Genetically modified plants are an alternative to oily fish for providing n-3 polyunsaturated fatty acids in the human diet: A summary of the findings of a BBSRC funded project
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Abstract
The n-3 polyunsaturated fatty acids (PUFA) present primarily in oily fish, namely eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are important components of cell membranes and are needed for normal development and cell function.  Humans have very limited capacity for EPA and DHA synthesis from α-linolenic acid and so they must be obtained preformed from the diet.  However, perceived unpalatability of oily fish and fish oil, concerns about contamination with environmental pollutants, dietary choices that exclude fish and animal products, and price limit the effectiveness of recommendations for EPA and DHA intakes.  Moreover, marine sources of EPA and DHA are diminishing in the face of increasing demands. Therefore, an alternative source of EPA and DHA is needed that is broadly acceptable, can be upscaled and is sustainable.  This review discusses these challenges and, using findings from recent nutritional trials, explains how they may be overcome by seed oils from transgenic plants engineered to produce EPA and DHA.  Trials in healthy men and women assessed the acute uptake and appearance in blood over 8 hours of EPA and DHA from transgenic Camelina sativa compared to fish oil, and the incorporation of these PUFA into blood lipids after dietary supplementation.  The findings showed that postprandial EPA and DHA incorporation into blood lipids and accumulation in plasma lipids after dietary supplementation was as good as that achieved with fish oil.  The oil derived from this transgenic plant was well tolerated.  This review also discusses the implications for human nutrition, marine ecology and agriculture.       



n-3 polyunsaturated fatty acids in tissues and in the diet
	n-3 (also known as omega-3) polyunsaturated fatty acids (PUFA) are a group of fatty acids in which the first double bond is 3 carbons from the methyl end of the molecule.  In humans, n-3 PUFA in the diet and in cell membranes typically vary in the length of the hydrocarbon chain between 18 and 22 carbons, and in the degree of unsaturation between 3 and 6 double bonds, all in the cis configuration (Burdge & Calder 2015).  The four principle n-3 PUFA are unevenly distributed between tissues (Arterburn et al. 2006), which suggests that their incorporation into cell membranes is related to specific cell functions.  α-linolenic acid (18:3n-3, ALA) and eicosapentaenoic acid (20:5n-3, EPA) each account for less than 1% of total membrane fatty acids in human tissues (Arterburn et al. 2006).  In contrast, docosahexaenoic acid (22:6n-3, DHA) accounts for over 20% of fatty acids in the retina and more than 15% of total sperm and cerebral cortex fatty acids (Arterburn et al. 2006).  Longer chain, more unsaturated n-3 PUFA also exist as metabolic intermediates that do not accumulate in cells, for example, 24:6n-3 in the Sprecher pathway (Leonard et al. 2004), and in specialised membrane structures, such as lipid rafts, which contain n-3 PUFA with chain length ≥ 24 carbons (Vasireddy et al. 2007).
	ALA is the only omega-3 PUFA that is considered to be essential in the human diet (Baker et al. 2016), although DHA may be conditionally essential during pregnancy (Larque et al. 2002).  ALA is found in a number of seeds and seed oils, such as walnut oil, soybean oil, and flaxseed oil in which ALA contributes approximately 50% of the seed oil fatty acids.  Typical intakes of ALA in European countries, North America, and Australia range between 0.5 to 2.5 g/day (Burdge & Calder 2005a; Kris-Etherton et al. 2000; Ollis et al. 1999).  EPA, docosapentaenoic acid n-3  (22:5n-3, DPAn-3) and DHA are absent from plants; the main dietary sources of these fatty acids are oily fish, such as such as salmon, sardines and mackerel, and their food products (Monroig 2018) and, albeit in markedly lower amounts, meat and dairy products (Dugan 2018).  
	   
Omega-3 polyunsaturated fatty acids and human health
There is a robust literature that demonstrates that adequate consumption of n-3 PUFA derived from marine fish, specifically EPA and DHA, are important for maintaining health across the life course.  For example, EPA+DHA status (Albert et al. 2002) and dietary intake (He et al. 2004) have been shown to improve cardiovascular health and pharmaceutical preparations of these fatty acids have been demonstrated in meta-analyses to be as effective as statins in preventing myocardial infarction (Studer et al. 2005), with inconsistencies in outcomes between studies likely to be attributable to limitations in the study designs (Calder & Yaqoob 2012).  Increased EPA plus DHA intakes can also improve chronic inflammatory and allergic diseases such as rheumatoid arthritis (Miles & Calder 2012), asthma, and inflammatory bowel disease (Calder 2015).  Such beneficial effects on health are mediated via changes in the structure and function of cell membranes (both lipid and protein components), and by altering the profile of secreted eicosanoids and specialised pro-resolving lipid mediators (Thies et al. 2003; Calder 2012; Calder 2015).  Furthermore, adequate accumulation of DHA into neural membranes is important for the normal development of the retina and central nervous system (Carlson & Neuringer 1999; Lauritzen et al. 2001).
In recognition of these positive impacts on health, several regulatory/advisory bodies have made recommendations for intakes of EPA plus DHA ranging from 250 mg/day to 1000 mg/day in order to promote optimal health.  In the UK, the Scientific Advisory Committee on Nutrition (SACN) recommended that all adults should consume at least 450 mg/day of EPA plus DHA (SACN 2004).  However, the effectiveness of such recommendations in promoting health is limited by dietary choices and the sustainability of the supply of marine fish as a primary source of these fatty acids.

Challenges to optimal EPA and DHA intakes in the UK population.  Despite the strength of the evidence in support of the health benefits derived from regular consumption of EPA and DHA, habitual intakes of these fatty acids across the UK population are disappointingly low.  Total fish consumption in the UK has decreased by approximately 25% since 1950, and only 27% of adult fish consumers regularly eat oily fish (Givens 2006).  Consequently, most UK adults consume less than 50% of the amount of EPA plus DHA that is recommended to maintain health.  EPA plus DHA intake in children is approximately only 10% of that in adults (Givens & Gibbs 2008).  Although cost of oily fish may be a concern, the perceived unpalatability of oily fish also appears to be a major barrier to its consumption (Givens & Gibbs 2008).  Approximately 11% of the UK population regularly consume EPA plus DHA as a fish oil dietary supplement, which is most common in individuals aged over 55 years (Food Standards Agency 2008).  The use of fish oil supplements is also limited by perceived unpalatability, cost and concerns about contamination with pollutants.  Furthermore,  inconsistencies have been identified in the quality of fish oil supplements (Albert et al. 2015) although others have not found this to be the case (Bannenberg et al. 2017; Nichols et al. 2016).  Dietary choices that exclude meat, dairy products and/ or fish induce lower EPA and DHA status (Sanders 2009; Burdge et al. 2017), which is not offset by metabolic adaptations during pregnancy (Postle et al. 1995) such that milk and infant blood EPA and DHA has been reported to be approximately 50% lower in vegetarians and vegans, compared to omnivores (Sanders & Reddy 1992).  However, despite the importance of DHA as a component of neural membranes, neither vegetarian dietary choice (Crozier et al. 2019) nor maternal DHA status in pregnancy (Crozier et al. 2018) appear to affect cognitive function in children.       
 	
α-linolenic acid is not an effective alternative to pre-formed EPA and DHA in the diet
	EPA and DHA can be synthesised by some mammals, in particular rodents, from ALA (Voss et al. 1991).  This finding has underpinned a number of studies that have sought to test whether ALA is, through metabolic interconversion, an effective alternative source of EPA and DHA to consuming these PUFA preformed.  If that were the case, this would address at least some of the major barriers to achieving recommended EPA and DHA intakes, in particular cost, palatability, and exclusion of animal-derived foods from the diet.  However, the results of dietary intervention trials that increased ALA intake (Burdge & Calder 2006; Baker et al. 2016) and of stable isotope tracer studies involving labelled ALA (Burdge 2004) have shown that the activity of this pathway is low in humans such that capacity for EPA synthesis is limited in men and women (Burdge & Wootton 2002; Burdge et al. 2002) and there is no evidence of DHA synthesis in men (Burdge et al. 2002).  However,  women are able to synthesise DHA (Burdge & Wootton 2002) and maintain higher DHA status than men (Lohner et al. 2013) irrespective of their background diet (Welch et al. 2010).  This sex difference in capacity for DHA synthesis and DHA status appears to be lost in older individuals (Pittaway et al. 2015) who, therefore, are likely to have a greater reliance on consuming preformed EPA+DHA than younger people. Thus, increased intake of ALA does not provide an alternative dietary source of EPA and DHA to consuming these PUFA preformed (Burdge & Calder 2006).  Moreover, dietary supplementation with stearidonic acid (18:4n-3, SDA), the product of the initial rate-limiting reaction in hepatic conversion of ALA to EPA and DHA, has been shown to increase EPA and DPAn-3 status, but not that of  DHA (James et al. 2003)  Increased consumption of SDA, which is only present in significant amounts in members of the genus Echium (Guil-Guerrero et al. 2001), is also an unsuitable dietary strategy for increasing EPA+DHA levels.  Overall, these findings show that plant-derived omega-3 fatty acids, specifically ALA and SDA, are not effective replacements for preformed EPA and DHA in the human diet (Plourde & Cunnane 2007).



Meeting global demands for EPA and DHA is a major burden on marine ecology 
	 There is an emerging consensus that a daily intake of approximately 500 mg EPA+DHA per individual would confer health benefits, which Salem and Eggersdorfer (2015) estimate would require 1.3 million metric tons annually of EPA plus DHA for the 7 billion humans that inhabit the Earth.  Currently, marine sources can supply 0.2 million metric tons of EPA plus DHA; about 16% of the required global provision of EPA plus DHA (Salem & Eggersdorfer 2015).  Wild fish capture has remained static since the 1990s, although the production of farmed fish has increased exponentially during this period.  However, aquaculture also represents a major demand on world fish oil supply as this is required for rearing of many farmed species (Tocher 2015).  There is also increasing demand for highly purified EPA and DHA for preparation of ethyl ester-based pharmaceutical products which incurs high production losses (90-95%) (Kitessa et al. 2014).
Thus, there is a critical need for novel, sustainable, and scalable sources of EPA and DHA in order to ensure sufficient supply for the global population. 

Crustacea and algal sources of preformed EPA and DHA
Krill oil has been proposed as an alternative to oily fish as a source of EPA plus DHA.  However, the estimated yield from the total krill catch in 2013 was 625 metric tonnes, about 0.3% of the global EPA+DHA requirement (Kwantas 2015).  Although this could be increased to 9% with considerable investment, this would have implications for conservation and stability of marine food webs in the South Atlantic (Kwantas 2015).  Furthermore, claims for greater bioavailability of n-3 PUFA from krill oil compared to fish oil have been shown to be unfounded (Salem & Kuratko 2014).  Algal oils that contain DHA or EPA plus DHA have also been proposed as an alternative source of these fatty acids (Kuratko et al. 2013) and these currently account for 2% of human EPA+DHA consumption (Salem & Eggersdorfer 2015).  However, the current costs of fermentation and refining processes are substantially greater than for fish oil production and hence algal oils are not likely to be economically competitive in the medium term as a replacement for oily fish in the human diet (Salem & Eggersdorfer 2015).

Oils from genetically modified plants as a source of EPA and DHA  
	Vegetable oils derived from genetically modified plants represent a potentially attractive alternative source of EPA and DHA for human consumption since such oils may overcome the concerns about palatability, sustainability and contamination that are associated with fish oil, the limited conversion of ALA in humans, and the cost and conservation issues associated with algal oils and krill oil, respectively.  Importantly, the health benefits derived from fish oil are due to both EPA and DHA although their functions may differ (Innes & Calder 2018), and thus oils from transgenic plants that only contain one of these n-3 PUFA may have limited effectiveness in supporting optimal health compared to consuming both [image: A close up of a logo
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Figure 1.  Proportions of EPA and DHA in fish oil and in oils from transgenic (GM) plants that were engineered to synthesise EPA and DHA. Values from Tocher et al. 2019 and West et al. 2020a.  

There are no native land plant species which can synthesise EPA and DHA.   However, genetic insertion of desaturase and elongase enzymes from yeast and algae into plants that naturally produce ALA has facilitated the development of strains of canola (oilseed rape) and Camelina sativa (C. sativa) which produce oils that contain either EPA or DHA, or EPA plus DHA in proportions that approximate, to varying extents the EPA and DHA contents of at least some fish oils (Figure 1) (Napier et al. 2019; Han et al. 2020).  A transgenic strain of canola that produces an oil containing 10% DHA, but less than 1% EPA has been developed by the Commonwealth Scientific and Industrial Research Organisation (CSIRO) (Petrie et al. 2020) and commercialised by Nuseed (Tocher et al. 2019).  Similarly, a transgenic strain of canola that produces a seed oil which contains 0.2% DHA and 8.1% EPA has been commercialised by Cargill for aquaculture feed (Napier et al. 2019).  However, as far as we are aware, there is no information in the public domain that reports testing of the oils produced by transgenic strains of canola for their effectiveness in replacing fish oil as a source of EPA and DHA in the human diet.
Effectiveness of transgenic Camelina sativa oil compared to fish oil on EPA and DHA uptake and incorporation into blood lipids
[image: A close up of a device

Description automatically generated]	 A recent study funded by the Biotechnology and Biological Sciences Research Council (BBSRC) UK has conducted the first evaluation in humans of the effectiveness as a source of EPA and DHA of an oil from a transgenic plant that produces EPA and DHA compared to fish oil (West et al. 2019; West et al. 2020a,b).  The study tested the seed oil from transgenic C. sativa which contained 11%  EPA and 9% DHA (Ruiz-Lopez et al. 2014) that had been shown to be effective in increasing EPA and DHA concentrations in farmed salmon and sea bream (Betancor et al. 2017; Betancor et al. 2016).  The triacylglycerol (TAG) molecular species composition of the transgenic oil differed substantially from the commercially prepared blended fish oil which was used as a comparator (West et al. 2020a).  In order to test whether such differences in the composition of the oils affected absorption and appearance in blood, the EPA and DHA incorporation into plasma lipids was assessed over an 8 hour postprandial period. Participants were healthy adults with mean (± standard 

Figure 2.  Postprandial incorporation of EPA and DHA into plasma lipids when consumed as blended fish oil or transgenic C. sativa oil.  Values are mean ± SEM incremental area-under the curve (iAUC) concentrations of EPA plus DHA over 8 hours in plasma from YF, young females; YM, young males; OF, older females; OM, older males.  n = 10 participants per group.  Data are from West et al. 2019.

error of the mean) ages 25 ± 1 years (both younger men and women), 57 ± 1 years (older women), and 60 ± 2 years (older men).  The study had a double-blinded crossover design in 
which participants consumed a standardised breakfast which included 450 mg EPA plus DHA, which reflects the intake of EPA plus DHA recommended by the UK Government (SACN 2004), provided by either blended fish oil or transgenic C. sativa oil and incorporation into blood lipids was then followed over 8 hours (West et al. 2019).  There were no significant differences in the incremental area-under-the time versus concentration curve between the test oils in the incorporation of EPA and DHA into plasma TAG, phosphatidylcholine (PC) or non-esterified fatty acids (NEFA) during the postprandial period (Figure 2).  There was no statistically significant effect of sex on the incorporation of EPA and DHA into these lipid pools.  Incorporation of EPA and DHA into plasma TAG, PC and NEFA was approximately 40 - 60% greater in older subjects compared to the younger participants, although there were no statistically significant interaction effects of age, sex and test oil.
	The postprandial period is associated with increased concentrations in blood of specific pro-inflammatory cytokines (Burdge & Calder 2005b).  The findings of West et al. (1999) showed no significant difference between test oils in the postprandial changes in the concentrations of TNF𝛼, interleukin (IL)-6 or IL-10 and the soluble intercellular adhesion molecule-1 (West et al. 2019).  Since the anti-inflammatory effect of EPA and DHA is well established (Miles & Calder 2012), one possible implication of this finding is that the transgenic C. sativa oil may suppress inflammation in a similar extent and manner to fish oil.  Fish oil has been suggested to potentially have utility in the management of patients with severe, acute inflammatory diseases such as sepsis (Hall et al. 2016) and Covid-19 (Bistrian 2020; Torrinhas et al. 2020).  Hence, it is possible that transgenic C. sativa oil may also have therapeutic value in such patients.
	In order to test whether this transgenic C. sativa oil was as effective as fish oil in
increasing plasma lipid EPA and DHA concentrations over the longer term, the same group
carried out an 8 week single- blinded, cross-over, dietary supplementation trial in a combined group of healthy men and women aged between 20 and 74 years (median 53 years) (West et al. 2020a).  Participants consumed 450 mg/day EPA plus DHA provided as either transgenic C. sativa oil or blended fish oil using oral dosing syringes for 8 weeks, followed by 6 weeks washout before consuming the other oil for 8 weeks.  Median compliance was greater than 95% for both test oils.  Consuming either test oil increased EPA and DHA concentrations in plasma TAG, PC and NEFA, and there were no significant differences between test oils in the magnitude of the increment in plasma EPA and DHA concentrations (Figure 3).  The concentration of TAG in a combined VLDL+chylomicron 
[image: ]
Figure 3.  Change from baseline of EPA and DHA concentrations in plasma lipids when consumed as blended fish oil or transgenic C. sativa oil.  Values are mean ± SEM increments in EPA and DHA concentrations after dietary supplementation with these test oils for 8 weeks.  n = 31 participants.  Data are from West et al. 2020b.

fraction was reduced significantly and to a similar extent after consuming fish oil (-15%) or transgenic C. sativa oil (-11.7%), although there was no significant effect of either oil on total plasma TAG concentration.  Moreover, consuming either oil increased the Omega-3 index (Harris & Von Schacky 2004) by approximately 0.6 % points (West et al. 2020a).  However, the study was not powered to detect changes in these secondary outcomes and so the findings should be regarded as indicative of the potential for health benefits from consuming the transgenic C. sativa oil rather than as evidence of efficacy.        
	The blended fish oil and transgenic C. sativa oil were well tolerated in both trials with no adverse events that could be attributed to consuming either test oil.  However, one participant withdrew from the dietary supplementation trial because they found the fish oil supplement unpalatable.
	
Conclusions and future perspectives
	The recent studies that tested the efficacy of transgenic C. sativa oil as a source of EPA and DHA for human consumption indicate that this oil is an effective alternative to fish oil.  One important implication of these findings is that this oil could potentially overcome the present challenges to achieving adequate intakes of EPA and DHA in the general population; namely perceived unpalatability and incompatibility with dietary choices that exclude food groups that contain EPA and DHA including meat, oily fish and dairy products.  Moreover, the production of transgenic C. sativa can potentially be scaled to meet demands (Han et al. 2020) in a manner that could not be readily achieved by costly fermentation of algae or wild capture of oily fish, hence reducing the negative impact on the marine environment of producing EPA and DHA for direct human consumption and for aquaculture.
	Field trials have demonstrated the stability and robustness of the transgenic trait of C. sativa that produces EPA and DHA (Han et al. 2020), thus further supporting the sustainability and scalability of this crop which, therefore, represents a novel opportunity for agricultural innovation and commercialisation.  However, in some countries, most notably the EU, legislation impeding the commercial cultivation of transgenic plants for human consumption remains a barrier to realisation of such benefits. With the UK’s departure from the EU, it will be interesting to see if new opportunities for the production of such GM crops emerge, although cultivation in less restrictive parts of the world (such as North and South America) is a more immediately tangible opportunity.  One key development objective is to formulate the means of incorporating the seed oil from transgenic C. sativa that produces EPA and DHA into the human food chain in a manner which is cost effective, preserves the biologically important PUFA, allows wide consumption, and is compatible with most dietary choices. 
Overall, transgenic C. sativa that produces EPA and DHA could potentially make a significant contribution to facilitating nutrient security with respect to omega-3 PUFA while reducing the burden on the marine environment of sourcing these fatty acids for human consumption.      
	
Acknowledgements
The development of the transgenic strain of C. sativa that produces a seed oil that contains EPA and DHA, and the evaluation of the efficacy of this oil in humans were funded by the Biotechnology and Biological Sciences Research Council, UK (Grant numbers BB/N014081/1 and  BB/N01412X/1).  

Author contributions
GCB wrote the first draft of the manuscript with contributions from all authors.  All authors approved the final version.



Declarations
GCB has served as member of the Scientific Advisory Board of BASF AS and as a member of the BASF Newtrition® Asia Research Grant Panel.  GCB and KAL have received research funding from Nestlé, Abbott Nutrition and Danone. PCC acts as a consultant to BASF AS, Smartfish, DSM, Cargill and Fresenius-Kabi. JAN has provided ad hoc consultancy services to BASF. The other authors have nothing to declare.

Conflicts of interest
The authors declare no conflicts of interest with this review.

References
Albert BB, Derraik,  G, Cameron-Smith, D et al. (2015) Fish oil supplements in New Zealand are highly oxidised and do not meet label content of n-3 PUFA. Scientific Reports 5, 7928.
Albert CM, Campos H, Stampfer M J  et al. (2002) Blood levels of long-chain n-3 fatty acids and the risk of sudden death. The New England journal of medicine 346, 1113-18.
Arterburn LM, Hall EB & Oken H (2006) Distribution, interconversion, and dose response of n-3 fatty acids in humans.  American Journal of Clinical Nutrition 83, 1467S-76S.
Baker EJ, Miles E A, Burdge GC et al. (2016) Metabolism and functional effects of plant-derived omega-3 fatty acids in humans. Progress in Lipid Research 64, 30-56.
Bannenberg G, Mallon C, Edwards H et al. (2017) Omega-3 Long-Chain Polyunsaturated Fatty Acid Content and Oxidation State of Fish Oil Supplements in New Zealand. Scientific Reports 7, 1488.
Betancor MB, Li K, Sprague M et al. (2017) An oil containing EPA and DHA from transgenic Camelina sativa to replace marine fish oil in feeds for Atlantic salmon (Salmo salar L.): Effects on intestinal transcriptome, histology, tissue fatty acid profiles and plasma biochemistry. PLoS One 12, e0175415.
Betancor MB, Sprague M, Montero D. et al. (2016) Replacement of Marine Fish Oil with de novo Omega-3 Oils from Transgenic Camelina sativa in Feeds for Gilthead Sea Bream (Sparus aurata L.). Lipids 51, 1171-91.
Bistrian, B. R. (2020) Parenteral Fish-Oil Emulsions in Critically Ill COVID-19 Emulsions. JPEN. Journal of Parenteral and Enteral Nutrition.  doi: 10.1002/jpen.1992
Burdge G (2004) Alpha-linolenic acid metabolism in men and women: nutritional and biological implications. Current Opinion in Clinical Nutrition and Metabolic Care 7, 137-44.
Burdge GC & Calder PC (2005a) Conversion of alpha-linolenic acid to longer-chain polyunsaturated fatty acids in human adults. Reproduction Nutrition & Development 45, 581-97.
Burdge GC & Calder PC (2005b) Plasma cytokine response during the postprandial period: a potential causal process in vascular disease? British Journal of Nutrition 93, 3-9.
Burdge GC & Calder PC (2006) Dietary alpha-linolenic acid and health-related outcomes: a metabolic perspective. Nutrition Research Reviews 19, 26-52.
Burdge GC & Calder PC (2015) Introduction to fatty acids and lipids. World Review of Nutrition and Dietetics 112, 1-16.
Burdge GC, Jones AE & Wootton SA (2002) Eicosapentaenoic and docosapentaenoic acids are the principal products of alpha-linolenic acid metabolism in young men. British Journal of Nutrition 88, 355-63.
Burdge GC, Tan SY & Henry CJ. (2017) Long-chain n-3 PUFA in vegetarian women: a metabolic perspective. Journal of Nutritional Science 6, e58.
Burdge GC & Wootton SA (2002) Conversion of alpha-linolenic acid to eicosapentaenoic, docosapentaenoic and docosahexaenoic acids in young women. British Journal of Nutrition 88, 411-20.
Calder PC (2012) The role of marine omega-3 (n-3) fatty acids in inflammatory processes, atherosclerosis and plaque stability. Molecular Nutrition & Food Research 56, 1073-80.
Calder PC (2015) Marine omega-3 fatty acids and inflammatory processes: Effects, mechanisms and clinical relevance. Biochimica et biophysica acta 1851, 469-84.
Calder PC & Yaqoob P (2012) Marine omega-3 fatty acids and coronary heart disease. Current Opinion in Cardiology 27, 412-19.
Carlson SE and Neuringer M. (1999) Polyunsaturated fatty acid status and neurodevelopment: a summary and critical analysis of the literature. Lipids 34, 171-78.
Crozier SR, Godfrey KM, Calder PC et al. (2019) Vegetarian Diet during Pregnancy Is Not Associated with Poorer Cognitive Performance in Children at Age 6-7 Years. Nutrients 11, 3029.
Crozier, S. R., Sibbons, C. M., Fisk, H. L. et al. (2018) Arachidonic acid and DHA status in pregnant women is not associated with cognitive performance of their children at 4 or 6-7 years. The British Journal of Nutrition 119, 1400-07.
Dugan MER, Mapiye C & Vahmani, P. (2018) Polyunsaturated fatty acid biosynthesis and metabolism in agruculturally important species. In: Polyunsaturated fatty acid metabolism, (GC Burdge ed.), pp. 61-86. AOCS Press.
Food Standards Agency (2008) Consumer consumption of vitamin and mineral food supplements. 
Givens DI & Gibbs RA (2008) Current intakes of EPA and DHA in European populations and the potential of animal-derived foods to increase them. Proceedings of the Nutrition Society. 67, 273-80.
Givens DI & Gibbs RA (2006) Very long chain n-3 polyunsaturated fatty acids in the food chain in the UK and the potential of animal-derived foods to increase intake. Nutrition Bulletin 31, 104-10.
Guil-Guerrero JL, Gomez-Mercado F, Rodriguez-Garcia, I et al. (2001) Occurrence and characterization of oils rich in gamma-linolenic acid (III): the taxonomical value of the fatty acids in Echium (Boraginaceae). Phytochemistry 58, 117-120
Hall TC, Bilku DK, Neal CP et al. (2016) The impact of an omega-3 fatty acid rich lipid emulsion on fatty acid profiles in critically ill septic patients. Prostaglandins, Leukotrienes, and Essential Fatty Acids 112, 1-11.
Han L, Usher S, Sandgrind S et al. (2020) High level accumulation of EPA and DHA in field-grown transgenic Camelina - a multi-territory evaluation of TAG accumulation and heterogeneity. Plant Biotechnology Journal  doi: 10.1111/pbi.13385. 
Harris WS & Von Schacky C (2004) The Omega-3 Index: a new risk factor for death from coronary heart disease? Preventive Medicine 39, 212-20.
He K, Song Y, Daviglus ML, Liu K et al. (2004) Accumulated evidence on fish consumption and coronary heart disease mortality: a meta-analysis of cohort studies. Circulation 109, 2705-11.
Innes JK and Calder PC (2018) The Differential Effects of Eicosapentaenoic Acid and Docosahexaenoic Acid on Cardiometabolic Risk Factors: A Systematic Review. International Journal of Molecular Sciences 19, 532.
James MJ, Ursin VM & Cleland LG (2003) Metabolism of stearidonic acid in human subjects: comparison with the metabolism of other n-3 fatty acids. American Journal of Clinical Nutrition 77, 1140-45.
Kitessa SM, Abeywardena M, Wijesundera C et al. (2014) DHA-containing oilseed: a timely solution for the sustainability issues surrounding fish oil sources of the health-benefitting long-chain omega-3 oils. Nutrients 6, 2035-58.
Kris-Etherton, PM, Taylor DS, Yu-Poth S et al. (2000) Polyunsaturated fatty acids in the food chain in the United States. Am J Clin Nutr 71, 179S-188S.
Kuratko CN, Barrett EC, Nelson EB et al. (2013) The relationship of docosahexaenoic acid (DHA) with learning and behavior in healthy children: a review. Nutrients 5, 2777-810.
Kwantas JM &Grundmann O (2015) A Brief Review of Krill Oil History, Research, and the Commercial Market.  Journal of Dietary Supplements 12, 23-35.
Larque E, Demmelmair H & Koletzko B (2002) Perinatal supply and metabolism of long-chain polyunsaturated fatty acids: importance for the early development of the nervous system. Annals of the New York Academy of Sciences 967, 299-310.
Lauritzen L, Hansen HS, Jorgensen MH & Michaelsen KF (2001) The essentiality of long chain n-3 fatty acids in relation to development and function of the brain and retina. Progress in Lipid Research 40, 1-94.
Leonard AE, Pereira SL, Sprecher H et al. (2004) Elongation of long-chain fatty acids. Progress in Lipid Research 43, 36-54.
Lohner S, Fekete K, Marosvolgyi T et al.  (2013) Gender differences in the long-chain polyunsaturated fatty acid status: systematic review of 51 publications. Annals of Nutrition and Metabolism 62, 98-12.
Miles EA & Calder PC (2012) Influence of marine n-3 polyunsaturated fatty acids on immune function and a systematic review of their effects on clinical outcomes in rheumatoid arthritis. British Journal of Nutrition 107 Suppl 2, S171-84.
Monroig  O, Tocher D.R & Castro LFC (2018) Polyunsaturated fatty acid biosynthesis and metabolism in fish. In: Polyunsaturated fatty acid metabolism, (GC Burdge ed.) pp. 31-60., AOCS Press.
Napier JA, Olsen RE & Tocher DR (2019) Update on GM canola crops as novel sources of omega-3 fish oils. Plant Biotechnology Journal 17, 703-5.
Nichols PD, Dogan L & Sinclair A (2016) Australian and New Zealand Fish Oil Products in 2016 Meet Label Omega-3 Claims and Are Not Oxidized. Nutrients 8, 703.
Ollis TE, Meyer BJ & Howe PR (1999) Australian food sources and intakes of omega-6 and omega-3 polyunsaturated fatty acids. Annals of Nutrition and  Metababolism 43, 346-55.
Petrie, J. R., Zhou, X. R., Leonforte, A. et al. (2020) Development of a Brassica napus (Canola) Crop Containing Fish Oil-Like Levels of DHA in the Seed Oil. Frontiers in Plant Science 11, 727.
Pittaway JK, Chuang LT, Ahuja KD et al. (2015) Omega-3 dietary Fatty Acid status of healthy older adults in Tasmania, Australia: an observational study. Journal of Nutrition, Health & Aging 19, 505-10.
Plourde M & Cunnane SC (2007) Extremely limited synthesis of long chain polyunsaturates in adults: implications for their dietary essentiality and use as supplements. Applied Physiology, Nutrition & Metabolism = Physiologie Appliquee, Nutrition et Metabolisme 32, 619-34.
Postle, AD, Al, MDM, Burdge GC et al. (1995) The composition of individual molecular species of plasma phosphatidylcholine in human pregnancy.  Early Human Development 43, 47-58 
Ruiz-Lopez N, Haslam RP, Napier JA et al. (2014) Successful high-level accumulation of fish oil omega-3 long-chain polyunsaturated fatty acids in a transgenic oilseed crop. The Plant Journal: for Cell and Molecular Biology 77, 198-208.
Salem N Jr & Eggersdorfer M (2015) Is the world supply of omega-3 fatty acids adequate for optimal human nutrition? Current Opinion in Clinical Nutrition and Metabolic Care 18, 147-154.
Salem N Jr & Kuratko CN (2014) A reexamination of krill oil bioavailability studies. Lipids in Health & Disease 13, 137.
Sanders TA (2009) DHA status of vegetarians. Prostaglandins, Leukotrienes, & Essential Fatty Acids 81, 137-41.
Sanders TA & Reddy S (1992) The influence of a vegetarian diet on the fatty acid composition of human milk and the essential fatty acid status of the infant. J Pediatrics 120, S71-7.
Scientific Advisory Committee on Nutrition (2004) Advice on Fish Consumption: Benefits and Risks.
Studer M, Briel M, Leimenstoll B et al. (2005) Effect of different antilipidemic agents and diets on mortality: a systematic review. Archives of Internal Medicine 165, 725-30.
Thies F, Garry JM, Yaqoob P et al. (2003) Association of n-3 polyunsaturated fatty acids with stability of atherosclerotic plaques: a randomised controlled trial. Lancet 361, 477-85.
Tocher DR (2015) Omega-3 long-chain polyunsaturated fatty acids and aquaculture in perspective. Aquaculture 449, 94-107.
Tocher DR, Betancor MB, Sprague M et al. (2019) Omega-3 Long-Chain Polyunsaturated Fatty Acids, EPA and DHA: Bridging the Gap between Supply and Demand. Nutrients 11, 89.
Torrinhas RS, Calder PC & Waitzberg DL (2020) Response to Bistrian BR. Parenteral Fish-Oil Emulsions in Critically Ill COVID-19 Emulsions. JPEN. Journal of Parenteral & Enteral Nutrition.
Vasireddy, V., Uchida, Y., Salem, N. et al. (2007) Loss of functional ELOVL4 depletes very long-chain fatty acids (>= C28) and the unique omega-O-acylceramides in skin leading to neonatal death. Human Molecular Genetics 16, 471-82.
Voss A, Reinhart M, Sankarappa S et al. (1991) The metabolism of 7,10,13,16,19-docosapentaenoic acid to 4,7,10,13,16,19-docosahexaenoic acid in rat liver is independent of a 4-desaturase. Journal of Biological Chemistry 266, 19995-20000.
Welch AA, Shakya-Shrestha S, Lentjes MA et al. (2010) Dietary intake and status of n-3 polyunsaturated fatty acids in a population of fish-eating and non-fish-eating meat-eaters, vegetarians, and vegans and the precursor-product ratio of alpha-linolenic acid to long-chain n-3 polyunsaturated fatty acids: results from the EPIC-Norfolk cohort. American Journal of Clinical Nutrition 92, 1040-51.
West AL, Miles EA, Lillycrop KA et al. (2019) Postprandial incorporation of EPA and DHA from transgenic Camelina sativa oil into blood lipids is equivalent to that from fish oil in healthy humans. British Journal of Nutrition 1235-1246
West AL, Miles EA, Lillycrop KA et al. (2020a) Dietary supplementation with seed oil from transgenic Camelina sativa induces similar increments in plasma and erythrocyte DHA and EPA to fish oil in healthy humans. British Journal of Nutrition doi: 10.1017/S0007114520002044.
West AL, Michaelson LV, Miles EA et al. (2020b) Differential postprandial incorporation of 20:5n-3 and 22:6n-3 into individual plasma triacylglycerol and phosphatidylcholine molecular species in humans. Biochimica Biophysica Acta: Molecular and Cellular Biology of Lipids 1865, 158710.




14

image2.tiff
iAUC (umol/l x h) IAUC (umol/l x h)

iAUC (umol/l x h)

400+

300+

200+

100+

Triacylglycerol

B C. sativa oil
[ Fish oil

400+

300+

200+

100+

Ll

YM OF OM

Phosphatidyicholine

400+

300+

200+

100+

YE YM OF OM

Non-esterified fatty acids

oy




image3.tiff
30+

)
e

A Concentration (umol/l)
)

0.8+

e
(=2}
1

A Concentration (umol/l)
=) =)
¥ 'S
1 1

W= W

0.0-

Triacylglycerol

B C. sativa oil
[] Fish ail

EPA DHA

Non-esterified fatty acids

EPA DHA

30+

)
e

A Concentration (umol/l)
2

30+

)
e

A Concentration (umol/l)
)

Phosphatidylcholine

EPA

DHA

Cholesteryl esters

EPA





image1.tiff
10-

Proportion of total fatty acids (%)

[] Blended fish oil
] GM C. sativa 1
GM C. sativa 2
El Cargill canola

[] CSIRO canola

\
\
%
D

EPA

DHA




