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Abstract The influence of feed oils on fatty acid compositions of cod liver oils was 
examined to investigate how fatty acid profiles are modified, and to provide estimates of 
feed oil compositions needed to give liver oils meeting production guidelines [3-11% 
18:2/¡—6, 7-16%  20:5//—3 (EPA) and 6-18%  22:6/7—3 (DHA)]. Attention was directed to 
examination of cod liver oil contents of //—6 and //—3 fatty acids, the essential fatty acids. 
Data, mostly taken from published work, were subjected to regression analysis to inves
tigate the relationships between the percentages of fatty acids (18:2/7—6, total //—6 fatty 
acids, 18:3/7—3, 20:5/7—3, 22:6/7—3 and total //—3 fatty acids) in feed oils and their per
centages in liver oils.

There were highly significant relationships between feed oil and liver oil percentages for 
all fatty acids examined:

Liver oil 18:2/7—6 (%) =  0.787 Feed oil 18:2/7—6 (%) +  1.329; (// =  21; R2 =  0.957) 
Liver oil total //—6 Fatty acids (%) =  0.831 Feed oil total //—6 Fatty acids (%) +  0.536; 
(zi =  21; R2 =  0.957)
Liver oil 18:3/7—3 (%) =  0.814 Feed oil 18:3/7—3 (%) +  0.022; (// =  21; R2 =  0.985)
Liver oil 20:5/7—3 (%) =  0.762 Feed oil 20:5/7—3 (%) +  1.163; (// =  21; R2 =  0.875)
Liver oil 22:6/7—3 (%) =  0.785 Feed oil 22:6/7—3 (%) +  1.393; (// =  21; R2 =  0.831)
Liver oil total //—3 Fatty acids (%) =  0.770 Feed oil total //—3 Fatty acids (%) +  2.558;
(// =  21; R2 =  0.851)

Feed oil percentages of 18:2//—6, 20:5/7—3 (EPA) and 22:6/7—3 (DHA) required to 
produce liver oils that comply with guidelines were estimated to be 2.5-12.5% for 18:2//—6, 
8-19.5% for 20:5/7—3 and 6-21%  for 22:6/7—3. Given the fatty acid compositions of 
commercial feed oils it is unrealistic to expect that liver oils with highly unsaturated //—3 
fatty acids percentages at the high end of the recommended range (15-18% for both 
20:5/7—3 and 22:6://—6) can be produced from farmed cod, but it should be possible to
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obtain liver oils that fulfil fatty acid composition criteria without the need to manufacture 
feeds that have fatty acid compositions that deviate markedly from those in current use. As 
an alternative to using feeds with constant fatty acid compositions throughout production, 
finisher feeds could be used to manipulate fatty acid compositions of liver oils, but the 
economics of using this feeding strategy needs to be examined before commercial 
implementation can be recommended.

Keywords Human nutrition • Dietary lipids • n—3 HUFAs • n—6 PUF As •
Marine fish oils • Plant oils • Gadus morhua

Introduction

Highly unsaturated n—3 fatty acids (n—3 HUFAs), particularly 20:5«—3 (EPA) and 22: 
6n—3 (DHA), are important for human health and early development, and dieticians are 
advising increased consumption of foods that contain these fatty acids (Connor 2000; 
Williams 2000; McCowen and Bistrian 2005; Ruxton et al. 2005, 2007; Lunn and Theobald 
2006). It is recommended that the dietary ratio of n—6 to n—3 fatty acids be maintained 
below 5:1, but the diets of most western Europeans and North Americans are characterised 
by n—6 to n—3 fatty acid ratios (7-20) that deviate markedly from recommendations 
(Bourre 2005; Lunn and Theobald 2006; Lacroix and De Meester 2007). Ways in which the 
balance could be redressed would be by increasing consumption of seafood and/or taking 
n—3 HUFA-rich dietary supplements. The fillets of oily fish contain 5-20%  lipid, depending 
upon species and season, and oily marine fish are the main source of n—3 HUFAs in the 
human diet (Jobling 2001, 2004b; Bourre 2005; Ruxton et al. 2005, 2007; Lunn and The
obald 2006). As an alternative to eating oily marine fish to obtain n—3 fatty acids, marine 
fish oils may be taken as a dietary supplement; n—3 HUFAs may make up 20-30% of the 
fatty acids in marine fish oils, and a dose of 5 g oil (ca. 5 ml) would provide 1-1.5 g n—3 
HUFAs to a human consumer (Bourre 2005; Ruxton et al. 2005; Lunn and Theobald 2006). 
Cod liver oil has a long tradition of use as a dietary supplement, and is widely consumed as a 
source of n—3 HUFAs and lipid-soluble vitamins (vitamins A and D).

Cod farming industries are developing on the Atlantic seaboards of northern Europe and 
North America, and it is currently the lean, white-fleshed fillet that is the main saleable 
product. It is, however, not unusual for farmed cod to develop large, oily livers (Lie et al. 
1986; dos Santos et al. 1993; Jobling 2001, 2004b; Bell et al. 2006; Karalazos et al. 2007; 
Standal et al. 2008), making the livers of farmed cod a potentially valuable commodity for 
the production of cod liver oil (Jobling 2004b; Standal et al. 2008). For this to be a viable 
proposition there would need to be a large and regular supply of livers from farmed cod, 
and the extracted oils would need to contain high concentrations of n—3 HUFAs and low 
concentrations of contaminants (Jobling 2004b; Standal et al. 2008); guidelines for fatty 
acid compositions of liver oils from farmed cod have been proposed (Standal et al. 2008).

There is increasing use of plant oils to partially replace marine fish oils in the feeds 
given to farmed fish. This is becoming common because of a combination of a shortfall in 
supply and increasing prices of feed-quality fish oils. The replacement of fish oils by plant 
oils may create some problems for farmed fish production because marine fish oils are 
good sources of n—3 HUFAs whereas plant oils are not. Many plant oils contain quite high 
percentages of 18C n—3 fatty acids but they are devoid of n—3 HUFAs. As such, fish 
species that have limited ability to convert 18C n—3 fatty acids to n—3 HUFAs will not
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deposit much //—3 HUFA in their tissues (Sargent et al. 1989, 2002; Higgs and Dong 2000; 
Jobling 2001, 2004b).

With this background the present work was carried out with the aim of investigating the 
influence of feed oil blends on the fatty acid compositions of liver oils of farmed cod, and 
to provide a preliminary estimate of the compositions of feed oils that would be needed to 
produce liver oils that comply with fatty acid composition guidelines (Standal et al. 2008).

Materials and methods

Data used in the analyses were compiled from published work, and also included some 
unpublished information from our studies. The unpublished data relate to analyses of total 
n—6 and n—3 fatty acids undertaken in connection with the fatty acid determinations 
presented in Jobling et al. (2008). The other information was taken from Lie et al. (1986), 
dos Santos et al. (1993), Bell et al. (2006), Karalazos et al. (2007), Jobling et al. (2008) 
and Zhong et al. (2008). Several of the published studies included treatments in which 
there was partial replacement of fish oil with plant oils or plant oil blends, namely peanut 
(Lie et al. 1986), echium (Bell et al. 2006), soya (Karalazos et al. 2007) or rapeseed and 
linseed oils (Jobling et al. 2008).

In performing analyses attention was directed towards examination of the influences of 
feed oil contents of n—6 and n—3 fatty acids (the essential fatty acids) on the fatty acid 
compositions of the liver oils. The relationships between the percentages of fatty acids 
(18:2/7—6, total n—6, 18:3/7—3, 20:5/7—3, 22:6/7—3 and total n—3) in feed oils and the 
resulting liver oils were examined using least-squares regression analysis. The regression 
lines generated for 18:2/7—6, 20:5/7—3 (EPA) and 22:6/7—3 (DHA) were then used to 
estimate the percentages of fatty acids in feed oil blends that would be needed to produce 
liver oils that complied with guideline values for cod liver oils destined for human con
sumption (Standal et al. 2008).

Results

There were highly significant relationships between feed oil and liver oil percentages for all 
fatty acids examined (Figs. 1—4). The n—6 fatty acids are characteristic of plant oils, and 
the highest percentages of 18:2/7—6 and total n—6 fatty acids were recorded in the liver oils 
of cod that had been given feeds containing peanut (Lie et al. 1986), echium (Bell et al. 
2006), soya (Karalazos et al. 2007) or rapeseed (Jobling et al. 2008) oil as a substantial 
proportion of the dietary lipid source (Fig. 1). Percentages of total n—3 fatty acids increased 
with increasing dietary supply (Fig. 2), irrespective of whether they were provided in the 
form of 18C n—3 fatty acids or n—3 HUFAs (Figs. 2—4). Some plant oils, such as linseed 
and echium oils, contain a high percentage of 18:3/7—3, and the highest percentages of this 
zi—3 fatty acid were recorded in the liver oils of cod given feeds in which echium oil (Bell 
et al. 2006) or linseed oil (Jobling et al. 2008) was used as a source of dietary lipid. The n—3 
HUFAs are characteristic of marine food chains, and the highest percentages of 20:5/7—3 
(EPA) and 22:6/7—3 (DHA) were recorded in the liver oils of cod given feeds in which oils 
of marine origin were used as the main source of dietary lipid (Figs. 3 and 4).

The guidelines developed for the fatty acid compositions of liver oils from farmed cod 
state that 18:2//—6 may be within the range 3-11%, 20:5/7—3 should make up 7-16%  and 
22:6/7—3 should make up 6-18%  of the fatty acids present in the oil (Standal et al. 2008).
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Fig. 1 Influence of n—6 fatty acids in feed oils on n—6 fatty acids in the liver oils of farmed cod. 
Regression equations for the relationships are: Liver oil total n —6 FAs (%) =  0.831 Feed oil total n —6 FAs 
(%) +  0.536 (« =  21; R2 =  0.957); Liver oil 18:2«-6 (%) =  0.787 Feed oil 18:2«-6 (%) +  1.329 
(« =  21; R2 =  0.957). The solid line shows the relationship between feed oil 18:2n—6 and liver oil 18:2«—6. 
The horizontal dashed lines indicate the guideline range for percentage 18:2«—6 in the liver oils of farmed 
cod (Standal et al. 2008) and the vertical arrows represent the estimates of the percentages of the fatty acid 
needed to be included in feed oil blends to produce cod liver oils that comply with the guidelines

Fig. 2 Influence of «—3 fatty 
acids in feed oils on «—3 fatty 
acids in the liver oils of farmed 
cod. Regression equations for the 
relationships are: Liver oil total 
« - 3  FAs (%) =  0.770 Feed oil 
total « —3 FAs (%) +  2.558 
(» = 21; R2 = 0.851); Liver oil 
18:3»—3 (%) = 0.814 Feed oil 
18:3»—3 (%) +  0.022 (» =  21; 
R" =  0.985). The solid black line 
shows the relationship between 
feed oil 18:3«—3 and liver oil 
18:3«—3, and the grey line shows 
the relationship for total «—3 
fatty acids
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The percentages of 18:2n—6, 20:5fx—3 (EPA) and 22:6n— 3 (DHA) required to be present 
in feed oil blends to produce cod liver oils complying with guidelines were estimated to be 
2.5-12.5% for 18:2fx—6 (Fig. 1), 8-19.5%  for 20:5rc-3 (Fig. 3) and 6-21%  for 22:6n-3  
(Fig. 4).

Closer examination revealed that when the percentages of n—3 HUFAs in liver oils met 
guideline criteria they were almost invariably at the low to mid end of the range suggested 
by Standal et al. (2008) (Figs. 3 and 4). These results were obtained despite the fact that all 
of the studies in the analysis included treatments in which marine fish oils, relatively rich in 
n—3 HUFAs, were used as the main source of dietary lipids.
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Fig. 3 Relationship between 20:5ft—3 in feed oils and the percentage of this fatty acid in the liver oils of 
farmed cod. The regression equation for the relationship is: Liver oil 20:5ft—3 (%) =  0.762 Feed oil 
20:5ft—3 (%) +  1.163 (ft =  21; R2 =  0.875). The horizontal dashed lines indicate the guideline range for 
percentage 20:5ft—3 in the liver oils of farmed cod (Standal et al. 2008) and the vertical arrows represent 
the estimates of the percentages of the fatty acid needed to be included in feed oil blends to produce cod 
liver oils that comply with the guidelines
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Fig. 4 Relationship between 22:6ft—3 in feed oils and the percentage of this fatty acid in the liver oils of 
farmed cod. The regression equation for the relationship is: Liver oil 22:6ft—3 (%) =  0.785 Feed oil 
22:6ft—3 (%) +  1.393 (ft =  21; R2 =  0.831). The horizontal dashed lines indicate the guideline range for 
percentage 22:6ft—3 in the liver oils of farmed cod (Standal et al. 2008) and the vertical arrows represent 
the estimates of the percentages of the fatty acid needed to be included in feed oil blends to produce cod 
liver oils that comply with the guidelines

Discussion

The types of oil used as lipid sources in cod feeds have a marked influence on the fatty acid 
compositions of cod liver oils (Figs. 1—4). The two fatty acids 18:2n—6 and 18:3n—3 are 
precursors for synthesis of n —6 and n— 3 HUFAs, respectively (Sargent et al. 1989, 2002; 
Higgs and Dong 2000). Deposition of 18:2n—6 and 18:3n—3 in the liver oils was highly
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correlated with the percentages present in feed oils (Figs. 1 and 2), so it appears that these 
two fatty acids, rather than their HUFA derivatives, were incorporated directly into the 
liver oils. As such, the percentages of total «—3 fatty acids in the liver oils were increased 
by using feed oils that were rich in 18C «—3 fatty acids (Fig. 2); some plant oils, such as 
linseed oil and borage and echium oils, are good sources of these fatty acids. On the other 
hand, it seems that only a small proportion of the 18C «—3 fatty acids was converted to 
«—3 FIUFAs by the cod, leading to deposition of 18:3«—3 and 18:4«—3, rather than 
20:5«—3 (EPA) and 22:6«—3 (DFIA), in the liver oils. The suggestion is, therefore, that 
cod have limited ability to use 18:2«—6 and 18:3«—3 for production of «—6 and «—3 
FIUFAs, and the general consensus is that carnivorous marine fish have limited capacity to 
produce FIUFAs via chain elongation and desaturation of the 18C «—3 and n—6 precursors 
(Sargent et al. 1989, 2002; Fliggs and Dong 2000).

Although 18:3«—3 is usually assigned essential fatty acid status because it can be used 
as a precursor for the formation of n—3 FIUFAs the bioconversion is relatively inefficient 
in humans (Connor 2000; Williams 2000; McCowen and Bistrian 2005; Ruxton et al. 
2005, 2007; Lunn and Theobald 2006). The synthesis of «—3 FIUFAs from 18:3«—3 is 
especially inefficient when the diet contains high concentrations of 18:2«—6, because the 
two 18C fatty acids compete for conversion via a common series of elongase and desat- 
urase enzymes (Sargent et al. 1989, 2002; Connor 2000; Lunn and Theobald 2006). Using 
this information about fatty acid bioconversion, it is open to question whether or not it 
would be advisable to boost the n—3 fatty acid contents of the liver oils of farmed cod by 
providing the fish with feeds that contain high proportions of linseed, or other plant oils 
that are rich in 18C n—3 fatty acids. On the other hand, feeds containing linseed or linseed 
oil are being used to manipulate the fatty acid compositions of food products, such as eggs, 
milk and meat, derived from terrestrial livestock (Bourre 2005; Lunn and Theobald 2006; 
Lacroix and De Meester 2007). These are marketed as n —3 (or omega-3) enriched prod
ucts, but they contain mostly 18C n—3 fatty acids rather than n—3 FIUFAs. Although there 
is potential for using a similar strategy for the production of cod liver oils this would 
probably be inadvisable.

Liver oil percentages of n—3 FIUFAs are under the influence of the amounts of these 
fatty acids supplied via the feed (Figs. 3 and 4), but when the cod liver oils considered in 
the present study met the criteria outlined by Standal et al. (2008), the percentages of n—3 
FIUFAs were usually at the low end of the range (Figs. 3, 4). In practice, there are no 
commercial feed oils that contain the percentages of n—3 HUFAs (over 15% for both 
20:5«—3 and 22:6«—3) that would be required to produce cod liver oils containing the 
highest percentages suggested by Standal et al. (2008), and it would not be economic to 
include n —3 HUFA concentrates in feeds for farmed cod. Thus, it was found that none of 
the liver oils contained percentages of n —3 HUFAs at the high end of the range proposed 
by Standal et al. (2008), and given the fatty acid compositions of commercial feed oils it is 
unrealistic to expect that liver oils with such high levels of n—3 HUFAs can be produced 
from farmed cod. Nevertheless, it is possible to obtain liver oils that fulfil the Standal et al. 
(2008) fatty acid composition criteria without the need to manufacture cod feeds that have 
fatty acid compositions that deviate markedly from those currently in use.

A major point of note is that the fatty acid compositions of cod liver oils appear to be 
extremely labile; fatty acid compositions of the liver oils are readily modified following 
changes in the type of oil used in feed manufacture. Thus, as an alternative to using feeds 
of constant fatty acid composition throughout the production cycle, it may also be possible 
to use finisher feeds to manipulate the fatty acid compositions of cod liver oils. Hitherto, 
the finisher feed strategy has largely been used to change the fatty acid profiles of the fillet
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lipids of oily fish such as farmed Atlantic salmon, Salmo salar, in order to boost the 
percentages of n—3 HUFAs present in the edible portion of the fish (Bell et al. 2003a, b; 
Jobling 2004a). This strategy may also have more widespread application because we have 
demonstrated the feasibility of using this strategy to manipulate the fatty acid composition 
of cod liver oil in desired directions (Jobling et al. 2008). The economics of using such a 
strategy must, however, be examined in detail before implementation can be recommended 
on a commercial scale.

Acknowledgements This work was financed by a grant from the Norwegian Department of Research and 
Education, with additional funding from BioMar AS. Norway.

References

Bell JG. McGhee F. Campbell PJ. Sargent JR (2003a) Rapeseed oil as an alternative to marine fish oil in 
diets of post-smolt Atlantic salmon (Salmo salar)', changes in flesh fatty acids composition and 
effectiveness of subsequent fish oil ‘wash out'. Aquaculture 218:515-528. doi:10.1016/S0044-8486 
(02)00462-3

Bell JG. Tocher DR. Henderson RJ, Dick JR. Crampton VO (2003b) Altered fatty acid compositions in 
Atlantic salmon (Salmo salar) fed diets containing linseed and rapeseed oils can be partially restored 
by a subsequent fish oil finishing diet. J Nutr 133:2793-2801 

Bell JG. Strachan F. Good JE. Tocher DR (2006) Effect of dietary echium oil on growth, fatty acid 
composition and metabolism, gili prostaglandin production and macrophage activity in Atlantic cod 
(Gadus morhua L.). Aquacult Res 37:606-617. doi: 10.1111/j. 1365-2109.2006.01470.x 

Bourre J-M (2005) Where to find omega-3 fatty acids and how feeding animals with diet enriched in omega-3 
fatty acids to increase nutritional value of derived products for human: what is actually useful? J Nutr 
Health Aging 9:232-242

Connor WE (2000) The importance of n —3 fatty acids in health and disease. Am J Clin Nutr 7E171S-175S 
dos Santos J. Burkow IC. Jobling M (1993 ) Patterns of growth and lipid deposition in cod (Gadus morhua L. ) 

fed natural prey and fish-based diets. Aquaculture 110:173-189. doi:10.1016/0044-8486(93)90271-Y 
Higgs DA. Dong EM (2000) Lipids and fatty acids. In: Stickney RR (ed) Encyclopedia of aquaculture.

Wiley. New York, pp 476-496 
Jobling M (2001) Nutrient partitioning and the influence of feed composition on body composition.

In: Houlihan D. Boujard T. Jobling M (eds) Food intake in fish. Blackwell Scientific. Oxford, pp 354-375 
Jobling M (2004a) ‘Finishing' feeds for carnivorous fish and the fatty acid dilution model. Aquacult Res 

35:706-709. doi:10.1111/j,1365-2109.2004.01067.x 
Jobling M (2004b) On-growing to market size. In: Moksness E. Kjprsvik E. Olsen Y (eds) Culture of cold- 

water marine fish. Blackwell Scientific. Oxford, pp 3 63—432 
Jobling M. Leknes O. Sæther B-S, Bendiksen EA (2008) Lipid and fatty acid dynamics in Atlantic cod. 

Gadus morhua, tissues: influence of dietary lipid concentrations and feed oil sources. Aquaculture 
281:87-94. doi: 10.1016/j.aquaculture.2008.05.027 

Karalazos V. Treasurer J. Cutts CJ. Alderson R. Galloway TF, Albrektsen S. Arnason J. MacDonald N. Pike I. 
Bell JG (2007) Effects of fish meal replacement with full-fat soy meal on growth and tissue fatty acid 
composition in Atlantic cod (Gadus morhua). J Agrie Food Chem 55:5788-5795. doi:10.1021/ 
jf0629383

Lacroix FCM, De Meester F (2007) The return to wild-type fats in the diet. Nutr Bull 32:168-172. doi: 
10.111 l/j.1467-3010.2007.00639.x 

Lie 0 . Lied E. Lambertsen G (1986) Liver retention of fat and fatty acids in cod (Gadus morhua) fed 
different oils. Aquaculture 59:187-196. doi:10.1016/0044-8486(86)90003-7 

Lunn J. Theobald HE (2006) The health effects of dietary unsaturated fatty acids. Nutr Bull 31:178-224.
doi: 10.111 l/j.1467-3010.2006.00571.x 

McCowen KC. Bistrian BR (2005) Essential fatty acids and their derivatives. Curr Opin Gastroenterol 
21:207-215. doi:10.1097/01.mog.0000153361.90653.cb 

Ruxton CHS. Calder PC. Reed SC. Simpson MJA (2005) The impact of long-chain n —3 polyunsaturated 
fatty acids on human health. Nutr Res Rev 18:113-129. doi:10.1079/NRR200497 

Ruxton CHS. Reed SC. Simpson MJA. Millington KJ (2007) The health benefits of omega-3 polyunsatu
rated fatty acids: a review of the evidence. J Hum Nutr Diet 20:275-285. doi:10.1111/j.l365-277X. 
2007.00770.x

Ô  Springer



230 Aquacult Int (2010) 18:223-230

Sargent JR. Henderson RJ, Tocher DR (1989) The lipids. In: Halver JE (edi Fish nutrition. 2nd edn.
Academic. San Diego, pp 153-218 

Sargent JR. Tocher DR. Bell JG (2002) The lipids. In: Halver JE. Hardy RW (eds) Fish nutrition. 3rd edn.
Academic. San Diego, pp 181-257 

Standal IB. Praël A. McEvoy L. Axelson DE. Aursand M (2008 ) Discrimination of cod liver oil according to 
wild/farmed and geographical origins by GC and 13C NMR. J Am Oil Chem Soc 85:105-112. doi: 
10.1007/s 11746-007-1174-x 

Williams CM (2000) Dietary fatty acids and human health. Ann Zootech 49:165-180. doi:10.1051/animres: 
2000116

Zhong Y. Laii SP. Shahidi F (2008 ) Effects of oxidized oil and vitamin E on the growth, blood parameters and 
body composition of juvenile Atlantic cod Gadus morhua (Linnaeus 1758). Aquacult Res 39:1647-1657

Ô  Springer


