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Abstract

:

Omega-3 polyunsaturated fatty acids (Omega-3 PUFA) are recognized as being essential compounds for human nutrition and health. The human body generates only low levels of Omega-3 PUFA. Conventional sources of Omega-3 PUFA are from marine origin. However, the global growth of population combined with a better consumer understanding about healthy nutrition leads to the fact that traditional sources are exhausted and therefore not enough to satisfy the demand of Omega-3 PUFA for human diet as well as aquaculture. Microalgae cultivated under heterotrophic conditions is increasingly recognized as a suitable technology for the production of the Omega-3 PUFA. The high cost of using glucose as main carbon source for cultivation is the main challenge to establish economical feasible production processes. The latest relevant studies provide alternative pathways for Omega-3 PUFA production. As preliminary results show, volatile fatty acids (VFA) recovered from waste stream could be a good alternative to the use of glucose as carbon source in microalgae cultivation. The purpose of this paper is to highlight the actual situation of Omega-3 PUFA production, sources and market request to provide a summary on sustainable sources that are being investigated as well as present and future market trends in Omega-3 market.
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1. Introduction


Omega-3 PUFA are recognized as being essential compounds for human nutrition and health. Epidemiological studies on Greenland Inuit in the 1970s and subsequent human studies have established an inverse relationship between the ingestion of Omega-3 PUFA, blood levels of them and mortality associated with cardiovascular disease (CVD) [1,2,3,4]. Subsequently, numerous studies have been carried out regarding the functionality of Omega-3 PUFA against numerous diseases, such as coronary heart disease, thrombosis, macular degeneration, dementia, diabetes, allergy, asthma, osteoporosis, some types of cancer, etc. [5,6,7,8]. Even in the context of the recent COVID-19 pandemic, Omega-3 PUFA are suggested in therapeutic strategies to prevent the so-called “cytokine storm” and they play an important role as potential adjuvant therapy in cardiovascular complications associated to COVID-19 [9,10,11,12].



Omega-3 PUFA participate in metabolic pathways which activate the resolving phase of inflammation. Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA) are the main precursors to produce specialized proresolving mediators (SPMs) known as resolvins, maresins and protectins, inhibiting the synthesis of proinflammatory cytokines [13,14]. In contrast, Omega-6 fatty acids participate in metabolic pathways which support the formation of proinflammatory metabolites [15]. Arachidonic acid (ARA), the main precursor for this synthesis, leads to the production of cellular mediators promoting inflammation, like leukotrienes and prostaglandins [9].



Among all, only alpha-linolenic acid (ALA) and linoleic acid (LA) are strictly essential fatty acids for humans because they are the precursors of the other members of families Omega-3 and Omega-6 respectively [16]. It is not known exactly what the optimal ratio between Omega-3/Omega-6 is, but several sources suggest that our ancestors survived on a diet that contained an Omega-6/Omega-3 ratio of 1–4:1, in contrast to the average diet of the current western population, where this ratio amounts to more than 15:1 [17,18,19]. This means that the low contribution of Omega-3 acids, together with an excess of Omega-6 acids in tissues can be one of the causes of the high prevalence of certain diseases.



Generally, the human body generates only low levels of Omega-3 PUFA. It is estimated that only 8–20% of a dose of ingested ALA is converted into EPA and 0.5–9% into DHA [20]. Therefore, Omega-3 PUFA and specially long-chain PUFA as DHA are recommended to be acquired through diet [21,22,23,24]. Conventional sources of Omega-3 PUFA are from marine origin, primarily fish and crustaceans, which have been a regular part of the diet since prehistory [21,25].



The greater knowledge about the effect of the diet on health has led in recent years to an increased demand for food and supplements able to provide health promoting compounds. Growing global population will therefore require larger food production in general as well as production of fish and seafood. Fish production in aquaculture offers one alternative, which unfortunately led the growing demand for fish meal and oil as feedstock for aquaculture to significant price increases and shortages of these crucial base materials [26].



Therefore, it is crucial to investigate new sources of Omega-3 PUFA to be used for fish farming but also to respond to the growing demand of these health promoting fatty acids by the food, nutraceutical and pharmaceutical industry. One promising alternative to fish oil represents microalgae as they are the primary producers of these fatty acids in marine food webs [27,28,29]. Among other high value-added products, some specific microalgae produce long-chain polyunsaturated fatty acids, such as EPA and DHA [30]. For this reason, numerous studies are being carried out to achieve a sustainable production of microalgae, with the aim to increase the production of Omega-3 PUFA [31,32,33].




2. Future Trends and Perspectives of EPA and DHA Market


Disruptive changes are determining the course of this century around the world: innovative technologies, political events, demographic changes, globalization and climate change drive the most of disruptions occurring nowadays. The combination of these driving forces is promoting relevant trends related with food and health, as well as the relationship between them. In this context, Omega-3 based products have an opportunity to increase their market share, because there is an increasing number of scientific evidences about the effectiveness of these compounds to improve human health and wellness.



The global Omega-3 market size was valued at USD 2.49 billion in 2019 and is expected to expand at a CAGR of 7% over the period 2020–2027. Nowadays, the most important application sector is related to Supplements and Functional Foods and it is expected a sustained growth over the forecast period. However, the proved influence of Omega-3 PUFA in several chronical diseases will promote the penetration of these products in the pharmaceutical sector, as an active pharmaceutical ingredient [34]



Relevant market reports such as the report from Grand View Research or from Markets and Markets agree on the EPA and DHA segment is projected to grow in terms on revenue due to their application on dietary supplements, functional foods or clinical nutrition [35]. As EPA and DHA are commonly found in marine oils, and plant oils are the major source of ALA, Marine segment is expected to be the largest and fastest growing segment by source. However, Markets and Markets point out an important challenge related to the rising prices of fish oils due factors such as the restrictions on fishing in high sea areas or the increasing cost of aquaculture. However, in relation to this challenge, an opportunity arises based on the search for innovative sources of EPA and DHA that are most cost-effective, such as heterotrophic microalgae.



One of the driving forces for the expected growing of Omega-3 market is related with the demographic changes and their impact in social and health spending. According to WHO, the ageing of the world’s populations is the result of the continued decline in fertility rates and increased life expectancy. This demographic change has resulted in increasing numbers and proportions of people who are over 60. In July 2019, Eurostat updated the population projections in the period from 2018 to 2100: the EU-27′s population is projected to increase to a peak of 449.1 million around 2030 and thereafter gradually decline to 416.9 million by 2100 [36]. Moreover, it is interesting to note the evolution of the population distribution depending on the range of ages, because the population is projected to continue to age as well as the progressive ageing of the older population itself, because the very old population segment is projected to grow at a faster rate than other age segments.



Promoted by relevant entities such as the WHO, Healthy Ageing concept means “the process of developing and maintaining the functional ability that enables wellbeing in older age”. To create the opportunity for every person to live a long and healthy life, correct nutrition must be addressed throughout life. According with the global demographic projections, the demand for specific ingredients able to contribute to healthy ageing will be increased. The American Heart Association (AHA) projected in 2016 that by 2035, 45.1% of the US population would have some form of CVD with an expected cost around $1.1 trillion in that year: the evolution of total cost estimated between 2015 and 2035 is to remain relatively stable from 18- to-44-year-olds, increase slightly from 45− to 64-years-olds and increase sharply for 65- to 79-year-olds and adults aged ≥80 years [37]. Regarding the historic data form US and Europe, a similar evolution is expected for European population: the prevalence and costs related with heart diseases are projected to increase substantially if cardiovascular disease incidence is not reduced. Governments are implementing different strategies conducted to reduce the risk factors (to reduce tobacco, sugar or fat consumption) but also to promote a healthy and personalized nutrition and supplementation, because according with the WHO, 80% of premature heart disease and stroke is preventable.



In this context, since the effectiveness of Omega -3 PUFA against cardiovascular diseases has been shown in numerous studies, international authoritative bodies—such as World Health Organization (WHO), European Food Safety Authority (EFSA) or Institute of Medicine from USA—as well as expert scientific organizations—such as American Heart Association, European Academy of Nutritional Sciences or International Society for the Study of Fatty Acids and Lipids (ISSFAL)—and industrial partners—such as The Global Organization for EPA and DHA Omega-3s (GOED)—recommend and promote the Omega -3 PUFA regular intake [38,39].



The support of such relevant, recognized and reliable institutions promoting the daily intake of omega-3 PUFAs drives the expected increase in the market for supplements and functional foods, as well as pharmaceuticals. However, there is a restraint for the market of Omega-3 due to the absence of an official recommended dose. For example, while Food and Agriculture Organization (FAO) of the United Nations and WHO recommends a daily intake of 250 mg of EPA and DHA per adult to give optimal protection against diseases, ISSFAL and GOED recommends at least 500 mg/day of EPA and DHA for general adult population for cardiovascular health [40,41,42]. More studies are being conducted in order to standardize a daily recommended intake for adult population.



Another relevant opportunity for the Omega -3 PUFA comes from the increasing number of ocular problems. Climate change is related with changes in stratospheric ozone layer and alterations of solar ultraviolet radiation. In turn, these factors are related to the oxidative stress, including an increasing oxidative damage on eyes and the macular degeneration [43,44]. However, also the emergence of innovative technologies related with the use of a large number of blue light screens in our daily lives is accelerating the appearance of vision problems in the all ages of the population [45,46]. Medical evidence points the DHA support for cells of the retina as a crucial ingredient for healthy vision [47].



Even if the opportunity of Omega-3 PUFA ingredients could be projected as a growing market within the market of functional ingredients, there are other social and environmental trends that should be considered. The increase in the demand of Omega-3 PUFA to assure the supply is not the only reason to find nonconventional sources different of fish products. A relevant trend influencing the introduction of the Omega-3 PUFA ingredient to the food and beverage market is the rise of animal-free ingredients. In this context, the development of products not based on fish-oils is required not only to satisfy the increasing demand but also to tackle the new consumer trends.




3. Traditional Sources for Omega-3 Polyunsaturated Fatty Acid Consumption


Normally, seafood is the best way to consume health-promoting Omega-3 PUFA. Fish species considered in general having a high amount of Omega- fatty acids include beside other salmon, tuna, mackerel, sardines, ancho vies, herring or pollock. In order to achieve 250 mg of EPA and DHA per day, recommendations suggest consuming 2–3 servings of fatty fish per week [48,49,50]. These recommendations require a more detailed analysis as content of Omega-3 PUFA fatty acids depend on several factors such as specie, wild or farmed fish or time and zone of capture. Wild captured fish should be considered as nutritional reference and the nutritional values of farmed fish should comply with them. Due to overfishing in recent decades tightly regulated catch quotas for fish capture were implemented to protect the fishing grounds. Therefore, the quantity of wild fish available for human consumption has been nearly constant in recent years (Figure 1).



On the other hand, the demand for fish products is increasing due to growing population and known health promoting benefits. Therefore, fish farming in aquaculture has been established as an alternative. The main ingredients for fish production in aquaculture are fish meal and fish oil obtained from capture fishery. The significant increase of aquaculture and demand for marine ingredients has led to an enormous pressure for these kinds of raw materials. This can be seen in Figure 2. Fish oil and fish meal production are constant or decreasing, while prices increasing more than 100% in the last 20 years aligned with increased aquaculture production. To reduce production costs, aquaculture industry is looking for alternative protein and oil sources to be used as raw material for fish feed production. This has significant influence on the nutritional value of the final product. Normally Atlantic salmon, an oily fish, is a rich source of the health promoting long-chain Omega-3 PUFA, EPA, and DHA acids. However, fish is not the primary producer of long chain Omega-3 PUFA and people need to assimilate EPA and DHA through their diets. Fish cultivated in aquaculture needs to be provided the beneficial Omega-3 PUFA through their feed in terms of, for example, fish oil.



Unfortunately, due to the replacement of fishmeal and fish oil in farmed salmon diets with alternatives of terrestrial origin, a significant decrease in EPA and DHA levels between 2006 and 2015 were detected. Already in 2011, Andrew Jackson, Technical Director of International Fishmeal and Fish Oil Organization stated that salmon have been sold on their health-giving properties and this will be increasingly challenged as the final level of EPA/DHA in the fillets will be decreased [54]. Therefore, the findings of Sprague et al. highlight clearly the global shortfall of EPA and DHA and the implications for the human consumer looking for healthy aquaculture seafood [55]. For these reasons, the industry has been looking for alternative omega-3 supplies to fill the gap between the demand and the supply of EPA and DHA, allowing a sustainable growth of the aquaculture industry.



The Global Salmon Initiative [56] has invited commercial organizations to supply its members with up to 200,000 tons annually of novel omega-3 rich oils to support the sustainable use of marine oils in aquafeeds These new alternatives are meant to ensure continued growth of the industry without compromising the performance and the health of the fish or the nutritional quality of the final product [57].



A recent review [27] has focused on the use of new algal biomass for different aquatic species, especially salmonids and shrimp [58,59] or algal oil omega-3 sources [60,61,62,63,64]. The review shows that these new omega-3 sources can be used as new ingredients in the formulation of aquafeeds with no negative impacts on fish growth, feed efficiency or health. Limited availability of fish oils (FO), rich in Omega-3 PUFA, is a major constraint for further growth of the aquaculture industry. Long-chain Omega-3 rich oils from crops GM with algal genes are promising new sources for the industry. There are studies of a newly developed n-3 canola oil (DHA-CA) in diets of Atlantic salmon. The DHA-CA oil has higher proportions of the FA and DHA than conventional plant oils and the study shows that the DHA-CA can effectively replace fish oil as a new safe dietary source of DHA for Atlantic salmon during the sensitive fingerling life-stage [64].



Global warming is another key point to be considered regarding DHA availability for the future. The production of DHA by algae cells is increased when the temperature of aquatic ecosystem is lower [65,66,67]. For that reason, some studies suggest that the global warming could affect the production of DHA and consequently its availability for human consumption in the future [68]. Colombo et al. [69] studied different scenarios for DHA availability in the next 100 years, taking in consideration the effect of global warming on DHA production by algae. The prediction model suggested that in the worst scenario only 4% of the global population could have access to recommended DHA intake. Simply stated, there is not enough Omega-3 PUFA available from the traditional sources to satisfy human nutritional requirements and aquaculture. Therefore, the focus is changing towards the primary producers.



There are studies on the efficiency of nonfish meal or nonfish oil diets for the development of different marine aquaculture fish. In these studies, fish meal and fish oil were replaced by algae meal (Schizochytrium sp. powder) and plant proteins. The authors described the possibility to develop a microalgae diet as a lipid source of Omega-3 fatty acid on marine fish [70]. Marine microalgae represent a promising possibility to produce Omega-3 PUFA. Many photosynthetic microalgae are known to synthesize high levels of EPA. Among others Nannochloropsis, Monodus subterraneus, Phaeodactylum tricornutum, Odontella aurita and Pophyridium cruentum are described [71,72]. Ma et al. reached EPA levels of 12.74 ± 1.84% in Nannochloropsis salina CCMP1176 and 10.93 ± 1.84% in Nannochloropsis oceanica CCMP537 on total fatty acids [73], and Ryckebosch et.alobtained EPA levels of 22.4 ± 1.7% up to 31.4 ± 1.7% in Phaeodactylum tricornutum [74]. Currently, several companies use photoautrophic conditions to produce EPA-rich microalgae biomass. Shenzhen Qianhai Xiaozao Technology Co., Ltd. (China) produces EPA rich lipid extract from Nannochloropsis salina. Other examples are Arizona Algae Products, LLC (US) or Simris Alg AB (Sweden).



Recent advances have been made in deciphering the genomes and transcriptomes of multiple high- value algal species and their metabolic pathways toward carotenoid, lipid, and PUFA biosynthesis [75,76,77]. With recent progress in microalgae transformation and genetic engineering, it is now possible to increase production efficiencies for high-value products, bulk biomass and biofuels in microalgae by metabolic engineering [78]. However, the development of efficient large-scale microalgal cultivation systems is essential to produce microalgae derived Omega-3 fatty acids. In general, microalgal cultivation systems can be broadly divided into photoautotrophic and heterotrophic systems. Photoautotrophic production depends on enough light entry and carbon dioxide, while heterotrophic systems require organic substrates as carbon and energy source. Heterotrophic cultivation systems are considered superior since light, the growth-limiting factor, is eliminated.




4. Heterotrophic Microalgae for Omega-3 Polyunsaturated Fatty Acids Production


Studies have been conducted for a long time on the feasibility of using microalgae as sources of Omega-3 fatty Acids [79]. Diatoms are a major group of high omega 3-fatty acid producing algae that play a key role in global climate change and ecosystem function. In a recent review, the possibilities of Phaeodactylum tricornutum microalgae as a rich source of omega-3 oil were evaluated [80]. Phaeodactylum tricornutum is one of only two diatoms whose genomes have been completely sequenced, leading to metabolic engineering of high EPA producing strains. Based on its rapid growth, high lipid content and omega-3 PUFA, P. tricornutum exhibits a large commercial potential.



Food and pharmaceutical quality production can be enhanced both by the degree of process control and by the sterility achieved through a fermentation process, when compared to outdoor solar pond production. The capacity of certain species of microalgae to grow under heterotrophic conditions, with no light and relatively small space requirement, implies that they can be cultivated around the world independently of the climate, converting them in a promising alternative to produce Omega-3 PUFA. Microalgal-based heterotrophic production. systems can exhibit omega-3 fatty acid productivities 2–3 orders of magnitude greater than those of autotrophic production. Additionally, omega-3 PUFA productivities reported for the microalgal fermentation systems are 1–2 orders of magnitude greater than productivities reported for fungal or bacterial systems [81].



Two main families could be considered as main Omega-3 PUFA producers under heterotrophic conditions: thraustochytriacea and Crypthecodiniacea family. A great number of reports can be found in the literature explaining their growth under heterotrophic conditions. In particular, schyzochitrium and ulkenia from thraustochytriacea and crypthecodinium from Crypthecodiniacea present the higher amount of Omega-3 PUFA, especially DHA [82]. Gupta et al. reported that Thraustrochytrium aureum 28210 can reach 48.3–58.2% of DHA of total fatty acids [83]. Lee Chang et al. reported results of 41–75% of DHA of total fatty acids for Thraustrochytrium aureum 38304 strain -and 5–13% of DHA for ulkenia [84]. In a recent report, the main PUFA producer’s growth under heterotrophic conditions were reviewed by Chalima et al. [85].



To grow under heterotrophic conditions, some basic requirements of macronutrients are needed. Carbon, nitrogen and phosphorous are the most relevant macronutrients. Generally, glucose is used as carbon source, yeast extract or ammonium is used as nitrogen source and phosphate is used as phosphorous source. Glucose may lead around 80% of total cost of heterotrophic cultivation, and therefore is the main drawback from an economical point of view to produce DHA under heterotrophic conditions [86]. Although heterotrophic culture of microalgae for EPA and DHA production is being carried out at commercial scale by several companies such as Fermentalg, DSM or XiaoZao Tech, the high economical cost and environmental impact of using glucose as carbon source implies that the production of high-quality Omega- 3 PUFA might be carried out in cheaper ways following the identification of cheaper carbon source.




5. Alternative Carbon Sources for Sustainable EPA/DHA Production


Glycerol, acetate, prehydrolyzed whey permeate, forest biomass or food waste hydrolysates were described by different authors as alternative carbon source for the heterotrophic culture of C. pyrenoidosa, A. protothecoides, S. mangrovei or S. limacinum [87,88,89]. In most cases, reports were focused on biodiesel production. Only in recent years some studies related to the use of alternative carbon sources Omega-3 PUFA production processes are being published. In this context, Schizochytrium specie growing on alternative carbon source is probably one of the best microalgae studied for Omega-3 PUFA production as the number of reports were described in literature.



Glycerol and fructose were compared to glucose in DHA production, by Wang et.al. [90]. Some authors described the use of sugarcane waste as alternative carbon source [91,92,93]. Nguyen et al. reported the cultivation of Schizochytrium sp. with sugarcane bagasse hydrolysate concluding that, both biomass and lipid content was higher using sugarcane bagasse (10.45 g/L biomass, 45.5% lipid content) after 72 h of cultivation hydrolysate since not only glucose is used but also xylose and other carbohydrates are participating in metabolic pathways.



Cane molasses, as alternative carbon source for the growth of Schizochytrium sp. was investigated by Yin et al., but they conclude that cane molasses cannot be used as sole carbon source due to the presence of some metal ions and colloid substance. These substances might be toxic for the cells [94]. Although a pretreatment can be applied before their use to remove these substances, e.g., sulfuric acid or tricalcium phosphate, these substances cannot be completely removed from the substrate. Therefore, a two-stage cultivation strategy is investigated by the authors. In a first stage, glucose is used as carbon source to enhance the production of biomass. After nitrogen consumption (under stress conditions, the accumulation of DHA-rich lipid is enhanced), a second stage with cane molasses pretreated, as carbon source, is performed to increase the DHA yield. Not only can Schizochytrium be cultivated utilizing alternative carbon sources, other microalgae species (Scenedesmus acutus, Chlorella protothecoides) have been cultivated in a medium containing sugarcane bagasse with promising results, suggesting that sugarcane bagasse could be an alternative source to glucose in heterotrophic cultivation [33,95,96].



Lignocellulosic biomass was recently investigated by Karnaouri et al. [97]. The enzymatic hydrolysate was applied as nutrient for Crypthecodinium cohnii growth with successful results, reaching up to 43.5% of DHA. The ability of Crypthecodinium cohnii strain to grow on galacturonic acid obtained from the valorization of exhausted olive pomace suggests that galacturonic acid could represent a good candidate to be investigated in biotechnological applications [98].



Some authors described a combination of nutrients as alternative source. Birch wood hydrolysate and dairy effluents were used by Lage et al. for producing lipids in Chlorella sorokiniana, Chlorella saccharophila, Chlorella vulgaris, and Coelastrella sp., strain cultures. However, all of them have been studied regarding lipids in general and not DHA in particular [99]. Among all the alternatives investigated, the use of waste derived volatile fatty acids (VFA) as carbon source shows an immense potential for the production of Omega-3 PUFA.



The term volatile fatty acids (VFA) is referred to as short-chain fatty acids, with a similar chemical structure, consisting of two to six carbon atoms. The synthesis of VFA is usually carried out through petrochemical processes with the resulting hazardous environmental impact. VFA can be used for diverse applications by itself and as a carbon source for added value fermentation approaches such as hydrogen or electricity generation [100]. Due to the increasing demand of VFA and the high cost and environmental impact associated with its production, alternative processes are investigated to achieve a low cost VFA production.



The use of different types of waste streams to produce VFA via dark fermentation offer a promising approach to reduce economic and environmental impact [100]. Dark fermentation process can be compared to anaerobic digestion. While anaerobic digestion (AD) leads to biogas/methane, dark fermentation to produce volatile fatty acids is inhibiting the last stage—methanogenesis of AD, as it is graphically described in Figure 3 [101]. Different types of substrates such as Vegetable, Garden and Fruit waste (VGF), organic fraction from municipal solid waste (MSW), food waste or wastewater treatment plant (WWTP) sludge can be used for VFA production. According to the CEN Workshop Agreement CWA 17484:2020, the VFA production potential can be estimated as follows [102]:




	
Food waste 627 g COD (Chemical oxygen demand)/kg organic matter



	
VGF waste 448 g COD/kg organic matter



	
Organic fraction MSW 384 g COD/kg organic matter



	
WWTP sludge before AD 179 g COD/kg organic matter








VFA can be recovered, cleaned and concentrated from dark fermentation broth by using membrane filtration from ultrafiltration and nanofiltration to reverse osmosis. The cleaned and concentrated VFA can be used as carbon source for DHA production with microalgae [97,103]. Chalima et al. reviewed in detail the production of VFA from different waste streams, such as sludge, wastewaters from agricultural industries and food waste and wastewater from paper industry and the potential of these VFA for microalga fermentation [104]. Scenedesmus, Chlorella. Chlamydomonas and Crypthecodinium cohnii can be growth on VFA [104].



In comparison to other alternative sources in which a pretreatment is required (breaking down the carbon source to simple sugar), VFA offer the advantage of being able to be used directly by microalgae to produce PUFA in an economic manner under heterotrophic conditions [104,105]. As shown in Figure 3, microalgae use short-chain fatty acids to produce long-chain fatty acids and therefore VFA provide microalgae with a carbon chain ready to be elongated to PUFA. Turon et al. reported several studies regarding the potential of dark effluents as substrate [32,82,106] and Patel et al. also reported the potential of Auranthiochytrium sp. to grow using VFA as carbon source [107,108].



The interest of VFA has been increasing in recent years, confirmed by numerous reports that are being published [32,105,108,109].



Currently studies that focused on the use of sustainable carbon sources to produce Omega-3 PUFA are summarized in Table 1.




6. Conclusions


The main purpose of this paper was to highlight the limitations involved in the Omega -3 PUFA actual production, their projected demand/market perspectives and the possibilities offered by heterotrophic microalgae to supply them. Microalgal-based heterotrophic production systems can exhibit omega-3 fatty acid productivities several orders of magnitude greater than those of autotrophic production. The main challenge in the use of heterotrophic microalgae to produce Omega -3 PUFA is associated with the high cost and environmental impact for the carbon sources to be used. Generally, glucose is used as carbon source, and it may lead to around 80% of total cost of heterotrophic cultivation This review focused on compiling studies that are currently being performed to develop economic feasible processes for EPA and DHA production. Carbon sources from renewable side (food waste hydrolysates, lignocellulosic biomass, sugarcane waste, cane molasses) could be a good alternative as latest publications reveal. Finally, different types of substrates such as vegetable, garden and fruit waste, organic fraction from municipal solid waste, food waste or wastewater treatment plant sludge can be used for volatile fatty acids (VFA) production. The cleaned and concentrated VFA can be used as carbon source for DHA production with microalgae.
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Figure 1. World Fish Production from 1990 to 2018—Capture Fishery vs. Fish production from Aquaculture obtained from Dataset: OECD-FAO Agricultural Outlook 2019–2028, World production [51,52]. 
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Figure 2. World Production and Price from 1990–2018 for Fish oil and Fish meal obtained from Dataset: OECD-FAO Agricultural Outlook 2019–2028 [51], World production [52] and world prices [53]. 
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Figure 3. Production of volatile fatty acids (VFA) via dark fermentation and metabolic pathways in heterotrophic microalgae. 
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Table 1. Carbon sources to produce microalgal oil and Omega-3 PUFA.
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	Microalgae Specie
	Carbon Source
	Products
	Reference





	Schizochytrium sp.
	Glycerol, fructose
	DHA
	[90]



	Schizochytrium sp.
	Sugarcane bagasse
	Lipids, biomass
	[92,93]



	Schizochytrium sp.
	Cane molasses
	Microalgal oil
	[94]



	Schizochytrium mangrovei
	Food waste hydrolysate
	Microalgal oil
	[88]



	Chlorella pyrenoidosa
	Food waste hydrolysate
	Microalgal oil
	[88]



	Chlorella pyrenoidosa
	Food waste hydrolysate
	Microalgal oil
	[88]



	Aurantiochytrium sp. T66
	Forest biomass hydrolysates
	DHA
	[107]



	Crypthecodinium cohnii
	Lignocellulosic biomass
	DHA
	[97]



	Crypthecodinium cohnii
	Galacturonic acid
	DHA
	[98]



	Crypthecodinium cohnii.
	VFA mix from organic waste
	DHA
	[104]



	Chlorella pyrenoidosa
	VFA mix from organic waste
	Microalgal oil
	[104]



	Scenedesmus sp.
	VFA mix from organic waste
	Microalgal oil
	[104]



	Crypthecodinium cohnii
	Dark fermentation effluent
	DHA
	[109]



	Aurantiochytrium sp. T66
	VFA
	DHA
	[107,108]
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