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Abstract

:

Organic-rich waste and industrial by-product streams, generated in enormous amounts on a daily basis, contain substantial amounts of nutrients that are worthy of recovery. Biological conversion of organic-waste streams using filamentous fungi is a promising approach to convert nutrients into value-added bioproducts, such as fungal biomass. High-protein fungal biomass contains different kinds and levels of amino acids, fatty acids, immunostimulants, antioxidants, pigments, etc., which make it a potential choice for application in animal feed supplementation. Considering the challenges long faced by the aquaculture industry in fishmeal production due to the increasing prices and environmental concerns, the aquaculture industry is forced to provide alternative protein-rich sources to replace conventional fishmeal. In this review, the possibilities of utilization of filamentous fungi biomass cultivated on organic-rich waste streams, as an alternative nutrient source in fish feed, were thoroughly reviewed.
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1. Introduction


As a consequence of population growth and changes in living standards, various industries have grown in production size to meet the demands. This has resulted in an extreme increase in the amount of different wastes generated throughout the world. Many municipal and industrial waste and by-product streams, mainly from food-related industries, contain substantial amounts of carbohydrates, lipids, proteins, inorganic compounds, and large quantities of water. Environmental problems associated with organic-rich waste handling and disposal, in addition to the scarcity of virgin resources, have long been a matter of concern. Therefore, it is essential that these organic-rich waste streams are treated efficiently in order to recover their nutrients and/or convert them into value added products, and mitigate their environmental impact [1]. Nutrients can be recovered from waste streams through different extraction and/or conversion approaches such as biological treatment [2]. In this regard, a variety of different microorganisms, including bacteria, yeast, and filamentous fungi, are applied in order to biologically treat the organic wastes [3].



Among the different microorganisms used for bioconversion processes, filamentous fungi have received great attention in industrial scale production of various value-added products such as enzymes, pigments, organic acids, and other metabolites [4,5] as they can grow on various organic-rich substrates [6]. In order to decrease the costs of large-scale production of fungal products and to alleviate environmental impacts of industrial wastes, utilization of industrial byproduct/wastes as fungal cultivation media has recently attracted great research attention. Production and secretion of several different enzymes such as proteases and lipases have enabled filamentous fungi to degrade, consume, and thrive on different substrates [4,7]. Filamentous fungi can also be the source of metabolites such as ethanol and carboxylic acids, pigments, and antibiotics [5,8,9]. In addition, as fungal biomass is rich in proteins, fatty acids and vitamins, it makes a potentially suitable human food and animal feed source. Traditionally, fungal fermented human food, such as miso, tofu, and tempeh are used in eastern and southeastern Asian countries like Japan, China, and Indonesia [10]. Accordingly, the nutrient constituents of fungal biomass make it a promising source for supplementation or replacement of conventional animal feed such as fish feed.



In fish cultivation, the production is directly related to the supply of nutrients through fish feed [11]. While the feeding cost is greatly dependent on the fish intensity, under intensive and semi-intensive aquaculture conditions, the feeding imposes 30%–60% of the total production costs [12]. In order to maintain fish growth and health, fish diets should contain adequate levels of protein [13,14]. Due to the high protein content, palatability and digestibility, and balanced amino acid profile, fishmeal is the preferred choice of protein source in conventional fish diets [15]. Fishmeal is a costly ingredient in fish feed as it is in high demand by other animal culturing industries [16]. The high price and scarcity of fishmeal is challenging the expansion of local and international fish farming and aquaculture industries. It is noteworthy that fishmeal prices have risen from 350 USD per ton in 2000, to 1600 USD per ton in 2017 [17]. On the other hand, in order to meet the demands, fish production through aquaculture has doubled since 1985 by hitting 170 million tons in 2017 [17]. Therefore, as the aquaculture industry expands, the demands for fishmeal increase and so do the prices. Adding to that is the intensive catches made from the seas and oceans, which imposes adverse effects on fish stock in the pelagic zone of the natural water bodies [11,18]. Therefore, in order to move toward a more sustainable aquaculture, it is of great importance to seek a renewable and cheap supplementation source that partially or totally replaces fishmeal.



Based on the nutritional compatibility with fishmeal, different animal, plant, and microorganism-based sources have been evaluated as a replacement for fishmeal [11,19]. Among the microbial sources, fungal biomass cultivated on various low-value waste and by-product streams can be one of the most promising supplements to fish feed [20,21]. Filamentous fungi, with high protein content, desirable amino acid profile, immunostimulants, pigments, and antioxidants can also be nominated as an alternative to fishmeal.



This review investigates the possibilities of applying filamentous fungi biomass cultivated on organic-rich waste and by-product streams as a fish feed supplement. In this regard, the potential of filamentous fungi in recovering nutrients from waste streams is evaluated, and desirable nutritional characteristics of fungal biomass that make them good candidates for fishmeal replacement are assessed. Moreover, further information regarding the nutritional requirements of fish are thoroughly discussed in this review (Figure 1).




2. Filamentous Fungi


Fungi are one of the largest groups of eukaryotes and are classified as a separate kingdom from plants, protists, animals, and bacteria. It is estimated that there are about 2.2–3.8 million species of fungi, of which only 120,000 have been identified [22]. Fungi have been classified into four separate groups of Chytridiomycota, Zygomycota, Ascomycota, and Basidiomycota [10]. Filamentous fungi are branched multicellular fungi (referred to as “Dikarya”), consisting of thread-like elongated structures called hyphae [23].



2.1. Filamentous Fungi Cultivation


Filamentous fungi have the ability to thrive on various substrates by degrading complex carbohydrates, lipids, and proteins into simpler sugars, fatty acids, and amino acids, respectively, using their complex enzyme machinery [7]. The output of these bioconversion processes are metabolites such as organic acids, bioethanol, etc., along with high-quality fungal biomass [24].



Filamentous fungi can be cultivated under submerged fermentation (SmF) and solid-state fermentation (SSF) culture conditions. In both SmF and SSF cultivation approaches, the medium supplies nutrients for fungal growth, and any changes in the medium composition affects the metabolites and biomass yield and quality [25]. While defined synthetic media such as glucose and sucrose are popular with biologists, as they allow for accurate control of changes in the media composition, they are costly [26]. The high cost of synthetic media has motivated the search for new media formulations from inexpensive by-products and wastes, which are able to support and fulfill nutritional requirements for microbial growth [27]. Substrates used for fungal cultivation should be easily biodegradable, cheap, easily available, and contain sufficient required micro and macro-nutrients [28]. Organic-rich industrial by-products and waste streams such as bioethanol, dairy, and starch production industries may meet these requirements for feasible fungal cultivation (Table 1) Mahboubi et al. [29] used different dairy wastes and by-products as substrates for cultivation of edible filamentous fungi Aspergilus oryzae and Neurospora intermedia. Many strains of filamentous fungi from genera such as Neurospora, Rhizopus, and Aspergillus that secrete amylases can perform simultaneous saccharification and fermentation (SSF) on starchy substrates and various crops [30,31]. Soybean, rice, grains, legumes, potato, corn stover, wheat bran, and other agricultural and forestry (lignocellulosic material) residues have been used for the production of various fungal metabolites and enzymes [10,24,32,33,34,35]. Lignocellulosic residues [36], spent sulphite liquor from the pulp and paper industry [37], stillage from the bioethanol production industry [35], molasses (from sugar cane and sugar beet), sucrose [38], and starch-based effluents [39] have also been studied as potential fungal cultivation media.



The techno-economy of the application of filamentous fungi in the treatment of industrial by-products has been considered in different research studies. Rajendran et al. [40] studied the techno-economy of the integration of first and second-generation bioethanol production by the cultivation of filamentous fungi on by-product streams of stillage and wheat bran. They reported that although the integrated process imposed greater capital costs than only fungal cultivation on stillage, it could result in up to 48% increase in the net present value (NPV). In another work, Souza Filho et al. [41] performed a technical and economical evaluation, and a life cycle assessment (LCA) on the production of filamentous fungal biomass from potato liquor, a by-product of potato starch production. This research focused on different treatment scenarios for heat-treated potato liquor, with one including the application of final fungal biomass as a fish feed supplement.




2.2. Filamentous Fungi Metabolic Activity


During cultivation, fungi utilize the substrate’s nutrients, and depending on the cultivation conditions, produce a variety of metabolic products such as bioethanol and organic acids. Bioethanol is one of the metabolites produced by filamentous fungi during fermentation. Rhizopus sp. and Mucor sp. are two major genera used for the production of ethanol and organic acids [38]. Neurospora spp. and Fusarium spp. have also been applied for ethanol production on various waste streams including thin stillage, whole stillage, and lignocellulosic materials [4,44].



The type (amylases, cellulases, pectinases, proteases, phytase, lipases, tannases, urease, etc.) and concentration of enzymes secreted by filamentous fungi is dependent on the fungal species and the cultivation condition [45]. Rhizopus and Aspergillus are both well documented as producing amylases and glucoamylases. In addition, the proteolytic activity is largely demonstrated in filamentous fungi, for instance, pepsin and renin have been extracted from zygomycetes such as Rhizomucor and Mucor [46]. Moreover, it has been reported that Rhizopus oligosporus can produce two types of phytases during solid-state cultivation [47]. In addition, cellulases, xylanases, and β-glucosidases can be produced by Fusarium spp., Rhizopus microsporus, and R. oligosporus, respectively [7,24,48].



Other interesting metabolites produced by filamentous fungi are organic acids that have wide applications, mainly in the food industries [31]. Among organic acids, lactic acid is one of the most abundant and has various applications in the food, leather, cosmetics, and pharmaceutical industries [34]. Compared to bacteria, Rhizopus strains can produce lactic acid using cheaper substrates [7]. Citric and fumaric acids are the other main fermentation metabolites produced by filamentous fungi [49,50,51]. Currently, Aspergillus niger is largely applied for citric acid production using sugarcane molasses, glucose, and sucrose as cultivation substrates [34]. Fungal fumaric acid is used as a food additive, in production of resins and biodegradable polymers [50]. Moreover, A. niger and other Aspergillus spp. are used for the production of gluconic and itaconic acids, respectively [52].



Different species of filamentous fungi have long been used for the production of fermented human food; therefore, they are categorized as GRAS (Generally Recognized as Safe) microorganisms [4,7]. For example, A. oryzae is used for the production of native Japanese foods such as sake, shoyu, and miso [53]. Additionally, N. intermedia is used for the production of the Indonesian food oncom—a soybean-based cake [33].




2.3. Filamentous Fungal Biomass


Apart from the aforementioned fungal products, fungal biomass contains substantial amounts of proteins, fats, amino acids, and carbohydrates (e.g., chitosan and chitin) that make it a potential candidate for animal feed supplementation [50,54]. One of the factors that may limit the application of fungal biomass as mammalian food is its high content of nucleic acids (NA), which may cause an increase in plasma uric acid in the long-term, leading to gout and kidney stone formation [55]. However, fish species such as salmonids have the ability to produce high levels of active liver uricase that enables them to metabolize NA without health risks [56].



In order to maintain fungal biomass for further use as food and feed, fungal biomass has to be properly harvested and processed. Different approaches are needed in order to extract and purify metabolites, enzymes, and biomass. These methods are different for SSF and SmF. For SmF biomass production after cultivation, harvesting, washing, dewatering, drying, and milling should be performed (Figure 1). Filamentous fungi has a high moisture content, so dewatering may be useful to reduce the drying time, energy, and transportation needs. Through the biomass drying process, the moisture content is reduced to under 8% and the spoilage threat is minimized [57]. In order to use dried filamentous fungi as fishmeal, it should be milled and stored in a cool, dry place without direct exposure to sun light until use [58].





3. Fish Feed


In general, fish dietary requirements include protein, lipids, carbohydrates, vitamins, and minerals that are necessary for growth, reproduction, and other typical physiological functions. These dietary requirements vary by fish species, age, life cycle stage, sex, and environmental conditions. In the natural habitats, fish feed on naturally existing sources such as terrestrial plants (especially fruits and seeds), aquatic plants (microalgae and macrophyte) [59], terrestrial invertebrates (e.g., Hymenoptera, Coleoptera, Hemiptera, Orthoptera, and Homoptera) [60], zooplanktons (e.g., Rotifera, Artemia and Copepoda) [61], and zoobenthos (e.g., Chironomidae and Ephemeroptera) [62]. However, for cultured fish and especially under intensive and semi intensive conditions, feed should be supplied artificially. Protein is the most important ingredient contributing to growth in fish diets and accounts for 40–60 percent of the total fish production cost [63]. Conventionally, in fish farming, fishmeal has been the protein source in fish diet.



3.1. Fishmeal


Fishmeal is a highly digestible protein source that is being used as fish and shrimp feed [64]. Fishmeal is a flour-type material with a high protein, lipid, minerals, and vitamin content, which is obtained after drying and milling fish or fish parts (fish trimmings or other fish processing by-products) [65]. High quality fishmeal contains 61%–73% crude protein (dry weight) and composes between 30%–45% of the fish feed weight. The low content of alimentary inhibitors or anti-nutrient factors and high palatability of fishmeal allows for complete and fast ingestion of feed that lead to a decrease in nutrient leaching [66]. The amino acid profile of fishmeal, especially essential amino acids (EAA), defines the essentiality of the application of fishmeal in the feed (Table 2). The quality of each feed protein source is determined by the amino acid composition and digestibility of the protein, healthiness of the raw material, and maintenance conditions [67]. Despite oil extraction during fishmeal production process, fishmeal contains 4%–20% oil [67]. Fish oil is highly digestible and contains polyunsaturated fatty acid (PUFA) of both omega 3 and omega 6, such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) that make it a profitable energy source for fish (Table 3) [66]. Additionally, PUFA can strengthen the fish’s immune system against pathogens, while reducing stress responses [68].




3.2. Alternative Fishmeal Replacements


Fishmeal is mainly produced from pelagic fish species such as anchovy, sardine, menhaden, and herring living in the seas and oceans [57]. In the last few decades, harvesting fish species that are used for fishmeal production has reached its maximum capacity, leading to an increase in fish and fishmeal prices [72]. With regard to the current fishmeal production volume and projected aquaculture growth, aquaculture is heading toward a severe “fishmeal” bottleneck [11,73,74], which calls for an alternative protein source replacement.



3.2.1. Plant-Based Sources


Due to high availability and low price, plant-based protein sources were the first choices as fishmeal replacement [63]. Different plant protein sources such as soybean meal, rapeseed meal, canola meal, pea, rice, wheat, corn gluten, and lupine have been used as alternative sources for fishmeal [66,75]. However, plant-based protein sources contain a high level of anti-nutritional factors (ANFs) such as protease inhibitors, phytic acid, glocosinolats, saponins, lectin, phytostrogens, sinapinic acids, and phenolic compounds that deteriorate fish health [75]. While the ANF concentrations can be reduced in the feedstuff by using various techniques such as heat treatments as well as chemical and organic solvents, these procedures are expensive, time consuming, and in some cases decrease protein solubility and yield [76]. Utilization of plant-based protein sources is also limited due to: Low palatability; low digestibility; low content of some required amino acids such as methionine, tryptophan, arginine, and threonine [77]; high fiber content; and non-starch polysaccharides [75]. These shortcomings result in a reduction in growth performance and feed efficiency, increase in nitrogen excretion and water pollution, and alteration in gut microbiota [78,79]. Intestine structure and functional changes such as shorter posterior gut folds, intestine enteritis, and higher level of uptake of substances that are not normally absorbed, engrossed lamina-propria and submucosa that interfere in gut health, have been reported as side effects of using plant-based protein [80,81]. Detrimental effects on non-specific immune systems, anti-oxidant capacity, and disease resistance are the other problems affiliated with the replacement of fishmeal with plant-based protein sources [82]. Additionally, direct use for human consumption is another constraint on the use of plant protein material for fish feed [72]. All the above-mentioned concerns act as limiting factors for the high inclusion of plant-based protein in fish diet.




3.2.2. Animal-Based Sources


Animal-based protein sources including meat meal, bone meal, blood and feather meal, and poultry byproducts have been used as fishmeal replacements. However, the high cost and unfavorable properties of these protein sources limit their application in fish diets [63]. Compared to fishmeal, meat meal, bone meal and poultry byproduct have lower protein digestibility and higher ash content that interfere with intestinal absorption of nutrients and trace elements such as zinc [83]. Blood and feather meal have poor digestibility, and their amino acid profile is incompatible with fish requirements [84].




3.2.3. Microbial-Based Sources


Microbial-based protein sources including both whole microorganism and different byproducts from bacteria, algae, and fungi can be used as single cell protein (SCP) for fishmeal replacement [23]. These microorganisms if used as fish feed, not only do they not compete with human food sources, but they also enhance feed availability [19]. The nutritional properties of filamentous fungi from a fish feed application viewpoint is discussed in the following sections.



Protein


The protein content of fungal cell differs depending on the fungal species and cultivation related factors (Table 4). Commonly, zygomycetes and ascomycetes contain around 40%–50% crude protein [45]. The final protein content of fungal biomass is influenced by the cultivation medium. The nitrogen content of cultivation media directly effects the fungal protein yield [21]. Aside from the fungal cultivation media, the fungal cell protein content is also dependent on the harvesting, dewatering, and drying approaches [85].



The amino acid composition is used as a good criterion to compare protein quality. Moreover, the ratio of essential and nonessential amino acids has a particular importance [86]. As has been reported in the literature, the amino acid profile of filamentous fungal biomass is compatible with that of fishmeal protein [21]. However, as the knowledge on the biomass amino acid content of different fungal species is limited, this claim cannot be generalized. As shown in Table 2, except for methionine, lysine, and tryptophan, a sufficient amount of other EAAs is provided in Rhizopus oligosporus biomass. Zygomycetes have previously been examined for their amino acid production capabilities. For example, R. oligosporus cultivated on thin stillage had considerable concentrations of arginine, aspartic acid, cysteine, phenylalanine, glutamic acid, histidine, isoleucine, leucine, lysine, proline, serine, tyrosine, and valine [87]. The amounts of amino acids were similar, or in the case of methionine, more than those reported for soybean meal (the most important alternative source for fishmeal) [87]. Nitayavardhana et al. [21] reported that R. oligosporus, cultivated on vinasse, contained around 50% protein and had an amino acid profile comparable to those of fishmeal and soymeal. High protein content and amino acid profile compatibility with fishmeal show the potential of fungal biomass as a sustainable nutritional replacement in fish feed.




Lipid


Lipids can be classified into different groups of free fatty acids, steroids, sphingolipids, glycolipids, neutral lipids, and phospholipids [58]. These compounds have important structural and functional duties in the fungal cell membrane and are one of the main energy sources for cell metabolism. Fungi can produce and secrete lipases that have the capacity to degrade substrate lipids and oils and produce free fatty acids and glycerol from triacylglycerols (TAG) [97]. Mitra et al. [91] and Liang et al. [30] described the ability of different fungal species in valuable nutritional oil production. Apart from the protein content, the fungal biomass contains 20%–25% oil [98]. The lipid content of fungal biomass is dependent on the species and cultivation conditions. When the N:O ratio becomes too low, fungal cells begin accumulating lipids in their intracellular space [99]. A range of four to 19 different fatty acids can be extracted from filamentous fungi, mostly comprised of 12 to 24 carbon chain length [98]. Fatty acids in filamentous fungi are typically structured in membrane phospholipids and storage triacylglycerol including palmitic and stearic acids, and other unsaturated fatty acids such as palmitoleic, oleic, linoleic, and linolenic acids [54]. The relative concentration of a single fatty acid can be from less than 1%, to more than 75%, in comparison with the total fatty acid content in fungal biomass [54]. The fat content of fungal cell is dependent on the fungal species (Table 3). For instance, oleaginous fungi produce a high amount of TAG [99]. PUFAs, especially linoleic acid (18:2n-6) and α-linolenic acid, are two of the most important fatty acids that should be included in fish diet. These fatty acids and others such as arachidonic acid (20:4n-6) are needed for central nervous system (CNS) functions [13]. Furthermore, these fatty acids are required for longer chain PUFAs synthesis such as decosahexanoic acid (22:6n-3) and eicosapentanoic acid (20:5n-3). In general, fish oil and other oil sources that are used in fish feed are responsible for the delivery of lipids and fatty acid requirements of fish. Therefore, the addition of fungal biomass containing valuable fatty acids to fish diet can benefit the overall growth and health of the fish.




Immunostimulants


Prevention of fish disease outbreak is a critical subject in aquaculture and has great effects on the final fish yield, product quality, and consumer preferences [74,100]. In the last few decades, antibiotics and other medicines such as chloramphenicol, nitrofuran, oxytetracycline, malachite green, copper alloys, methylene blue, etc. have been used frequently in order to prevent fish diseases (bacterial and viral disease) and also to promote growth [101,102]. The use of antimicrobials in fish culture increases the selective pressure on pathogens and causes bacterial strains to develop resistance. While some new techniques such as vaccination are developed in order to control fish diseases, these approaches are expensive and laborious [103]. Furthermore, when the case is hatchery practices, conventional immunization methods are often not as efficient as expected.



Prevention of disease outbreak can be reached by enhancing animal innate and specific immunity system, either at the cellular or humoral levels. Immunostimulants have the potential to be used as an alternative preventive and curative treatment techniques against fish related diseases. In order to enhance the defense mechanisms in animals, several immunostimulants compounds such as chitin, chitosan, β-glucan, and mannan oligosaccharide have been suggested [104]. Several studies demonstrated the immunostimulants activity of levamisole, β-glucan, peptidoglycan, chitin, and chitosan [101,105,106,107,108,109,110]. The fungal cell wall is a complex structure of 80%–90% polysaccharides [111]. While the cell wall differs greatly in composition among fungal species, it generally comprises 15%–30% of the fungal cell mass [112]. The most frequent components found in filamentous fungi cell wall are glucans (30%–80%), chitin and chitosan (1%–15%), mannans and/or galactomannans, and glycoproteins [113]. These compounds are present in mycelia, stalks, and spore tissues [114].



The first defense mechanism that fish employ against all type of pathogens is their innate immune system [115]. Dietary administration of immunostimulants such as β-glucans, mannan oligosaccharids, chitin, and chitosan have been greatly accepted to enhance the immune system capabilities, stress related responses, and resistance to diseases in marine and freshwater fish species [116]. Immunomodulatory active components increase the production of anti-bacterial peptides, such as lysozyme and the phagocytic activity of macrophages. Increasing lysozyme activity and innate immunity has been reported in sea bass, Dicentrarchus labrax [117], nile tilapia, Oreochromis niloticus [118], Epinephelus bruneus [119], rainbow trout, Oncorhynchus mykiss [103], olive flounder, Paralichthys olivaceus [120], and Cirrhina mrigala [121], which were fed on β-glucan, chitin, and chitosan. Considering the filamentous fungi cell wall immunostimulant content, dietary administration of filamentous fungi as fishmeal replacement can lower the application of medicines and antibiotics, and enhance fish health and resistance against bacterial and viral pathogens.




Pigments


In recent decades, pigments have attracted a great deal of research interest due to their exceptional biological roles (anti-oxidative, free radical killing, anti-carcinogenic, immunostimulation, protection against viruses and bacteria) [122,123]. Filamentous fungi are introduced as potential pigment producing microorganisms [124]. They produce a wide range of pigments such as carotenoids, melanins, flavins, phenazines, quinones, and sometimes monascins, violacein or indigo [9,125]. Aspergillus sp. together with other ascomycetes such as Neurospora sp., Fusarium sp. and Penicilium sp. have been reported to produce various pigments [123,124,125]. Currently, a number of different types of pigments from filamentous fungi such as lycopene, β-carotene, astaxanthin, canthaxanthin, lutein, and capxanthin are produced commercially and supplied to the market [125]. Moreover, red and yellow pigments from Monascus sp. are produced in large scales and used as food colorant [85].



Different pigments are advantageous to fungi by helping them to protect themselves against undesirable environmental conditions. For example, carotenoids promote protection against dangerous ultraviolet waves, melanin helps to control the stress related to changes in the environmental conditions and flavin acts as a cofactor for enzyme catalysis [125].



Fish, like other animals, are not able to produce de novo carotenoid, and their color is totally dependent on pigment input from the diet [126]. The quality of flesh coloration is one of the most notable criteria that can have a significant influence on the fish market. In recent years, apart from carotenoids’ role in muscle pigmentation, increasing attention has been paid to other roles, e.g., in growth promotion [127], improvement of brood-stock performance [78], antioxidant properties [128], immune functions [129], and resistance to diseases [100,130]. In addition, carotenoids, as precursors of transcription regulators, have important roles in vision [131,132,133,134]. In various fish species, body color can affect mate selection and social interactions such as dominance hierarchies [135]. In addition, some fish species benefit from dynamic color patterns to communicate with one another [136]. The flesh and skin color of cultured fish may be weaker compared to the wild type due to the natural diet composition or husbandry practices [135]. Accordingly, flesh color of cultured fish is enhanced by using synthetic pigments (β-carotene, canthaxanthin, zeaxanthin, and astaxanthin) and/or natural pigments (algae, higher plants, and crustacean meal) [127,137]. Currently, almost all pigments supplemented to fish feeds come from synthetic pigments. However, synthetic pigments are expensive, and if not applied in appropriate concentrations, can be toxic to fish. Synthetic pigments such as astaxanthine, zeaxanthin, and β-carotene have been used in the last few decades for enhancing the fillet and/or skin color [138]. Filamentous fungi, as a supplement in fish feed, can be a source of natural pigments. Therefore, in addition to having positive effects on fish physiology, fungal biomass supplementation can reduce the final feed cost and solve the problems arising from the high dosage of synthetic pigments [68,135].




Antioxidants


In many living organisms, the presence and accumulation of nitrogen and oxygen free radicals can cause general health deterioration by damaging structural lipids, proteins, and DNA [139,140]. Normally, animals employ natural mechanisms to mitigate the effects of free radicals; however, the level of antioxidants produced naturally may not always be adequate enough [141]. Filamentous fungi are a well-known source of antioxidants such as ergothionein, phenolic acids, flavonoids, tocopherols, ascorbic acid, carotenoids, polyketides, terpenes, and steroids [142,143]. Methanolic extracts found in M. purpureus have robust activity against free radicals and lipid peroxidation [144]. Commonly, both natural antioxidants such as vitamin A, C, and E, pigments including carotenoids, and synthetic antioxidants such as butylated hydroxyanisole (BHA) and butylated hydroxyltoluene (BHT) have been used as antioxidant agents in fish feed [58]. Utilization of natural antioxidant compounds by adding filamentous fungi meal to fish feed can potentially improve the health status in fish and aquatic animals. Using filamentous fungi biomass as the potential natural antioxidant source in fish feed can also reduce the cost of synthetic antioxidant supplementation and also result in environmental benefits [145].




Vitamins


While vitamins are vital for correct physiological and metabolic functions, animals cannot synthesize them [58]. Microorganisms such as filamentous fungi, as plants, are able to synthesize these components. Some of the water-soluble vitamins such as C (ascorbic acid), B6 (pyridoxine), B2 (riboflavin), nicotinic acid, and nicotinamide are synthesized by filamentous fungi. There are reports on the production of pantothenic acid (B5) and β-carotene (pro-vitamin A) by Fusarium sp. and Neurospora sp., respectively [45]. Fish, as with other animals, need to be supplied by exogenous vitamins, and fungal biomass that can provide the dietary vitamin needs of fish.






3.3. Challenges in the Application of Fungal Biomass as Fish Feed Supplement


In addition to the specific cell structure differences of various fungal species, other factors such as culture conditions, cultivation media, etc. contribute to the final composition of fungal biomass [146]. These differences in the protein, lipid, vitamin, pigment, etc. of fungal biomass challenge the introduction of a standardized method for their application in fish feed.



As a number of filamentous fungi strains in genera such as Aspergillus, Fusarium, Monascus, Neurospora, and Rhizopus are categorized as GRAS by the United States Food and Drug Administration (USFDA), their application as animal feed and even human food is allowed [7]. However, different measures should be taken into consideration when applying them as a fish feed supplement.



Filamentous fungi may produce mycotoxins such as aflatoxin, ochratoxin, citrinin, and fusarin [147]. Therefore, special attention must be paid to prevent the inclusion of mycotoxins as an ingredient in fish feed. In addition, a number of fungal species, including Fusarium, Aspergillus, Exophiala, Scytalidium, and Mucor have been isolated as opportunistic filamentous fungal pathogens from various fish and shellfish species such as Atlantic salmon (Salmo salar) and rainbow trout (Onchorhynchus mykiss) [148]. Considering the problems pointed out related to fungal mycotoxins and pathogenicity, it is critical that the fungal biomass that is to be used in fish feed is properly dried and treated prior to application as a fish feed supplement.



Another issue with the application of fungal biomass cultivated on waste streams is that filamentous fungi are highly tolerant to xenobiotic compounds present in waste streams. The high efficiency of filamentous fungi in absorption and adsorption of various environmental pollutants has introduced them as a low cost bioremediation solution [149]. Different species of white rot fungi have been used for removal of various types of pollutants such as phenols [150], polycyclic aromatic hydrocarbons [151], dyes [152], and heavy metals such as lead and cadmium [153]. Kapoor et al. [154] successfully removed different heavy metal ions including lead, cadmium, copper, and nickel from the culture media using A. niger. In another study, Delgado et al. [155] used Fusarium sp. for the removal of nickel, cadmium, and copper from wastewater. Therefore, in order to prevent xenobiotic compounds such as heavy metals from reaching our dining tables through fish fed with filamentous fungi, it is imperative to assure that fungi has been cultivated on by-product and waste streams with no health threatening compounds.





4. Conclusions


The application of filamentous fungi biomass as a potential replacement to fishmeal and nutritional supplement to fish feed can remediate some of the shortcomings confronted in the advancement of the fish aquaculture industry. Moreover, production of value-added bioproducts through fungal bioconversion of organic-rich by-product and waste streams opens new horizons for sustainable nutrient recovery. The high protein, fatty acids, pigments, and immunostimulants content of fungal biomass can contribute to the nutrient quality of fishmeal. If this highly nutritious fungal biomass source is provided through bioconversion of nutrient-rich waste and by-product streams, the environmental burdens imposed by these wastes are alleviated, and these negatively-valued streams are converted into value-added products that can boost regional and international economy. However, it is noteworthy that as the biomass obtained from the different fungal strains differ in amount and type of constituents, standardization of the application of fungal biomass in fish feed still requires extensive research work.
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Figure 1. Overall scheme of potential industrial waste/by-product biorefinery, using filamentous fungi cultivated in submerged fermentation (SmF) or solid-state fermentation (SSF) for the production of value-added products such as enzymes, organic acids, ethanol, glycerol, and protein-rich fungal biomass for fish feed. 
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Table 1. The general composition of some of the organic-rich waste and by-product streams mentioned in this review.
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	Whole Stillage [42]
	Thin Stillage [42]
	Wheat Starch Plant Wastes [43]
	Potato Protein Liquor [37]
	Expired Milk [29]
	Vinasse [21]





	pH
	4.3
	3.5
	5.2
	5.3
	5.5
	4.3



	Total solid (% w/w)
	15.6
	77.5
	28.5
	43.8
	11
	2.2



	Suspended solid (% w/w)
	8.8
	26
	3.7
	0.9
	-
	1.5



	Ash (% w/w)
	3.2
	10
	1.9
	11.4
	-
	-



	Fat
	-
	-
	-
	-
	3
	-



	Crude protein (% w/w)
	32
	4.4
	1.2
	20.2
	3
	36.5



	Saccharides (g/L))
	23.1
	21.7
	3.8
	73.9
	50
	-



	Acetic acid (g/L)
	0.4
	-
	1
	-
	-
	0.8



	Glycerol (g/L)
	12
	7.6
	0.2
	-
	-
	6.8



	Lactic acid (g/L)
	1.7
	11.6
	1.2
	-
	4.9
	7.4







(As changes in the composition of organic-rich waste and by-products commonly occur, the values presented in the table are the average values provided by the cited literature).
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Table 2. Crude protein (CP), ash content and percentage of essential amino acids (% dry weight) for different protein sources.
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	Essential Amino Acids
	Fishmeal [58]
	Soybean Meal [58]
	Rendered Meat Meal [58]
	Poultry By-Product Meal [58]
	Blood Meal [58]
	Fungal Biomass [21]





	CP%
	64.6
	47.5
	54.0
	64.1
	77.1
	-



	Ash%
	15.0
	6.0
	25.0
	19.0
	4.4
	-



	Arginine
	3.8
	3.7
	6.2
	6.2
	4.3
	3.9



	Histidine
	1.5
	1.2
	2.1
	1.9
	6.6
	1.3



	Isoleucine
	2.7
	2.1
	2.9
	3.1
	1.2
	2.0



	Leucine
	4.5
	3.6
	7.1
	6.1
	14.3
	3.1



	Lysine
	4.7
	3.1
	5.7
	5.2
	9.1
	2.9



	Methionine
	2.3
	1.4
	1.5
	1.7
	1.3
	0.6



	Phenylalanine
	4.4
	4.2
	4.0
	3.5
	6.9
	3.0



	Threonine
	2.3
	1.9
	3.7
	3.4
	5.3
	2.8



	Tryptophan
	0.6
	0.7
	0.7
	1.4
	1.4
	0.1



	Valine
	2.8
	2.6
	4.9
	3.9
	9.1
	2.1







(The values presented in the table are the average values provided by the cited literature).
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Table 3. Fatty acids content of various sources (g/100 g of total FA).
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	Fatty Acids
	Anchovy [69]
	Sardine [69]
	Herring [69]
	Linseed oil [69]
	Mucor sp. [70]
	Rhizopus sp. [70]
	Aspergilus flavus [71]





	C14:0
	7.2
	7.6
	6.2
	0.1
	0.1
	0.1
	-



	C16:0
	17.8
	16.2
	12.7
	6.1
	8.9
	9.7
	14.9



	C16:1
	9.8
	9.2
	7.5
	0.1
	-
	-
	0.5



	C18:0
	3.9
	3.5
	1.1
	3.4
	4.6
	5.8
	10.5



	C18:1
	12.0
	11.4
	12.9
	18.8
	24.5
	29.6
	35.8



	C18:2n-6
	1.1
	1.3
	1.1
	16.3
	60
	54.3
	34.3



	C18:3n-3
	0.8
	0.9
	0.7
	54.4
	2
	-
	0.8



	C18:4n-3
	2.4
	2.0
	1.4
	-
	-
	0.5
	-



	C20:1
	1.9
	3.2
	15.1
	-
	-
	-
	0.6



	C20:4n-6
	0.3
	1.6
	0.3
	-
	-
	-
	-



	C20:5n-3
	18.3
	16.9
	6.8
	-
	-
	-
	-



	C22:1
	1.4
	3.8
	22.0
	-
	-
	-
	-



	C22:5n-3
	1.5
	2.5
	0.8
	-
	-
	-
	-



	C22:6n-3
	8.5
	21.9
	5.8
	-
	-
	-
	-



	∑n-3
	31.5
	44.2
	15.5
	54.4
	-
	-
	-



	∑n-6
	1.4
	2.9
	1.4
	16.3
	-
	-
	-



	n-3/n-6
	22.5
	15.2
	11
	3.3
	-
	-
	-







(The values presented in the table are the average values provided by the cited literature).
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Table 4. Protein content of different filamentous fungi species.
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	Fungal Strain
	Substrate
	Protein Content

(% w/w Dry Weight)
	Ref.





	Aspergillus oryzae
	Palm oil waste
	39
	[88]



	Rhizopus oligosporus
	Starch processing wastewater
	46
	[89]



	Rhizopus sp.
	Spent sulphite liquor
	50–60
	[90]



	Mucor circinelloides
	Corn ethanol stillage
	30.4
	[91]



	Pythium irregulare
	Corn ethanol stillage
	28
	[30]



	Rhizopus, Mucor, Rhizomucor
	Isolated from Tempe
	47–63
	[92]



	Mucor indicus

Rhizopus sp.
	Spent sulphite liquor
	30–50
	[10]



	Rizhopus oryzae
	Vinasse
	49.7
	[21]



	Neurospora intermedia

Aspergillus oryzae

Rhizopus sp.
	Thin stillage
	56

48

55
	[93]



	Rhizopus oligosporus
	Corn ethanol stillage
	43
	[94]



	Aspergillus oryzae

Neurospora intermedia
	Stillage
	43
	[95]



	Rhizopus oligosporus
	Wheat bran
	40
	[96]



	Neurospora intermedia

Aspergillus oryzae
	Dairy waste
	40
	[29]



	Neurospora intermedia
	Lignocellulose
	50
	[20]







(The values presented in the table are the average values provided by the cited literature).
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