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The colorful carotenoid pigments are known as biological active compounds that have beneficial effects on the metabolism of animals and humans. Carotenoids provide protection against several stressors, including UV radiation, reactive oxygen species and free radicals, have important roles in vision, and act as precursors of transcription regulators and in the immune system. Studies on human nutrition point to the relevance of consuming functional foods instead of supplementing the human diet with the desired nutrients. This stresses the importance of obtaining dietary items with high quality nutritional value for human consumption. The various biological roles of carotenoids in aquatic animals ascribes them a major role in aquaculture where they are routinely added to ensure the development and health of fish such as salmon, trout and red porgy, and of shellfish like shrimp and lobster. In aquaculture, it is widely recognized that fish larvae dramatically increase their survival rate when reared on live feeds (e.g., rotifers, Artemia sp. and copepods) containing carotenoids. Ultimately, pigmentation provided by carotenoids is one of the relevant quality attributes of the aquatic animal for consumer acceptability and market value. Appropriate feeds for aquaculture are thus required to provide the carotenoids necessary for the desired pigmentation. In this review, we discuss the role of carotenoids in aquatic food webs, both in the wild and in aquaculture, and its relevance for human health.
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INTRODUCTION

Carotenoids are synthesized by photosynthetic algae and plants, fungi and bacteria while other organisms must obtain the necessary carotenoids either directly from the diet, or modify the dietary carotenoid precursors through metabolic reactions. In autotrophs, carotenoids act mainly as photoprotectors related to the photosynthetic process, while other organisms in the food web benefit from their protection against ultraviolet (UV) radiation, their antioxidant properties against reactive oxygen species (ROS) and free radicals (Maoka, 2011; Caramujo et al., 2012), their role in vision, as precursors of transcription regulators, and in the immune system (Bendich and Olson, 1989; von Schantz et al., 1999; Hill and Johnson, 2012; Anbazahan et al., 2014). In vertebrates, body coloration play important roles in camouflage, communication, ecological interactions and speciation (Sefc et al., 2014). In fish, carotenoid-based body coloration is influenced by diet and body condition and has been positively related to mating success and social dominance (Maan and Sefc, 2013). In bacteria, carotenoids have also been linked to tolerance and adaptation to several stressful conditions that include salinity, radioactive compounds, pH and temperature (Antón et al., 2000; Asker et al., 2007).

The main feature of the carotenoid molecule is the long conjugated double-bond system with the ability to absorb light in the 400–500 nm visible region of the electromagnetic spectrum (Goodwin, 1980). This polyene chain ascribes the characteristic yellow, orange, and red color to carotenoids, and is responsible for their main roles in plants and algae where they act as: accessory light-harvesting pigments, participating in the collection of light energy and its transfer to chlorophyll for photosynthesis; and as photo-protectors of chlorophyll dissipating the excessive energy used in photosynthesis and inhibiting the formation of ROS (Krinsky, 1968; Cogdell, 1978). The chemical structure of the carotenoids plays an important role in their oxygen scavenge properties (Britton, 1995). Carotenoids such as lycopene (Ψ-carotene) and ζ-carotene are acyclic, whilst others like γ- and δ-carotene have a six-carbon ring at one end, or one ring at each end of the molecule such as α- and β-carotene (Figure 1). These hydrocarbon carotenoids have oxygenated derivatives, or xanthophylls, where the hydroxy, keto, epoxy, or aldehyde oxygen-containing groups are responsible for their polarity, solubility and overall chemical properties. In nature, the most thermodynamically stable configuration found in carotenoids is in general the all-E, but the Z-isomers have also been found in small amounts in raw foods and in increased values in processed foods (Rodriguez-Amaya, 2015). The chemical structure of carotenoids regulates not only their antioxidant activity, but also modulates other dietary properties such as their release from the food matrix, uptake by intestinal mucosal cells, tissue accumulation and metabolism (Cadenas and Packer, 1996). Humans favor the absorption of high polarity xanthophylls, such as lutein, zeaxanthin, astaxanthin and fucoxanthin over other hydrocarbon carotenoids (Britton, 1995).
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FIGURE 1. Chemical structure and color of some hydrocarbon carotenoids and xanthophylls.



The Mediterranean diet, which was inscribed on the UNESCO's Representative List of the Intangible Cultural Heritage of Humanity in 2013, is known to offer considerable health benefits when compared to other western diets. This diet can be characterized by four essential dietary indicators: high monounsaturated:saturated fatty acid ratio (1.6–2.0); high intake of fibers (41–62 g person−1 day−1); high antioxidant levels (3,500–5,300 trolox equivalent person−1 day−1); and high phytosterols intake (370–555 mg person−1 day−1) (Saura-Calixto and Goñi, 2009). The Mediterranean diet also includes considerable amounts of fish and shellfish, rich in polyunsaturated fatty acids (PUFA). Both observational and clinical studies have shown the benefits of a diet rich in fish containing ω-3 PUFA, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in reducing cardiovascular and neurologic diseases (Mozaffarian and Rimm, 2006; Barros et al., 2014). Ingestion of fatty acids in the optimal ω-3:ω-6 PUFA ratio in addition to the consumption of marine antioxidant carotenoids, could lead to better cognitive and neuromotor health since antioxidants may reduce the oxidative stress caused by oxidized derivatives of PUFA which react with nervous cells (Barros et al., 2014).

Fish supply for human consumption is increasing at an annual rate of ca. 3.2%, with 42% of the 158 million tons consumed in 2012 being supplied by aquaculture (FAO, 2014). According to FAO, aquaculture production in that year reached 90.4 million tons, including 66.6 million tons of fish and 23.8 million tons of aquatic algae, worth respectively 137.7 billion and 6.4 billion dollars. The health driven increase in fish consumption (from 9.9 kg per capita in 1960s to 19.2 kg in 2012, FAO, 2014) has been accompanied by an increased intake of antioxidant compounds such as carotenoids. The carotenoid market attained 1.5 billion dollars in 2014 and is expected to grow at an annual growth rate of 3.9% until 2019 (BCC_research, 2015). Ensuring that aquaculture supplies fish and shellfish containing the suitable amount of PUFA and carotenoids for human nutrition will be of high importance in the future as the reported health benefits of carotenoids increase.

In the present review we discuss the functions and sources of carotenoids for aquatic organisms and the relevance of carotenoids to human health. We highlight carotenoid importance for aquaculture and suggest the best forms of its incorporation into diets used in aquaculture to achieve the desired coloration of gonads, muscle and integument.

RELEVANCE OF CAROTENOIDS TO HUMAN HEALTH

The importance of the antioxidant properties of carotenoids to human health derives from their potential to reduce the oxidative stress linked to various ROS related disorders, including various types of cancer, neurological and cardiovascular diseases (Voutilainen et al., 2006; Fiedor and Burda, 2014). Carotenoids (especially α-carotene, β-carotene and β-cryptoxanthin) are also important precursors of vitamin A which is essential for normal growth and development, immune system function, and vision. Since carotenoids have the ability to absorb light in the visible range of the spectrum, carotenoids like lutein and zeaxanthin efficiently absorb blue light reducing the amount that reaches the critical visual structures and thus protect the eye from light-induced oxidative damage (Krinsky et al., 2003). Carotenoids appear to have a role in facilitating intercellular communication by increasing the expression of the gene encoding a connexin protein which forms pores in cell membranes (Bertram, 1999; Livny et al., 2002). Cells communicate through these pores by exchanging small molecules.

Several studies have shown a direct correlation between a human diet rich in fruit, berries and vegetables containing high levels of carotenoids, and higher levels of serum carotenoids and lower risk of disease including several forms of cancer, cardiovascular and degenerative diseases (Virtamo et al., 2003; Wang et al., 2013; Fiedor and Burda, 2014). The ascribed health benefits of these natural foods cannot be unequivocally associated to the intake of carotenoids alone, since other antioxidant compounds present in the foods are ingested, such as vitamins, folate, and phenolic compounds (Virtamo et al., 2003; Voutilainen et al., 2006). Epidemiological evidence shows that people who ingest more dietary carotenoids exhibit a reduced risk for cancer, yet results from intervention trials indicate that the supplemental β-carotene does not prevent cardiovascular diseases or cancer (Chatterjee et al., 2012; Karppi et al., 2012; Wang et al., 2013), and may enhance lung cancer incidence and mortality among smokers (Omenn et al., 1996; Russell, 2002; Virtamo et al., 2003). The inefficient use of β-carotene as chemopreventive agent has been tentatively linked to cell-specific effects of the carotenoid in in vitro cultures: absence of effect on gap junctional intercellular communication (GJIC), Cx43 expression and growth of non-transformed or neoplastic murine lung epithelial cells, and enhanced GJIC, Cx43 expression and reduced growth of murine fibroblasts (Banoub et al., 1996). Nevertheless, these overall null or negative effects of this carotenoid supplementation may, on the one hand, result from the depletion in ROS caused by a high concentration of oxygen scavengers. ROS must be kept in balance in the human body where they have several regulatory functions and act as regulatory mediators in signaling processes and gene expression (Palmer and Paulson, 1997; Dröge, 2002), as anti-tumorigenic agents (Storz, 2005), and have anti-inflammatory and immunoregulatory roles (Hultqvist et al., 2009). On the other hand, β-carotene may serve either as an antioxidant or as a prooxidant, depending on its intrinsic properties as well as on the redox potential of the biological environment in which it acts (Palozza et al., 2003). Additionally, studies on animals have shown that high doses of β-carotene result in lung cancer, with or without smoke exposure, although the pathology was worse in the former case (Russell, 2004). This is apparently caused by an induction of the activity of the cytochrome P450 (CYP), resulting in lower retinoic acid levels in tissue and diminished retinoid signaling which, by a cascade of events, leads to tumor cell proliferation.

It is noteworthy that all these studies where carotenoid supplements had no effect on health or were correlated to an increase in the number of tumor cases were performed by using β-carotene as dietary supplement. Clinical trials using carotenoid supplements other than β-carotene are conspicuously scarce in the scientific literature and their results are largely inconclusive. Lycopene serum or tissue content has been shown to be inversely associated with the risk of atherosclerosis (Klipstein-Grobusch et al., 2000) and of prostate cancer (Lu et al., 2001) yet, it is still not determined whether tomatoes or lycopene alone are responsible for this health benefit (Giovannucci et al., 1995; Story et al., 2010). Similarly, cataract formation and macular degeneration were significantly reduced by dietary intake of fruits and vegetables rich in lutein and zeaxanthin (Brown et al., 1999; Johnson et al., 2000; SanGiovanni and Neuringer, 2012). Lutein and zeaxanthin which are selectively accumulated in the retina, and are particularly abundant in the macula, seem to offer protection against age-related macular degeneration (AMD) (Snodderly, 1995). Similarly to trials with lycopene, serum lutein concentration increased after 1 month in lutein supplementation of the diet, yet no significant changes in visual acuity or visual field tests in persons aged 60 years and older were observed (Rosenthal et al., 2006; Huang et al., 2008). Astaxanthin, a carotenoid reported by in vitro studies to have free radical antioxidant activity several fold higher than that of β-carotene and α-tocopherol (Kurashige et al., 1990) has been tested as a dietary supplement in some studies. Astaxanthin has been reported to prevent the progression of diabetic nephropathy mainly through the ROS scavenging effect in mitochondria of mesangial cells (Manabe et al., 2008) and to decrease oxidative stress and inflammation and enhance immune response (Park et al., 2010; Miyachi et al., 2015). Extract of the green alga Haematococcus pluvialis rich in astaxanthin inhibited the growth of human colon cancer cells by arresting cell cycle progression and promoting apoptosis (Palozza et al., 2009). It has been noted that the bioavailability of astaxanthin as well as other carotenoids was increased with the supplement of lipid based formulations (Odeberg et al., 2003). The generality of trials, so far, point to health advantages in using carotenoids not as dietary supplements but rather in the form of functional foods that “are consumed as part of a normal diet and deliver one or more active ingredients (that have physiologic effects and may enhance health) within the food matrix” (Zeisel, 1999).

CAROTENOIDS IN THE MARINE ENVIRONMENT

Importance of Light Radiation for Carotenoid Production and Accumulation in Food Webs

Carotenoids are synthesized by photosynthetic organisms, bacteria and fungi, whilst in general, animals must obtain the necessary carotenoids either directly from the diet or modify the dietary carotenoid precursors through metabolic reactions to fit their requirements. These metabolic modifications are mainly oxidation, reduction, cleavage of double bonds or epoxy bonds, and translation of double bonds (Matsuno, 1989). The physiological functions of carotenoids in photo-autotrophs are related to the photosynthetic process. Carotenoids participate in the collection of light energy (photosynthetic active radiation, PAR, λ = 400–700 nm) and its transfer to chlorophyll for photosynthesis, and act as photo-protectors by both dissipating the excessive energy that could damage the cholophyll molecule, and inhibiting the formation of ROS (Mimuro and Katoh, 1991; Demmig-Adams et al., 1996). In heterotrophic microorganisms, carotenoid production is not as essential as in photoautotrophic microbes which need protection from direct light (Goodwin, 1980), yet carotenoids are widely distributed in extremophiles. In these microorganisms, carotenoids are often accumulated in membranes where they contribute to its stabilization under extreme conditions (Yokoyama et al., 1995). In bacteria, carotenoids have been linked to tolerance and adaptation to several stressful conditions including salinity, radioactive compounds, pollutants, pH, temperature and UV radiation. Although present in several autotrophs, the major source of carotenoids to marine food webs is considered to be from photosynthetic organisms.

UV radiation induces photochemical degradation of dissolved organic matter and can ultimately damage the DNA of several marine organisms including bacteria, cyanobacteria and phyto- and zooplankton (Tedetti and Sempéré, 2006). The effects of this radiation are modulated by (i) its penetration in the water column (Table 1), (ii) the duration of exposure, (iii) the vulnerability and repair mechanisms presented by the organisms (Mora et al., 2005; Tedetti and Sempéré, 2006). The depth at which e.g., UV-B radiation is reduced to 10% of the surface value (Z10%) ranges from 17 m in open ocean to 3 m in coastal waters, according to water's optical properties which are a function of turbidity, dissolved organic matter (DOM), phytoplankton abundance and suspended particles (Tedetti and Sempéré, 2006). Coastal areas and shallow waters close to the continental shelf have, in general, lower transparency than open ocean water due to inorganic suspended matter and dissolved organic compounds. In Northern European coastal waters, UV radiation Z10% (λ = 310 nm) varies from 0.08 to 10.4 m (Aas and Højerslev, 2001).


Table 1. UV-radiation (UV) characteristics in open ocean, Antarctic and coastal waters: 10% irradiance depth (Z10%) for UV-A, UV-B, and DNA damage effective dose, UV-B/UV-A ratio offers an indication of the concentration of stratospheric ozone and colored dissolved organic matter, known to hamper the penetration of radiation.
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Aquaculture facilities built close to sea shore should take local UV radiation values and water turbidity into account. Although the direct effects of exposure to UV radiation are likely minimal within the context of all the other environmental factors that cause very high levels of egg and larval mortality in marine organisms, studies have shown that UV-induced egg mortality could be as high as 32.5% for the planktonic copepod Calanus finmarchicus and considerably less (1.2%) for the Atlantic cod Gadus morhua in the waters of the estuary and Gulf of St. Lawrence, Canada (Browman et al., 2000). Other direct effects of UV exposure on fish eggs or larvae include malformation (Dong et al., 2007), retarded growth (Jokinen et al., 2008), lesion of skin, eyes, and brain (Blazer et al., 1997; McFadzen et al., 2000), and weakened immune system (Markkula et al., 2005, 2006). These pernicious effects may be higher for fish larvae that are often present in surface waters since UV-B (λ = 280–320 nm) exposure induces DNA damage in a variety of fish larvae such as Atlantic cod, northern anchovy Englausis mordax, icefish Cephalus aceratus and Japanese medaka Oryzias latipes (see Fukunishi et al., 2012 for references). UV-B exposure is also likely to weaken fish larvae by inducing physiological stress and damage as suggested by a study that observed a decrease in cod larval escape response to predators, which can increase the impact of predation on fish recruitment success (Fukunishi et al., 2012). The extent of UV induced damage is largely modulated by the presence of competent photoprotection by e.g., carotenoids, mycosporine-like amino acids (MAAs) and other pigments, and photorepair systems.

Carotenoid pigments are known to offer protection from UV radiation to zooplankton crustaceans in transparent lakes (Hairston, 1976). However, colored pigments also make the animal more conspicuous, increasing the risk of being captured by visual predators, such as pelagic fish and fish larval stages. In fact, the carotenoid content in marine pelagic copepods is much lower (by an order of magnitude) than in freshwater species, especially in those under low visual predation pressure from fish (Table 2) while the content of other natural sunscreen compounds such as the transparent MAAs is similar (Hylander et al., 2014). It has been estimated that zooplankton mortality rates due to predation may reach 10% per day in the ocean (Kiørboe and Hirst, 2008; Hylander et al., 2014) and fish predation on marine pelagic copepods may be responsible for more than 69% of the mortality rate of adult males (Hirst et al., 2010). Therefore, a preference for the non-pigmented MAAs over carotenoid pigments to provide protection against UV radiation without increasing visual predation risk may be an adaptation of wild marine copepods to avoid predation. The plasticity of this preference was evidenced in a study by Hylander and Hansson, where it was shown that the carotenoid content level of zooplankton increased ca. 30% when zooplankton were exposed to UV radiation in the absence of predator cues (Hylander and Hansson, 2013).


Table 2. Carotenoid content and composition of fresh water and marine zooplankton.
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In fish, protection from UV radiation is largely provided by pigments other than carotenoids (Armstrong et al., 2000). Integument pigments of fish are stored in a variety of pigment cell types or chromatophores, generally classified into six categories based on their hue: melanophores (black or brown, containing melanin), iridophores (iridescent, containing mainly purines), xanthophores (yellow, containing pteridines, and carotenoids), erythrophores (red containing pteridines and carotenoids), leucophores (white, containing mainly purines), and cyanophores (blue, containing undefined pigments) (Goodwin, 1980; Fujii, 1993, 2000; Kodric-Brown, 1998). Based on pigment absorbance spectra of chromatophores, it is assumed that leucophores and melanophores provide most of the UV photoprotection to fish since pteridines and melanin have strong absorbances in the UV region of the spectrum. Within the xanthophores and erythrophores, pteridines are assumed to offer somewhat greater UV protection to fish than carotenoids, since pteridines absorb more light than carotenoids in the UV portion of the spectrum (Armstrong et al., 2000). MAAs are also taken up by fish, they are accumulated in UV-radiation sensitive tissues such as the eye lenses (Mason et al., 1998).

Carotenoid Pigments in the Plant-Animal Interface

Many aquatic animals deposit carotenoids obtained mainly from photo-autotrophs (phytoplankton and microalgae) in their gonads, carapaces, muscle, and integuments. These carotenoids are either directly accumulated without modification or are converted into other carotenoids prior to deposition in tissues. Certain animals (e.g., crustaceans) exhibit little accumulation of dietary carotenoids while others (e.g., echinoderms and molluscs) present tissues that largely reflect their dietary intake (Figure 2).
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FIGURE 2. Major carotenoids present in trophic compartments of the marine food web. Each carotenoid is indicated by a colored circle corresponding to the name in the ordered list at the bottom of each compartment. Lines indicate the major source of each carotenoid in consumers. Arrows indicate the direction of carotenoid transfer and metabolic transformation through the food web, from primary sources at its base to the higher trophic levels (Goodwin, 1984; Maoka, 2011 and references therein).



In sea urchins (echinoderm), the pigment profile of the gut wall largely reflects the dietary intake of algae while the gonads do not reflect the composition of dietary carotenoids. Sea urchins that feed on Laminaria species present an abundance of absorbed lutein, β-carotene, fucoxanthin (degraded to e.g., fuxocanthinol) and some metabolized derivatives e.g., echinenone or isozeaxanthin (Symonds et al., 2007). When feeding on Rhodophycea algae (i.e., lacking fucoxanthin), the predominant pigments in the gut wall of sea urchins are chlorophyll-a, lutein and zeaxanthin (Haug et al., 2003). Echinenone is the primary carotenoid in the gonads of edible sea urchins (Matsuno and Tsushima, 2001) and its content is limited by the availability, uptake and bioconversion of β,β-carotene from natural dietary sources (Tsushima, 2007; Hagen et al., 2008). Symonds et al. (2007) proposed two alteranative routes of conversion of all-trans β-carotene into 9′-cis-echinenone noting that neither the all-trans nor 9′-cis forms of echinenone occur in the natural diet of wild Paracentrotus lividus and the presence of both forms of echinenone in the gut wall demonstrates their formation in situ via the metabolism of other dietary carotenoids. The levels of the 9′-cis form of echinenone is typically 10-fold greater than the all-trans form in the gonad (Symonds et al., 2007).

The gonadas of sea urchins exhibit a pattern of seasonal carotenoid depletion and replenishment in females and carotenoid retention in males (Hagen et al., 2008). Echinenone is preferentially incorporated into the eggs and therefore female urchins need to replenish their echinenone content on an annual/seasonal basis. Male sea urchins may not require annual carotenoid replenishment because sperm does not contain carotenoids and overall carotenoid content in male gonads tends to be seasonally stable. When males reach a saturation threshold for echinenone either the uptake or bioconversion of β,β-carotene is curtailed (Hagen et al., 2008). High-quality sea urchin gonads have a uniform yellowish-orange color which is a reflection of its carotenoid content, and substandard color is a direct result of carotenoid levels being either too low, leading to paleness or too high, leading to dark miscoloration (i.e., dark red/brown). Paleness is the primary problem in gonad enhancement cultivation and occurs when gonad growth is higher than carotenoid deposition (Plank et al., 2002). Since sea urchins cannot synthesize carotenoids de novo, paleness results from an insufficient supply of dietary carotenoids (Pearce et al., 2003; Shpigel et al., 2006). Difficulties to improve gonad color partly result from the fact that carotenoid deposition is complicated by the bioconversion of dietary β,β-carotene to echinenone (Tsushima, 2007). A protein with a carotenoid-binding function, echinenone-binding protein (EBP) has been isolated and characterized from the gonad of the New Zealand sea urchin Evechinus chloroticus (Pilbrow et al., 2014). Secondary structure prediction and amino acid sequence homology analyses, led the authors to suggest that this EBP is a member of the fatty acid-binding proteins (FABPs) family which again stresses a connection between carotenoids and lipids in animal tissues.

Filter feeding molluscs, such as bivalves, accumulate carotenoids obtained both directly from their dietary microalgae (e.g., fucoxanthin, diatoxanthin, diadinoxanthin, and alloxanthin) or after modification through metabolic reactions (Liaaen-Jensen, 1998; Maoka and Akimoto, 2008). Metabolites derived from fucoxanthin like mytiloxanthin or crasssostreaxanthin are widely distributed in marine mussels and oysters (Matsuno, 1989; Liaaen-Jensen, 1998; Maoka and Akimoto, 2008). In contrast to the carotenoid composition of bivalves, astaxanthin and its esters originating from zooplankton are the major carotenoids in species of cephalopodes like octopus and cuttlefish (Maoka et al., 1989). Herbivorous crustacean zooplankton are an important entrance point of astaxanthin in the wider marine food web, mainly through predation by higher heterotrophs. Astaxanthin is the main pigment in the body and eggs of crustaceans and depletion of astaxanthin at the basis of the food web may decrease antioxidant protection at higher trophic levels and subject predatory fish to oxidative stress (van Nieuwerburgh et al., 2005).

Crustaceans such as copepods and shrimp can rapidly produce astaxanthin after absorption of precursors from dietary phytoplankton (mainly β-carotene and some zeaxanthin; Goodwin, 1980; Matsuno, 1989, 2001) after digestion, and little accumulation of astaxanthin precursors is observed in their body tissues (Dall et al., 1995; van Nieuwerburgh et al., 2005). Free astaxanthin can then be esterified into mono- or diesters by attachment of one or two fatty acids, respectively. Astaxanthin esters are the main astaxanthin forms accumulated in the tissues of zooplankton and probably protect storage lipids (Sommer et al., 2006) whilst free astaxanthin may be incorporated into cell membranes where it protects against lipid peroxidation and helps to maintain membrane structure (McNulty et al., 2007). In the exoskeleton of crustaceans, astaxanthin exists as carotenoproteins such as crustacyanin, and exhibits purple, blue to blue-black (e.g., lobster Homarus gammarus), and yellow colors. These colors have direct implications for the fitness and survival of many crustaceans via camouflage or mate selection (Wade et al., 2009; Ferrari et al., 2012).

Astaxanthin esters, in addition to their photoprotector properties and ability to quench singlet oxygen (Kobayashi and Sakamoto, 1999), of being particularly strong scavengers of free radicals preventing the peroxidation of PUFA, may also be used as metabolic energy source (Ringelberg, 1980), even if they only contribute to ca. 2% of the total lipid content of copepods (Hairston, 1979). During the rapid combustion of lipids in upwardly migrating copepods, astaxanthin may even act as physiological “replacement” of oxygen as an electron acceptor (Łotocka et al., 2004). Recently, Schneider et al. related carotenoid accumulation in copepods to lipid metabolism and reproduction rather than to UV-protection (Schneider et al., 2016). The authors observed that the seasonal variability in total astaxanthin content of the copepods was characterized by two periods of net loss that coincided with peaks of egg production in spring and summer leading to minimum astaxanthin content in fall when the highest predation pressure by young-of-the-year fish was observed. The study results suggest that accumulation of astaxanthin in copepods is strongly related to lipid metabolism but not to UVR-photoprotection, and that seasonal changes of fatty acids and carotenoids are connected to the reproduction cycle. Such suggestions agree with previous observations that report that the most important function of astaxanthin in copepods is that of an antioxidant for protecting lipids from peroxidation (Bandaranayake and Gentien, 1982; Terao, 1989).

Herbivorous fish may derive their pigments directly from autotrophs (Choat and Clements, 1998) and freshwater Cyprinidae fish can synthesize (3S,3′S)-astaxanthin from zeaxanthin by oxidative metabolic conversion (Liaaen-Jensen, 1998; Schiedt, 1998; Matsuno, 2001). Nevertheless, fish generally feed on a variety of food items and obtain carotenoids from their heterotrophic prey.

Carotenoids in Fish

Many fish species accumulate carotenoids in their integuments and gonads, and members of the Salmonidae family have the ability to accumulate astaxanthin in muscle. Astaxanthin is widely distributed in both marine and freshwater fish while tunaxanthin, responsible for the bright yellow color in the fins and skin, is widely distributed in fish belonging to the order Perciformes (Maoka, 2011). In Perciformes, tunaxanthin is metabolized from astaxanthin via zeaxanthin (Schiedt, 1998; Matsuno, 2001). Other carotenoids are present in particular groups of fish or as minor carotenoids (see Maoka, 2011). Unlike the freshwater Cyprinidae fish which can synthesize astaxanthin from zeaxanthin, Perciformes and Salmonidae lack the ability to synthesize astaxanthin from other carotenoids and must directly obtain it from their prey (Liaaen-Jensen, 1998; Schiedt, 1998; Matsuno, 2001).

In the integument of fish, carotenoid pigments responsible for bright red, orange and yellow hues are stored in the yellow xanthophores or red erythrophores (Goodwin, 1980; Kodric-Brown, 1998). The predominant carotenoid in the integument of fish is a characteristic of the species and the most common are tunaxanthin (yellow), lutein (greenish-yellow), β-carotene (orange), α- and β-doradexanthins (yellow), zeaxanthin (yellow-orange), canthaxanthin (orange-red), astaxanthin (pink-red), echinenone (red), and taraxanthin (yellow). Integumentary carotenoids may contribute to some photoprotection, yet they are mainly used for camouflage and signaling, especially as breeding color. Males of sockeye salmon, Oncorhynchus nerka, in experiments in the wild were observed to preferentially select and spawn with artificial female models with a red hue, the predominant color of females (Foote et al., 2004). Cichlid female fish may use the carotenoid coloration to evaluate the health and vigor of their prospective mates and pigmented tissues can thus be important traits in speciation in wild populations (Boughman, 2002). Carotenoid based skin coloration is an example of an honest signal of mate quality since carotenoids ascribe health benefits to vertebrates as precursors for vitamin A and transcription regulators, antioxidants, free-radical scavengers, immune-system stimulants and cancer inhibitors, and are mobilized from muscle to ovaries which suggest a function in reproduction (Kodric-Brown and Brown, 1984; Ando et al., 1986).

Aquatic animals conspicuously accumulate carotenoids in their gonads which is assumed to be essential for their reproduction and the successful development of their eggs and early larval stages. Astaxanthin supplementation in cultured salmon and red sea bream increased ovary development, fertilization, hatching and larval growth (Torrissen and Christiansen, 1995). In the case of the sea urchin, supplementation with β-carotene, which was metabolized to echinenone, also increased reproduction and the survival of larvae (Tsushima et al., 1997).

Astaxanthin as the Main Carotenoid in Marine Organisms

The red pigment astaxanthin is the most abundant carotenoid in marine organisms such as zooplankton, shrimp, and salmonoid fish (Table 3), providing pigmentation and antioxidant protection (Cadenas and Packer, 1996; Maoka, 2011). Astaxanthin, like other carotenoids, is not produced by de novo synthesis by aquatic heterotrophs that must either acquire it directly through their diet or modify the dietary carotenoid precursors through metabolic reactions to fit their requirements. In the wild, Perciformes and Salmonidae obtain astaxanthin from dietary crustacean zooplankton and the particular dietary requirements of each fish type must be taken into account to maintain the desired characteristics under culture conditions. The retention of dietary carotenoids by muscle tissues in salmonoids varies between 2 and 22%, but no beneficial effect may be attained by simply increasing astanxanthin concentration in dry extruded fish feed above 60–70 mg/kg (Torrissen, 1996; Rajasingh et al., 2006). However, by increasing the lipid level in the diet, carotenoid retention could be increased leading to higher astaxanthin concentrations in fish muscle.


Table 3. Carotenoid content and composition of several wild marine species.
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Astaxanthin is the main pigment in the body and eggs of herbivorous crustacean zooplankton which are an important entrance point of this carotenoid in the wider marine food web, mainly through predation of higher heterotrophs. Depletion of astaxanthin at the basis of the food web may decrease antioxidant protection at higher trophic levels and subject predatory fish to oxidative stress (van Nieuwerburgh et al., 2005). Curiously, low accumulation of astaxanthin with increasing food availability was observed with the calanoid copepod Acartia bifilosa, suggesting a food-dependent decrease in assimilation efficiency (Holeton et al., 2009). This could have ecological relevance during eutrophication, which occurs in many coastal areas: phytoplankton blooms may favor copepod egg production and population growth but at the expense of the astaxanthin content in each copepod, thus affecting zooplanktivores such as fish. Astaxanthin is usually esterified with fatty acids probably to protect storage lipids (Sommer et al., 2006) whilst free astaxanthin may be incorporated into cell membranes where it protects against lipid peroxidation and helps to maintain membrane structure (McNulty et al., 2007). These properties are important to maintain fish fitness.

CAROTENOIDS IN AQUACULTURE

Color in fish is a quality criterion used by consumers to assess the nutritive value, health, freshness and taste of salmonids, crustaceans and other farmed fish. The market value of e.g., salmon, red porgy or red sea bream is dependent on the color of the fish as well as the exoskeleton and muscular ephitelium of shrimps, lobster and other crustacean carapaces and molluskan gonads. In aquaculture, managing the external characteristics that give added value to cultured fish is therefore of paramount importance.

In wild salmonids, carotenoid levels may range from 26 to 39 mg/kg for sockeye salmon (Oncorhynchus nerka) to 8–9 mg/kg for chinook salmon (O. tshawytscha) and more than 3 mg/kg in rainbow trout (O. mykiss), depending on preys and environmental conditions (Meyers, 1994). In the European Union, canthaxanthin is currently used alone or together with astaxanthin up to a concentration of 25 mg per kg of feed for salmonids (EFSA, 2007). In terms of organoleptic properties for commercial market, a minimum concentration of carotenoids (canthaxanthin or astaxanthin) of 8 mg/kg flesh is required for salmonids and a maximum of 13.7 mg/kg is permitted (European Commission, 2002).

It is recognized that carotenoid retention in fish is promoted when the carotenoids are provided together with lipids. Contrary to proteins and carbohydrates, lipids seem to significantly affect pigmentation (Bjerkeng, 2000). This results from the fact that, as hydrophobic compounds, carotenoids are not easily solubilized in the aqueous environment of the gastrointestinal track of fish, and association to lipids may facilitate digestion, absorption, and transport mechanisms (Castenmiller and West, 1998). When rainbow trout was grown using pigments from Chlorella vulgaris or commercially available pigments at 15 and 20% of lipids, pigment concentration in the muscle was higher when fed on the high-fat diet (Gouveia et al., 1998). The difference in deposition and retention of carotenoids in muscle between the two lipid diets increased with time: deposition increased 10–20% at week 3 and 30–40% at week 6 whilst retention increased 10–15 and 30% after the same period.

When astaxanthin from the micro-algae H. pluvialis (at a concentration 32 mg/kg) and synthetic asthaxantin were fed to rainbow trout using fish oil or olive oil, the fish presented higher serum concentrations of astaxanthin when fed on synthetic carotenoid and olive oil (Choubert et al., 2006). Muscle astaxanthin levels were lower for fish fed with algae after 6 weeks and no significant differences were observed between trouts fed on olive or fish oil. Nevertheless, astaxanthin retention in muscle was higher in fish fed on the diet with combined synthetic astaxanthin and olive oil than on fish eating synthetic astaxanthin and fish oil.

One of the biggest problems in aquaculture is related to the feeding of fish during the first larval stages when their incomplete developments results in the inability to digest some food and their small size hampers eating and swallowing of large food particles (Rønnestad et al., 2013). Appropriate feeding protocols for each species should be planned, including the amount of food offered and the periodicity of feeding, as well as the optimum temporal sequence for different prey types during development when live feed is provided (Rønnestad et al., 2013).

Live Feeds for Aquaculture

Live food has several advantages over formulated larval food, including the stimulation of the natural instinct of larvae for catching preys and of not polluting the water of tanks when not completely consumed (Hertrampf and Piedad-Pascual, 2000). Among the organisms used for feed are those belonging to phytoplankton and zooplankton.

Since the end of the nineteenth century, France, Canada, USA and UK have been using hatcheries to propagate commercially interesting species such as cod (G. morhua), haddock (Melanogrammus aeglefinus), turbot (Scophthalmus maximus), winter flounder (Pleuronectes americanus), and lobster (Homarus sp.) (Bengtson, 2007). However, they were released into the ocean during the prolarva stage, due to the lack of convenient live feed for their postlarval stages, resulting in very high mortality rates. Two major developments in the 1930s were of paramount importance to the development of modern aquaculture: the discovery that the nauplii of Artemia could feed both freshwater and marine larval fish (Seale, 1933); and the research on the culture of kuruma prawn, Penaeus japonicus, in Japan (Mock, 1972). Since the dormant cysts of Artemia can be stored for long periods in cans, requiring only 24 h of incubation before hatching, this makes them one of the most convenient, easy to produce, live food for aquaculture, although nutritional quality variability may be quite high geographically and temporally (Bengtson et al., 1991), especially at the level of essential highly unsaturated fatty acids (Merchie, 1996). Curiously, the carotenoid content of Artemia varies during the life cycle: hydration of the cysts causes a reversible all-trans to cis-canthaxanthin conversion; after hatching of cysts, cis-canthaxanthin is gradually isomerized to the all-trans isomer; the content in the cis-isomer decreases to nearly zero in Artemia fed on algae but reappears in females at an advanced stage of the reproductive cycle, with the all-trans-isomer, and its precursors echinenone and β-carotene, remaining throughout the life cycle (Nelis et al., 1988). It was hypothesized, by the authors of the study, that the cis-isomer may possess the stereochemical conformation required to provide a “lock” on certain proteins in the embryo so that they are not digested. After hatching, this lock would have to be removed to allow their consumption by the nauplius. The cis-isomer, once dissociated from the protein would spontaneously be converted to the more stable all-trans form. Nevertheless, further studies are necessary to fully elucidate the role of both isomers during the life cycle of Artemia.

Since marine fish and crustacean require PUFA for growth and survival, rotifers and Artemia nauplii used to feed larval fish are usually enriched with yeast and algae supplemented with PUFA and xanthophylls. The heterotrophic marine protists thraustochytrids have been successfully used as source of docosahexaenoic acid (DHA) and other PUFA, as well as carotenoids, thus reducing the enrichment steps (Raghukumar, 2008). Screening for the best producing marine protist strains has resulted in the selection of strains that produce at least 50% of the biomass as lipids, of which at least 25% as DHA, and a yield of at least 5 g/L (Raghukumar, 2008) and, by improving the extraction of carotenoids, yields of 29–30.5 μg/g have been reached (Armenta et al., 2006).

The lutein content of the rotifer Brachionus sp. could be increased by feeding the individuals with lutein-rich freeze-dried cells of the freshwater microalga Muriellopsis sp. in seawater (van Bergeijk et al., 2013). Curiously, the lutein content of the rotifers was higher when the enrichment periods lasted only 2–2.5 h than during 13.5–24 h periods. The lutein content (0.06–0.16 mg/g) of the rotifers was low when compared to the lutein content of Muriellopsis sp. (ca. 3 mg/g) but it was in the range of natural copepods, providing adequate concentration for marine fish larvae. Although rotifers are not the natural diet of marine fish larvae, as opposed to copepods, they are well ingested by larvae and easily cultivated at high density and low cost, being commonly used as copepods substitutes for first feeding of marine fish larvae (Lubzens and Zmora, 2007; Hamre, 2016). However, the nutrient composition of commercially available rotifer diets varies significantly, which results in large variation in the nutritional composition of rotifers fed to marine fish larvae in industrial aquaculture (Hamre, 2016). When comparing the nutrient profiles of Brachionus sp. diets used in commercial marine fish hatcheries, raging from culture to enrichments diets, Hamre (2016) found that the composition in fatty acids and vitamins C and E are, in general, appropriate but the concentration of vitamin A, iodide and selenium could vary significantly (Hamre, 2016).

The Schizochytrium sp. strain KH105, producing both the polyunsaturated DHA and EPA, and the carotenoids canthaxanthin and astaxanthin, was successfully incorporated by rotifers and Artemia nauplii (Yamasaki et al., 2007). The carotenoid content in the body of rotifers increased 35% at a maximum KH105 cell concentration of 400 ppm for 24 h, whilst in Artemia nauplii the canthanxanthin content increased from 0.70 to 1.19 mg/g when KH105 was supplied at 500 rpm.

The size of rotifers and easy culturing makes them an ideal prey for fish larvae although its insufficient nutritional quality directs the search for more suitable alternatives in aquaculture. Studies at experimental scale have shown that the survival of Eugerres brasilianus was more than double when the larvae were fed on copepods (12.5%) than on rotifers (6%) (Molejón and Alvarez-Lajonchère, 2003). At pilot scale, the larvae survival rate reached 30–50% when feeding on copepods and the mean harvest density was of 6.1 juveniles/L, whilst in the control tank where no copepods were provided, larval survival reached 12–18% and the mean harvest density was of 5.1 juvenile/L. The study suggests that pelagic copepods with short life cycles and high growth rate such as Oithona oculata could be cultured at high-yields and low cost, allowing the production of stress-resistant larvae. Copepods contain less essential amino acids (30–32%) than rotifers (43%) in the free amino acid fraction, but present higher content of important fatty acids such as DHA (23–32% in copepods; 7% in rotifers) and higher DHA/EPA ratio (1.35–1.63 in copepods; 0.54 in rotifers) (Drillet et al., 2006). Marine copepods are also known to contain enzymes like amylases, proteases, exonucleases and esterases, which are mostly lacking in earlier fish larval stages and are essential to improve prey digestibility, and thus fish larval development and survival (Munilla-Moran et al., 1990; Schipp et al., 1999; Perumal et al., 2015).

FUTURE PERSPECTIVES AND CONSIDERATIONS

So far, clinical trials on the effects of carotenoids on human health have been focused almost exclusively on β-carotene. Studies that test various carotenoids to fully understand the consequence of carotenoid supplementation on human health are necessary. The effect of various carotenoids on the immune and endocrine systems, their metabolism, mechanism of action, and the interaction of carotenoids in vivo should be elucidated.

It is also of utmost importance for the aquaculture industry to understand and control several parameters that have been found to influence the development and pigmentation of fish, such as: digestibility of carotenoids, which is apparently influenced by feed intake (Rørvik et al., 2010) and temperature (Ginés et al., 2004); carotenoid retention by tissue, which depends on fish species; metabolic turnover of carotenoids and physiological effects of carotenoid intake during the growth stages of the breeding species. Nutritional formulations should consider possible effects not only on pigmentation but also on the innate immune system and on muscle, skeleton and neural development of fish. Increasing concerns and awareness of issues related to health and wellness by human consumers increase the demand of correct nutritional attributes, sensory properties and correct fish pigmentation. Producers of fish in aquaculture facilities must take such factors into consideration while bearing in mind all the practicalities of fish production, processing and harvesting conditions.
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Marine species Carotenoid Carotenoid content Content (%) References
(ng/g dry wt)
Charybdis cruciata (Marine crab) Astaxanthin monoester 3.4 (meat) 264 Sachindra et al., 2005
Astaxanthin diester 239
Free astaxanthin 173
Metapenaeus monoceros Astaxanthin ~100 15.6-18.1 (flesh)
Nodipecten nodosus (Scallop) Astexanthin 410 (gonads) %100 Suhnel et al,, 2009
Oncorhynchus mykiss (formely Salmo gairdneri; Astaxanthin 38-87 (flesh) 0.5-3.2 (flesh) Yanar et al., 2004
rainbow trout)
Lutein 5929 4877 (skin)
Y-Epilutein 12-26
Zeaxanthin 33-242
Diatoxanthin 13-7.44
Panulius japonicus (Spiny lobster) Astaxanthin diester 100 (carapace) 420 Maoka and Akimoto, 2008
Astaxanthin monoester 120
Astanxanthin 110
Pagrus major (Red sea bream) Astaxanthin 81.93 69.5 Tanaka and Katayama, 1979
Tunaxanthin 192
Penaeus monodon (giant tiger shrimp) Astaxanthin diester 52 27.5 Latscha, 1989
Astaxanthin monoester 582
Free astanxanthin 143
Penaeus japonicas (Prawn) Astaxanthin 819 60.3 Tanaka and Katayama, 1979
Canthaxanthin 10.1
Phoenicoxanthin 729
P. japonicas (Kuruma prawn) Yellow xanthophyls 38 190 Latscha, 1989
Astaxanthin diester 37.0
Astaxanthin monoester 200
Free astanxanthin 13.0
Penaeus semisulcatus (East Mediterranean Astaxanthin %100 11.1-16.2(flesh)  Yanar et al,, 2004
shrimp)
Salmo salar (Atlantic salmon) Astaxanthin 13-58 64.9 Ytrestoyl et al., 2004
‘Canthaxanthin 302
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Gammarus pulex and 203-252.5
G. roeseli (Gammaridae)
Leptodiaptomus minutus  860-3,890
(copepod)

Daphnia middendorffana 1,200
(cladoreca)

Branchinecta paludosa 1,400
(anostracan)

Arctodiaptomus Astaxanthin 1,000-17,000,
Jurisowitchi (copepod)  depending on water depth

Astaxanthin, 43.1-41.1 Gaillard et al., 2004

B.p-carotene-3,4, 3'-trio, 24.5-25-3
Lutein, 13.8-17.9
Zeaxanthin, 7.8-5.2
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