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a b s t r a c t 

Aquaculture contributes remarkably to the global economy and food security through seafood production, an 
important part of the global food supply chain. The success of this industry depends heavily on aquafeeds, and 
the nutritional composition of the feed is an important factor for the quality, productivity, and profitability of 
aquaculture species. The sustainability of the aquaculture industry depends on the accessibility of quality feed 
ingredients, such as fishmeal and fish oil. These traditional feedstuffs are under increasing significant pressure 
due to the rapid expansion of aquaculture for human consumption and the decline of natural fish harvest. In 
this review, we evaluated the development of microalgal molecules in aquaculture and expanded the use of these 
high-value compounds in the production of aquaculture diets. Microalgae-derived functional ingredients emerged 
as one of the promising alternatives for aquafeed production with positive health benefits. Several compounds 
found in microalgae, including carotenoids (lutein, astaxanthin, and 𝛽-carotene), essential amino acids (leucine, 
valine, and threonine), 𝛽-1–3-glucan, essential oils (docosahexaenoic acid and eicosapentaenoic acid), minerals, 
and vitamins, are of high nutritional value to aquaculture. 
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. Introduction 

Aquaculture has rapidly grown as a source of seafood worldwide
 1 , 2 ]. In response to the decline in wild fisheries, aquaculture has
rown further than other meat industries, such as livestock and poul-
ry, which produce similar nutrients (e.g., protein, omega-3 fatty acids,
ron, zinc, niacin, and B vitamins) [3] . Global aquaculture production
as achieved a remarkable US$232 billion market value as of 2016 [2] ,
nd the aquafeed market will continue to grow exponentially to meet
he increasing demand for seafood and changing lifestyles [1] . Fish oil
nd fishmeal are principal ingredients in aquafeeds because of their
igh content of long-chain polyunsaturated fatty acid, such as eicos-
pentaenoic acid, and high-quality protein [3] . The population of wild-
arvested fish could decline when they are used to produce fishmeal
3] . 

Our reliance on fish-derived diets for aquaculture threatens marine
iodiversity and food safety and security [4] . Owing to the increasing
onsumption of fish products worldwide, the proportion of fish pro-
essed into fishmeal is not likely to grow [3] . Given the considerable
ncrease in global fish farming, the price of fishmeal has risen geometri-
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ally [3] . Oily fish are often used for direct human consumption. Hence,
he amount of fish available for fish oil production is reduced and not
ikely to change in the near future [5] . 

Alternatives to fish-based feed are necessary because its excessive
se cannot be sustained [6] . Fish grow well on diet consisting of plant-
ased ingredients, but this feed has several disadvantages, such as low
eed quality, low digestibility, alteration in nutritional qualities, and
nsufficient vital elements such as lysine, threonine, and tryptophan
 7 , 8 ]. A variety of plant-based lipids are available, including vegetable,
amelina, cottonseed, and soybean oils [4] . However, they do not pro-
ide enough polyunsaturated fatty acids (PUFAs) (omega 3-PUFA) to
upport high-quality fish production and growth [ 9 , 10 ]. Furthermore,
any of these alternative sources lack adequate nutrients and contain

ntinutrients, which may alter the structure of the beneficial bacteria in
he GIT of the host and negatively affect the metabolism [7] . 

Compared with fishmeal and fish oil, microalgae provide a more
ustainable source of aquafeed [11–14] . Fish diets can be produced us-
ng microalgal species in broth or whole dried samples of algal cells
15] . A variety of microalgae groups, including green algae, diatoms,
nd cyanobacteria, are used in aquaculture [3] . A mixture of these al-
eptember 2022 
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Fig. 1. Components of microalgal biomass rich in ingredients for aquaculture meal. 
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ae groups must be employed to provide a balanced dietary component
3] . The rich carotenoid pigments in microalgae give some fish species
uch as salmonids and shellfish a desirable color, and the inclusion of
hese pigments in fishmeal- or grain-based feeds increases the nutritional
alue [ 3 , 16 ]. Furthermore, algae-based feed improves fish health and
rovides nutritional benefits [3] . Microalgal species produce antimicro-
ial compounds that may be useful against a wide range of pathogens
17] . New technologies enable the engineering of algal species to pro-
uce designer chemicals, such as vaccines, growth hormones, or antibac-
erial agents, thus expanding the potential application of algae in feed
roduction [18–20] . 

To play a role in sustainable aquaculture, microalgae strains must
ave many beneficial characteristics, such as simple cultivation, no toxic
ubstances or biotoxins, quality nutrient composition, and food-grade
ell walls for rapid nutrient absorption [21–23] . These characteristics
re modulated by several factors, such as illumination (quality and quan-
ity), nutrient availability/limitation, temperature, and salinity, which
nfluences metabolite profile. 

In this review, we describe the biochemical and nutritional attributes
f economic microalgae used in aquaculture by focusing on high-value
ompounds. 

. Microalgal biomass as a source of functional aquafeeds 

Microalgal biomass has health benefits beyond enriching nutrition.
s a component of functional foods, it contribute toward optimal health
nd reduced health risks or disease prevention [24] . Many proteins, oils,
arbohydrates, vitamins, carotenoids, and other nutrients are found in
arious species of microalgae [25–27] ( Fig. 1 ). These bioactive ingredi-
nts offer a variety of health benefits to terrestrial and aquatic organ-
sms. For instance, they protect against diseases, prevent nutrient defi-
iencies, and promote proper growth and development among aquacul-
ure species [ 3 , 25 , 28 ]. 

. Microalgal protein constituents 

Compared with other protein sources, microalgal proteins have good
uality and amino acid profiles, and thus, they could be a viable al-
ernative to fishmeal protein [ 3 , 29 ]. An analysis of selected red algal
roups ( Porphyra dioica, Porphyra umbilicalis , and Gracilaria vermiculo-

hylla ) used in aquaculture reported their significant content of essen-
ial amino acids, mainly leucine (9.01–16.63 mg/g dry sample), valine
6.84–12.79 mg/g dry sample), and threonine (6.21–12.27 mg/g dry
ample) [30] . Other studies evaluated the composition of microalgal
iomass in terms of its chemical and elemental components [31–33] and
ndicated that microalgal protein can be incorporated into feeds. Exist-
ng evidence supports the use of biomass from Spirulina species, Chlorella

pecies, Scenedesmus species, Nanofrustulum species, and Tetraselmis sue-

ica as fishmeal protein replacement [34] ( Table 1 ). 
2 
In addition to being rich in essential amino acids, microalgae with-
ut oil content serve as a potential supplement or feed for aquacul-
ure [35] . For example, shrimp fed with diet containing 12.5% fish-
eal protein replacement showed a higher growth rate and a lower

eed conversion ratio than shrimp fed with control diet after a 2-month
eeding test [36] . In another study, marine juvenile red drum fish ( Sci-

enops ocellatus ) showed no significant growth reduction even when fed
ith lipid-extracted algae ( Navicula sp. and Nannochloropsis salina ) as
 replacement for crude protein from fishmeal or soy protein concen-
rate [36] ( Table 1 ). Similarly, fishmeal was replaced with microalgal
iomass in a diet for juvenile Pacific white shrimp ( Litopenaeus van-

amei ) [37] . Related data were collected for red cherry shrimp ( Neo-

aridina davidi ) fed with Spirulina platensis (8%–10%) diet [38] . As a
ource of alternative protein, microalgae are a viable option for fish-
eal due to its nutritional composition and relative digestibility as long

s feed intake is maintained. In one study, intensely compressed mi-
roalgal biomass improved the digestibility of Atlantic salmon [39] . The
mount of microalgae meal included in aquafeed varies depending on
he microalgae and aquaculture species ( Table 1 ). The production of
icroalgal protein is generally beneficial for aquaculture development

ecause it provides essential nutrients for growth, immune system, and
verall health. 

. Microalgal essential oil 

Microalgae contain PUFAs, including docosahexaenoic acid (DHA),
icosapentaenoic acid (EPA), 𝛼-linolenic acid (ALA), and arachidonic
cid (AA), that are essential to fish development [ 11 , 23 , 59 ]. An analy-
is of several strains of microalgae underlined the importance of these
ssential PUFAs in the growth and productivity of aquaculture [ 60 , 61 ]
 Table 2 ). The amount of EPA in most microalgal species ranges from 7%
o 34% [ 61 , 62 ]. A relatively high amount of DHA ( ≥ 11%) can be found
n prymnesiophytes ( Pavlova sp., Tisochrysis sp., and cryptomonads), and
 5% AA can be found in eustigmatophytes ( Nannochloropsis spp.) and
iatoms. C20 and C22 PUFAs are lacking in chlorophytes ( Dunaliella and
hlorella spp.), although some species contain EPA in modest amounts
 < 3.5%). PUFA deficiencies render chlorophytes nutritionally inferior
nd unsuitable as sole food sources [63] . Compared with commercial
ils, PUFAs enrich zooplankton with DHA [64] and produce a DHA-to-
PA ratio of 1:2, which is suitable for feeding fish larvae [63] . When EPA
nd AA uptake is balanced, eicosanoid dysfunctions can be prevented
nd many metabolic disorders can be treated [65] . Bacillariophyceae
diatoms), Chlorophyceae, Chrysophyceae, Cryptophyceae, Eustigmato-
hyceae, and Prasinophyceae all contain EPA [15] . EPA derived from
annochloropsis sp. is widely used in aquaculture nutrition [66] . Por-

hyridium purpureum also contains high levels of EPA [67] . 
Researchers fed fish and shrimp with diets rich in these fatty acids

nd found that dietary DHA is essential for marine fish and shrimp [30] .
hosphoglyceride-rich biological membranes have a bilayer thickness
nd phase structure that remain relatively constant despite changes in
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Table 1 

Analysis of the feeding of aquaculture with various microalgal cultures. 

Algal culture Fish type Percentage replacement of 
fish meal or fish oil or level 
of diet inclusion 

Influence of microalgal- derived nutrition References 

Schizochytrium sp. Shrimp < 5% addition in diet Reasonable increase in specific growth 
rate but no impact on survival, digestive 
enzyme activities, or oil composition was 
observed 

[40] 

Schizochytrium sp. Tilapia 100% substitution of fish oil Enhanced weight gain, feed conversion 
ratio, and protein efficiency ratio and no 
substantial survival rate improvement 

[6] 

Arthrospira platensis Rainbow trout 10% addition in diet Considerable rise of red and white blood 
level, hemoglobin, total protein and 
albumin concentrations of fish and can be 
used as an immune booster in nutrition 

[41] 

Chlorella vulgaris Freshwater prawn 6%–8% substitution of fish 
meal 

Improved growth rate, boosted immune 
response, and disease resistance 

[42] 

Arthrospira platensis Red tilapia Supplemented with > 25% 

carotenoid diet 
Enhanced fish color [3] 

Arthrospira sp. Golden barb 20% substitution of fish meal Substantially improved fish growth [43] 
Arthrospira platensis Ornamental carp Supplemented with 7.5% 

carotenoid feed 
Enhanced fish color [44] 

Dunaliella salina Shrimp 5%–10% addition in diet Enhanced the immune system and 
antioxidant activities and boosted the 
survival level 

[45] 

Isochrysis sp. European sea bass ≤ 36% substitution of fish oil Growth or feed intake relative to control 
is not negatively affected 

[46] 

Nannochloropsis sp. and 
Schizochytrium sp. 

Olive flounder 100% substitution of fish oil No adverse impact on growth, feed 
efficiency, or ingredient value 

[47] 

Schizochytrium sp. Atlantic salmon ≤ 5% substitution of fish oil Absence of toxicity, stress, inflammation, 
or any adverse impact of dietary 
inclusion; 
food-grade level 

[48] 

Spirulina sp. Rainbow trout 7.5% substitution of fish 
meal 

Noticeable strong weight gain [49] 

Nannochloropsis gaditana , 
Tetraselmis chuii , and 
Phaeodactylum tricornutum 

Gilthead sea bream 0.5%–1% addition in feed Boosted immune system [50] 

Haematococcus pluvialis Pacific white shrimp 12.5% substitution of fish 
meal 

Absence of adverse impact on shrimp 
function and develop shrimp coloration 

[35] 

Nannochloropsis sp. 
Pavlova viridis 

European sea bass 100% substitution of fish oil Absence of adverse impact on fish growth 
function and nutrient utilization 

[51] 

Phaeodactylum tricornutum Atlantic salmon 6% substitution of fish meal Absence of adverse impact on growth, 
feed conversion of protein, lipid, energy, 
ash 

[52] 

Dunaliella sp. Shrimp Approximately 2% addition 
of microalgal carotenoid 

Shrimps’ survival rate rose [53] 

Scenedesmus almeriensis Gilthead sea bream 38% substitution of fish meal Feed intake was unaltered [54] 
Nannochloropsis salina 

Navicula sp. 
Juvenile red drum Approximately 10% 

substitution of fish meal 
Absence of observable negative impact on 
growth function 

[36] 

Arthrospira platensis Nile tilapia 0.5%–2% addition of 
microalgal biomass 

Significantly enhanced the health status 
of fish and boosted antioxidant function 

[55] 

Arthrospira sp. Tilapia Up to 43% substation of fish 
meal 

Absence of adverse effect on growth or 
feed intake; preferred FCR to corn–gluten 
diet standard 

[56] 

Nanofrustulum sp. 

Tetraselmis sp. 

Atlantic salmon, common 
carp 
Pacific white shrimp 

Up to 10% substitution of 
fish meal 

No significant difference in growth 
function/feed utilization compared fish 
meal diet 

[57] 

Nannochloropsis sp. and 
Isochrysis sp. 

Juvenile Atlantic cod 15% substitution of fish meal Enhance diet intake and growth in fish [58] 
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b  
nvironmental variables, such as pressure, temperature, and salinity. In
atural PUFAs, methylene double bonds occur in the cis position and
dditional double bonds are found in the cis faction [ 23 , 64 ]. Shrimp
equire dietary docosahexae DHA as a part of the vitellogenic process
nd as precursors for enzymatic and hormonal reactions [68] . A highly
obile and flexible energy source, such as the one provided by PUFA, is

ssential for the production of ecdysone for egg production, growth, and
olting [68] . A dietary DHA:dietary EPA ratio of approximately 2:1 is

enerally found in fish phosphoglycerides [68] . Dinoflagellates contain
 large amount of dietary DHA, and diatoms contain a large amount of
ietary EPA but a negligible amount of dietary DHA [68] . The vast ma-
ority of hatcheries do not culture microalgae species with high PUFA
3 
evels as a source of dietary DHA and an alternative source of PUFAs
or shrimp (and other marine eukaryotes) diets [11] . In addition to be-
ng energy reservoirs, microalgal oils (such as traditional lipids) play
n important role in membrane synthesis and cell membrane structural
omponent by acting as an information-sharing center [30] . 

. Microalgal polysaccharides 

Carbohydrates with nutritional and pharmaceutical values are sig-
ificant components of microalgae [ 25 , 70 ]. The soluble fiber beta-1–
-glucan found in Chlorella sp. is an antioxidant that helps in reducing
lood cholesterol levels [ 15 , 26 , 71 ]. Porphyridium cruentum , a red uni-
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Table 2 

Nutrient-rich microalgal polyunsaturated fatty acids [ 60 , 69 ]. 

Polyunsaturated 
fatty acids 

Microalgal groups Uses Recommended daily 
allowance (kg) 

𝛼-linolenic 
acid (ALA) 

Chlorella vulgaris Dietary supplement 
(single-cell oil) 

1–2 

Eicosapentaenoic 
acid (EPA) 

Nannochloropsis 

oculata, Phaeodactylum 

tricornutum, Monodus 

subterraneus , 
Isochrysis galbana 

Dietary supplement, 
therapeutic medicine, 
brain development in children, 
heart disease 

0.25–0.5 

Docosahexaenoic 
acid (DHA) 

Schizochytrium 

limacinum, Crypthecodinium 

cohnii , 
Pavlova lutheri 

Dietary supplement, essential for 
brain and eye development 
in fetus and children, crucial for 
healthy heart, adult 
dietary supplements in food 

0.25–0.5 

𝛾-linolenic 
acid (GLA) 

Arthrospira platensis Dietary supplements, 
anti-inflammatory, 
autoimmune diseases 

0.5–0.75 

Arachidonic acid 
(AA) 

Porphyridium 

cruentum, Mortierella alpina , 
Parietochloris incisa 

Food supplements, 
pain reliever, muscle 
formulations that have anabolic 
properties (for sports lover) 

0.05–0.25 

Table 3 

Diversity of microalgae species in terms of biochemical composition [74] . 

Microalgae Protein (%) Lipids (%) Carbohydrates (%) 

Anabaena cylindrical 43–56 4–7 25–30 
Aphanizomenonflos-aquae 62 3 23 
Chaetoceros calcitrans 36 15 27 
Chlamydomonas reinhardtii 48 21 17 
Chlorella vulgaris 51–58 14–22 12–17 
Chlorella pyrenoidosa 57 2 26 
Diacronema vlkianum 57 6 32 
Dunaliella salina 57 6 32 
Dunaliella bioculata 49 8 4 
Euglena gracilis 39–61 22–38 14–18 
Haematococcus pluvialis 48 15 27 
Isochrysis galbana 50–56 12–14 10–17 
Porphyridium cruentum 28–39 9–14 40–57 
Prymnesium parvum 28–45 22–38 25–33 
Scenedesmus obliquus 50–56 12–14 10–17 
Scenedesmus dimorphus 8–18 16–40 21–52 
Scenedesmus quadricauda 47 1.9 21–52 
Spirogyra sp. 6–20 11–21 33–64 
Spirulina maxima 60–71 6–7 13–16 
Spirulina platensis 46–63 4–9 8–14 
Synechococcus sp. 63 11 15 
Tetraselmis maculata 52 3 15 
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ellular alga, can produce sulfated galactan exopolysaccharide, a pos-
ible alternative for carrageenan in food and dairy industries [72] . A
umber of species-dependent monosaccharides, including xylose, man-
ose, glucose, galactose, and rhamnose, can be obtained from microalgal
olysaccharides [73] . Glucose dominates the carbohydrates of several
reen algae species, comprising 47%–85% of their total carbohydrates
73] ( Table 3 ). 

. Microalgal carotenoid pigments 

Microalgae species produce carotenoid pigments in different quanti-
ies and compositions, and their production ability is affected by their
ulture parameters [75–78] . Fish, such as crustaceans, salmonids, and
ther farmed fish, consume these compounds through diets to enhance
heir coloration [35] . Carotenoids are also metabolized for normal bod-
ly functions [79] . As antioxidants, they can neutralize free radicals and
eactive oxygen species in humans upon dietary consumption [79] , thus
educing the risk of inflammation, heart disease, type 2 diabetes, and
ancer; enhancing vision; and preventing neuron damage [79] . As a re-
ult, carotenoids have many applications and are commercially relevant.
4 
n addition, the utmost importance placed on consumer health explains
hy these pigments are produced at such large scales. 

.1. Lutein 

Lutein is one of the carotenoid molecules naturally found in microal-
ae. Human serum and food are rich in this pigment [80] . In addition
o its use for pigmenting animal tissues and products, lutein serves as
 natural colorant for food, pharmaceuticals, and beauty products. It
lows down chronic diseases, stimulates the immune system, prevents
ataracts and early atherosclerosis, and impedes blindness or loss of
ision caused by age-related macular degeneration [81–83] . In 2004,
utein accounted for US$139 million in global sales and was consid-
red the fastest growing carotenoid [84] . Currently, the most widely
sed source for lutein production is the French marigold ( Tagetes pat-

la ) [85] . Aztec marigold and Tagetes , both containing lutein, have
een commercialized in the USA. Marjoram ( Tagetes patula L.) produces
utein in three forms (marjoram orange, marjoram yellow, and mar-
oram red). Although marigold plantations occupy a large portion of
and, the climate and seasons can easily affect their performance [83] .
ietary carotenoids have recently attracted considerable attention be-
ause of their antioxidant properties and potential role in the preven-
ion of some chronic diseases caused by free radicals [86] owing to
heir ability to quench singlet oxygen damage. Hence, algae-derived
arotenoids could be a useful natural resource for the development of
unctional ingredients [86] in aquaculture to enhance the immune sys-
em. Chlorella, Scenedesmus , and Muriellopsis species are also important
ources of lutein from chlorophycean microalgae [ 83 , 84 ]. Heterotrophi-
ally grown Chlorella sp. can produce significant amounts of lutein [87] .

.2. Astaxanthin 

The natural pigment astaxanthin has long been added as a source of
olor in cultured salmon, sea bream, and ornamental fish [88] . Natu-
al astaxanthin from microalgae can be considered a safe pigment for
quaculture because its usage up to the maximum allowed dietary level
or salmon and trout poses no threat to the safety of consumers [ 88 , 89 ].
ish culture relies on pigmentation for the growth of ornamental fish and
almon. The sensory panel and consumers prefer salmon meat with pink
olorings that contain a high amount of astaxanthin [ 90 , 91 ]. Moreover,
he market value of ornamental fish is partly determined by the color
f their skin or muscle. Fish cannot synthesize pigments on their own;
nstead, they absorb pigments from diets. Microalgae containing astax-
nthin are widely used as feed supplements to enhance fish pigmenta-
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ion, particularly in salmon, trout, sea bream, and ornamental species
 92 , 93 ]. Salmon, trout, and sea bream are excellent sources of nutrition
ecause they are rich in protein, lipids, natural pigments, and minerals
 88 , 90 ] and are marketed according to the pigmentation of their skin
nd muscles [88] . 

Salmon pigmentation depends on the quantity and source of astax-
nthin [90] . When the astaxanthin concentration in the diet of rainbow
rout was increased up to 27.6 mg/L, the total carotenoids in muscle
nd chroma values also increased [94] . 

The pigmentation of ornamental fish, such as koi carps, goldfish, and
herry barbs, can be enhanced using astaxanthin [95–97] . When the as-
axanthin contents were 0 and 100 mg/kg in goldfish diet, the pigmenta-
ion scores were 3.40 and 6.67, respectively, indicating that astaxanthin
mproves the pigmentation of ornamental fish [97] . Goldfish fed with
iet containing Chlorella vulgaris and Haematococcus lacustris had more
ed texture and yellow coloration than the control fish [96] . In addition,
icroalgal biomass outperforms synthetic astaxanthin in pigmenting or-
amental fish [96] . 

Adding natural astaxanthin to ornamental fish diets can influence
igmentation and color-based behavior. One study found that astaxan-
hin added to fish diets effectively reduces mirror-image aggression and
hanges the behavior of cherry barbs when choosing mates [80] . Thus,
staxanthin from microalgae can be used in the pigmentation and be-
avioral regulation of ornamental fish. 

Aquatic animals could easily gain weight when they consume cer-
ain amounts of astaxanthin. One report stated an improvement in the
pecific growth rate of rainbow trout from 4.27% to 5.34% when the
mount of dietary astaxanthin was increased from 0 to 33.3 mg/kg [93] .
hen the amount of astaxanthin added to a discus fish culture diet was

ncreased from 0 to 50 mg/kg, a slight increase in body weight was ob-
erved [98] . Consequently, astaxanthin-rich microalgae can be added
o fish diets to promote fish growth in aquaculture. Some microalgae
ontain astaxanthin, essential amino acids, unsaturated fatty acids, and
olysaccharides [99–101] . Along with astaxanthin, these value-added
ompositions should contribute to successful fish rearing. 

Excessive amounts of H. lacustris in the diet of fish may have adverse
ffects on their growth. When over 25% of defatted Haematococcus was
dded to the diet of juvenile yellow perch, the fish grew slower than
xpected [102] . Therefore, the astaxanthin content in fish diet should
e limited to a reasonable range and optimized on a case-by-case basis
o avoid adverse effects on fish growth [103] . Using natural astaxanthin
rom microalgae is a better choice than synthetic astaxanthin to promote
he accumulation of astaxanthin in fish skin and muscle in aquaculture.

.3. 𝛽-carotene 

Approximately 35% of total revenues (US$432.2 million) in 2015
ere generated by algal beta-carotene [104] . A number of companies
ave introduced synthetically produced carotenoids to meet the limited
upply of natural sources and the high demand of the global market.
eta-carotene (provitamin A) is one of the few carotenoid compounds
hat have the potential to transform into vitamin A (retinol) [105] . Sev-
ral strains of microalgae genus Dunaliella can produce and accumulate
arge amounts of beta-carotene within their cells [ 106 , 107 ]. Dunaliella

p. is commonly found in oceans, brine lakes, salt marshes, salt lagoons,
nd salt water ditches near the sea with high salinity levels and high
agnesium concentration. Among eukaryotes, Dunaliella sp. is the most

alt tolerant and can withstand salt concentrations as low as 0.1 M and
s high as 4 M [108] . An all-trans and a 9-cis form of beta-carotene was
ound in unicellular halotolerant alga Dunaliella bardawil [105] . Beta-
arotene contains a chemical analogue of vitamin A that can be applied
opically to treat skin cancer [109] . Daily doses of Dunaliella sp. beta-
arotene can protect against exercise-induced asthma because of its an-
ioxidative properties [110] . 

Natural beta-carotene, a provitamin A compound, is used in animal
eeds for poultry and shrimp (aquaculture) [ 59 , 108 ]. 
5 
.4. Zeaxanthin 

Xanthophyll pigment zeaxanthin appears in the eyes and skin of
umans [111] . In conjunction with lutein, zeaxanthin accumulates as
 macular pigment in the cornea to shield the retina from blue light
nd enhance the sight [112] . Zeaxanthin is also effective as an anti-
nflammatory, antioxidant, and neuroprotector [113] . Despite their rel-
tively low zeaxanthin contents of 16.3, 16.7, and 24.9 mg/g, raw and
ooked scallions, orange peppers, and corn, respectively, are still good
hoices for the dietary intake of this pigment [ 114 , 115 ]. 

The zeaxanthin content in various kinds of marigold petals varies
etween 10 and 300 g/g [116] . This pigment is in high demand due
o the growing number of age-related macular degeneration sufferers
orldwide [113] . Zeaxanthin production by Chlorella ellipsoidea is nine-

old that by red pepper (4.26 mg/g DW) [117] . Moreover, microalgae-
erived zeaxanthin partly exists in free form as opposed to the mono-
r diesters found in floral and fruit compounds. As a result, microalgae
re productive and bioavailable sources of zeaxanthin. 

In combination with N-starvation, C. zofingiensis bkt1 accumulates
.00 ± 0.82 mg/g DW when exposed to high light. However, high light
s not always preferred for zeaxanthin accumulation by microalgae. Un-
er constant low light (100 mol photons m 

− 2 s − 1 ), D. salina zea1 accu-
ulates 5.9 mg/g DW of zeaxanthin, which is higher than its 4.18 mg/g
W accumulation under high light [118] . 

.5. Fucoxanthin 

Fucoxanthin accounts for a relatively large portion of total
arotenoid production [119] . Its global production amounted to approx-
mately 500 tons in 2016, and it is expected to annually grow by 5.3%
120] . This pigment has a unique molecular structure with an allenic
ond, a carbonyl group conjugated to a monoepoxide molecule, and an
cetyl group. The antioxidant fucoxanthin and its derivatives have anti-
ancer, anti-inflammatory, and anti-obesity properties [ 121 , 122 ]. 

More than 20,000 species of algae are rich in fucoxanthin, especially
he members of family Synurophyceae (up to 26.6 mg/g DW), diatom
lass (up to 21.67 mg/g DW), and Prymnesiophyceae (up to 18.23 mg/g
W) [123] . Isochrysis zhanjiangensis can produce 23.29 mg/g DW of

ucoxanthin under low light and can convert carbon skeletons into
arotenoids, especially fucoxanthin [124] . In a nitrogen-replete medium
nder low light, Odontella aurita can accumulate 18.47 mg/g DW fu-
oxanthin [125] . Furthermore, the purified fucoxanthin from O. aurita

s (all-E)-fucoxanthin, which has a strong antioxidant ability and high
ioavailability. Tisochrysis lutea exhibits the highest fucoxanthin produc-
ivity (9.81 mg/L/day) [126] . 

. Dietary minerals and vitamins 

Microalgal biomass shows potential in improving aquaculture diets
nd supplying essential vitamins [127] . The well-being of an organ-
sm depends on various vitamins, including vitamin A (a retinoid an-
ioxidant); B vitamins such thiamine (B1), niacin (B2), nicotinate (B3),
antothenic acid (B5), pyridoxepin (B6), biotin (B7), folic acid (B9),
nd cobalamin (B12); and micronutrients (sodium, potassium, calcium,
agnesium, and iron) [128–130] . Microalgae naturally accumulate vi-

amins and minerals, which make them easier to digest compared with
rtificial foods [131] . Vitamin synthesis is dependent on several fac-
ors, such as strain, amount of light, culture medium composition, and
rowth phase. High amounts of thiamine, pyridoxine, nicotinic acid,
nd pantothenic acid were found in Tetraselmis sp. culture, and ele-
ated levels of riboflavin, cobalamin, and 𝛽-carotene were observed
n Dunaliella under culture conditions. Selenium (Se) reduces free rad-
cal production, improves immunity, and protects against disease in
umans and fish [132] . This element can be found in microalga Nan-

ochloropsis oculata , which received particular interest in aquaculture
utrition [132] . Zinc is another essential element that can be obtained
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rom the protein-rich microalga Spirulina [133] . In addition to being an
ntioxidant, zinc contributes to nutrient digestion and enzyme activity,
mproves plasma membranes, and plays a role in transcriptional ele-
ents that facilitate nucleic acid metabolism and cell division [133] .

n the fight against reactive oxygen species, iodide is one of the power-
ul and ancient compounds [134] . Among its sources is Tisochrysis lutea

microalga). This antioxidant provides electrons to halo-peroxidase en-
ymes to rapidly and nonenzymatically stop the H 2 O 2 reaction. Most
lgae contain iodomethane (CH3I) or its derivatives as their source of
odine [134] . These minerals serve as a key component of enzymes, vi-
amins, hormones, bioactive compounds, and enzyme activators and a
ofactor that promotes metabolism in animals, including Penaeus mon-

don [135] . Gills and body surfaces of shrimp can directly absorb min-
rals from the surrounding water. 

. 𝜷− 1,3-glucan 

In response to pathogen surface molecules, 𝛽− 1,3-glucan initiates
ost defense reactions [59] . Apart from oil, beta-1,3-glucan is the most
mportant component of Chlorella sp. This species generates more than
S$38 billion in global sales annually [136] . In 1970, many studies
n 𝛽− 1,3-glucan were conducted in Japan. 𝛽− 1,3-glucan is essential to
ur health. In one study, feeding immune-stimulating 𝛽− 1,3-glucan to
ealthy fish increased their nonspecific and specific immunity levels and
rotection against bacterial infection compared with the controls [137] .
s a prophylactic treatment, 𝛽− 1,3-glucan effectively reduced anthrax

nfection in mice and showed potential to inhibit the growth of cancer
ells in vivo by stimulating three cytokines in the body [138] . Further-
ore, 𝛽− 1,3-glucans have positive effects in patients who underwent

ardiopulmonary bypass, inhibit antiviral activity in HIV-infected pa-
ients, and are routinely used in patients undergoing immunotherapy
139] . Lipopolysaccharide and 𝛽− 1,3-glucan binding protein interact
ith phenoloxidase to enhance its activity in shrimp [140] . 

. Improving immunity and intestinal functions of fish 

Several studies on fish and some farm animals fed with microalgae
roduced new information regarding growth, performance, gut func-
ion, and microbiome [ 3 , 11 , 129 , 141 ]. Microalgae-based diets can en-
ance immunity and can act as a powerful antioxidant. Diets contain-
ng Euglena viridis powder (up to 2%) intensified various immune re-
ponses, such as superoxide anion production and serum bactericidal
ctivity, in Rohu fish ( Labeo rohita ) [142] . Euglena viridis showed an in-
reased resistance to Aeromonas hydrophila , a bacterial pathogen. Spir-

lina platensis -rich feedings enhanced the phagocytic and lysozyme ac-
ivation and A. hydrophila resistance of Nile tilapia ( Oreochromis niloti-

us ) [143] . A significant improvement in immune parameters, includ-
ng total hemocyte count, phenoloxidase activity, and superoxide dis-
utase (SOD) activity, was observed in Pacific white shrimp raised on
iets with thraustochytrid meals rich in DHA and AA [144] . Compared
ith that in the control group, survival was increased in shrimp fed
ith thraustochytrid-meal-supplemented diets containing Vibrio harveyi .
he immune response of freshwater prawns ( Macrobrachium rosenbergii )
aised on larval diets containing Chlorella vulgaris (2%–8%) was as-
essed by introducing the bacterial pathogen A. hydrophila . An increase
n prophenol oxidase activity and total hemocyte counts was observed
n the prawns fed with C. vulgaris diets. Meanwhile, the prawns exposed
o A. hydrophila and fed with C. vulgaris diets had a higher survival rate
han their controls [45] . A separate experiment on gilthead sea bream
 Sparus aurata ) and Pacific red snapper ( Lutjanus peru ) revealed signif-
cant improvements in their antioxidant capabilities and immune re-
ponse after the inclusion of Navicula sp. with Lactobacillus sakei . How-
ver, whether Navicula sp. alone is responsible for the improvement re-
ains unclear [ 145 , 146 ]. A dietary inclusion of Schizochytrium sp. (3%)

mproved the growth performance and nonspecific immunity of golden
6 
ompano, but it did not affect its antioxidant capacity at either the tran-
criptional level or enzymatic activity [147] . These results indicated that
he microalgae-mediated immune response varies based on the recipient
pecies because the benefits are not consistent across species [147] . The
ddition of two microalgae species to a diet of European sea bass ( Dicen-

rarchus labrax ) enhanced the nonspecific immune responses and had no
dverse effects on gut digestion and absorption [148] . In addition to the
ntibacterial effects, microalgae supplementation of live cells and pellet
eed can inhibit white spot syndrome virus (WSSV), a pathogen that rep-
esents a significant economic burden in shrimp farming. Microalga D.

alina (0.5%–2%), an important source of antioxidant 𝛽-carotene, acted
s a possible prophylactic agent against WSSV in the infected shrimp
roup. The D. salina -fed shrimp had strong antioxidant activity and in-
uction of immunological markers, such as prophenoloxidase (ProPO),
OD, and catalase (CAT), compared with the control group. However,
he mechanism underlying the antiviral activity of D. salina remains
nclear. Madhumathi et al. [48] investigated the effects of the con-
umption of Nannochloropsis gaditana, Tetraselmis chuii , and Phaeodacty-

um tricornutum and its interaction with the immune-associated genes
EF-1 𝛼, IgM H , TCR- 𝛽, MHCI 𝛼, MHCII 𝛼, CSF-1R, and 𝛽-defensin) and
mmune characteristics of gilthead sea bream. The treatment with N.

aditana and T. chuii increased hemolytic complement activity, phago-
ytosis, and expression of genes related to immunity, such as MHCII 𝛼,
SF-1R, and 𝛽-defensin. However, a diet containing P. tricornutum did
ot exert much influence on gene expression but exhibited immunostim-
lating effects. A study on the effects of dietary supplementation with
aematococcus pluvialis (1–10 g/kg) on antioxidant activity and specific
nzyme markers on rainbow trout found that 0.3% and 1% H. pluvialis

dministration increased the antioxidant system and aspartate amino-
ransferase activity, respectively, suggesting liver damage [149] . The
ffect of Spirulina platensis (0%–10%) on the hematopathological and
erum biochemical parameters of rainbow trout was examined [41] . S.

latensis -supplemented fish groups showed an increase in the levels of
ed blood cells, white blood cells, hemoglobin, and protein but not in
ematocrit, cholesterol, triglyceride, or lactate levels. A similar experi-
ent was conducted to investigate the effect of S. platensis meal (0%–
0%) on the expression of antioxidant genes, SOD, CAT, and total an-
ioxidant capacity of rainbow trout [150] . The fish groups administered
ith S. platensis showed significant increases in the expression of SOD
nd CAT genes. In addition, the antioxidant capacity increased signifi-
antly with the levels of S. platensis inclusion. 

0. Opportunities for new microalgae products 

As a part of the effort to promote the sustainable development of the
quaculture industry, modern feed ingredients that primarily come from
he bottom of the food chain are essential [21–23] . As one of the pioneer
rganisms of the universe, photosynthetic microalgae can convert 1% of
ight energy received into chemical energy. As flexible organisms, mi-
roalgae grow in closed and open systems and require only basic nutri-
nts and light to thrive. Aquaculture nutrition derived from microalgae
ay offer more competitive advantages compared with other sources in

erms of cost, environmental impact, and potential resource reclamation
nd emission reduction. Several microalgae strains have recently been
nalyzed for bioenergy production potential. Aquaculture nutrition re-
earchers have expressed a great deal of interest in the biochemical com-
osition of microalgae. Their supply of essential amino acids, essential
il, vitamins, minerals, carotenoids, and other high-value molecules has
een proven suitable for fish diets. A few countries such as Japan, Aus-
ralia, China, and the United States can produce large quantities of mi-
roalgae, but they rely heavily on only a few species. The most com-
only used microalga species are Spirulina spp., Chlorella spp., Haema-

ococcus spp., diatom, and Dunaliella spp. ( Table 4 ). The average cost of
heir dry biomass is estimated at US$150,000 per ton. Currently, the vast
ajority of this biomass is produced for human health food. Neverthe-
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Table 4 

Product categories and films of microalgal products for nutrition [ 15 , 151 ]. 

Microalgal species Producing film Location 
Annual productivity 

(tons) 
World Production 
(tons/year) 

Spirulina (whole, dried 
microalgae) 

Earthrise Nutraceuticals USA 450 4100–6700 
Cyanotech Corporation USA 360 
Hainan DIC Microalgae Japan 
Japan Algae Co., Ltd. 

China 350 
Japan 30–100 

Parry Nutraceuticals India > 175 
Biorigin Switzerland 60 
TAAU Australia Pty Ltd. Australia 50–60 

𝛽-carotene from 

Dunaliella (as oleoresin) 
Cognis Nutrition & Health Co. Australia - 1200 
Nature Beta Technology Ltd. Israel - 

Astaxanthin from 

Haematococcus (as 
oleoresin) 

Cyanotech Corp. USA - 300 
Mera Pharmaceuticals Inc. USA - 
Fuji Chemical Industries Japan - 
BioReal AB Sweden - 

Chlorella (whole, dried 
microalgae) 

Roquette Klötze Germany 130–150 2000 
Blue Biotech Germany - 
Earthrise Nutritionals USA - 
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ess, many producers expressed interest in expanding into the aquafeed
arket when production levels are increased and the price is lowered. 

1. Conclusion 

Although microalgae-derived products hold huge promise as sus-
ainable aquaculture feed ingredients, only a few of them have been
eveloped and made available to the public. High-value replacements
f conventional fish diets can be found in prokaryotic and eukaryotic
icroalgal strains, which contain essential oils and other high-value

ompounds. As a result, these products are finding their way into the
quafeed market at an increasing rate. However, replacing protein-rich
sh meals with protein-rich microalgae-based ingredients is challeng-

ng because of inconsistent information regarding the biochemical com-
osition of algal-based supplies used in fish feeds, the low feed grade
ssociated with recalcitrant cell walls, and the insufficient nutritional
ata. Additional studies are required to determine whether microalgae-
ased meals can improve the growth performance, nutrient usage effi-
iency, and aquatic health of specific fish species. We should also ex-
mine how these new feed elements can be fully integrated into estab-
ished feed ingredients and should assess the potential effects of these
ew ingredients on combined feed mixtures, pellet characteristics, and
urability. Enhancing the nutrient concentrations and bioavailability of
icroalgae-based ingredients in farmed fish feeds is imperative. Thus,
icroalgae-based ingredients might become increasingly nutritious and

ffordable. 

eclaration of Competing Interest 

There are no competing financial interests or personal interests of
he authors or collaborators that could influence the findings reported
n this study. 

cknowledgement 

This study was supported by the National Institute of Food and Agri-
ulture (NIFA)/ United States Department of Agriculture (USDA) under
he Grant number: 2018-38821-27752 . The funding agency had no in-
uence on the study design, manuscript writing, or publication process.

eferences 

[1] T. Garlock, et al., A global blue revolution: aquaculture growth across re-
gions, species, and countries, Rev. Fisheries Sci. Aquac. 28 (1) (2020) 107–116,
doi: 10.1080/23308249.2019.1678111 . 
7 
[2] I. Action, World Fisheries and Aquaculture, 2020, doi: 10.4060/ca9229en . 
[3] M.R. Shah, et al., Microalgae in aquafeeds for a sustainable aquaculture industry,

J. Appl. Phycol. 30 (1) (2018) 197–213, doi: 10.1007/s10811-017-1234-z . 
[4] J. Eya, et al., Growth performance and mitochondrial function in juvenile rainbow

trout (Oncorhynchus mykiss) fed graded dietary lipid levels, Ann. Aquac. Res. 2
(1) (2015) . 

[5] I.H. Pike, A. Jackson, Fish oil: production and use now and in the future, Lipid
Technol. 22 (3) (2010) 59–61, doi: 10.1002/LITE.201000003 . 

[6] P.K. Sarker, et al., Towards Sustainable Aquafeeds: complete Substitution of Fish
Oil with Marine Microalga Schizochytrium sp. Improves Growth and Fatty Acid
Deposition in Juvenile Nile Tilapia (Oreochromis niloticus), PLoS One 11 (6) (2016)
e0156684, doi: 10.1371/journal.pone.0156684 . 

[7] P. Li, et al., New developments in fish amino acid nutrition: towards functional
and environmentally oriented aquafeeds, Amino Acids 37 (1) (2009) 43–53,
doi: 10.1007/s00726-008-0171-1 . 

[8] A.G. Wensing, R.P. Mensink, G. Hornstra, Effects of dietary n-3 polyunsaturated
fatty acids from plant and marine origin on platelet aggregation in healthy elderly
subjects, Br. J. Nutr. 82 (3) (1999) 183–191 . 

[9] T. Thanuthong, et al., Fish oil replacement in rainbow trout diets and to-
tal dietary PUFA content: I) Effects on feed efficiency, fat deposition and
the efficiency of a finishing strategy, Aquaculture 320 (1–2) (2011) 82–90,
doi: 10.1016/j.aquaculture.2011.09.026 . 

[10] G.M. Turchini, B.E. Torstensen, W.K. Ng, Fish oil replacement in finfish nutrition,
Rev. Aquac. 1 (1) (2009) 10–57, doi: 10.1111/j.1753-5131.2008.01001.x . 

[11] U.S. Sagaram, et al., Microalgae as feed ingredients: recent developments on their
role in immunomodulation and gut microbiota of aquaculture species, FEMS Mi-
crobiol. Lett. 368 (11) (2021) fnab071, doi: 10.1093/femsle/fnab071 . 

[12] K. Ma, et al., Dietary supplementation with microalgae enhances the zebrafish
growth performance by modulating immune status and gut microbiota, Appl. Mi-
crobiol. Biotechnol. 106 (2) (2022) 773–788, doi: 10.1007/s00253-021-11751-8 . 

[13] P. Charoonnart, S. Purton, V. Saksmerprome, Applications of microalgal biotech-
nology for disease control in aquaculture, Biology (Basel) 7 (2) (2018) 24,
doi: 10.3390/biology7020024 . 

[14] H.L. Bryant, et al., The value of post-extracted algae residue, Algal. Res. 1 (2) (2012)
185–193, doi: 10.1016/j.algal.2012.06.001 . 

[15] P. Spolaore, et al., Commercial applications of microalgae, J. Biosci. Bioeng. 101
(2) (2006) 87–96, doi: 10.1263/jbb.101.87 . 

[16] R.K. Saini, Y.-S. Keum, Microbial platforms to produce commercially vital
carotenoids at industrial scale: an updated review of critical issues, J. Ind. Mi-
crobiol. Biotechnol. 46 (5) (2019) 657–674, doi: 10.1007/s10295-018-2104-7 . 

[17] C. Falaise, et al., Antimicrobial compounds from eukaryotic microalgae against
human pathogens and diseases in aquaculture, Mar. Drugs 14 (9) (2016) 159,
doi: 10.3390/md14090159 . 

[18] S. Qin, H. Lin, P. Jiang, Advances in genetic engineering of marine algae, Biotech-
nol. Adv. 30 (6) (2012) 1602–1613, doi: 10.1016/j.biotechadv.2012.05.004 . 

[19] A. Spicer, S. Purton, Genetic engineering of microalgae current status and
future prospects, in: Microalgal Production, CRC Press, 2017, pp. 139–163,
doi: 10.1201/b19464-7 . 

[20] K. Goiris, et al., Impact of nutrient stress on antioxidant production in three species
of microalgae, Algal. Res. 7 (2015) 51–57, doi: 10.1016/j.algal.2014.12.002 . 

[21] R. Raja, et al., Nutritional studies on Dunaliella salina (Volvocales, Chlorophyta)
under laboratory conditions, Seaweed Resour. Util. 26 (1&2) (2004) 127–146 . 

[22] V. Patil, et al., Fatty acid composition of 12 microalgae for possible use in aqua-
culture feed, Aquac. Int. 15 (1) (2007) 1–9, doi: 10.1007/s10499-006-9060-3 . 

[23] S. Hemaiswarya, et al., Microalgae: a sustainable feed source for aqua-
culture, World J. Microbiol. Biotechnol. 27 (8) (2011) 1737–1746,
doi: 10.1007/s11274-010-0632-z . 

https://doi.org/10.13039/100005825
https://doi.org/10.1080/23308249.2019.1678111
https://doi.org/10.4060/ca9229en
https://doi.org/10.1007/s10811-017-1234-z
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0004
https://doi.org/10.1002/LITE.201000003
https://doi.org/10.1371/journal.pone.0156684
https://doi.org/10.1007/s00726-008-0171-1
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0008
https://doi.org/10.1016/j.aquaculture.2011.09.026
https://doi.org/10.1111/j.1753-5131.2008.01001.x
https://doi.org/10.1093/femsle/fnab071
https://doi.org/10.1007/s00253-021-11751-8
https://doi.org/10.3390/biology7020024
https://doi.org/10.1016/j.algal.2012.06.001
https://doi.org/10.1263/jbb.101.87
https://doi.org/10.1007/s10295-018-2104-7
https://doi.org/10.3390/md14090159
https://doi.org/10.1016/j.biotechadv.2012.05.004
https://doi.org/10.1201/b19464-7
https://doi.org/10.1016/j.algal.2014.12.002
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0021
https://doi.org/10.1007/s10499-006-9060-3
https://doi.org/10.1007/s11274-010-0632-z


J.N. Idenyi, J.C. Eya, A.S. Nwankwegu et al. Engineering Microbiology 2 (2022) 100049 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[24] L.I. Reyes, et al., Actions in global nutrition initiatives to promote sustainable
healthy diets, Glob. Food Sec. 31 (2021) 100585, doi: 10.1016/j.gfs.2021.100585 .

[25] J.N. Idenyi, et al., Characterization of strains of Chlorella from Abakaliki, Nigeria,
for the production of high-value products under variable temperatures, J. Appl.
Phycol. 33 (1) (2021) 275–285, doi: 10.1007/s10811-020-02313-y . 

[26] A.P. Batista, et al., Microalgae biomass as an alternative ingredient in cookies: sen-
sory, physical and chemical properties, antioxidant activity and in vitro digestibil-
ity, Algal. Res. 26 (2017) 161–171, doi: 10.1016/j.algal.2017.07.017 . 

[27] N.R. Moheimani, et al., Nutritional profile and in vitro digestibility of microalgae
grown in anaerobically digested piggery effluent, Algal. Res. 35 (2018) 362–369,
doi: 10.1016/j.algal.2018.09.007 . 

[28] N. MU, et al., Recent advances in microalgal bioactives for food, feed, and health-
care products: commercial potential, market space, and sustainability, Compr. Rev.
Food Sci. Food Saf. 18 (6) (2019) 1882–1897, doi: 10.1111/1541-4337.12500 . 

[29] E.W. Becker, Micro-algae as a source of protein, Biotechnol. Adv. 25 (2) (2007)
207–210, doi: 10.1016/j.biotechadv.2006.11.002 . 

[30] M. Machado, et al., Amino acid profile and protein quality assessment of macroal-
gae produced in an integrated multi-trophic aquaculture system, Foods 9 (10)
(2020) 1382 . 

[31] S.M. Tibbetts, J.E. Milley, S.P. Lall, Apparent protein and energy digestibility of
common and alternative feed ingredients by Atlantic cod, Gadus morhua (Linnaeus,
1758), Aquaculture 261 (4) (2006) 1314–1327 . 

[32] S.M. Tibbetts, J.E. Milley, S.P. Lall, Chemical composition and nutritional proper-
ties of freshwater and marine microalgal biomass cultured in photobioreactors, J.
Appl. Phycol. 27 (3) (2015) 1109–1119 . 

[33] S.M. Tibbetts, et al., Biochemical characterization of microalgal biomass from fresh-
water species isolated in Alberta, Canada for animal feed applications, Algal. Res.
11 (2015) 435–447, doi: 10.1016/j.algal.2014.11.011 . 

[34] T.M. Badwy, E. Ibrahim, M. Zeinhom, Partial replacement of fishmeal with dried
microalga (Chlorella spp. and Scenedesmus spp.) in Nile tilapia (Oreochromis
niloticus) diets, 8th International Symposium on Tilapia in Aquaculture, 2008 . 

[35] Z.Y. Ju, D.-.F. Deng, W. Dominy, A defatted microalgae (Haematococcus pluvialis)
meal as a protein ingredient to partially replace fishmeal in diets of Pacific white
shrimp (Litopenaeus vannamei, Boone, 1931), Aquaculture 354-355 (2012) 50–55,
doi: 10.1016/j.aquaculture.2012.04.028 . 

[36] D. Patterson, D.M. Gatlin III, Evaluation of whole and lipid-extracted algae meals
in the diets of juvenile red drum (Sciaenops ocellatus), Aquaculture 416 (2013)
92–98 . 

[37] N.A. Basri, et al., The potential of microalgae meal as an ingredient in the diets of
early juvenile Pacific white shrimp, Litopenaeus vannamei, J. Appl. Phycol. 27 (2)
(2015) 857–863 . 

[38] M.N. Kohal, et al., Effects of dietary incorporation of Arthrospira (Spirulina) platen-
sis meal on growth, survival, body composition, and reproductive performance of
red cherry shrimp Neocaridina davidi (Crustacea, Atyidae) over successive spawn-
ings, J. Appl. Phycol. 30 (1) (2018) 431–443 . 

[39] Y. Gong, et al., Digestibility of the defatted microalgae N annochloropsis sp. and
D esmodesmus sp. when fed to A tlantic salmon, S almo salar, Aquac. Nutr. 24 (1)
(2018) 56–64 . 

[40] Y. Wang, et al., Evaluation of Schizochytrium meal in microdiets of Pacific white
shrimp (Litopenaeus vannamei) larvae, Aquac. Res. 48 (5) (2017) 2328–2336 . 

[41] S. Yeganeh, M. Teimouri, A.K. Amirkolaie, Dietary effects of Spirulina platensis on
hematological and serum biochemical parameters of rainbow trout (Oncorhynchus
mykiss), Res. Vet. Sci. 101 (2015) 84–88, doi: 10.1016/j.rvsc.2015.06.002 . 

[42] G.C. Maliwat, et al., Growth and immune response of giant freshwater prawn Mac-
robrachium rosenbergii (De Man) postlarvae fed diets containing Chlorella vulgaris
(Beijerinck), Aquac. Res. 48 (4) (2017) 1666–1676 . 

[43] M. Hajiahmadian, et al., Effect of Spirulina platensis meal as feed additive on
growth performance and survival rate in golden barb fish, Punius gelius (Hamilton,
1822), J. Fisheries Int. 7 (3–6) (2012) 61–64 . 

[44] X. Sun, et al., The effect of dietary pigments on the coloration of Japanese or-
namental carp (koi, Cyprinus carpio L.), Aquaculture 342-343 (2012) 62–68,
doi: 10.1016/j.aquaculture.2012.02.019 . 

[45] M. Madhumathi, R. Rengasamy, Antioxidant status of Penaeus monodon fed with
Dunaliella salina supplemented diet and resistance against WSSV, Int. J. Eng. Sci.
Technol 3 (10) (2011) 7249–7259 . 

[46] E. Tibaldi, et al., Growth performance and quality traits of European sea bass (D.
labrax) fed diets including increasing levels of freeze-dried Isochrysis sp.(T-ISO)
biomass as a source of protein and n-3 long chain PUFA in partial substitution of
fish derivatives, Aquaculture 440 (2015) 60–68 . 

[47] H. Qiao, et al., Effects of dietary fish oil replacement by microalgae raw ma-
terials on growth performance, body composition and fatty acid profile of ju-
venile olive flounder, P aralichthys olivaceus, Aquac. Nutr. 20 (6) (2014) 646–
653 . 

[48] K. Kousoulaki, et al., Metabolism, health and fillet nutritional quality in Atlantic
salmon (Salmo salar) fed diets containing n-3-rich microalgae, J. Nutr. Sci. 4 (2015)
e24, doi: 10.1017/jns.2015.14 . 

[49] M. Teimouri, A.K. Amirkolaie, S. Yeganeh, The effects of dietary supplement of
Spirulina platensis on blood carotenoid concentration and fillet color stability
in rainbow trout (Oncorhynchus mykiss), Aquaculture 414-415 (2013) 224–228,
doi: 10.1016/j.aquaculture.2013.08.015 . 

[50] R. Cerezuela, et al., Enrichment of gilthead seabream (Sparus aurata L.) diet with
microalgae: effects on the immune system, Fish Physiol. Biochem. 38 (6) (2012)
1729–1739, doi: 10.1007/s10695-012-9670-9 . 

[51] S. Haas, et al., Marine microalgae Pavlova viridis and Nannochloropsis sp. as n-3
PUFA source in diets for juvenile European sea bass (Dicentrarchus labrax L.), J.
Appl. Phycol. 28 (2) (2016) 1011–1021 . 
8 
[52] M. Sørensen, et al., Microalga Phaeodactylum tricornutum in feed for Atlantic
salmon (Salmo salar) —Effect on nutrient digestibility, growth and utilization of
feed, Aquaculture 460 (2016) 116–123 . 

[53] D. Medina-Félix, et al., Evaluation of the productive and physiological responses of
Litopenaeus vannamei infected with WSSV and fed diets enriched with Dunaliella
sp, J. Invertebr. Pathol. 117 (2014) 9–12 . 

[54] A. Vizcaíno, et al., Effects of the microalga Scenedesmus almeriensis as fishmeal
alternative in diets for gilthead sea bream, Sparus aurata, juveniles, Aquaculture
431 (2014) 34–43 . 

[55] Ibrahem, M.D., M.F. Mohamed, and M.A. Ibrahim, The role of Spirulina platensis

(Arthrospira platensis) in growth and immunity of Nile tilapia (Oreochromis niloticus)

and its resistance to bacterial infection. 2013. 
[56] E.E.S. Hussein, et al., Enhancing the growth of Nile tilapia larvae/juveniles by

replacing plant (gluten) protein with algae protein, Aquac. Res. 44 (6) (2013)
937–949 . 

[57] V. Kiron, et al., Marine microalgae from biorefinery as a potential feed protein
source for Atlantic salmon, common carp and whiteleg shrimp, Aquac. Nutr. 18
(5) (2012) 521–531 . 

[58] A.B. Walker, D.L. Berlinsky, Effects of partial replacement of fish meal protein by
microalgae on growth, feed intake, and body composition of Atlantic cod, N. Am.
J. Aquac. 73 (1) (2011) 76–83 . 

[59] Z. Yaakob, et al., An overview: biomolecules from microalgae for ani-
mal feed and aquaculture, J. Biol. Res. (Thessalon) 21 (1) (2014) 6,
doi: 10.1186/2241-5793-21-6 . 

[60] M.A. Alam, J.-.L. Xu, Z. Wang, Microalgae Biotechnology For Food, Health and
High Value Products, Springer, 2020 . 

[61] G.A. Dunstan, et al., Essential polyunsaturated fatty acids from 14 species
of diatom (Bacillariophyceae), Phytochemistry 35 (1) (1993) 155–161,
doi: 10.1016/S0031-9422(00)90525-9 . 

[62] E.G. Nwoba, et al., Does growing Nannochloropsis sp. in innovative flat plate photo-
bioreactors result in changes to fatty acid and protein composition? J. Appl. Phycol.
32 (6) (2020) 3619–3629 . 

[63] M.R. Brown, Nutritional value and use of microalgae in aquaculture, Avan. Nutr.
Acuic. (2002) . 

[64] B. Gara, R. Shields, L. McEvoy, Feeding strategies to achieve correct metamorphosis
of Atlantic halibut, Hippoglossus hippoglossus L., using enriched Artemia, Aquac.
Res. 29 (12) (1998) 935–948 . 

[65] I. Gill, R. Valivety, Polyunsaturated fatty acids, Part 1: occurrence, biologi-
cal activities and applications, Trends Biotechnol. 15 (10) (1997) 401–409,
doi: 10.1016/S0167-7799(97)01076-7 . 

[66] K.E. Apt, P.W. Behrens, Commercial developments in microalgal biotechnology, J.
Phycol. 35 (2) (1999) 215–226 . 

[67] Z.Y. Wen, F. Chen, Heterotrophic production of eicosapentaenoic
acid by microalgae, Biotechnol. Adv. 21 (4) (2003) 273–294,
doi: 10.1016/s0734-9750(03)00051-x . 

[68] U.S. Sagaram, et al., Microalgae as feed ingredients: recent developments on their
role in immunomodulation and gut microbiota of aquaculture species, FEMS Mi-
crobiol. Lett. 368 (11) (2021), doi: 10.1093/femsle/fnab071 . 

[69] Â.P. Matos, The impact of microalgae in food science and technology, J. Am. Oil
Chem. Soc. 94 (11) (2017) 1333–1350, doi: 10.1007/s11746-017-3050-7 . 

[70] I. Saadaoui, et al., Microalgal-based feed: promising alternative feedstocks for
livestock and poultry production, J. Anim. Sci. Biotechnol. 12 (1) (2021) 76,
doi: 10.1186/s40104-021-00593-z . 

[71] M.G. de Morais, et al., Biologically Active Metabolites Synthesized by Microalgae,
Biomed. Res. Int. 2015 (2015) 835761, doi: 10.1155/2015/835761 . 

[72] S. Bouissil, et al., Applications of algal polysaccharides and derivatives in ther-
apeutic and agricultural fields, Curr. Pharm. Des. 25 (11) (2019) 1187–1199,
doi: 10.2174/1381612825666190425162729 . 

[73] G. Markou, I. Angelidaki, D. Georgakakis, Microalgal carbohydrates: an overview
of the factors influencing carbohydrates production, and of main bioconversion
technologies for production of biofuels, Appl. Microbiol. Biotechnol. 96 (3) (2012)
631–645, doi: 10.1007/s00253-012-4398-0 . 

[74] A.K. Koyande, et al., Microalgae: a potential alternative to health sup-
plementation for humans, Food Sci. Hum. Wellness 8 (1) (2019) 16–24,
doi: 10.1016/j.fshw.2019.03.001 . 

[75] S. Ravi, et al., Influence of different culture conditions on yield of biomass and
value added products in microalgae, Dyn. Biochem. Process Biotechnol. Mol. Biol.
6 (2) (2012) 77–85 . 

[76] R.R. Ambati, et al., Astaxanthin: sources, extraction, stability, biological activi-
ties and its commercial applications —A review, Mar. Drugs 12 (1) (2014) 128–
152 . 

[77] M.L. Wells, et al., Algae as nutritional and functional food sources: revisiting our
understanding, J. Appl. Phycol. 29 (2) (2017) 949–982 . 

[78] N. Aburai, D. Sumida, K. Abe, Effect of light level and salinity on the
composition and accumulation of free and ester-type carotenoids in the
aerial microalga Scenedesmus sp.(Chlorophyceae), Algal. Res. 8 (2015) 30–36,
doi: 10.1016/j.algal.2015.01.005 . 

[79] T.T. Berendschot, J. Plat, Plant stanol and sterol esters and macular pigment optical
density, in: Handbook of Nutrition, Diet and the Eye, Elsevier, 2014, pp. 441–449 .

[80] J.T. Landrum, R.A. Bone, Lutein, zeaxanthin, and the macular pigment, Arch.
Biochem. Biophys. 385 (1) (2001) 28–40, doi: 10.1006/abbi.2000.2171 . 

[81] X.-.M. Shi, et al., Heterotrophic production of lutein by selected Chlorella strains,
J. Appl. Phycol. 9 (5) (1997) 445–450 . 

[82] X. Zhang, X. Shi, F. Chen, A kinetic model for lutein production by the green
microalga Chlorella protothecoides in heterotrophic culture, J. Ind. Microbiol.
Biotechnol. 23 (6) (1999) 503–507 . 

https://doi.org/10.1016/j.gfs.2021.100585
https://doi.org/10.1007/s10811-020-02313-y
https://doi.org/10.1016/j.algal.2017.07.017
https://doi.org/10.1016/j.algal.2018.09.007
https://doi.org/10.1111/1541-4337.12500
https://doi.org/10.1016/j.biotechadv.2006.11.002
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0030
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0031
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0032
https://doi.org/10.1016/j.algal.2014.11.011
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0034
https://doi.org/10.1016/j.aquaculture.2012.04.028
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0036
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0037
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0038
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0039
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0040
https://doi.org/10.1016/j.rvsc.2015.06.002
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0042
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0043
https://doi.org/10.1016/j.aquaculture.2012.02.019
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0045
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0046
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0047
https://doi.org/10.1017/jns.2015.14
https://doi.org/10.1016/j.aquaculture.2013.08.015
https://doi.org/10.1007/s10695-012-9670-9
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0051
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0052
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0053
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0054
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0056
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0057
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0058
https://doi.org/10.1186/2241-5793-21-6
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0060
https://doi.org/10.1016/S0031-9422(00)90525-9
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0062
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0063
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0064
https://doi.org/10.1016/S0167-7799(97)01076-7
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0066
https://doi.org/10.1016/s0734-9750(03)00051-x
https://doi.org/10.1093/femsle/fnab071
https://doi.org/10.1007/s11746-017-3050-7
https://doi.org/10.1186/s40104-021-00593-z
https://doi.org/10.1155/2015/835761
https://doi.org/10.2174/1381612825666190425162729
https://doi.org/10.1007/s00253-012-4398-0
https://doi.org/10.1016/j.fshw.2019.03.001
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0075
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0076
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0077
https://doi.org/10.1016/j.algal.2015.01.005
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0079
https://doi.org/10.1006/abbi.2000.2171
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0081
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0082


J.N. Idenyi, J.C. Eya, A.S. Nwankwegu et al. Engineering Microbiology 2 (2022) 100049 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

 

[  

 

[  

 

 

[  

[  

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

[  

 

[  

[  

[  

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

 

[  

[  

 

[  

 

[  
[83] Z.-.Y. Wu, C.-L. Shi, X.-.M. Shi, Modeling of lutein production by heterotrophic
Chlorella in batch and fed-batch cultures, World J. Microbiol. Biotechnol. 23 (9)
(2007) 1233–1238, doi: 10.1007/s11274-007-9354-2 . 

[84] J.A. Del Campo, M. Garcia-Gonzalez, M.G. Guerrero, Outdoor cultivation of mi-
croalgae for carotenoid production: current state and perspectives, Appl. Microbiol.
Biotechnol. 74 (6) (2007) 1163–1174, doi: 10.1007/s00253-007-0844-9 . 

[85] E.G. Nwoba, et al., Microalgal pigments: a Source of Natural Food colors, in: Mi-
croalgae Biotechnology for Food, Health and High Value Products, Springer, 2020,
pp. 81–123, doi: 10.1007/978-981-15-0169-2_3 . 

[86] E. Christaki, et al., Functional properties of carotenoids originating from algae, J.
Sci. Food Agric. 93 (1) (2013) 5–11, doi: 10.1002/jsfa.5902 . 

[87] D. Wei, et al., Enhanced production of lutein in heterotrophic Chlorella protothe-
coides by oxidative stress, Sci. China C. Life Sci. 51 (12) (2008) 1088–1093,
doi: 10.1007/s11427-008-0145-2 . 

[88] Q. Lu, et al., Astaxanthin as a microalgal metabolite for aquaculture: a review on
the synthetic mechanisms, production techniques, and practical application, Algal.
Res. 54 (2021) 102178, doi: 10.1016/j.algal.2020.102178 . 

[89] EFSA Panel on Additives and Products or Substances used in Animal Feed
(FEEDAP), Scientific Opinion on the safety and efficacy of L -cysteine hydrochlo-
ride monohydrate as a flavouring additive for pets, EFSA J. 11 (10) (2013) 3437,
doi: 10.2903/j.efsa.2013.3437 . 

[90] S. Sigurgisladottir, et al., Effects of feeding natural tocopherols and astaxanthin on
Atlantic salmon (Salmo salar) fillet quality, Food Res. Int. 27 (1) (1994) 23–32 . 

[91] Y. Kou, et al., High light boosts salinity stress-induced biosynthesis of astaxan-
thin and lipids in the green alga Chromochloris zofingiensis, Algal. Res. 50 (2020)
101976, doi: 10.1016/j.algal.2020.101976 . 

[92] EFSA Panel on Additives and Products or Substances used in Animal Feed
(FEEDAP), Scientific opinion on the safety and efficacy of synthetic astaxanthin
as feed additive for salmon and trout, other fish, ornamental fish, crustaceans and
ornamental birds, EFSA J. 12 (6) (2014) 3724, doi: 10.2903/j.efsa.2014.3724 . 

[93] A. Bazyar Lakeh, et al., Growth performance, mortality and carotenoid pigmenta-
tion of fry offspring as affected by dietary supplementation of astaxanthin to female
rainbow trout (Oncorhynchus mykiss) broodstock, J. Appl. Ichthyol. 26 (1) (2010)
35–39 . 

[94] M.M. Rahman, et al., Effects of dietary inclusion of astaxanthin on growth,
muscle pigmentation and antioxidant capacity of juvenile rainbow trout
(Oncorhynchus mykiss), Prev. Nutr. Food Sci. 21 (3) (2016) 281–288,
doi: 10.3746/pnf.2016.21.3.281 . 

[95] L. Gouveia, et al., Colouring ornamental fish (Cyprinus carpio and Caras-
sius auratus) with microalgal biomass, Aquac. Nutr. 9 (2) (2003) 123–
129 . 

[96] L. Eaton, et al., The behavioural effects of supplementing diets with synthetic and
naturally sourced astaxanthin in an ornamental fish (Puntius titteya), Appl. Anim.
Behav. Sci. 182 (2016) 94–100 . 

[97] T. Paripatananont, et al., Effect of astaxanthin on the pigmentation of
goldfish carassius auratus, J. World Aquac. Soc. 30 (4) (1999) 454–460,
doi: 10.1111/j.1749-7345.1999.tb00993.x . 

[98] X. Song, et al., Dietary astaxanthin improved the body pigmentation and antioxi-
dant function, but not the growth of discus fish (Symphysodon spp.), Aquac. Res.
48 (4) (2017) 1359–1367 . 

[99] Y. Shen, et al., Free ammonia is the primary stress factor rather than total ammo-
nium to Chlorella sorokiniana in simulated sludge fermentation liquor, Chem. Eng.
J. 397 (2020) 125490, doi: 10.1016/j.cej.2020.125490 . 

100] Q. Lu, et al., Exploration of a mechanism for the production of highly unsaturated
fatty acids in Scenedesmus sp. at low temperature grown on oil crop residue based
medium, Bioresour. Technol. 244 (2017) 542–551 . 

101] P. Santhakumaran, S.M. Ayyappan, J.G. Ray, Nutraceutical applications of
twenty-five species of rapid-growing green-microalgae as indicated by their an-
tibacterial, antioxidant and mineral content, Algal. Res. 47 (2020) 101878,
doi: 10.1016/j.algal.2020.101878 . 

102] M. Jiang, et al., A defatted microalgae meal (Haematococcus pluvialis) as a par-
tial protein source to replace fishmeal for feeding juvenile yellow perch Perca
flavescens, J. Appl. Phycol. 31 (2) (2019) 1197–1205 . 

103] C.H. Pan, Y.H. Chien, Effects of dietary supplementation of alga Haematococcus
pluvialis (Flotow), synthetic astaxanthin and 𝛽-carotene on survival, growth, and
pigment distribution of red devil, Cichlasoma citrinellum (Günther), Aquac. Res.
40 (8) (2009) 871–879 . 

104] I.-.C. Hu, Production of potential coproducts from microalgae, in: Biofuels from
Algae, Elsevier, 2019, pp. 345–358 . 

105] W. Becker, 18 microalgae in human and animal nutrition, Handbook of Microalgal
Culture: biotechnology and Applied Phycology, Wiley Online Library, 2004 . 

106] A. Lers, Y. Biener, A. Zamir, Photoinduction of Massive beta-Carotene Accumula-
tion by the Alga Dunaliella bardawil: kinetics and Dependence on Gene Activation,
Plant Physiol. 93 (2) (1990) 389–395, doi: 10.1104/pp.93.2.389 . 

107] E.G. Nwoba, et al., Monochromatic light filters to enhance biomass and carotenoid
productivities of Dunaliella salina in raceway ponds, Bioresour. Technol. 340
(2021) 125689, doi: 10.1016/j.biortech.2021.125689 . 

108] A. Ben-Amotz, Industrial production of microalgal cell-mass and secondary prod-
ucts-major industrial species, in: Handbook of Microalgal culture: Biotechnology
and Applied Phycology, 2004, p. 273 . 

109] H.K. Kar, Efficacy of beta-carotene topical application in melasma: an open
clinical trial, Indian J. Dermatol. Venereol. Leprol. 68 (6) (2002) 320–
322 . 

110] I. Neuman, H. Nahum, A. Ben-Amotz, Prevention of exercise-induced asthma by
a natural isomer mixture of beta-carotene, Ann. Allergy Asthma Immunol. 82 (6)
(1999) 549–553, doi: 10.1016/S1081-1206(10)63165-1 . 
9 
111] Y. Ren, et al., Carotenoid production from microalgae: biosynthesis, salin-
ity responses and novel biotechnologies, Mar. Drugs 19 (12) (2021) 713,
doi: 10.3390/md19120713 . 

112] J.M. Fernández-Sevilla, F.A. Fernández, E.M. Grima, Biotechnological production
of lutein and its applications, Appl. Microbiol. Biotechnol. 86 (1) (2010) 27–40 . 

113] A. Bouyahya, et al., Sources, health benefits, and biological proper-
ties of zeaxanthin, Trends Food Sci. Technol. 118 (2021) 519–538,
doi: 10.1016/j.tifs.2021.10.017 . 

114] L. Bourdon, et al., Microalgal production of zeaxanthin, Algal. Res. 55 (2021)
102266 . 

115] M. Butnariu, et al., Determination and quantification of maize zeaxanthin stability,
Dig. J. Nanomater. Biostruct. 9 (2) (2014) 745–755 . 

116] D.B. Rodrigues, A.Z. Mercadante, L.R.B. Mariutti, Marigold carotenoids: much
more than lutein esters, Food Res. Int. 119 (2019) 653–664 . 

117] S.Y. Koo, et al., Optimization of pressurized liquid extraction of zeaxanthin from
Chlorella ellipsoidea, J. Appl. Phycol. 24 (4) (2012) 725–730 . 

118] E. Jin, B. Feth, A. Melis, A mutant of the green alga Dunaliella salina constitutively
accumulates zeaxanthin under all growth conditions, Biotechnol. Bioeng. 81 (1)
(2003) 115–124 . 

119] T. Matsuno, Aquatic animal carotenoids, Fish. Sci. 67 (5) (2001) 771–783,
doi: 10.1046/j.1444-2906.2001.00323.x . 

120] Y.K. Leong, et al., Producing fucoxanthin from algae–Recent advances in cul-
tivation strategies and downstream processing, Bioresour. Technol. 344 (2022)
126170, doi: 10.1016/j.biortech.2021.126170 . 

121] S. Mohamadnia, O. Tavakoli, M.A. Faramarzi, Enhancing production of fucoxanthin
by the optimization of culture media of the microalga Tisochrysis lutea, Aquacul-
ture 533 (2021) 736074, doi: 10.1016/j.aquaculture.2020.736074 . 

122] K. Shiratori, et al., Effects of fucoxanthin on lipopolysaccharide-induced in-
flammation in vitro and in vivo, Exp. Eye Res. 81 (4) (2005) 422–428,
doi: 10.1016/j.exer.2005.03.002 . 

123] M. Petrushkina, et al., Fucoxanthin production by heterokont microalgae, Algal.
Res. 24 (2017) 387–393, doi: 10.1016/j.algal.2017.03.016 . 

124] Y. Li, et al., Storage carbon metabolism of Isochrysis zhangjiangensis un-
der different light intensities and its application for co-production of fu-
coxanthin and stearidonic acid, Bioresour. Technol. 282 (2019) 94–102,
doi: 10.1016/j.biortech.2019.02.127 . 

125] S. Xia, et al., Production, characterization, and antioxidant activity of fucoxanthin
from the marine diatom Odontella aurita, Mar. Drugs 11 (7) (2013) 2667–2681,
doi: 10.3390/md11072667 . 

126] F. Gao, et al., Process optimization of fucoxanthin production
with Tisochrysis lutea, Bioresour. Technol. 315 (2020) 123894,
doi: 10.1016/j.biortech.2020.123894 . 

127] J. Fabregas, C. Herrero, Vitamin content of four marine microalgae. Potential use as
source of vitamins in nutrition, J. Ind. Microbiol. Biotechnol. 5 (4) (1990) 259–263 .

128] E. Christaki, P. Florou-Paneri, E. Bonos, Microalgae: a novel ingre-
dient in nutrition, Int. J. Food Sci. Nutr. 62 (8) (2011) 794–799,
doi: 10.3109/09637486.2011.582460 . 

129] M.S. Madeira, et al., Microalgae as feed ingredients for livestock production and
meat quality: a review, Livest. Sci. 205 (2017) 111–121 . 

130] F. Camacho, A. Macedo, F. Malcata, Potential industrial applications and commer-
cialization of microalgae in the functional food and feed industries: a short review,
Mar. Drugs 17 (6) (2019) 312 . 

131] J. Doucha, et al., Production of Chlorella biomass enriched by selenium and its
use in animal nutrition: a review, Appl. Microbiol. Biotechnol. 83 (6) (2009)
1001–1008 . 

132] F. Hassan, et al., Zinc and/or selenium enriched spirulina as antioxidants in grow-
ing rabbit diets to alleviate the deleterious impacts of heat stress during summer
season, Animals 11 (3) (2021) 756, doi: 10.3390/ani11030756 . 

133] S. Ghaderpour, et al., Short-term enrichment of microalgae with inorganic se-
lenium and zinc and their effects on the mineral composition of microalgae
and marine rotifer Brachionus plicatilis, Aquac. Nutr. 27 (6) (2021) 2772–2785,
doi: 10.1111/anu.13406 . 

134] L.H. Javier, et al., Characterization of iodine-related molecular processes in the
marine microalga Tisochrysis lutea (Haptophyta), Front. Mar. Sci. 5 (34) (2018)
1–15, doi: 10.3389/fmars.2018.00134 . 

135] H.H. Truong, et al., Determining the importance of macro and trace dietary min-
erals on growth and nutrient retention in juvenile penaeus monodon, Animals 10
(11) (2020) 2086 . 

136] K. Yamaguchi, Recent advances in microalgal bioscience in Japan, with special
reference to utilization of biomass and metabolites: a review, J. Appl. Phycol. 8 (6)
(1996) 487–502, doi: 10.1007/bf02186327 . 

137] P.K. Sahoo, S.C. Mukherjee, Effect of dietary beta-1,3 glucan on immune responses
and disease resistance of healthy and aflatoxin B1-induced immunocompromised
rohu (Labeo rohita Hamilton), Fish Shellfish Immunol. 11 (8) (2001) 683–695,
doi: 10.1006/fsim.2001.0345 . 

138] R.L. Blaylock, Yeast 𝛽-1, 3-glucan and its use against anthrax infec-
tion and in the treatment of cancer, Infect. Immun. 60 (1992) 1642–
1647 . 

139] V. Vetvicka, Pilot study: orally-administered yeast 𝛽1, 3-glucan prophylactically
protects against anthrax infection and cancer in mice, J. Am. Nutraceut. Assn. 5
(2) (2002) 16–20 . 

140] P. Amparyup, et al., Pattern recognition protein binds to lipopolysaccharide and
𝛽-1, 3-glucan and activates shrimp prophenoloxidase system, J. Biol. Chem. 287
(13) (2012) 10060–10069, doi: 10.1074/jbc.M111.294744 . 

141] W. El-Ghany, Microalgae in poultry field: a comprehensive perspectives, Adv.
Anim. Vet. Sci. 8 (9) (2020) 888–897 . 

https://doi.org/10.1007/s11274-007-9354-2
https://doi.org/10.1007/s00253-007-0844-9
https://doi.org/10.1007/978-981-15-0169-2_3
https://doi.org/10.1002/jsfa.5902
https://doi.org/10.1007/s11427-008-0145-2
https://doi.org/10.1016/j.algal.2020.102178
https://doi.org/10.2903/j.efsa.2013.3437
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0090
https://doi.org/10.1016/j.algal.2020.101976
https://doi.org/10.2903/j.efsa.2014.3724
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0093
https://doi.org/10.3746/pnf.2016.21.3.281
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0095
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0096
https://doi.org/10.1111/j.1749-7345.1999.tb00993.x
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0098
https://doi.org/10.1016/j.cej.2020.125490
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0100
https://doi.org/10.1016/j.algal.2020.101878
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0102
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0103
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0104
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0105
https://doi.org/10.1104/pp.93.2.389
https://doi.org/10.1016/j.biortech.2021.125689
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0108
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0109
https://doi.org/10.1016/S1081-1206(10)63165-1
https://doi.org/10.3390/md19120713
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0112
https://doi.org/10.1016/j.tifs.2021.10.017
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0114
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0115
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0116
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0117
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0118
https://doi.org/10.1046/j.1444-2906.2001.00323.x
https://doi.org/10.1016/j.biortech.2021.126170
https://doi.org/10.1016/j.aquaculture.2020.736074
https://doi.org/10.1016/j.exer.2005.03.002
https://doi.org/10.1016/j.algal.2017.03.016
https://doi.org/10.1016/j.biortech.2019.02.127
https://doi.org/10.3390/md11072667
https://doi.org/10.1016/j.biortech.2020.123894
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0127
https://doi.org/10.3109/09637486.2011.582460
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0129
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0130
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0131
https://doi.org/10.3390/ani11030756
https://doi.org/10.1111/anu.13406
https://doi.org/10.3389/fmars.2018.00134
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0135
https://doi.org/10.1007/bf02186327
https://doi.org/10.1006/fsim.2001.0345
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0138
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0139
https://doi.org/10.1074/jbc.M111.294744
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0141


J.N. Idenyi, J.C. Eya, A.S. Nwankwegu et al. Engineering Microbiology 2 (2022) 100049 

[  

 

[  

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

 

[  

 

142] B.K. Das, J. Pradhan, S. Sahu, The effect of Euglena viridis on immune response
of rohu, Labeo rohita (Ham.), Fish Shellfish Immunol. 26 (6) (2009) 871–876,
doi: 10.1016/j.fsi.2009.03.016 . 

143] H.M. Ragap, R.H. Khalil, H.H. Mutawie, Immunostimulant effects of dietary Spir-
ulina platensis on tilapia Oreochromis niloticus, J. Appl. Pharm. Sci. 2 (2) (2012)
26 . 

144] T. Nonwachai, et al., Growth, nonspecific immune characteristics, and survival
upon challenge with Vibrio harveyi in Pacific white shrimp (Litopenaeus van-
namei) raised on diets containing algal meal, Fish Shellfish Immunol. 29 (2) (2010)
298–304 . 

145] M. Reyes-Becerril, et al., Dietary administration of microalgae Navicula sp. affects
immune status and gene expression of gilthead seabream (Sparus aurata), Fish
Shellfish Immunol. 35 (3) (2013) 883–889, doi: 10.1016/j.fsi.2013.06.026 . 

146] M. Reyes-Becerril, et al., Dietary administration of microalgae alone or supple-
mented with Lactobacillus sakei affects immune response and intestinal morphol-
ogy of Pacific red snapper (Lutjanus peru), Fish Shellfish Immunol. 40 (1) (2014)
208–216, doi: 10.1016/j.fsi.2014.06.032 . 
10 
147] J. Xie, et al., Study on Schizochytrium sp. improving the growth performance and
non-specific immunity of golden pompano (Trachinotus ovatus) while not affecting
the antioxidant capacity, Fish Shellfish Immunol. 95 (2019) 617–623 . 

148] M. Messina, et al., Intestinal morpho-physiology and innate immune status of Eu-
ropean sea bass (Dicentrarchus labrax) in response to diets including a blend of
two marine microalgae, Tisochrysis lutea and Tetraselmis suecica, Aquaculture 500
(2019) 660–669 . 

149] N. Sheikhzadeh, et al., Effects of Haematococcus pluvialis supplementation on an-
tioxidant system and metabolism in rainbow trout (Oncorhynchus mykiss), Fish
Physiol. Biochem. 38 (2) (2012) 413–419, doi: 10.1007/s10695-011-9519-7 . 

150] M. Teimouri, et al., The effect of Spirulina platensis meal on antioxidant
gene expression, total antioxidant capacity, and lipid peroxidation of rainbow
trout (Oncorhynchus mykiss), Fish Physiol. Biochem. 45 (3) (2019) 977–986,
doi: 10.1007/s10695-019-0608-3 . 

151] I. Barkia, N. Saari, S.R. Manning, Microalgae for high-value products
towards human health and nutrition, Mar. Drugs 17 (5) (2019) 304,
doi: 10.3390/md17050304 . 

https://doi.org/10.1016/j.fsi.2009.03.016
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0143
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0144
https://doi.org/10.1016/j.fsi.2013.06.026
https://doi.org/10.1016/j.fsi.2014.06.032
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0147
http://refhub.elsevier.com/S2667-3703(22)00040-6/sbref0148
https://doi.org/10.1007/s10695-011-9519-7
https://doi.org/10.1007/s10695-019-0608-3
https://doi.org/10.3390/md17050304

	Aquaculture sustainability through alternative dietary ingredients: Microalgal value-added products
	1 Introduction
	2 Microalgal biomass as a source of functional aquafeeds
	3 Microalgal protein constituents
	4 Microalgal essential oil
	5 Microalgal polysaccharides
	6 Microalgal carotenoid pigments
	6.1 Lutein
	6.2 Astaxanthin
	6.3 b-carotene
	6.4 Zeaxanthin
	6.5 Fucoxanthin

	7 Dietary minerals and vitamins
	8 b−1,3-glucan
	9 Improving immunity and intestinal functions of fish
	10 Opportunities for new microalgae products
	11 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References


