ansari et al. 2021

Dunaliella salina - - - 14 D’Alessandro and Filho 2016

Dunaliella salina 11 55 30 - Chen et al. 2013

N. salina 28 35 28 - Chen et al. 2013

N. oculata 5.6 42.2 - - Gamboa-Delgado et al. 2019

N. gaditana 20–25 30–40 - - Sepúlveda et al. 2015

A. falcatus 35.9 30.59 33.83 - Ansari et al. 2017a

H. pluvialis - - - 1–8 D’Alessandro and Filho 2016

Phaffia rhodozyma - - - 0.4 Hemaiswarya et al. 2011

Muriellopsis sp. - - - 0.4-0.6 D’Alessandro and Filho 2016

Spirulina plantensis 1.75 66.93 Macias-Sancho et al. 2014

Isochrysis galbana 36.6 23.2 34.5 - He et al. 2018
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feedstock ingredient has excellent potential. Still, more re-
search is required to find suitable microalgal species that have
desired qualities such as high carbohydrate and high growth
rate while growing on low-cost media for large-scale cultiva-
tion. Heterotrophically cultivated algae meal incorporated into
aquafeed can improve feed consumption and growth perfor-
mances (Kupchinsky et al. 2015).

Microalgal lipids serve as the source of essential fatty acids,
including omega-3 fatty acids EPA, ALA, and DHA (Table 4)
(Guedes andMalcata, 2012; Ratledge 2010). The lipid content
in microalgae varies from strain to strain and according to the
mode of cultivation and stage of harvesting. The composition
of fatty acids also depends on the microalgal strain and con-
ditions provided for cultivation. Due to stress conditions,

microalgae can accumulate up to 70% of lipid (DCW)
(Stephenson et al. 2011). The lipid yield in Chlorella vulgaris
ranges from 12 to 26% and Bortryococcus braunii from 14 to
75% (D’Alessandro and Filho 2016). Many strategies en-
hance lipid accumulation, such as stress-induced lipid accu-
mulation (different concentrations of nutrients, e.g., N, P, K,
EDTA, and Fe), high salinity, temperature, light intensity, and
different carbon sources (Singh et al. 2015). Some marine
microalgae have significantly higher DHA content than fresh-
water species. Heterotrophically cultivated algae contain
higher DHA contents, e.g., Amphidium caryerea (17%)
Schizochytrium mangrove (33–39%), and Thrautocytrium
(16.1%). Crypthecodinium cohnii produced 30–50% of
DHA of total constituents (Yaakob et al. 2014). It is essential

Table 3 Composition of essential amino acids in whole and lipid extracted microalgae

Microalgae Whole/
LEA

Essential amino acid Reference

Unit His Ile Leu Lys Met Phe Thr Trp Val Arg

N. granulata Whole mg/g 7.5 17.4 32.4 24.1 8.7 19.1 16.5 0.4 21.5 25.4 Tibbetts et al.
2015a

N. granulata LEA mg/g 7.6 18 33.1 21.2 9 19.3 18.1 0.4 22.7 26.3 Tibbetts et al.
2015a

Nannochloropsis
sp.

Whole mg/g 26.26 47.22 94.04 68.31 23.6 55.26 48.56 - 60.24 60.82 Kent et al.
2015

Nannochloropsis
sp.

Whole %W/W 2.6 0.2 0.1 2.2 0.2 - 0.2 - 1.2 2.6 Subhash et al.
2020

Nannochloris sp. Whole %W/W 2.5 0.3 0.7 1.8 0.2 - 0.3 - 1.5 2.5 Subhash et al.
2020

Tetraselmis Whole g/100g
pro-
tein

2.01 4.06 9.45 6.52 2.78 5.62 5.17 1.61 5.72 5.01 Schwenzfeier
et al. 2011

S. pacifica Whole g.16
g/N

2.03 5.79 8.74 4.72 3.52 4.94 5.41 0.83 6.3 8.05 Misurcova
et al. 2014

S. platensis Whole g/100 g
pro-
tein

1.69 6.34 9.8 4.49 2.4 5.16 4.85 1.42 6.91 6.72 Parimi et al.
2015)

Scenedesmus sp. Whole mg/g 26.06 44.1 91.89 66.61 24.4 55.72 56.27 - 61.76 64.13 Kent et al.
2015

Dunaliella sp. Whole mg/g 25.03 45.08 93.22 62 25.3 59.59 50.53 - 59.83 65.92 Kent et al.
2015

Scenedesmus sp Whole Mg/g
DW

4.7 13.7 27 18 7 19.4 17.2 7 18.4 19.2 Tibbetts et al.
2015c

Scenedesmus sp LEA Mg/g
DW

7.2 18.3 36.3 20.7 8.7 22.3 23.7 6.5 26 25.4 Tibbetts et al.
2015c

Chlorella sp. Whole 1.2 0.2 - 1.5 1.2 - 0.2 - 1.9 3 Subhash et al.
2020

Tetradesmus
obliquus

Whole g/100g 1.86-2.9 4.1–4.97 5.44–8.5 4.27–7.4 1.2–2.2 3.12–6.5 2.95–3.2 - 3.2–3.91 - Oliveira et al.
2021

Pavlova sp. 459 Whole % of
DW

0.51 1.58 3.32 1.46 1.01 1.80 1.72 0.03 2.39 2.7 Tibbetts et al.
2020

Picochlorum sp. Whole %W/W 1.2 0.2 0.3 2.2 0.3 - 1.3 - 2.2 2.9 Subhash et al.
2020
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Table 4 Composition of polyunsaturated fatty acids in various microalgal sp.

Microalgae ALA (C18:3) % EPA (C20:5) % DHA (C22:6) % Reference

C. muelleri 0.9 20.3 0.6 Chen et al. 2015

C. vulgaris 34.02 - - Gladyshev et al. 2016

C. vulgaris 0.53 - - Viegas et al. 2021

S. obliquus 1.18 - - Viegas et al. 2021

Chlorella sp. 0.36 8.9 3.24 Sahu et al. 2013

Chlorella sp. 12.8 - - Malibari et al. 2018

C. protothecoides 7.12 0.03 - Solana et al. 2014

C. calcitrans - 17.8 1.3 Delaporte 2003

C. affinis 3.1 13.2 18.6 Suh et al. 2015

C. didymus 3.7 8.8 24.1 Suh et al. 2015

C. zofingiensis 23 - - Zhou et al. 2018

Cryptomonas sp. 16.27 13.95 3.53 Gladyshev et al. 2016

Chatoceros sp. 0.2 19.9 2.9 Suh et al. 2015

Nannochloropsis sp. - 24.8 - Malibari et al. 2018

N. salina 0.3 1.5 - Solana et al. 2014

N. gaditana 0.8 12.2 - Matos et al. 2015

N.gaditana 0.3 mg/g 175 mg/g - Ryckebosch et al. 2014

N. oculata 0.7 mg/g 193 mg/g - Ryckebosch et al. 2014

N. gaditana 2.1 16.9 - Carrero et al. 2015

Dunaliella sp. 8 4.8 - Malibari et al. 2018

I. galbana 2.7 Trace 9.5 Chen et al. 2015

Tetraselmis sp. 16.2 10 <0.01 Tsai et al. 2016

T. suecica 10.5 5.4 0.1 Delaporte 2003

T. chui 13.6 4.2 Trace Chen et al. 2015

T. suecica 68 mg/g 16.3 mg/g 0.8 mg/g Ryckebosch et al. 2014

T. suecica 1.9 mg/g 81 mg/g 0.9 mg/g Ryckebosch et al. 2014

T. weissflogii 1.4 10.1 9.6 Suh et al. 2015

Isochrysis sp. 5.7 0.4 7.8 Delaporte 2003

P. lutheri 10 mg/g 92 mg/g 40.9 mg/g Ryckebosch et al. 2014

P. tricornutum 0.8 mg/g 111 mg/g 8.3 mg/g Ryckebosch et al. 2014

P. cruentum 1.42 mg/g 35.6 mg/g - Ryckebosch et al. 2014

P. tricornutum 0.22 30.26 0.98 Qiao et al. 2016

S. menzelii 0.62 11.42 3.6 Jiang et al. 2016

Hindakia sp. 20.08 - - Daroch et al. 2013

Isochrysis T-iso 29 mg/g 2.8 mg/g 46 mg/g Ryckebosch et al. 2014

R. salina 92mg/g 18 mg/g 11.1 mg/g Ryckebosch et al. 2014

A. sanguinea 0.6 20.1 23.8 Suh et al. 2015

Alexandrium sp. 0.2 22.3 5.8 Suh et al. 2015

P. minimum 1.3 14 28.1 Suh et al. 2015

P. micans 3.9 13.1 22.8 Suh et al. 2015

P. dentatum 17.3 11.2 21 Suh et al. 2015

P. tricornutum - 52.6 5.5 Suh et al. 2015

H. triqutra 5.5 12.7 25.4 Suh et al. 2015

S. trochoidea 13.2 12.8 22.4 Suh et al. 2015

S.costatum 2.3 27.8 7.3 Suh et al. 2015
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to focus on the inclusion of ALA, DHA, and EPA in aquacul-
ture feed as these are essential ingredients for proper growth
and development. The percentage of PUFA in different
microalgae is shown in Table 4. Nannochloropsis sp. is pre-
dominantly used in aquaculture as a supplement due to the
high content of EPA. Chaeotoceros mulleri and Isochrysis
galbana produce EPA at 3.5% and 4.8%, respectively
(DCW) (Yaakob et al. 2014). ALA is also an essential
PUFA; C. vulgaris (7.5%), Micractinium reisseri (6.2%),
N. bacillris (9.5%), and Tetracystis sp. (9.5%) are rich in
ALA (Tibbetts et al. 2015a). The application of microalgal
lipids in aquaculture requires further in-depth studies on the
physiological role of the nutrients and mechanisms of stress
on the microalgae to enhance lipid accumulation and identify
suitable microalgae high in PUFA content.

Pigments are one of the most important constituents found
in microalgae. They help in algal photosynthetic metabolism
and pigmentation. In addition, pigments have biological func-
tions such as antioxidants, anti-inflammatory agents, and anti-
obesity, and are neuroprotective (D’Alessandro and Filho
2016). Carotenoids are the most abundant pigment, widely
distributed, and extensively used to protect microalgae cells
from various stress conditions, including reactive oxygen and
high light intensity. The carotenoids are divided into two
groups based on the presence of oxygen (lutein and
astaxanthin) or the absence of oxygenmolecules (β-carotene).
Thus, the carotenoids produced bymicroalgae are astaxanthin,
lutein, α-carotene, β-carotene, and zeaxanthin (Novoveská
et al. 2019).

Potential substitution of various conventional
constituents by microalgae in aquaculture
feed

Fishmeal

FM is obtained after different pressing, drying, and milling of
small bony fish species. FM is a good source of highly digest-
ible proteins and contains all essential amino acids needed for
fish growth. FM contains the requisite fatty acids as well as
vitamins and minerals. The inclusion of FM in aquafeed en-
hances digestibility and feed utilization, which increases the
growth rate of fish. However, the inclusion of FM increases
overall production costs, which eventually results in high fish

prices in the world market. The policies of governments across
the globe for capture fishing have been revised to consider
environmental concerns causing gaps in demand and supply
of FM. This makes FM even more limited and costly for the
aquafeed industry. Over the last 20 years, FM production has
remained constant, which has stifled progress in aquaculture
due to limited availability. FM prices have jumped from 608
US$/tonne in May 2003 (Origin oil 2013) to approximately
1700–2000 US$/tonne in May 2013 (FAO 2014). The use of
high-cost FM in aquafeed hampers its commercial feasibility.
Microalgae have similar nutritional characteristics to FM due
to their balanced nutritional composition and do not contain
inhibitors (Becker 2007). Radhakrishnan et al. (2014) used
Arthrospira platensis and Chlorella vulgaris to replace FM
in post-larvae of freshwater prawn (Macrobrachium
rosenbergii) diets to assess the effect on vitamin (vit. C and
E), enzymatic antioxidant, catalase, and lipid peroxidation ac-
tivity. After 90 days, results showed that diet replacement of
50% in all threemicroalgal strains showed better performance.
The activity of digestive enzymes, e.g., protease and amylase
activity, was significantly improved in the prawn fed with a
diet containing 50% of A. platensis followed by 25% and 75%
diets. Their study concluded that 50% included feed fed
showed the optimal performance level compared to control.
In an investigation by Abdulrahman (2014a), five different
formulations of Spirulina meal were used in common carp
(Cyprinus carpio) diets to replace FM; they found that re-
placement of 10% FM resulted in fish with higher body
weight and inclusion of 5% and 15% had a higher survival
rate. These results, however, showed that microalgae could
not entirely replace FM. Basri et al. (2015) used green water
meals to make five (0%, 10%, 20%, 30%, and 40%) different
isonitrogenous and is olipidic diets to replace FM in juvenile
Pacific white shrimp (Litopenaeus vannamei) diets. Results
showed that the growth of white shrimp decreases with in-
creasing green water meal inclusion. Replacement of 20–
40% FM protein by green water meal resulted in more unsat-
isfactory performance than control diet-fed animals. The dia-
tom Phaeodactylum tricornutum can replace up to 6% of
fishmeal without any adverse effects on digestibility feed uti-
lization efficiency, and growth performance of Atlantic cod,
Salmo salar (Sørensen et al. 2016). High microalgal inclusion
increases fiber content and decreases feed digestibility.
Badwy et al. (2008) partially replaced FM with Chlorella
spp and Scenedesmus sp. in Nile tilapia fingerling diets. The

Table 4 (continued)

Microalgae ALA (C18:3) % EPA (C20:5) % DHA (C22:6) % Reference

Scenedesmus sp. 18.3 - - Tibbetts et al. 2015c
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partial replacement did not affect fish morphometric charac-
teristics, feed conversion, or body composition. Their results
showed that 50% FM substitution with algae could be
achieved in fish diets without any adverse effect. Higher algae
inclusion adversely affected growth performance due to the
high content of carbohydrates and ash that leads to a negative
effect on digestibility. However, further investigations are
needed with various microalgal strains for achieving a possi-
ble higher percentage replacement of FM with microalgae in
fish feeds.

Soybean meal

Soybean meal predominantly uses plant-based protein (47–
50%) sources used in fish feed preparation (Sharawy et al.
2016; Huang et al. 2017). The production process of soybean
meal is similar to FM. Soybean or any other plant-based pro-
teins cannot be used alone as protein sources due to factors
such as palatability and digestibility. The use of soybean meal
in fish has advantages such as easy availability, environmen-
tally friendly, and low cost. The disadvantages of using soy-
bean meal are low nutrient availability, unbalanced amino
acid profile, and lack of EPA and DHA (Carneiro et al.
2020). The primary amino acid content (e.g., methionine and
lysine) is very low in soybean meals. The application of
microalgae over soybean has many advantages. Microalgae
meal contains pigments, long-chain fatty acids, and a balanced
amino acid profile.

Ding et al. (2015) investigated the use of fermented soy-
bean meal to replace FM partially (0%, 25%, 50%, 75%, and
100%) or entirely in juvenile prawns (Macrobrachium
nipponense) diets. In their experiments, the replacement of
25% FM by fermented soybean meal significantly increased
the prawns’ weight and specific growth rate by week 8. They
did not find any significant differences among other inclusion
levels. Increasing the inclusion level decreased the total he-
mocyte count and hemolymph phagocytic activity. However,
the replacement of 100% FM by fermented soybean meal
showed the highest total antioxidant activity competence and
malondialdehyde level in the hepatopancreas. Sharawy et al.
(2016) used four-inclusion levels of solid-state fermented soy-
bean meal with Saccharomyces cerevisiae to replace FM in
prawns (Fenneropenaeus indicus). Results revealed that 50%
FM could be replaced using solid-state fermented soybean
meal with S. cerevisiae. High replacement levels of FM by
soybean significantly decreased morphometric characteristics.
Silva-Carrillo et al. 2012) used four different (0%, 20%, 40%,
and 60%) soybean meal inclusions to replace FM in juvenile
spotted rose snapper feed. After 12 weeks of treatment,
growth performances, SPR, and PER were unaffected by the
20% FM replacement. Fish growth performance was reduced
at higher levels (60%) of inclusion. Moreover, no significant
changes were found in mortality in fish fed with different

diets. Studies showed that higher inclusion levels of soybean
in aquafeed negatively affect the fish growth performance,
and it is not a suitable alternative to the FM.

Poultry by-products and feather meal

The application of poultry by-products and feather meal in
fish feed has been practiced for decades. These are good
sources of proteins, containing 69% crude proteins.
Hydrolyzed feather meal enhances feed digestibility in fish.
Positive results were found in catfish diets when feather meal
at the level of 15% was supplemented. The limiting amino
acids, lysine, and methionine are present in poultry by-
products (Rossi and Davis 2012). Poultry meal, however, is
unable to provide pigments in diets and lacks essential
PUFAs. Microalgae meal has a balanced essential amino acid
profile and contains essential PUFAs. Apart from proteins and
oil, microalgae are rich in pigment, vitamins, and minerals,
which provide color to fish flesh and act as an antioxidant
agent. Thus, microalgae could represent better feed ingredi-
ents than poultry by-products and feather meal. However, in-
depth investigations are necessary to ascertain the replacement
of poultry by-products and feather meal with microalgae.

Pigments

Pigments play crucial roles in aquatic organisms. They espe-
cially provide the flesh colorants in the salmonid, sea urchin
roe, red sea bream, snapper, and koi/ornamental. Pigments are
an essential constituent of feed. Good-quality aquaculture
products should fulfill many requirements to attract con-
sumers. The color of the aquaculture mentioned above pro-
duces is essential as a quality parameter in the industry. Fish
flesh color illustrates freshness as well as a healthy appear-
ance. Carotenoids are widely used in salmon and ornamental
fish feed to give the vibrant and attractive pink-red color of
flesh. Yellow corn, corn gluten meal, and alfalfa are generally
supplemented as carotenoid sources in aquaculture feed. It has
been reported that supplementation of pigments in rainbow
trout produced a quality product (Sommer et al. 1991).
Pigments also have biological functions such as growth im-
provement, reproduction, and immune system enhancement.
Different non-microalgal pigments have been used in conven-
tional feed preparations, but their performance and effective-
ness are inconsistent with natural pigments obtained from
microalgae (Spolaore et al. 2006; Gouveia et al. 1996; Hu
et al. 2018). Apart from coloring agents, specific carotenoids
have therapeutic and nutritional functions, which act as provi-
tamin -A (Kalogeropoulos et al. 2010). Most importantly, pig-
ments act as an anti-inflammatory agent and control reactive
oxygen species (Hu et al. 2018).

The production cost and market value of natural pigments
are very high. For example, the price of natural phycobilin
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pigments in the world market varied from 3 US$ to 25 US$/
mg. According to Brennan and Owende 2010), the production
cost of phycobilin from Spirulina sp. is 16.61 US$/mg. The
production cost of microalgae is 5 to 10 US$/ kg. Their
astaxanthin value is US$ 2500/kg to US$ 3000/kg, and by
2020, it is estimated to reach 670 metric tons with a price of
US$ US$ 1.1 billion (D’Alessandro and Filho 2016; Hu et al.
2018).D. salina is a natural producer of β-carotene with mar-
ket price of US$ 300–US$ 500/kg and by 2019, it is estimated
to reach US$532 million (Tang et al. 2020).

The high price of pigments increases the price of fish feed
formulation.Microalgae naturally produce these pigments and
thus, if used in fish feed formulation, could serve as the inex-
pensive source of these pigments. Microalgae such as
Haematococus pluvialis–supplemented feed is gaining popu-
larity in the market as a pigment source (Waldenstedt et al.
2003; Spolaore et al. 2006; Hu et al. 2018). The pigment
synthesis in microalgae varies depending on the species and
cultivation conditions.

Modes of application

Live microalgae as aquaculture feed

During the early development stages, mollusks and shrimp
larvae consume microalgae, which provide basic nutritional
needs (Muller-Feuga 2000). In addition, microalgae are a feed
source of zooplankton and stabilize the conditions of culture
medium by improving water quality through oxygen produc-
tion, pH stabilization, providing important biochemical com-
ponents, and increasing the esthetic appeal of finfish bred in
captivity (Muller-Feuga 2000; Sirakov et al. 2015). Therefore,
it is essential to choose the right microalgae for the fish species
fed. The application of live microalgae as feed has many ad-
vantages. All nutrients and bioactive compounds are pre-
served in live algae, which can be directly made available
for fish. Live microalgae can provide protein, essential amino
acids, oil with PUFAs, carbohydrates, pigment, minerals, and
vitamins. In the green water technique, one or more types of
microalgae are added to larval rearing tanks of marine fish
hatchery systems. Due to several factors, larval production
by the green water technique is often superior (Faul and Holt
2005; Palmer et al. 2007). Larvae directly ingest the
microalgae as their first food, which may provide all essential
nutrients (Brown 2002). Tetraselmis, Nannochloropsis,
Isochrysis, Thalassiosira, and Chaetoceros are the most fre-
quently used microalgae in larval feeds (Priyadarshani and
Rath 2012). Microalgae stimulate enzyme and polysaccharide
synthesis and stimulate the non-specific immune system
(Abdulrahman 2014b). The application of commercially
available microalgae concentrates as an alternative for live
microalgae in sandfish hatcheries, supporting the growth and

is simple to apply in rearing protocols for this species. Duy
et al. (2017) used two live algae (Isochrysis aff. Galbana,
Chaetoceros muelleri) and six concentrated microalgae prod-
ucts obtained from Instant algae, Mariculture Inc. early juve-
niles of sandfish, Holothuria scabra. Their results revealed
that live C. muelleri improved juvenile growth performance
compared to three microalgae concentrates fed either alone or
in combination.

One of the major obstacles in using algae supplements in
aquaculture is the storage and maintenance of live cultures on
a commercial scale. It is challenging to maintain stock culture
strains having high biomass and nutrient yields. Therefore,
various techniques are being practiced to maintain such cul-
tures. The use of preserved algal feedstock instead of using
live algal cultures could improve hatchery efficiencies. Being
affordable and inexpensive, freezing and freeze-drying repre-
sent the most common techniques for preserving live algal
cultures. These techniques have been proven effective in
maintaining the viability of algal cultures for comparatively
more extended periods (Ben-Amotz and Gilboa 1980;
Buitrago 1992). Previous studies have reported the effective-
ness of these techniques to preserve freshwater live
microalgae (Takano et al. 1973; Morris 1976a, 1976b); how-
ever, viability loss is expected due to the formation of intra-
cellular ice crystals resulting in irreversible cell injuries
(McLellan, 1989). The decline of viability over time has been
observed for live culture preserved by freezing and freeze-
drying, even when the protective agents such MnSO4 and
glycerol are used, preventing intracellular biochemical frac-
tions due to the formation of hydrogen bonds (Cordero and
Voltolina 1997). The H-bond prevents the development of an
ice front and the diffusion of water molecules at freezing tem-
peratures. Ben-Amotz and Gilboa. (1980) reported that lipo-
protein solubilization and protein denaturation due to salt
saturation and formation of ice crystals make this relatively
ineffective for the marine algal species. Cordero and Voltolina
(1997) reported that preservatives, i.e., protective agents, are
also ineffective in controlling the loss in the lipid content if the
algal cells are vacuum dried after freezing. Similarly, a signif-
icant decrease in the carbohydrate and protein content of
Chaetoceros and Phaeodactylum sp. was also observed over
time, even if the cells are preserved at −20°C without preser-
vatives. Despite the many benefits of live microalgae in aqua-
culture, challenges such as high operating cost, maintenance,
and concentrating and storage difficulties are evident (Guedes
and Malcata 2012).

Whole microalgae as a supplement in aquaculture
feed

Microalgae biomass without extracting any component is
known as whole algae and their value is much higher than
the lipid-extracted algae (LEA).Whole algae biomass exhibits
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significant potential to improve the nutritional content in
aquafeed due to the presence of balanced amino acids, protein,
lipid, fatty acids, carbohydrates, minerals, and vitamins.
Application of whole microalgae in aquafeed as a protein
source has been used in which FM is partially replaced.
Brown et al. (1997) comprehensively studied 40 microalga
sp. of the same class and found all algal has similar amino
acid composition and rich in essential amino acids. Studies
have shown that Scenedesmus sp., Spirulina spp., Isochyris
spp., and Chlorella spp. have potential as a protein source for
different fishes (carnivorous, omnivorous, and freshwater
prawns at early stages) (Apandi et al. 2018).

The inclusion of different microalgae species offers re-
quired nutrition and enhanced fish growth compared to feed
containing single algae species (Spolaore et al. 2006;
Hemaiswarya et al. 2011). Studies have shown that slight
whole algae inclusion increased the growth performance of
the fish, protein retention, and critical fatty acid contents,
and provided good protein with essential amino acids
(Abdulrahman 2014a; Radhakrishnan et al. 2014).
Substitution of FM, FO, and pigments with microalgae
thereby can be used as an alternative ingredient to reduce the
price of fish feed. Brune (2011) suggested that algae have the
potential to improve aquaculture production 3–4-fold and si-
multaneously reduce the production costs by US$0.05–
US$0.1/pound. Nakagawa and Gomez-Diaz 1995) reported
that the whole biomass of Spirulina supplemented feed for
giant freshwater shrimp and Penaeus japonicas showed
better growth performances, lower mortality rates, and
improved feed utilization. Kousoulaki et al. (2016) found that
supplementation of 5% whole biomass of Schizochtrum sp.
obtained through heterotrophic cultivation conditions in the
extruded meal of salmon effectively substituted FO without
any adverse effect on growth performance. Thus, inclusions of
Schizochtrum sp. biomass in salmon diets have the potential to
enhance their preservative ability of nutritional value.
Vizcaíno et al. (2014) conducted a study to evaluate
S. almeriensis supplementation (0%, 12%, 20%, 25%, and
39%) in the diets of sea bream (Sparus aurata). After 45 days,
they observed that S. almeriensis–incorporated feed has no
adverse effect on nutrient utilization efficiency or growth per-
formances. Results also showed that fish feed supplemented
with 12% of S. almeriensis–included diets improved trypsin
levels.

In a study by Walker and Berlinsky (2011), three experi-
mental diets were used to replace 0%, 15%, and 30% of FM
proteins in diets of juvenile Atlantic cod (Gadus morhua),
which showed that 30% of algae inclusion caused palatability
problems resulting in reduced feed intake and fish growth.
They observed that 15% of algal biomass supplementation
as FM protein replacement improved the feed intake, while
for 30% replacement, the fish were approaching starvation. In
another study byGarcía-Ortega et al. (2016), FM and FOwere

replaced by a mixture of the algal meal (Schizochytrium
limacinum) and soybean protein in the diet for giant grouper
Epinephelus lanceolatus. Their experimental study included
three formulated diets to replace 20%, 40%, and 80% FM.
After 12 weeks of the experiment, the result showed a low
level of FM (80%, FM20) significantly reduced weight, spe-
cific growth rate, feed intake rate, lipid retention, and methio-
nine accumulation in giant grouper. The results showed that
algae can be used as the primary lipid source and can replace
at least 40% of the marine protein in diets for giant grouper.
Sprague et al. (2015) used two inclusion levels (5.5% and
11%) Schizochytritum sp. (rich in DHA) for replacement of
FO in Atlantic salmon (Salmo salar) post-smolts and com-
pared to fish fed a FO diet of southern or northern hemisphere
or ig in . Resu l t s showed tha t rep lac ing FO wi th
Schizochytritum sp. significantly reduces dietary and flesh fil-
let persistent organic pollutant levels compared to FO-based
diet. Similarly, Aranda-Burgos et al. (2014) used four mono-
and multi-algal inclusions to see the effect of microalgal diets
on growth performances, survival, and fatty acid quality dur-
ing larval growth in grooved carpet shell (Ruditapes
decussatus). The results revealed that the feeding regime im-
proved larval growth performances, survival, and fatty acid
composition. A low level of microalgae meal inclusion in
fish feed increased the fish growth rate and showed positive
morphometric effects. Li et al. (2009) studied the effect of
inclusion level of dried algae Schizochytrium sp., on growth
performances, sensory quality, and fatty acid composition, of
channel catfish (Ictalurus punctatus). They formulated five
isonitrogenous (28%) and isocaloric (2.78kcal/g) feeds with
plant diets containing 0%, 0.5%, 1%, 1.5%, and 2% dried
algae. After 9 weeks of study, they found that as inclusion
level algae increased (2%) and improved the levels of total
n-3 LC-PUFA and DHA in channel catfish. Fish obtained
higher body weight consuming diets containing 1% and
1.5% dried algae than fish fed diets with 0% and 0.5% algae.
Dallaire et al. (2007) incorporated three levels (12.5%, 25%,
and 50%) of microalgae in rainbow trout (Oncorhynchus
mykiss) fry feed to evaluate its growth rate and nutritional
value. They found that higher inclusion levels of microalgae
feeds significantly affected rainbow trout growth rates nega-
tively. Results suggested that a maximum of 12.5%
microalgae could be incorporated to avoid negative effects
on rainbow trout fry. Younis et al. (2018) carried out a 12-
week feeding experiment to evaluate the effect of Gracilaria
arcuata supplementation on growth performance, body com-
position, and feed utilization of Nile tilapia. Fish were fed with
conventional feed (without algae supplementation) as control
and three (20%, 40%, and 60%) different inclusion levels as
replacement of FM. Results showed that supplementation of
less than 20%Gracilaria arcuata could be feasible in the Nile
tilapia diet. High inclusion levels increase the fiber contained
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in the feed, which affects the digestibility and metabolic pro-
cesses (Ju et al. 2012; Hussein et al. 2013).

Most of the studies concluded that algae could not replace
100% FM or use higher inclusion levels in fish feed. In
Table 5, microalgae in aquaculture feed and their effect on
fish growth performances and feed utilization have been
summarized.

Lipid extracted algae as a supplement in aquaculture
feed

Microalgae are considered suitable candidates for biofuel pro-
duction (Guldhe et al. 2016). Lipid extraction results in mas-
sive amounts of residual biomass, which is commonly termed
lipid-extracted algae (Ansari et al. 2017b). This residual bio-
mass still contains proteins, carbohydrates, and many other
valuable components (Ansari et al. 2020; Ju et al. 2012).
The proteins left in residual biomass can partially replace con-
ventional protein sources like FM and soybean meal in fish
diets (Sørensen et al. 2017). Ju et al. (2012) conducted a study
in which the LEA of H. pluvialis was used as a source of
protein. Their study included four experimental diets (3%,
6%, 9%, and 12%) to substitute FM at level of 12.5%, 25%,
37.5%, and 50% in Pacific shrimp diets. After 56 days of the
experiment, they found that diets containing 12.5% substitu-
tion of FM improved growth performances compared to the
control—similarly, Patterson and Gatlin. (2013) included
three LEA obtained from N. salina Chlorella sp. and
Naviculla sp., as a substitute of protein source in diets of red
drum. In the first trial, 5% and 10% crude protein were re-
placed with LEA of Naviculla sp. Their results revealed that
the replacement of 10% LEA dietary proteins negatively af-
fects energy retention and protein value. In the second trial,
four substitution levels (5%, 10%, 20%, and 25%) were se-
lected with LEA of Chlorella sp. to replace crude protein in
the reference diet. The results indicated that 20% and 25%
replacement of crude protein with LEA of Chlorella sp. de-
creased growth performances, but no changes were observed
in body composition. Their last trial reduced the inclusion
levels (5%, 7.5%, 10%, and 15%) of LEA obtained from
N. salina as crude protein in reference diets. Their results
indicated that a 10% substitution level is the optimal level
for LEA of N. salina as a crude protein source in diets of
juvenile red drum. Gong et al. (2018) used LEA of
Nannochloropsis sp. and Desmodesmus sp. to feed Atlantic
salmon post-smolts in seawater to observe the apparent digest-
ibility coefficient (ADC). Two sets of experiments were done,
the first one using cold-pelleted while the second one using
extruded pellets to examine the ADC, protein, ash, and ener-
gy. Nannochloropsis LEA-incorporated cold-pelleted feed re-
sulted in higher ADC and protein than Desmodesmus sp.
Nannochloropsis sp. LEA in extruded feed improved the
ADC and energy as compared to Desmodesmus sp. The

results showed that the LEA of Nannochloropsis sp. was
better than Desmodesmus sp. The extrusion process
improved the digestibility. Bryant et al. (2012) employed he-
donic pricing methods to calculate the values of constituent
nutrients (total digestible nutrient, protein, etc.) of N. oculata
LEA-based feed for aquaculture and found lesser value than
soybean meal and menhaden FM. Thus, LEA has great po-
tential to replace crude proteins in aquaculture diets. LEA
appears to possess greater potential than terrestrial plant–
based feed ingredients as a replacement protein in
aquafeed (Table 6). LEA inclusion in fish feed highly de-
pends on algal species and types of fish. Therefore, it is
vital to know the supplementation level of LEA in the diet
before feed formulation and preparation. The application
of LEA in aquaculture will also make the algal biodiesel
production process more economical and sustainable by
opening a new gateway to generate revenue from residual
biomass.

Microalgae- and aquaculture-based
integrated biorefinery approach

The biorefinery approach, where microalgal cultivation and
aquaculture are integrated for mutual benefit, could be eco-
nomical and sustainable (Shaalan et al. 2018) (Fig. 1).
Aquaculture wastewater contains nitrate, nitrite, ammonia,
phosphate, and organic carbon, which are required for
microalgae cultivation. Thus, this aquaculture wastewater
can potentially be used for microalga cultivation and
wastewater treatment. The biomass can be potentially used
as a feed ingredient in different aquafeeds. Microalgae
cultivation in wastewater has unique advantages on
ecological restoration by removing nutrients and produced
biomass without additional cost. After harvesting the
biomass, the treated water can be further used for fish
rearing or other purposes subject to its suitability. This novel
approach of cultivation can reduce aquafeed production costs
and make the overall process environmentally friendly.
Guldhe et al. (2017) heterotrophically cultivated Chlorella
sorokiniana in aquaculture wastewater obtained from the tila-
pia rearing tank. They found removal efficiency of 75.56%,
84.51%, 73.35%, and 71.88% for ammonia, nitrate, phos-
phate, and COD (chemical oxygen demand). The productivity
of carbohydrates, lipids, and proteins was 172.91, 150.19, and
141.57mg/L/day. The productivity of lipid, protein, and
carbohydrate indicated the quality of microalgae grown
in aquaculture wastewater alongside remediation. Ansari
et al. (2017a) reported a similar pattern of lipid, carbohy-
drate, and protein productivities in microalgae propagated
in tilapia wastewater when compared to the productivities
of algae grown in BG11 medium. Microalgae cultivation in
tilapia wastewater showed nutrients and COD removal
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Table 5 Microalgae in aquaculture feed and its effect on fish

Microalgae Application
mode of
microalgae in
feed

Ingredient
Replaced/
source

Fish/shrimps/
prawns/mollusks

Comments Reference

Chaetoceros muelleri
and Tisochrysis
lutea

Live with
spray-dried
spirulina

- Panopea
generosa

A combination of C. muelleri and T. lutea give the best
growth rate

Arney et al.
2015

A. maxima or
D. salina

Whole - Haliotis
laevigata

Feed supplemented with A. maxima or D. salina increased
the size and body weight

Dang et al.
2011

Spirulina sp. Whole - Cyprinus carpio Spirulina supplemented feed increased the body weight,
sensitivity, protein, and lipid content

Abdulrahman
2014b

Arthrospira platensis Whole FM Macrobrachium
rosenbergii

Replacement of 50% fishmeal by A.Platensis significantly
increased the growth performances, feed efficiency, and
enhanced amino acids' proteins. Carbohydrate and oil
content. No significant effect had been found on digestive
enzymes activities

Radhakrishnan
et al. 2016

Navicula sp.,
Chlorella sp.,
Nannochloropsis
salina

LEA Protein Sciaenops
ocellatus

LEA proteins could replace 10% of FM and soy proteins
without causing any negative affect

Patterson and
Gatlin 2013

Nannochloropsis sp. Whole - Macrobrachium
rosenbergii

Suitable inclusion levels substantially improved the
performance of the larval culture of M. resenbergii

Lober and Zeng
2009

Nannochloropsis
granulata

Whole Litopenaeus
vannamei

Protein apparent digestibility for all N. granulate meals was
moderate, potentially can use in Litopenaeus vannamei
diet

Tibbetts et al.
2017

Nannochloropsis
oculata

LEA Protein Oreochromis
niloticus

Inclusion of 33% diet showed comparable growth
performances to control; after 12 weeks, the body weight
increased 1.98 to 28.06g.

Sarker et al.
2018

N. oceanica Whole FM Anarhichas
minor

Up to 15% of the N. oceanica could be included as FM in
Anarhichas minor. The omega 3-fatty level improved fish
diet contained microalgae.

Knutsen et al.
2019a

Isochrysis sp. Whole - Tridacna noae The ingestion and digestion of microalgae by T. noae larvae
influenced by types of microalgae and larval age

Southgate et al.
2017

Chaetoceros muelleri Whole - Ruditapes
decussatus
larvae

Feed supplemented with C. muelleri significantly increased
the growth and survival rate

Aranda-Burgos
et al. 2014

Spirulina
platensis,C. vulga-
ris, Azolla pinnata

Whole - Macrobrachium
rosenbergii
postlarvae

Microalgae included diet significantly vit C and E in
hepatopancreas and muscle tissue. These microalgae can
be used as an alternative protein ingredient in
Macrobrachium culture

Radhakrishnan
et al. 2014

Chlorella vulgaris Whole Synthetic
pig-
ment

Oncorhynchus
mykiss

The inclusion of C. vulgaris as a pigment ingredient
significantly increases the color of O.mykiss. Therefore, it
has promising potential to replace synthetic pigment in
O. mykiss feed diet.

Gouveia et al.
1996

Spirulina platensis Whole FM Litopenaeus
vannamei

Fishmeal could be replaced (75%) by A. platensis without
any adverse effects, and the lower (25%) inclusion level
enhanced the immunological parameters.

Macias-Sancho
et al. 2014

Scenedesmus
almeriensis

Whole FM Sparus aurata The inclusion of 20% S. almeriensis biomass in S. aurata
feed significantly increased the absorptive capacity of
intestinal mucosa in both the anterior and posterior
intestinal region

Vizcaíno et al.
2014

S. obliquus Whole and
LEA

Protein Oreochromis
niloticus

The 7.5% of whole and LEA provide optimum growth, good
growth performances, and nutritional value to
Oreochromis niloticus

Ansari et al.
2020

S. obliquus Whole FM Anarhichas
minor

4% replacement of FM improved the growth performance
and skin color of fish.

Knutsen et al.
2019b

Schizochytrium sp. Whole - Salmo salar L Use of Schizochytrium sp. in S. salar diet could enhance
growth performance, fillet quality, nutrient retention
efficiency, and blood chemistry

Kousoulaki
et al. 2016

Haematococcus
pluvialis

LEA Protein Litopenaeus
vannamei

Ju et al. 2012
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efficiencies in the range of 86.45–98.21%, 75.76–80.85%,
98.52–100%, and 42–69%, for ammonia, nitrate, phos-
phate, and COD, respectively (Table 7). Tejido-Nuñez
et al. (2020) used the wastewater of the recirculating aqua-
culture system (RAS) as a nutrient medium for the co-
cultivation of two species of microalgae (C. vulgaris and
Tetradesmus obliquus).

They found that co-cultivation was more efficient in nutri-
ent removal than monoculture, and average removal efficien-
cies of 98.73±0.06% and 99.46±0.04%, respectively, for
nitrate and phosphate, were observed. Similarly, Guo et al.
(2013) employed aquaculture wastewater as a growth medium
for cultivating microalgae Platymonas subcordiformis. They
found that P. subcordiformis efficiently removed nutrients

Table 5 (continued)

Microalgae Application
mode of
microalgae in
feed

Ingredient
Replaced/

source

Fish/shrimps/
prawns/mollusks

Comments Reference

The inclusion of LEA biomass stimulates the growth and
feed utilization rate. It improves quality by enriching
astaxanthin

Haematococcus
pluvialis

LEA FM Perca flavescens LEA meal blended with soy protein can be used to (10% of
the diet) replace 25% of the fish meal in the test diet
without any adverse effects

Jiang et al.
2019

Gracilaria arcuata Whole FM Oreochromis
niloticus

Up to 20%, Gracilaria arcuate could replace FM in
Oreochromis niloticus diet for better growth
performances

Younis et al.
2018

Table 6 Comparison of major metabolite composition of whole and lipid extracted microalgae

Microalgae Whole algae LEA Biomass Reference

Proteins % Carbohydrates % Lipids % Proteins % Carbohydrates % Lipids %

A. protothecoides 6 33 57 14 75 NA Bohutskyi et al. 2015

C vulgaris UTEX 35.13 16.82 9.81 39.96 12 2.83 Zhao et al. 2014

Chlorella sp NA NA NA 55.28 24.77 <1 Kassim et al. 2014

C. vulgaris 13..8 29.8 NA 17.3 33.6 NA Tibbetts et al. 2015b

Nannochloropsis sp. 34.03 7.64 10.65 32.7 9.56 3.03 Zhao et al. 2014

N. salina 17.21 11.52 37.16 26.72 17.04 11.82 Zhao et al. 2014

N. basillaris 13.8 27.2 NA 22.2 43.9 NA Tibbetts et al. 2015b

Nanofrustulum sp. 12.52 8.97 12.95 8.7 11.01 2.55 Zhao et al. 2014

D tertiolecta NA NA NA 13.42 82.08 NA Goo et al. 2013

D. tertiolecta 27.2 40.5 22 35 51.9 NA Kim et al. 2015

Gracilaria multipartita 12.94 58.12 4.82 14.73 55.45 1.98 Abomohra and Almutairi 2020

Scenedesmus sp. 32.3 36.4 11.1 40.1 44 0.7 Tibbetts et al. 2015c

Scenedesmus sp. 56 25 13 72 21 <1 Vardon et al. 2012

S. obliquus 50 12.84 21.43 42.2 14.22 NA Ansari et al. 2015

S. obliquus 28.5 27.5 26.5 25.3 21.4 1.3 Ansari et al. 2019

P. tricornutum 26.53 18.95 7.61 32.5 16.14 6.12 Zhao et al. 2014

M. reisseri 14.6 30 NA 17.7 35.7 NA Tibbetts et al. 2015b

Tetracystis sp. 13.2 27.7 NA 21.9 43.2 NA Tibbetts et al. 2015b

Navicula sp. 19.4 NA 18.8 13.3 NA 4.9 Patterson and Gatlin 2013

T. suecica NA NA NA 63.04 19.81 <1 Kassim et al. 2014

B. braunii NA NA NA 46 23.9 2.71 Neumann et al. 2015
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with a range of 87–95% and 98–99%, respectively, for nitro-
gen and phosphorus.

Different types of microalgae were cultivated in aquacul-
ture wastewater for nutrient removal efficiency and biomass
production (Nasir et al. 2019; Peng et al. 2020; Tejido-Nuñez

et al. 2020; Gupta and Yadav 2017). However, the integration
processes such as aquaculture wastewater for microalgae cul-
tivation and high-quality biomass production for feed applica-
tions are not explored. Simultaneous inclusion of microalgae
biomass in aqua feed as proteins, pigments, oil, and

Table 7 Biochemical compositions and nutrient removal efficiency (%) of different microalgae cultivated in aquaculture wastewater

Microalgae Protein
(%)

Lipid
(%)

Carbohydrate
(%)

Nutrient removal efficiency (%) Reference

Nitrate Nitrite Phosphate Ammonia

C. vulgaris 47.5 9.1 19.1 - - - 23.44 Daneshvar et al.
2018

S . obliquus 19.52 30.85 35.05 77.7 73.83 ~100 88.71 Ansari et al. 2017a

C. sorokiniana 28.81 31.85 35.43 75.76 81.79 ~100 98.21 Ansari et al. 2017a

A. falcatus 30.59 35.9 33.88 80.85 99.73 98.52 86.45 Ansari et al. 2017a

C. sorokiniana 33.45 29.46 29.74 84.51 73.35 - 75.56 Guldhe e al. 2017

Chlorella sp. - 23.7 - 83 - 99 77 Kuo et al. 2016

C. minutissima - 46.37 - 88.6 74.3 99 - Hawrot-Paw et al.
2020

Chaetoceros calcitrans 16 20 15.7 - - - - Khatoon et al. 2016

Nannochloris maculate 17 29.2 18.2 - - - Khatoon et al. 2016

S. platensis 4.7 48.5 16.8 - - - - Wuang et al. 2016

Euglenagracilis and Selenastrum (mixed
culture)

- 84.9
mg/L

- - - 98.4-99.8 98.9-
99.5

Tossavainen et al.
2019

Fig. 1 The schematic diagram for integrated biorefinery based on microalgae cultivation and aquaculture
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carbohydrates sources further needs to be studied. It is vitally
important to identify suitable, indigenous, and robust
microalgae species (high in PUFA, proteins, and balanced
essential amino acids) that adapt to cultivation in aquaculture
wastewater.

Aquaculture-aquaponics-based integrated approach

Aquaponics technology is a combination of aquaculture and
hydroponic plants. This is an emerging technology well
adopted by several aquaculture industries in many countries.
Aquaponics systems are one of the most intriguing strategies
for improving aquaculture, where fish and plants are grown
simultaneously in a symbiotic environment (Paudel 2020). It
provides many benefits by improving water quality, reducing
water demand, and creating better environmental conditions
for fish growth (Diver 2006). Aquaponics is applicable for
both fresh and marine aquatics species, ultimately enhancing
net revenue from both fish and plant production (Estim et al.
2019).

Several studies employed different strategies specific to
their particular design and operating conditions to improve
the performance of aquaponics systems (Lam et al. 2015;
Paudel 2020). For example, Endut et al. (2010) found im-
provement in nitrogen uptake and plant growth (water spin-
ach) when hydraulic loading rates were varied. In addition,
Ahn et al. (2010) reported that reduced ammonium, nitrate,
and nitrite concentration might reduce the potential of nitro-
gen oxide emission.

Enduta et al. (2011) studied the efficiency of aquaponics
recirculation systems in removing nutrients (N and P)) from
aquaculture wastewater using water spinach and mustard
green. In their study, the removal efficiency of 78.32–
85.48%, 82.93–92.22%, 79.17–87.871%, and 75.36–
84.94%, for total ammonia nitrogen, nitrite, nitrate, and ortho-
phosphate, respectively, for water spinach was observed. At
the same time, the nutrient removal efficiencies were 69–
75.85% for total ammonia nitrogen, 72.32–79.34% for nitrite,
66.67–80.65% for nitrate, and 75.36–84.94% for orthophos-
phate, respectively by mustard green. The higher nutrient re-
moval efficiency of water spinach is attributed to the more
bacterial attachment to a greater surface area of root structure
than mustard green. In the aquaponics system, Estim et al.
(2019) conducted a trial using Nile tilapia, green beans, and
Chinese cabbage over 70 days. They found improvement in
plant growth without having any adverse effect on fish
growth.

In hydroponic beds, appropriate plant and plant density
selection are critical design parameters to improve fish’s nu-
trient recovery and growth performance in aquaponics sys-
tems. Aquaponics systems have the potential to add further
value to the aquaculture industry. Further expansion in
aquaponics at a pilot scale is vital due to water scarcity

globally, especially in arid areas. Application of live algae in
aquaponic systems might add more value to improve nutrient
removal efficiency and plant growth performances. Studies
are needed to establish a design for algae, aquaponic systems,
and aquaculture integrated systems.

Challenges

There are some techno-economic barriers, which need to be
addressed while using microalgae as an aquaculture feed. The
high production costs of algal biomass, contamination of algal
cultivation systems, and changes in the biochemical composi-
tion still pose problems successful application of microalgae
for aquaculture operations (Ansari et al. 2020; Tredici et al.
2016). Similarly, LEA as a protein source for aquaculture also
faces suitability issues due to organic solvent usage during
extraction (Yun et al. 2014; Ansari et al. 2017b). The high
production cost of microalgal biomass due to typical cultiva-
tion requirements and energy-intensive harvesting/dewatering
could hamper the economics. The microalgal biomass quality
is greatly affected by environmental factors, and it varies in
different geographical regions. There are variations in the di-
gestibility of certain microalgal strains among fish, which
need to be further investigated. As per estimates, 5 million
kg/year of algal biomass is produced annually, and the use
of algal biomass in aquaculture was approximately 1000
tonnes in 1999 (Spolaore et al. 2006; Gagneux-Moreaux
et al. 2007). Out of total global algal biomass used in aqua-
culture, only 16% is used for fish, 21% for shrimps, whereas
the significant proportion, i.e., approximately 62% is used for
mollusks (Spolaore et al. 2006; Gagneux-Moreaux et al.
2007).

The major challenge being faced by large-scale algae cul-
tivation is the cost of chemical nutrients required for growth.
Various studies have demonstrated the economical production
of algal biomass using wastewater, leachates, or some indus-
trial effluents (Zhao et al. 2014; Gupta et al. 2016; Wang et al.
2016). The use of such biomass, produced fromwastewater or
industrial effluent, could reduce the overall cost of aquaculture
feed production. However, most algal species are phyco-
scavengers for various organic and inorganic nutrients and
toxicants. The accumulation of toxicants in the algal biomass
would render it incompatible for aquaculture feed applica-
tions. Therefore, the use of wastewater-grown microalgae
for aquaculture is questionable due to the ultimate risk to
human health.

Moreover, wastewater-grown biomass is also susceptible
to pathogenic contamination. Therefore, even though the tech-
niques are available for the sterilization of biomass, the effec-
tiveness of sterilization for microbial contaminants without
compromising the nutritional qualities of the feedstock is of
concern. Furthermore, if such biomass is used in aquaculture,
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the translocation of such accumulated toxicants/pathogens to
the aquaculture species and products is a significant concern.
Therefore, the consumption of such aquaculture products may
pose a risk to the consumer. Therefore, thorough risk assess-
ment studies are required to apply wastewater-grown
microalgal biomass in aquaculture feed application.

Recommendations and conclusions

The application of microalgae in aquaculture feed has tremen-
dous potential for improving the nutritional quality of the
product. The microalgae have also shown the potential to
replace FM and other conventional ingredients from the fish
feed, reducing overall cost and environmental concerns.
However, the high production cost of microalgae and varying
nutrient composition are the major challenges that need to be
addressed. More studies still need to investigate the potential
of different microalgal species to be used in aquaculture feed,
formulation of microalgae-based feed, reducing the
microalgal cultivation cost, and ensuring the high nutritional
quality of microalgae use of lipid extracted microalgae for
aquaculture feed. An integrated cultivation approach where
microalgae are used as aquaculture feed and aquaculture
wastewater is employed as a medium for biomass production
could be a sustainable and economical approach. A “cradle to
grave” lifecycle assessment (LCA) is essential for assessing
the economic sustainability of the algae-based aquaculture
feed formulations and their impact on fish. The assessment
of environmental sustainability is also equally crucial for the
evaluation of its ecological impacts. The application of algae
in aquafeed could improve the quality of produced fish and
lead to a sustainable aquaculture industry due to its environ-
mental benefits.
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