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INTRODUCTION
Eicosapentaenoic acid and docosahexaenoic acid, the two main omega (ω)-3 fatty acids, have therapeutic and beneficial 

health effects (Figure 1). Recently these essential long chain polyunsaturated fatty acids (LC-PUFAs) have received increased 
attention in both human and animal nutrition [1,2]. Currently, the principal source of EPA and DHA for human consumption is fish 
and fish oil. However, marine fish stocks are in severe decline as a result of increased demand for EPA and DHA and decades 
of over-fishing [3]. In recent years, several methods have been applied to enrich ω-3 PUFA in fish oils as a way of increasing 
their concentrations. Several other methods such as interesterification and transesterification have been used to synthesize 
ω-3 PUFA in readily available natural phospholipids in edible oils at cheap cost. This chapter discusses the recent advances and 
breakthroughs in developing prospective alternative sources of omega PUFA (EPA/DHA). Microbial and plant sources of PUFA, 
their enhanced production using metabolic engineering, current ω-3 PUFA enrichment and production methods, limitations and 
safety concerns have also been discussed. 

Omega-3 Polyunsaturated Fatty Acids and Health

Over the past years, numerous studies conducted have concluded that the presence of LC ω-3 PUFAs in the human diet is 
required for beneficial health effects (Figure 1). Meanwhile, it is reported that, diets containing excessive amounts of ω-6 PUFAs 
or a very high ω-6/ω-3 ratio may be involved in promoting the pathogenesis of many diseases, such as cardiovascular disease, 
cancer, inflammatory and autoimmune diseases [4]. On the contrary, increased levels of ω-3 PUFA (a lower ω-6/ω-3 ratio) is more 
desirable in reducing the risk of many of the chronic diseases such as obesity, cancer, type 2 diabetes and arthritis [5,6]. Despite the 
reports that consumption of omega-3 PUFAs may not lower cardiovascular risk, recent studies have shown the beneficial effects 
of low n-6/n-3 PUFA ratio on cardiovascular risk factors and the adverse effects of a high n-6/n-3 PUFA ratio [7,8].

In addition to cardiovascular benefits, ω-3 fatty acids have demonstrated positive effects on brain functions and the nervous 
system [9,10]. In pregnant women, adequate intake of EPA and DHA is essential for healthy development of the fetal brain [11,12]. 
Arachidonic acid (ARA) and DHA are also required for normal growth and functional development of infants [13]. Consumption of 
LC ω-3 PUFAs have been shown to have therapeutic effects in conditions such as eczema, inflammatory bowel disease, metabolic 
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ABSTRACT

Omega-3 fatty acids (ω-3 fatty acids) confer significant health 
benefits in cardiovascular diseases, cancers, and other physiological 
and cognitive disorders. Over the years, fish has been the main source 
ω-3 fatty acids however, the problem of overfishing and pollution in the 
marine environment calls for novel and sustainable sources of omega-3 
fatty acids. Marine microbes are rich in eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA), hence a promising alternative source 
to the main dietary sources, fish and fish oil. Transgene-derived and 
extensive metabolic engineering of microorganisms producing LC ω-3 
PUFAs have also become very important in sustaining ω-3 fatty acids 
production. Meanwhile, interesterification and transesterification of fats 
and oils remain attractive means of producing ω-3 PUFAs for human 
consumption and for therapeutic purposes. In this review, we discuss 
the recent alternative approaches for ω-3 fatty acids production.
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syndrome, rheumatoid arthritis and cancer [10,14-19]. Despite reports on their posibility to cause cancer recent studies continue to 
loud the beneficial effects of EPA- and DHA-derived bioactive lipid mediators in treating diseases and promoting health [20-22]. 

ω-3 fatty acids DHA play vital roles in lowering blood pressure by activating large Ca2+ conductance and voltage-activated 
K+ (BK) channels which lead to vasodilation. However, DHA ethyl ethers found in most dietary supplements fail to activate the ion 
channels and may even antagonize the positive effect of DHA [23]. However, there is evidence that DHA and EPA are involved in the 
neuronal repair process after traumatic brain injury (TBI) [24]. Although both animal models and human studies on brain injuries 
support their therapeutic effects, there has been no clinical trial evaluation on the effects of ω-3 fatty acids on resilience to, or 
treatment, of TBI [9]. A study conducted to assess clinical and biochemical effects of targeted alteration in dietary ω-3 and ω-6 
fatty acids for treating chronic headache showed that dietary intervention reduced pain in the head, altered antinociceptive lipid 
mediators, and improved quality-of-life of patients [25]. However, some studies have shown a relationship between high α-linolenic 
acid (ALA) intake and an increased risk of prostate cancer irrespective of the source of the fatty acid [19,26]. Meanwhile, a systematic 
and meta-analysis of previous meta-analysis studies on the association between ALA and risk of prostate cancer revealed no 
evidence linking ALA consumption to prostate cancer yet studies that used blood or tissue markers observed that higher ALA 
concentrations were present in serum/ tissues of prostate cancer patients [27,28]. Other studies however suggest a slight protective 
ability of ALA against prostate cancer making the contribution of ALA consumption to prostate cancer very controversial. Mammals 
inefficiently covert ALA into EPA and DHA, yet a study on the effects of flaxseed supplementation in prostate cancer patients 
reported higher EPA levels in there and or prostatic tissue after consumption [29,30]. This observation suggests that ALA might have 
been effectively converted to LC PUFA in the patients and the conversion may not be as rate-limiting as previously thought. Their 
findings suggested that flaxseed may have protective effects against prostate cancer.

 
Figure 1. Potential health effects of omega-3 fatty acid consumption. Dietary omega-3 fatty acid consumption reduces the risk of age-

related eye disorders such as cataract. Omega-3 fatty acid consumption also helps prevent and reverse a number of cardiovascular diseases. 
In the liver, long-chain omega-3 fatty acids control hepatic lipid metabolism by enhancing fatty acid oxidation and inhibition of SREBP-1c and 

ChREBP activities. PUFA influences different mechanisms that regulate endothelial permeability and function. Diets high in EPA and DHA 
increase anti-inflammatory microbes reduce immune cell destruction and inflammation. EPA reduces the risk of age related disease such as 

Alzheimer’s disease and Parkinson disease.

Investigations about the effect of fish consumption on prostate cancer outcome have shown contradictory findings. While 
some showed a reduced risk of prostate cancer with high fatty fish intake others reported an inverse association for particularly 
high lean fish intake [31-34]. However, although different fish sources may be of importance, differences in cooking methods may 
explain the mixed findings. It is possible that eating fish cooked at high temperatures could increase risk of advanced prostate 
cancer [35]. Other studies found no association between overall fish consumption in early or midlife and prostate cancer risk in a 
population with uniquely high intake of lean fish. Instead, they found that salted or smoked fish may increase risk of advanced 
prostate cancer due to the possible formation of carcinogens at higher temperatures, whereas fish oil consumption could offer 
protection against prostate cancer progression in elderly men. When oily fish is cooked at high temperature, high amounts of 
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carcinogens such as heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs) are rapidly formed with time and 
this increases the risk of advanced prostate cancer [16]. In addition to the formation of mutagens, alterations in fish lipid fractions 
due to oxidation of unsaturated fatty acids and cholesterol, absorption of culinary fat, the type of oil used for cooking whether 
animal fats or plant-based oils/fats rich in ω-6 PUFAs or oils rich in ω -3 PUFAs fatty acids could also possibly influence prostate 
cancer risk [36]. Moreover, a phase II clinical trial in a cohort of 48 untreated men affected with low-risk prostate cancer, found that 
EPA consumption could reduce the rate of prostate cancer progression [17]. Thus, prostate tissue ω-3 fatty acids, especially EPA, 
may be protective against prostate cancer progression in men. However, cancer is a complex disease and all nutrients can be 
harmful in deficiency or excess, and thus more studies are needed to explain completely contrasting results.

Dietary Recommendations for Omega-3 Fatty Acids 

Studies have found that many people do not consume enough LC ω-3 PUFA for optimal health [37]. Dietary recommendations 
for ω-3 fatty acids and fish have been stipulated by different organizations and health authorities (Food and Agriculture Organization 
(FAO), World Health Organization (WHO) and countries (Table 1). These recommended intakes can be achieved by consuming oily 
fish and seafood to increase LC ω-3 PUFA levels. An alternative to increasing fish/seafood consumption is to consume fish oil 
supplements and or micro-algal EPA/DHA capsules which are considered safe [38,39]. Although, the Food and Drug Administration 
(FDA) stipulates that dietary supplements should not recommend or suggest in their labeling a daily intake exceeding 2 grams 
of EPA and DHA, latest evidence suggests that EPA+DHA doses ≥ 2 g/day are required to achieve significant lowering effects on 
plasma triglyceride (TG), and that little or no effect may be observed at the recommended EPA and/or DHA intakes of 200–500 
mg/day [40]. The European Food Safety Authority (EFSA) also recommends a minimum intake of EPA+DHA of 250 mg in adults, a 
DHA intake of 100 mg specifically for infants and young children (<24 months) and an increase in DHA intake of 100–200 mg 
for pregnant and lactating mothers. The EFSA (Authority 2010) further states the consumption of a wide range of fish species 
(two servings per week, preferably one oily). EPA+DHA doses up to 5 g/day, EPA, and DHA alone up to 1.8 g/day and ca. 1 g/
day, respectively, are safe for adults, according to a recent EFSA opinion on tolerable upper intake [41]. Another option is the 
consumption of foods enriched with LC ω-3 PUFA. Nonetheless, the taste and smell of fish oil in their natural state is not liked by 
many consumers. In addition, fish oil is not suitable for vegetarians and the odour makes it unattractive. However, this problem 
of lipid oxidation in fish oil can be minimized by microencapsulation [42]. Alternative sources of ω-3 LC-PUFA can be krill oil, 
calamari oil, microorganisms and genetically modified crops and livestock. Omega-3 LC-PUFAs from these sources have also been 
demonstrated to be safe and of good bioavailability [5].

Table 1. Recommendations for EPA and DHA intake.

Organization Type of 
Organization Target Population Recommendation Reference

 Food and Agriculture 
Organization of the 
United Nations (FAO)

A u t h o r i t a t i v e 
Body 

0-6 months DHA: 0.1-.018% E 

Fats and Nutrition [43]

6-24 months DHA: 10-12 mg/kg birth weight 
2-4 years  EPA + DHA: 100-150 mg 
4-6 years EPA + DHA: 150-200 mg 

6-10 years EPA + DHA: 200-250 mg 

Pregnant/Lactating Women EPA + DHA: 0.3 g/day of which at 
least should be 0.2 g/day

World Health 
Organization (WHO)

A u t h o r i t a t i v e 
Body General adult population n-3 PUFAs: 1-2% of energy/day Amine et al. [44]

International Society for 
the Study of Fatty Acids 
and Lipids (ISSFAL) Expert Scientific 

Organization 

General adult population for 
cardiovascular health ≥ 500 mg/day of EPA+DHA Cunnane et al. [45]

Pregnant/Lactating Women DHA: 200 mg/day Koletzko et al. [46]

World Gastroenterology 
Organization

Expert Scientific 
Organization General Adult Population 3-5 servings/ week of fish Simopoulos [47]

World Association of 
Perinatal Medicine Working Group

Pregnant and Lactating Women 200 mg DHA/Day
Koletzko et al. [48]Infants, when breastfeeding is not 

possible 0.2-0.5% weight total fat

Microalgae: The Initial Omega-3 Producers

Although a variety of alternative EPA and DHA sources such as bacteria, fungi, plants and microalgae are currently being 
explored for commercial production, microalgae remains the initial producers of EPA and DHA in the marine food chain. They 
can naturally grow fast under a variety of autotrophic, mixotrophic and heterotrophic culture conditions with high LC ω-3 fatty 
acid production potential. Strains from the genera Phaeodactylum, Nannochloropsis, Thraustochytrium and Schizochytrium have 
demonstrated high accumulation of EPA and/or DHA . Microalgae are rich in phytosterols, carotenoids, vitamins and antioxidants. 
Phytosterols have proven cholesterol lowering efficacy whereas carotenoids act as antioxidants and some have vitamin A activity, 
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and protect against some chronic illnesses. These components may contribute to the health benefit of microalgal ω-3 LC-PUFA 
oils [49,50]. 

Higher Omega-3 Production

Metabolic engineering: Metabolic engineering, a technique of optimizing genetic and regulatory processes within cells to 
increase the production of a target substances, is another promising approach to increase the production of ω-3 fatty acids. PUFA 
biosynthesis pathways in eukaryotes and marine bacteria have been shown in (Figure 2). 

 
Figure 2. Schematic representation of aerobic LC-PUFAs biosynthesis. The predominant Δ6-pathway for the synthesis of omega-6 and 
omega-3 VLC-PUFAs is shown, as is the alternate Δ8-pathway. The two routes for DHA synthesis, microbial Δ4-pathway and mammalian 

“Sprecher” pathway are shown [51].

The first to report the metabolic engineering of the omega-trait in transgenic algae. They overexpressed heterologous genes 
encoding enzymes of the LC-PUFA biosynthetic pathway in Phaeodactylum tricormutum to enhance the production of DHA and 
DPA [52]. The transgenic strain (Pt_Elo5) was found to accumulate high levels of EPA (12.8% incorporated in neutral lipids) when 
grown in raceway ponds and this shows its feasibility for commercial EPA and DHA production [53]. Many microalgae and fungi have 
been engineered to overproduce LC-PUFA (Table 2).

Table 2. Genetic engineering studies to improve PUFA yields in microorganisms.

Main microbial sources of PUFAs

 Microbial sources Dry cell mass (%) PUFA/L (%) REFERENCES

PUFA

Aspergillus oryzae NR 25.2 Sakuradani et al. [54]]

Pichia pastoris NR NR Li et al. [55]

Pichia pastoris NR NR Jiang et al. [56]

Yarrowia lipolytica NR 20  Chuang et al. [57]
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DGLA

FUNGI

Mortierella alpine 1S-4 42.5 42.9 Sakuradani et al. [58]

Pichia pastoris NR NR Kajikawa et al. [59]

MICROALGAE

Lobosphaera incisa NR NR Abu‐Ghosh et al. [60]

AA

FUNGI
Pichia pastoris NR NR Kajikawa et al. [59]

Mortierella alpina 1S-4 NR 44 Sakuradani et al.[58]

Mortierella alpina strains 40-52 43-54 Okuda et al. [61]

Aspergillus sp NR NR Sakuradani et al.[62]

EPA

FUNGI

Pichia pastoris NR NR Kajikawa et al. [59]

Mortierella alpina CFR-GV15 NR NR Vadivelan and Venkateswaran [63] 
Yarrowia lipolytica NR 56.6 Xue et al.[64]

Pichia pastoris NR 25.21 Kajikawa et al. [59]

DHA
MICROALGAE

Phaeodactylum tricornutum NR 12 Hamilton et al. [52]

AA: Arachidonic acid; DGLA: Dihomo-g-linolenic acid; DHA: Docosahexaenoic acid; EPA: Eicosapentaenoic acid; GLA: 
g-linolenic acid; NR: Not reported

Cloning of genes involved in EPA and DHA biosynthesynthetic pathways from marine bacteria has been a subject of intensive 
research over the last decade. Transgenic E. coli has been shown to produce 6.1 times more EPA compared to the marine 
bacterium Shewanella baltica MAC1. Also, expressing the S. baltica MAC1 EPA/DHA gene cluster into Lactococcus lactis subsp. 
cremoris MG1363 yielded high levels of EPA and DHA. To the best of our knowledge, these authors are the only research group 
to generate an EPA/DHA-producing lactic acid bacterium, which can be used as an alternative for fish and fish oils as most LAB 
strains are food-grade microorganisms used widely for fermented food, particularly the dairy industry. The genetic manipulation of 
LAB (GM-LAB) will have several potential applications in the development of improved dairy products. Meanwhile, the safety issues 
on genetically modified LAB must be bridged [65]. Moreover, the extracted and purified EPA/DHA from the overexpressed GM-LAB 
could be more acceptable than the live cells. However, perception remains the greatest challenge to overcome once the evidence 
to allay safety concerns is available. 

A major breakthrough has been the recent success in engineering oleaginous yeast Y. lipolytica to produce high concentrations 
of ω-3 fatty acids. This remains the highest among the currently known non-animal EPA producers and makes land-based commercial 
production of EPA possible. Lower plants such as liverwort have also been engineered to produce large amounts of ARA and EPA 
from linoleic and alpha-linolenic acids. For instance, overexpressing ∆6-elongase, ∆6-desaturase, and ∆5-desaturase genes in 
Marchantia polymorpha L. resulted in a 3-fold increase ARA while EPA increased by 2-folds relative to wild type. Introduction and 
coexpression of the three genes in tobacco resulted in an increased production of ARA (15.5% of total fatty acids in the leaves) 
and EPA (4.9% of total fatty acids in the leaves). Also, introduction and coexpression of the three bryophyte genes in soybean 
resulted in the accumulation of high levels of C20-LC PUFAs (19.5% of the total fatty acids in the seeds). This suggests how the 
bryophyte may serve as a source of important genes required to boost C20-LC PUFA production in transgenic plants. Although 
higher plants have the enzymatic complex to synthesize the linoleic acid (LA) and α-linolenic acid (ALA), only few plants have the 
ability to produce Δ6-desaturated fatty acids, for example Stearidonic acid (SDA) and predominantly gammalinolenic acid (GLA). 
However, higher plants do not possess the enzymes to follow the elongation and desaturation steps to produce LC ω-3 PUFA as 
shown in (Figure 2). Despite inefficient conversion of ALA to SDA, SDA has a potential as an EPA-enhancing fatty acid, by bypassing 
the rate limiting enzyme Δ6-desaturase through their supplementation compared to ALA rich diets [66]. Other researchers have 
also successfully expressed Mortierella isabellina delta 6-fatty acid desaturase gene into Nicotiana tabacum cv. xanthi using the 
vector pGAMICL6 to produce a high yield of GLA [67]. The introduction of the LC-PUFA biosynthetic pathways into oilseed crops has 
been successfully demonstrated. High yields of GLA (27.067% of the total fatty acids) were obtained by heterologous expression 
of Mortierella isabellina delta6-fatty acid desaturase gene in five soybean cultivars [68]. Also, expression of the Pythium irregulare 
desaturase gene PiD6 in Brassica juncea under the control of the Brassica napus napin promoter resulted in the synthesis of 
high levels of GLA (40% of the total seed fatty acids). Meanwhile, though oil seeds can be engineered for high LC-PUFA production, 
reaching economically viable levels has been challenging [69]. Further studies are needed to better understand the enzymes 
and genes involved in seed oil biosynthesis to help circumvent the limitations on the production of unusual fatty acids such as 
triacylglycerol containing mono and di-hydroxy fatty acids (ricinoleic and auricolic acids). 
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Transgenic technology has been applied in generating omega-3 livestock such as transgenic omega-3 pigs. This may provide 
an alternative and sustainable land-based source of omega-3 fatty acids which can preserve and protect already deteriorating 
marine life and resources [70]. 

Enrichment of Omega-3 Pufa Content in Fish Oils

Dietary supplementation of long-chain PUFA is hindered because these fatty acids are present in low concentrations in the 
commonly available edible oils. Most fish oils do not contain high levels of DHA while microbial oils which contain high levels of 
either DHA or EPA are produced at a high cost. Hence, two main strategies have been developed to concentrate omega-3 PUFA 
in oils in the form of triacylglycerol. 

The first method mainly relies on the physical property differences between omega-3 fatty acid moieties and non-omega-3 
fatty acid moieties in the oil. Such methods include urea complexation, supercritical fluid extraction, and low-temperature 
crystallization. In urea complexation, alkaline hydrolysis of the oil triacylglycerol is carried out using alcoholic KOH or NaOH and 
the free fatty acids are mixed with an ethanolic solution of urea for complex formation. The mixture is cooled and filtered to remove 
the crystallized urea complexes leaving the enriched omega -3 PUFAs [71]. This method is the simplest and efficient for obtaining 
ω-3 PUFAs concentrates in the form of free fatty acids [72]. Supercritical extraction technology involves the use of carbon dioxide 
as the solvent for separating ω-3 PUFAs from other components in oil. The selectivity of this method is based only on the number 
of carbons in a chain but independent of the number of double bonds [73]. This method is environmentally friendly and produces 
products without residual solvents [74]. Low-temperature crystallization separates oil components based on their solubilities. Long-
chain saturated fatty acids with higher melting points crystallize at low temperatures so that PUFAs are separated as liquid form. 
This process can be carried out in the presence or absence of special solvents [75]. Despite the simplicity of procedure and its low 
cost, there is no significant increment in the omega-3 PUFA contents. 

The second method involves lipase-catalysed reactions that result in modifications of fatty acids on their glycerol backbone 
within the fat and oil. These enzymatic reactions result in the synthesize n-3 PUFA-enriched TAGs. The enzymatic reactions include 
interesterification, and hydrolysis and re-esterification. Interesterification is a chemical reaction that induces the rearrangement 
of fatty acids within and between triacylglycerols. This reaction results in an alteration of thermal behavior, and polymorphism of 
triacylglycerols which in tend influence fat crystal network structure, texture, and rheological properties, all of which contribute 
to functionality. For instance, interesterification of high oleic sunflower oil and tripalmitin or tristearin catalyzed by Thermomyces 
lanuginosus lipase resulted in products with reduced saturation as well as broader melting profiles [76]. Interesterification is 
associated with three reactions namely; acidolysis, alcoholysis and transesterification [77]. In the food industry, interesterification 
of fats and oils is carried out using enzymes (lipases) or chemical catalysts (usually sodium methoxide). The fatty acid composition 
of tuna oil was successfully enriched with to achieve an EPA: DHA ratio of 1:4 using sodium methoxide as a catalyst [78]. Though 
chemical interesterification comes with a low processing cost, there is a high processing loss due to oil saponification. On the 
other hand, enzymatic interesterification though relatively expensive, results in minimal processing loss and the products retain 
their oxidative stability. The substrate specificity of lipases also enhances selective formation of good-quality products [79]. Lipase 
hydrolysis has been used for enriching total ω-3 fatty acids or for selectively enriching either DHA or EPA in fish oil. Because the 
materials that are enriched in long-chain ω-3 are usually either partial glycerides or free fatty acids, the materials are re-esterified 
to triglycerides using lipase. By this method, the total ω-3 fatty acids in fish oil were increased from 30% in feed oil to 45% in the 
partial glycerides. Addition of Candida rugosa lipase selectively increased the DHA:EPA by 5:1 [80]. 

Transesterification involves the transformation of an ester into another through interchange of the alkoxy moiety and this 
method has been employed in producing ω-3 PUFA ethyl esters. For instance, ω-3 PUFA ethyl esters can be produced from 
menhaden oil and ethanol by transesterification using lipase K80 as a catalyst [81]. ω-3 PUFA-enriched triacylglycerol has also 
been produced by a two-step enzymatic reaction involving a lipase (Novozyme 435) catalyzed transesterification and a mutant 
lipase (SMG1-F278N) catalyzed ethanolysis. The triacylglycerols were then purified using low temperature molecular distillation 
[82]. Another way of obtaining EPA and DHA as phospholipids is by incorporating the fatty acids into inexpensive natural sources of 
phospholipids by enzyme-mediated transesterification [83]. Many studies have focused on using enzymes to produce phospholipids 
with specific fatty acid compositions in order to develop products for specific nutritional or health purposes [84,85]. Phospholipids 
containing PUFA at the sn-1 position have been produced by phospholipase A2-mediated esterification of phosphatidylcholine (PC) 
and lipozyme-catalyzed acidolysis. Also, phosphotydylcholine containing PUFA at its sn-2 position was generated by phospholipase 
A2-mediated condensation of lyso-PC and PUFA in glycerol. n-3 PUFA was also incorporated into phosphatidylcholine using Mucor 
miehei lipase and phospholipase A2 as catalysts. Lipases are however often stimulated by the presence of divalent cations such 
as Ca2+ and Mg2+. Calcium ions act at the catalytic site of lipases by promoting polarization of the substrate ester carbonyl group 
and by stabilizing negatively charged intermediates during catalysis via water molecules. The presence of Ca2+ has been shown to 
enhance transesterification of soybean lecithin with methyl esters of EPA and DHA in hexane catalysed by R. miehei lipase. 

Though it is possible to produce omega-3–enriched food products with satisfactory shelf life and good sensory properties, 
their stability to oxidation depend on the composition of the food matrix. Therefore, different forms of omega-3 lipids such as neat 
oils, microencapsulated fish oil or as a fish oil-in-water emulsion can be added to foods depending on the food matrix [86-90].
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CONCLUSION
Due to increased awareness of the health benefits of EPA and DHA, the demand for fish oil is increasing and the fish popula-

tions are in decline. However, recommendations to increase LC ω-3 PUFA intake should consider its potential health risks. Cooking 
methods also need to be considered since ω-3 PUFAs are easily oxidized resulting in harmful free radicals. Microalgae, the primary 
producers of omega-3 LC-PUFA could be a possible alternative, but the production cost of autotrophic microalgae is still rather 
high. Plant based equivalent of marine oil remains a challenge, because altering the composition of LC ω-3 PUFAs in seeds to 
obtain a fish oil substitute is the most pressing objective. Transgene-derived and extensive metabolic engineering of microorgan-
isms producing LC ω-3 PUFAs have an important role in the sustainability of fish stocks. Engineering genes encoding EPA and DHA 
biosynthetic pathways into food grade microorganisms such as lactic acid bacteria and yeast can be used as sustainable and cost 
effective alternative source for fish oils, and yet modern technologies must be thoroughly evaluated. However, interesterification 
and transesterification will remain promising techniques of producing LC ω-3 PUFAs from cheap fatty acids. Since omega-3 PUFA 
may interact with other food ingredients in the food matrix, the impact of such interactions on the nutritional effects of omega-3 
PUFA deserves further investigations.
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