[image: image1.png]Potentia
arotenoid Sources








Sustainable Carotenoids in Aquafeeds: Unlocking Circular Economy Solutions Beyond Terrestrial Sources
Abstract

Carotenoids are natural pigments abundant in fruits and vegetables, playing a vital role in the aquaculture industry. Traditionally, aquafeed has relied on terrestrial plants for carotenoid supplementation, enhancing fish coloration while providing antioxidative benefits, boosting immunity, and serving as a vitamin A source. However, this reliance raises sustainability concerns as global food demand increases, making land-based sources less viable and cost-effective. Additionally, consumers and fish farmers are increasingly wary of synthetic additives, preferring natural alternatives. This review highlights the importance of exploring alternative natural sources of carotenoids to reduce pressure on terrestrial resources and minimize synthetic usage. Agricultural waste and byproducts from crustacean processing offer significant opportunities for sustainable carotenoid extraction. These food byproducts can be valorized effectively within a circular economy framework. Microalgae emerge as another promising source of carotenoids. They yield higher quantities compared to land crops and can be cultivated under controlled conditions year-round. The potential for innovative carotenoid types through microbial fermentation further enhances their attractiveness for aquaculture applications.The primary aim of this review is to identify and promote these alternative natural sources of carotenoid production in the aquafeed sector. It also examines the essential role of carotenoids in fish nutrition and health. By focusing on sustainable practices and alternative sourcing, this study seeks to support long-term strategies for carotenoid production in aquaculture feeds while aligning with consumer preferences for natural ingredients.
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Introduction


The global population is projected to reach nearly 10 billion by 2050, according to various sources, including the United Nations. This growth presents significant challenges for agriculture, which is already facing limitations due to factors such as climate change and urbanization. As a result, there is tremendous pressure to increase food production. If per capita consumption is to be maintained, animal production will have to increase significantly. Animal-based foods are essential for global food security, as they provide 25% of protein and 18% of calorie intake (FAO STAT, 2016). Food insecurity can only be addressed by increasing global protein productivity (Belton et al., 2018). Fish culture seem to be the best possible way to meet human nutrition and food security (Thilsted 2012; Beveridge et al., 2013; Bene et al., 2015). Assessments and choices pertaining to the future of aquatic food production and its security must take into account the contribution of aquatic animal protein to the world's supply of animal-source protein as well as the relative significance of aquaculture versus capture fisheries in supplying this protein (Boyd et al., 2022).  Aquaculture production contributed 52% of the total harvest weight of aquatic animals for human consumption in 2018 (FAO, 2020a). Feed is the most important input for increasing fish output. Approximately two-third of aquaculture production of finfish and crustaceans comes from feed (Boyd et al., 2022). Most aquaculture feeds only satisfy the most basic feed consumption and nutritional needs. Fish oil and fish meal from wild-captured forage fish are currently the mainstays of aquafeeds. Through the biotransformation and/or bioconversion of raw waste materials, food waste, insect meals, and microbial and macroalgal biomass have the potential to significantly increase fed aquaculture efficiency.  These foods besides providing the basic nutrient requirement can meet the health and other beneficial roles (Hua  et al., 2019). By 2030, the need for aquaculture forage fish might be significantly reduced by the global adoption of innovative aquafeed ingredients, which preserve feed efficiency and omega-3 fatty acid profiles (Cottrell et al., 2020). For aquaculture to become more sustainable more quickly and with more certainty, long-term, nutrient-equivalent alternative feed sources are necessary (Froehlich, et al., 2018).The concept of functional aquafeed is a growing trend in fish nutrition. A wide range of feed additives have been employed in this strategy to go beyond meeting the basic nutrient need and to boost fish health and stress tolerance.


 Aquaculture commonly uses supplementing aquafeeds with carotenoids. Strong antioxidants can be found in caretenoids (Bjerkeng and Johnsen, 1995; Shimidzu et al., 1996; Nakano et al., 1999; Bell et al., 2000); Carotenoids are one of the most powerful antioxidants, protecting against UV radiation, reactive oxygen species (ROS), and free radicals (De Carvalho et al., 2017). Peroxy radicals cause oxidative damage to lipoproteins and cell membranes, which are neutralised by carotenoids  and can  enhance immune system (Nakano et al., 1995; Amar et al., 2003). When provided with diet, carotenoids can benefit aquatic organisms overall and have a significant impact on reproduction (Craik, 1985; Christiansen and Torrissen, 1996; Verakunpiriya et al., 1997; Chou and Chie, 2001; Vassallo-Agius et al., 2001).Numerous studies have demonstrated that the quantity of carotenoid in the diet significantly affects the color of the fish and crustaceans. Among the most crucial fish quality factors available, proper color is one of the many requirements that high-quality aquaculture products must meet in order to be valued by customers. The first quality that consumers observe is color, which is a determining selection factor that has a direct bearing on whether someone is accepted or rejected later (Shahidi et al., 1998). Carotenoids have also improved feed palatability, and they are currently aquaculture's fastest-growing sector. The pigment and coloring of   ornamental fishes are important characteristics of marketing (Khanjani & Sharifinia, 2021).
  
The effects of carotenoids on fish color have been reported in number of fishes, brown trout (Parolini et al., 2018), red sea bream (Lin et al., 1998) and salmon (Lim et al., 2018). The majority of animals, unlike photosynthetic organisms, are unable to synthesize carotenoids. As a result, it absorbs carotenoids across the food chain and alters them through metabolic processes (Rodriguez Concepcion et al., 2018). Dietary lipid-soluble carotenoids such as astaxanthin and canthaxanthin, are important for the characteristic red pigmentation of salmonid flesh (Ludmila Bogacz-Radomska et al., 2020). After freshness, muscle color is considered to be the most significant quality factor in farmed salmonids (Koteng, 1992). In addition to their pigmented flesh, cultured red and yellow-skinned fish with vibrant skin colors, like Japanese red sea bream (Pagrus major) (Lin et al., 1998), Australian snapper (Pagrus auratus) (Booth et al., 2004), yellowtail (Seriola quinqueradiata) (Miki et al., 1985), and red porgy (Pagrus pagrus) (Basurco and Abellán, 1999), are highly valued on the market. Skin color is another crucial factor that influences market pricing and greatly influences the overall evaluation of ornamental fish (Gouveia and Rema, 2005).Carotenoids  are responsible  pigmentation in body tissue of edible fishes  while in ornamental fishes they are responsible for the coloring  of the skin (Khanjani, & Sharifinia, 2021).  The commercial production of aquatic organisms requires the availability of high-quality diet providing all required macro- and micro-ingredients, including carotenoid sources. Adequate animal nutrition and management are therefore linked to the color quality and sensory characteristics of the final seafood (Amaya and  Nickell, 2015). To enrich the color, researchers have discovered that various carotenoid pigments  that are used in the feed of many ornamental fish and other alternative fish species,(De la Mora et al., 2006). 


There has been a lot of research into using plant sources of carotenoids in fish feed. The main carotenoids used in aquaculture are Astaxanthin, Beta-carotene, Bixin, Canthaxanthin, Lutein and Zeaxanthin which is mainly derived from terrestrial plants (Costa and Miranda-Filho, 2019). Research on "alternative" natural  carotene sources becomes more relevant in this circumstance. Plant sources (fruits and vegetables) as carotenoid sources in aquaculture feeds have been widely reported in the literature. Microorganisms, shellfish waste, and food byproducts are still being studied in aquabased feed. As a result, the current research considers alternative carotenoid sources that could have a huge impact on the aquaculture feed sector.
To improve meat colouring, various forms of carotenoids (astaxanthin, lutein, and β-carotene) have been added in aqua diets (Breitenbach et al., 2016). Astaxanthin is one of the most promising carotenoids that has been shown to be effective in improving color. It significantly improves the color of the majority of vividly colored ornamental fish species, including tetras, cichlids, gouramis, goldfish, koi, danios, and many more. The majority of the vivid red, yellow, and orange hues that are valued in aquaculture are caused by carotenoid pigments, which are derived from the food the animals eat (Toyomizu et al., 2001). Through oxidative metabolic conversion, fish in the Cyprinidae family may produce (3S, 3´S)-astaxanthin from zeaxanthin. However, astaxanthin cannot be produced from other carotenoids by fish belonging to the Perciformes and Salmonidae families (Matsuno et al., 2001). Therefore, astaxanthin present in these fish originates from dietary crustacean zooplankton. Perciformes and Salmonidae fish can convert astaxanthin to zeaxanthin (Matsuno et al., 1985). Studies over a number of years have consistently shown that dietary carotenoid supplementation is beneficial for crustacean aquaculture across a range of commercially relevant parameters. Most obvious is the effect on pigmentation, where carotenoid inclusion levels in feeds and duration of feeding diets with carotenoids have been optimised across many species to improve product colour, and subsequently quality and price. Feeding of cultured marine crustaceans is limited to artificial diets lacking bioactive metabolites considered important for normal growth and survival of shrimp (Harrison 1990; Petit et al., 1997). These conditions may cause nutritional deficiencies  imbalances, and diseases in shrimp populations maintained under intensive culture conditions (Menasveta et al., 1995). For example, Penaeus monodon often exhibits an unnatural blue colour that is distinctively different from the dark greenish colour. This blue shrimp condition has been described as a disease, but is actually a manifestation of a dietary carotenoid deficiency (Howell &Matthews 1991). However, beneficial effects of carotenoid inclusion have increasingly been demonstrated on other parameters including improvements in survival, growth, reproductive capacity, disease resistance and stress resistance (Wade et al., 2017).  Due of their many biological functions in aquatic species, carotenoids are frequently added to aquaculture to support the growth and well-being of fish like salmon, trout, and red porgy as well as shellfish like shrimp and lobster. It is commonly known in aquaculture that fish larvae raised on live feeds containing carotenoids, such as copepods, rotifers, and Artemia sp., have a much higher survival rate (de Carvalho & Caramujo 2017).

Significance of carotenoid in fishes


Several studies have reviewed the role of carotenoid on growth, survival, immunity, pigmentation and reproductive performance recommending the use of carotenoid as feed additive for enhance the overall improvement of the aquatic organisms. Carotenoids in fish serve similar purposes as those in other animal species: they are precursors of vitamin A (Schiedt et al., 1985; Guillou et al., 1992; Christiasen et al., 1994; White et al., 2003); they have a significant impact on the ability to reproduce (Craik, 1985; Christiansen and Torrissen, 1996; Verakunpiriya et al., 1997; Chou and Chie, 2001; Vassallo-Agius et al., 2001); they are strong antioxidants (Bjerkeng and Johnsen, 1995; Shimidzu et al., 1996; Nakano et al., 1999; Bell et al., 2000); they strengthen the immune system (Nakano et al., 1995; Amar et al., 2003); they have an impact on liver structure (Segner et al., 1989; Page et al., 2005). Despite the fact that some authors claim that the biological roles of carotenoids in fish remain uncertain (Choubert et al., 2005), others view these substances as essential micronutrients that fish cannot produce on their own and must consequently consume (Baker et al.2002).

Coloration 


Color is a key factor in consumer acceptance or rejection of fish products (Shahidi et al., 1998). It  has a significant impact on the market value of animals (Harpaz and Padowicz, 2007). Colored fish are frequently regarded as high-quality fish by consumers: certain fish are not shipped to foreign nations due of fading or a lack of colour. The scope of color pigments is at present utilized in aquaculture as it influences business acknowledgment.  Carotenoids fulfill a number of important biological functions in nature and are among the most important pigments providing color to aquatic organisms such as fish and crustaceans. Animal colors play important roles in communication, ecological interactions, and speciation (Gupta et al., 2007). Carotenoids have also been considered  important for sexual attraction during mating. The mobilization of astaxanthin from the flesh to the skin during maturation results in changes in skin color in salmonids (Crozier, 1970; Kitahara, 1984; Bjerkeng et al., 1992) and Arctic charr (Hatlen et al., 1995). The change in the skin color of male salmonids occurs over a longer period of time compared to females and reflects the longer spawning period of the male (Bjerkeng et al., 1992; Choubert and Blanc, 1993). According to Yanar et al. (2008), goldfish have the highest total market value and are the most popular freshwater ornamental fish. For commercial crustacean species, color has a significant impact on customer acceptance, perceived quality, and price (Chien & Jeng 1992; Shahidi et al., 1998). A diet deficient in carotenoids causes several crab species to lose or not acquire coloration. These included shrimp (Dall 1995), clawed lobsters (Tlusty & Hyland 2005), spiny lobsters (D’ Abrahmo et al., 1983; Barclay et al., 2006), crayfish (Sommer et al., 1991), hermit crabs (Castillo & Negre-Sadargues 1995), and red king crabs (Daly et al. 2013). Poor pigmentation was first identified as a disease status in shrimp (Howell & Matthews 1991), although dietary carotenoid supplementation later improved this condition (Menasveta et al., 1993).


In higher plants, more sorts of carotenoids are utilized to further develop goldfish skin pigmentation, and expanded degrees of carotenoids in goldfish skin (49.56 μg/g) of marigolds, including xanthophylls and lutein. Velasco et al. (2018) reported that carotenoids affect not only colour but also carotenoid levels and molecular expression in the integument, muscle, and fins of red tilapia. According to Cruz et al. (2021), tilapia redness was also improved by adding carotenoids from easily accessible vegetables to their diet. Although they are mostly utilized for signaling and camouflage, particularly as breeding color, integumentary carotenoids may also provide some photoprotection. According to Foote et al. (2004), sockeye salmon (Oncorhynchus nerka) males have been seen to preferentially select and spawn with artificial female models that are red in color, which is the prevalent color of females, in natural studies. According to Boughman (2002), pigmented tissues can be significant characteristics in speciation in wild populations because cichlid female fish may utilize the carotenoid colors to assess the health and vitality of their potential mates. Since carotenoids provide vertebrates with health benefits as precursors for vitamin A and transcription regulators, antioxidants, free radical scavengers, immune-system stimulants, and cancer inhibitors, as well as being mobilized from muscle to ovaries, which suggests a role in reproduction, carotenoid-based skin coloration is an example of an honest signal of mate quality (Kodric-Brown and Brown, 1984). 


Up until now, the principle focal point of most studies has been to work on the coloration of fish utilizing different carotenoid sources. Without a doubt, enhancing feed with carotenoids could build the colour of fish, yet an extremely least has been found on the permanency of such coloring in fishes. After feeding the fish, the skin color stabilizes, which is a challenge for aquaculture growers. To determine if pigmentation remains stable throughout a fish's life cycle, more study is anticipated. Goldfish with unstable skin coloration during 90 days of upbringing were noted by Dananjaya et al. (2017). Also research is needed to decide if the taking care of fish with carateniod source can influence the all kind of fishes, or just explicit sort of fishes; regardless of whether the carotenoid response changes with the distinctive life cycle phases of fish or study its response with the diverse sex.


Vitamin A

 
Vitamin A is a 20-carbon unsaturated cyclic alcohol that plays a variety of important physiological roles in growth, development, epithelial tissue maintenance, reproduction, and especially eyesight (Tomkins and Hussey, 1989, Rumore, 1993, Semba, 1998, Stephensen, 2001, Duester, 2008). Carotenoids are the precursors to vitamin A. Gross and Budowski (1966)  reported that in guppies and platies, astaxanthin, canthaxanthin, β carotene, and isozeaxanthin were shown to be precursors of vitamin A. Astaxanthin, canthaxanthin, and zeaxanthin were the precursors of vitamin A1 and A2 in rainbow trout. Lutein is a precursor of vitamin A2 in catfishes- Clarias batrachus and Sacccobranchus (Barua and Goswami, 1977). Astaxanthin, zeaxanthin, lutein, and tunaxanthin were all directly bioconverted into vitamin A in Tilapia fish (Katsuyama and Matsuano, 1988). Vitamin A has been demonstrated to play a key function in the immune system (both innate and adaptive immunity (Tomkins and Hussey, 1989; Semba, 1998; Stephensen, 2001). High dietary levels of vitamin A in fish have been shown to enhance immune functions such as kidney leucocyte migration and serum bactericidal activity in Atlantic salmon, Salmo salar (Thompson et al., 1994), antiprotease activity, leukocyte migration, serum complement activity, and phagocytic activity in rainbow trout, Oncorhynchus mykiss (Thompson  et al., 1995,  Hernandez et al., 2007). Vitamin A needs have been quantified for a variety of fish species, however the results vary (NRC, 1993, NRC, 2011). According to Schiedt et al. (1985), the intestinal wall and liver convert astaxanthin, canthaxanthin, and zeaxanthin into vitamin A. Christiansen et al. (1994) examined the effects of vitamin A supplementation and astaxanthin on the development and survival of Atlantic salmon fry that were first eating. A semipurified diet based on vitamin and carotenoid-free casein and gelatin as protein sources was the foundation of the experimental diets, which were created by Shearer et al. (1993). The findings of this 135-day feeding trial made it abundantly evident that adding astaxanthin to the experimental food greatly enhanced growth and survival, but vitamin A supplementation by itself did not promote these outcomes. Only few of the known carotenoids have been reported to be precursors of retinol in crustaceans. a-carotene, d-carotene, b-carotene, b-apo-12 carotenal, and astaxanthin can all be converted to retinol in crustaceans (Yamada et al. 1990; Schiedt et al. 1991). Metabolic intermediates related to the biosynthesis of astaxanthin from diet precursors (particularly, b-carotene and other less abundant carotenoids) have been identified (Schiedt et al., 1993). The conversion of carotenoids into other biologically active molecules, such as provitamin A and retinoids, has also been proposed functional roles of carotenoids in crustaceans (Linan-Cabello et al., 2002a).


Antioxidants


 Carotenoids are one of the most powerful antioxidants, protecting against UV radiation, reactive oxygen species (ROS), and free radicals (De Carvalho et al., 2017). Peroxy radicals cause oxidative damage to lipoproteins and cell membranes, which are neutralised by carotenoids. The main carotenoid, Astaxanthin utilised in aquaculture has the highest antioxidant activity of all natural carotenoids and has a greater free radical chelating ability than vitamin E. (Miki, 1991).In addition, it quench mitochondrial lipid peroxidation and contributes to the stability of cell membranes (Goto et al., 2001).  Furthermore, it inhibits mitochondrial  lipid peroxidation and promotes cell membrane stability (Goto et al., 2001). Membrane damage was identified in cells without ASX in trout cultivated under ROS-induced oxidative stress, but cells with ASX showed reduced cellular membrane damage and enhanced vitality (Nakano et al., 2004). These findings show that ASX can successfully prevent cells from oxidative damage caused by ROS while also maintaining membrane fluidity and cellular activity. Carotenoids' physiological role in avoiding oxidative stress can be understood in a variety of ways, including their ability to convert hydroperoxides into more stable molecules or to operate as singlet molecular oxygen quenchers. Many carotenoid compounds, particularly astaxanthin, improve the antioxidative state of farmed fish, resulting in improved growth, survival, disease resistance, and quality (Nakano and Wiegertjes, 2020). The antioxidant capacity of trout has been improved by ingesting astaxanthin or canthaxanthin, or a combination of the two (Cui et al., 2009). Carotenoids boost antioxidant capability by regenerating α -tocopherol and ascorbic acid from their equivalent radical forms. (Pop, 2005). 


Immunity 


The discovery of carotenoids in immunological tissues and cells is the first evidence that they have a function in immunomodulation. Salmonids with a greater astaxanthin content have been proven to be more resistant to bacterial and fungal disease. Astaxanthin has been demonstrated to boost the survival rate of crustaceans (Amaya et al., 2014). Adult shrimp on a carotenoid-enriched diet had a much lower mortality rate than shrimp fed a carotenoid-free diet, The effects of various carotenoid-supplemented feeding regimes in prawns (P. japonicas) revealed that survival was higher in prawns fed an astaxanthin-rich diet (Amaya et al. 2014). There was even a link discovered between survival and tissue pigment concentration. Carotenoids are thought to act as an intracellular oxygen store, allowing crustaceans to withstand hypoxic conditions in pond cultures (Amaya et al., 2014). According to Gawad et al. (2019), food treatment with canthaxanthin and lycopene improved immunological response and antioxidant defence in yellow perch. (Figure 1). 




Figure 1: Role of carotenoid in fish Nutrition
Carotenoids are added to people's diets for a variety of reasons, including pigmentation and overall health. Carotenoid effects in fish have been described in nutritional research, ranging from general performance enhancement to reproductive and metabolic functions (Torrissen and Christiansen, 2015). Carotenoids are transported from muscle to the ovaries, indicating that they have a role in reproduction. Crustaceans developed a brilliantly breeding partner when carotenoids accumulated on their shells, which increased the frequency of their courting behaviour during mating seasons. Astaxanthin, a form of carotenoid, is required for fish growth and survival (Torrissen and Christiansen, 2015). Carotenoids activate the immune system, boost stress tolerance, promote embryonic development, stimulate gonad growth and maturation, and increase greatly the performance and reproductive animal precocity in aquatic species (Petit et al., 1991; Olson, 1993, Scabini et al., 2011; Vilchez et al., 2011). 

Carotenoid sources 

The non-photosynthetic organs of higher plants are the natural sources of carotenoid that have been exploited extensively to improve coloration. The fruits, flowers, seeds, roots, and leaves of higher plants are natural sources of carotenoids (Priyadarshani and Jansz, 2014; Saini et al., 2015; Das, 2016), and the use of plant-based carotenoids in fish feed has been extensively studied. The main carotenoids used in aquaculture are Astaxanthin, Beta-carotene, Bixin, Canthaxanthin, Lutein and Zeaxanthin which is mainly derived from terrestrial plants, algaes and  crustaceans (Costa and Miranda-Filho, 2019). The coloration of salmonid fish species has made considerable use of dietary sources of canthaxanthin and synthetic astaxanthin. These sources are added to beadlets that include a complex blend of antioxidants, starch, gelatin, and carbs. Since astaxanthin provides a more natural color when deposited in salmonid meat, it has become the preferred pigment in the majority of salmonid production facilities in Europe, even though canthaxanthin was commercially available a few years earlier. According to Bjerkeng et al. (1997), the most economically significant commercial source of synthetic astaxanthin is a racemic mixture (1:2:1) of the (3R,3'R), (3R,3'S; meso), and (3S,3'S) isomers, respectively (CAROPHYLL ® Pink, Hoffmann-La Roche, Base!, Switzerland). The introduction of chemically synthesized chemicals into the food chain has caused a growing apprehension among fish farmers and consumers in recent years. Natural sources are often preferred by consumers than manufactured ones (Sathyaruban et al., 2021).This has promoted the use of natural feed nutrient sources in general (Johnson & An 1991). Also aquaculture  farmers prefer  natural carotenoid sources over artificial sources. It is important for the farmer, to gain the amount of benefit from the skin color after the end of fish feeding (Khanjani & Sharifinia, 2021). Synthesized carotenoids are expensive, as is the nutritional requirement for them. The significant financial outlay necessary for dietary carotenoid incorporation accounts for between 0% and 15% of the cost of salmon diets (Torrissen et al., 1989; Hardy et al., 1990).  Natural Plant sources (fruits and vegetables) as carotenoid sources in aquaculture feeds have been widely reported in the literature. Microorganisms, shellfish waste, and food byproducts are still being studied in aquabased feed. Research on "alternative" natural  carotene sources becomes more relevant in this circumstance. The alternate sources which may be cheap and  efficient as well. As a result, the current research considers alternative  natural carotenoid sources that could have a huge impact on the aquaculture feed sector. These  potential sources are rich in various carotenoid pigments (Figure 2).  Use of the  potential alternatives, e.g. microalgae, microorganisms, agroindustial waste, crustacean waste for  making carotenoids  can became a priority for the industrial production of  aquafeeds.
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Figure 2: Major carotenoid pigments present in different  compartments of food web

Microbial sources


Carotenoid production from microbial sources ensures increased output, a shorter life cycle, year-round carotenoid production, the possibility of discovering new carotenoids, and the convenience of maintaining controlled fermentation conditions (Ram et al.,2020). As a result, it's a superior choice than plant carotenoids. Furthermore, the transformation of low-cost substrates (industrial or agricultural waste) into high-quality carotenoids reaffirms our commitment to the Waste to Wealth initiative (Ram et al., 2020). Red carotenoids such as astaxanthin and canthaxanthin are produced by the bacterium Paracoccus carotinifaciens. Astaxanthin has also been extracted from Xanthophyllomyces yeasts (Du et al., 2014).Astaxanthin is the primary carotenoid in the yeast Phaffia rhodozyma (Andrewes and Star, 1976), and it is probably the most important because it accounts for roughly 85% of the total colour (Shahidi et al., 1998). Several mutants of the same strain of Phaffia rhodozyma generate carotene (Girard, Javelot and Vladescu, 2001). Astaxanthin optical isomers are prominent in red yeast and utilised to the same extent, and their optical composition is kept in rainbow trout meat after deposition (Foss et al., 1984). In addition to improving fish pigmentation, consuming this carotenoid source increases liver function and oxidative stress resistance (Nakano et al., 1995).β Carotenes can be produced from Rhodotorula mucilaginosa (Arken, Yang, and Yi, 2007) and chosen bacterial strains through fermentation (Van Keulen et al., 2010). Canthaxanthin (β,β-carotene-4,4′-dione) has been used in aquafeed for many years in order to impart the desired flesh color in farmed salmonids. A Bradyrhizobium sp. strain was described as a canthaxanthin producer ( Bogacz-Radomska et al., 2020). Dietary lipid-soluble carotenoids such as astaxanthin and canthaxanthin, which are important for the characteristic red pigmentation of salmonid flesh, are apparently not absorbed efficiently. Increased dietary lipid level has a positive effect on astaxanthin deposition in the muscle, possibly due to increased mixed micellar incorporation and, subsequently, eased transfer to the enterocytes for absorption (Torrissen et al. 1990). Slime moulds such as Blakeslea, Choanephora, and Phycomyces can also provide lycopene (Estrella De Castro et al., 2001). Deinococcus is a carotenoid derived from the Deinococcus radiodurans bacterium (Sazykin, Sazykina, Chistjakov, 2013). Carotenoids can be produced biotechnologically by a number of bacteria. Halococcus morrhuae and Halobacterium salinarum, for example, are thermophilic halophilic bacteria that produce red and orange colonies. The marine bacterium Flavobacterium sp. produces Haloferrax alexandrine, which is a canthaxanthin (Asker and Ohta, 2002). It produces zeaxanthin and is regarded as one of the top zeaxanthin microorganism sources (Masetto et al., 2001). Some examples of industrially important pigment-producing microbes are presented in Table 1.

Table 1: List of microorganisms producing important carotenoids

	Microorganism
	Pigment
	Content
	Reference 

	Flavobacterium species
	Zeaxanthin
	500mg/l
	(Sajilata, Singhal, & Kamat, 2008)

	Flavobacterium
	Zeaxanthin
	0.7-1.2μg/g
	 Bhosale P., Larson A.J., Bernstein P.S.  2004

	Arthrobacter  arilaitensis
	Zeaxanthin
	0.14-0.25 μg/g
	Sutthiwong et al. 2014

	Flavobacterium sp mutant
	Zeaxanthin
	16 mg/g
	Shepherd et al. (1976)

	Asteracys quadricellulare
	B carotene, Lutein, astaxanthin  and canthaxanthin
	47 μg/g b carotene; 28.7 μg/g  lutein; 15.5 μg/g astaxanthin and 14.4 μg/g  canthaxanthin
	Singh et al(2019)

	Paracocus cartetinfaciens
	astaxanthin adonirubin canthaxanthin 
	4% caratenoid  (astaxanthin 2.2%; adonirubin 1.3%  and canthaxanthin 0.4%)
	 Borees et al. 2007

	Rhodoturila glutins
	B carotene
	50-70mg/l
	Bhosle and Gadre 2001

	Rhodoturila glutins mutant
	B carotene
	125 mg/l
	Bhosle and Gadre 2002

	Phaffia rhodozyma mutant
	Astaxanthin,b carotene, lycopene
	 54.5mg/l
	 Zhang et al., 2019

	Brevundimonas sp. N-5
	Astaxanthin
	0.36 mg g−1 biomass
	Asker, Awad, Beppu, & Ueda, 2012

	Gordonia jacobeae MV-1
	Canthaxanthin
	13 mg L−1
	(Veiga-Crespo,  et al., 2005)



A number of cutting-edge techniques have been put forth to boost carotenoid yield, including sequential nutrition starvation, the use of various stressors to induce carotenoid accumulation in microbial cells, and the genetic engineering of strains that produce hyper-carotenoid to produce skilled producers (Ram et al., 2020). There are several ways for separating carotenoids from yeasts, fungi, and bacteria, including solvent or supercritical fluid extraction. The extracted carotenoids are either pure, crystalline single carotenoids or a high-yield combination of carotenoids. Microorganisms can create a variety of carotenoid pigments including as astaxanthin, canthaxanthin, beta-carotene, lycopene, and deinoxanthin, all of which have commercial value in aquabased feed.

Crustacean Waste 


Crustacean by-products are frequently wasted, yet they can be an important source of natural astaxanthin (Seabra and Pedrosa, 2010). Carotenoids in animals can be absorbed directly from food or partially changed by metabolic events because they are not synthesised by animals (Rodriguez Concepcion et al., 2018). Astaxanthin can be found free or in a combination with a protein called carotenoprotein in crustaceans. Astaxanthin is a reddish-pink pigment found in aquatic animals, such as lobster, crab, and shrimp (Sugiura et al., 2006), including their processing waste (Mezzomo et al.,2010). The amount of astaxanthin in crustaceans varies depending on the species, season, and environmental factors (Cahu et al., 2012; Nguyen et al., 2017).Crustaceans can make astaxanthin from other carotenoids, particularly β-carotene, which is its main precursor (Caramujo et al., 2012). It may prove to be a helpful pigment in aquaculture, along with canthaxanthin, for colouring salmon, trout, and shrimp. Not just for food fish, but also for aquarium fish, astaxanthin is essential. Feeding astaxanthin to goldfish improves the colour of their skin (Xu, 2006, Gouveia, 2003). The effects of astaxanthin, β-carotene, and lycopene on the colour of red porgy (Pagrus pagrus) were examined by Chatzifotis et al. (2005).  Some examples of crustacean producing with carotenoid are presented in Table 2. Astaxanthin is extracted from crustacean shell waste using a variety of traditional processes. Extraction is carried out using organic solvents such as dichloromethane, methanol, ethanol, petroleum ether, chloroform, hexane, and acetone (Dalei and Sahoo, 2015). However, solvent extraction can harm the structure of astaxanthin. Furthermore, their use is regarded costly and can pollute the environment (Lopez et al., 2004). As a result, various techniques have been developed as more efficient alternatives to classical extraction, such as supercritical fluid extraction (SFE). 

Table 2. Carotenoid content of different crustacean species

	Crustaceans
	Content
	References

	Penaeus japonicas
	10-40mg/kg
	Iwamato, Myers, & Hersberger, 1990

	Macrobrachium monoceros
	4.2mg/kg
	Gopakumar and Nair

(1975)

	Metapenaeus affinis, M dobsonii
	13.3mg/kg
	Gopakumar and Nair

(1975)

	P. semisulcatus
	14.1mg/kg
	Yanar et al.(2004)

	Macrobrachium monoceros
	16.9mg/kg
	Yanar et al.(2004)

	Gamarus pulex
	203-255
	Gaillard et al. (2004)

	Charybdis cruciata (Marine crab)
	3.4  μg/g dry wt.
	Sachindra et al.( 2005)

	P. japonicas (Kuruma prawn)
	38 μg/g dry wt.
	Latscha (1989)


Microalgae


 Microalgae are gaining popularity as next-generation resources with the ability to meet industrial and agricultural needs. Microalgae have a number of inherent advantages, including low production costs, the absence of a need for arable land, and the capacity to develop quickly (Demirbas,2009). Microalgae are an important source of nutrition for most farmed marine fish. Algae meal is a high-quality source of proteins, vitamins, minerals, antioxidants, colour oils, and carotenoids that can be utilised directly in aquatic feeds (Hemant kumar and Rahimbhai, 2019). As a result, algal biomass could be in great demand in the aquaculture and fish feed industries. In the aqua feed industry, microalgae has a lot of promise. Microalgae can be used as a feed component as well as a source of carotenoids in fish feed. Spirulina platensis is more effective at colouring ornamental fish than other algae. Because of its quick growth and high astaxanthin concentration, the freshwater microalgae Haematococcus pluvialis has been widely employed in aquaculture (Sommer et al., 1991, 1992; Choubert and Heinrich, 1993). In aquaculture, microalgae provide a one-of-a-kind and long-term source of carotenoids (Guedes et al., 2011; Boominathan and Mahesh 2015; Safafar et al., 2015). The skin colour pattern and pigment intensity attained by incorporating algae in the ornamental fish diet have been the subject of some research studies. Microalgae such as Chlorella vulgaris, Haematococcus pluvialis, Phormidium valderianum, Arthrospira maxima, Spirulina platensis, Nostoc ellipsosporum, Navicula minima, Porphyridium cruentum, Leptolyngbya valderiana, L. Tenuis have been used as sources of carotenoids in the form of live and compound (Gouveia et al., 2003; Hekimoglu et al., 2017). Chlorella sp. and Spirulina sp. are commonly used in ornamental fish feed to increase colour and appearance (Gouveia and Rema, 2005; Zatkova et al., 2011; Sergejevova and Masojidek, 2012). It's the most common cause of pigmentation in ornamental or tropical fish, and it's responsible for the yellows, reds, and other hues that come with it. The great majority of algal species have yet to be discovered. Microalgae are a diverse category of unicellular photosynthetic organisms that can be used to generate a variety of useful byproducts. With technical advancements, a new field of application for microalgae may be discovered, which will aid in the discovery of new carotenoid pigments that might be employed in aquafeeds.
Agro industrial wastes: 


 Many commodities, such as  orange peels, citrus fruits, vegetable wastes like tomato peels and others, are abundantly produced around the world. These operations result in massive amounts of daily wastes, such as fruit peels, vegetable waste, ricebran, sugarcane and  bagasses, and. Agroindustrial waste is of particular importance since it is a rich source of bioactive chemicals. Recent research has discovered that food processing sector byproducts are high in bioactive chemicals like carotenoids. These waste materials have a lot of promise as food additives. The goal of this study is to forecast the potential of food waste as a long-term source of carotenoids. DDGS and gluten flour, for example, are great sources of carotenoids from food industry by-products. Citrus pulp is a typical source of fibre, with some samples containing as much as 30.6 percent b- cryptoxanthin and 12 percent lutein (Agocs et al., 2007). Carrot pulp (4.7 mg/g lutein, 28.8 mg/g a-carotene, and 58.7 mg/g b-carotene; Chen and Tang 1998) and dry carrot meal for poultry (8.0 mg/g lutein, 39.9 mg/g a-carotene, and 62.8 mg/g b-carotene; Chen and Tang 1998). The mango seed has been identified as a biowaste rich in carotenoids (Jahural et al., 2015; Torres Leon et al., 2016).  Some examples of food waste producing important carotenoids are presented in Table 3. These food wastes could be a source of carotenoid that can be included into fish feed, making it more cost effective and improving fish health.

Table 3:List of Food waste producing important caratenoids

	Food Waste
	Pigment
	Content
	References

	Carrot pulp
	Lutein,α carotene; β carotene
	Lutein=4.7 mg/g,α carotene=28.8 mg/g; β carotene=58.7 mg/g
	Chen and Tang, 1998

	Citrus pulp
	β cryptoxanthin; Lutein
	β cryptoxanthin=30.6%; Lutein=12%
	Agocs et al., 2007

	Orange peels
	β carotene
	β carotene =14.51 mg/100g
	Mokhless et al 2019

	Orange peels
	β carotene
	β carotene =41.6-59.16μg/g
	Rubashvili  et al., 2018
 

	Tomato  peels (PEF extracted)
	Lycopene
	11820mg/g
	Pataro et al.,2020

	Tomato  waste (UAE) extracted)
	Lycopene
	138.82μg/g
	Silva et al.2019

	Pumpkin seeds
	β carotene
	18.5mg/100g
	Wang et al. 2017

	Spinach byproducts
	Lutein
	70%
	Derrien et al.,2018

	sweet potato peels
	-
	Caratenoid content=165.1μg/g
	Andrade et al., 2019

	Apricot peels
	-
	Caratenoid content=285.1μg/g
	Andrade et al., 2019

	Peach  peels
	-
	Caratenoid content=142.01μg/g
	Andrade et al., 2019

	Paprika waste
	Lutein
	232.6 μg/g
	Kang et al.,2016

	Pepper waste
	-
	Caratenoid content=109.2μg/g
	Andrade et al., 2019


Conclusion:

This review supports the use of alternative natural carotenoid sources as carotenoids sources for aquaculture. Alternative sources of carotenoid include animal and plant byproducts that would otherwise be discarded, as well as microforms such as microalgae and microorganisms that have yet to be completely studied. In addition, the review found that carotenoid plays a significant function in aquaculture. It boosts their productive performance, such as growth and development, in addition to expressing colour in food and ornamental fishes. Antioxidant, immunity-boosting, vitamin A precursor, and a variety of other qualities can expand its aquaculture potential.

Research gaps:

 Different carotenoid pigments are undoubtedly provided in aquafeed, but the response of various carotenoid pigments is still limited to specific fish species, necessitating further research into whether carotenoid pigment can influence all types of fish. It's also important to understand how carotenoid supplementation affects fish at the molecular level. This study calls for more research into the ability of diverse species with aquaculture potential to employ carotenoid pigments and their function in the body.

Conflict of Interest: The authors declare no conflict of interest

Significance statement: Investigating caretenoids as a substitute natural source is necessary to meet the urgent requirement for sustainable aquaculture methods. Finding environmentally sustainable carotenoid production techniques can improve fish nutrition, assist food security, and advance a circular economy in the aquafeed sector. This is because the world's food consumption is rising and concerns about the use of synthetic chemicals are growing.
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