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Abstract

The desaturation and elongation of [1-'“C]18:3n-3 was investigated in hepatocytes from different
populations and three different species of salmonids indigenous to Scotland, brown trout, Atlantic
salmon and Arctic charr. Two groups of fish were sampled, before and after they were fed two
experimental diets, a control diet containing fish oil and a diet containing vegetable oil (a 1:1 blend of
linseed oil and rapeseed oil) for 12 weeks. At each sampling time, fatty acyl desaturation and
elongation activity was determined in isolated hepatocytes and samples of liver were also collected for
lipid compositional analysis. At the initiation of the dietary trial, the liver polar lipid fatty acid
compositions of salmon and brown trout were very similar to each other, and the two charr populations
were similar to each other having lower total n-3 polyunsaturated fatty acids (PUFA) and 22:6n-3, but
higher 20:5n-3 than the other salmonids. Initially, hepatocyte desaturation activity varied with the
highest activity in brown trout followed by salmon then charr. Production of 20:5n-3 was particularly
high in brown trout. Desaturation of [1-'*C]18:3n-3 was significantly greater in all fish fed the diet
containing vegetable oil compared to fish fed the diet containing fish oil. The increase in activity was
less in brown trout compared to the other groups of fish. Feeding the vegetable oil diet increased the
levels of 18:2n-6, 20:3n-6, total n-6PUFA, 18:3n-3, 18:4n-3, 20:3n-3 and 20:4n-3, and decreased
22:6n-3 and the n-3/n-6 ratio in salmon and brown trout. By contrast, in charr fed the vegetable oil
diet, there was no increase in 18:3n-3, 18:4n-3, 20:3n-3 or 20:4n-3 in liver polar lipid and the level of
22:6n-3 was not decreased. In addition, there was only a modest increase in the levels of 18:2n-6 and
total n-6PUFA and so the n-3/n-6 ratio was only slightly decreased. The percentage of 20:4n-6, which
was not increased in salmon and brown trout fed vegetable oil, was increased in charr fed the vegetable
oil diet. Overall, the results indicated that there were significant differences in liver PUFA metabolism
between Arctic charr and the other salmonids that could have important consequences, both

physiologically and in their ability to be successfully cultured on diets containing vegetable oils.
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1. Introduction

Most animals, including mammals and fish, are unable to biosynthesise the polyunsaturated fatty
acids (PUFA), linoleate (18:2n-6) and linolenate (18:3n-3) de novo and so they are termed essential
fatty acids (EFA) (Holman, 1986). However, the precise EFA requirements of fish varies both
quantitatively and qualitatively between different species (Watanabe, 1982; Kanazawa, 1985; Sargent
et al., 1995,1999). Fish species displaying a so-called “freshwater” pattern are able to convert the C,4
EFA, 18:3n-3 and 18:2n-6, to the longer chain, more unsaturated and physiologically important highly
unsaturated fatty acids (HUFA), eicosapentaenoic acid (20:5n-3; EPA), docosahexaenoic acid (22:6n-3;
DHA) and arachidonic acid (20:4n-6; AA), via a series of fatty acid desaturase and elongase enzymes,
and so only require the C,; PUFA (Henderson and Tocher, 1987; Sargent et al., 1989,1995). In
contrast, fish species displaying a typical “marine” pattern cannot perform these conversions at an
appreciable rate and so require a dietary source of the essential HUFA (Sargent et al., 1989,1995).
This paradigm was based on data from relatively few species stemming mainly from original work on
one freshwater species, rainbow trout (Oncorhynchus mykiss), and one marine species, turbot
(Scophthalmus maximus) (Owen et al., 1975). However, in recent years, other fish species have been
studied which indicate that this paradigm is generally correct although it has been speculated that the
“marine” pattern may actually be a pattern associated with adaptation to a carnivorous lifestyle
(Mourente and Tocher, 1993,1994; Sargent et al., 1995). The hypothesis being that consumption of a
carnivorous/piscivorous diet, naturally rich in HUFA, results in an evolutionary down-regulation of the
desaturase and/or elongase enzyme activities required for the conversion of C,; PUFA to HUFA
(Sargent et al., 1995). Perhaps supporting this view, the carnivorous freshwater fish, the pike (Esox
lucius), displayed only very limited ability to convert 18:3n-3 to EPA or 18:2n-6 to AA (Henderson et
al., 1995; Buzzi et al., 1997). There is currently much interest in fatty acid desaturation pathways in
fish as there is an urgent need to replace the C,,,, HUFA-rich fish oils, derived from non-sustainable
marine fisheries, with vegetable oils, rich in C,;; PUFA, in the diets of aquacultured fish species
(Sargent and Tacon, 1999).

In addition to possible evolutionary adaptations to dietary lifestyles, diet is also known to directly
affect desaturase enzyme activities in mammals (Brenner, 1981). Recently, we showed that the hepatic
desaturation of 18:3n-3 and 18:2n-6 was significantly greater in Atlantic salmon parr (in freshwater)
and post-smolts (in seawater) fed diets containing vegetable oils compared to fish fed diets containing

fish oils (Bell et al., 1997; Tocher et al., 1997,2000). In the studies on freshwater parr, the vegetable oil
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diets contained rapeseed oil, linseed oil, or a blend of the two, formulated to provide high levels of
18:2n-6 and 18:3n-3 and only low levels of C,, and C,, HUFA, a composition that more closely mimics
the fatty acid composition of freshwater aquatic insects that make up the diet of wild salmon parr (Bell
et al., 1994). Desaturase activities in salmon, previously fed vegetable oil during the parr stage were
reduced to very low levels upon feeding a diet containing fish oil simultaneous with transferring the
smolts to seawater (Bell et al., 1997; Tocher et al., 2000). Increased hepatic fatty acid desaturase
activities were also induced in rainbow trout fed a diet containing olive oil compared to a diet
containing fish oil (Buzzi et al., 1996). The conversion of intraperitoneally injected "“C-labelled 18:2n-
6 and 18:3n-3 to HUFA was increased in Arctic charr (Salvelinus alpinus) fed diets containing only C,,
PUFA compared to commercial diets containing fish oil (Olsen and Ringo, 1992). Moreover,
comparison of these studies on various salmonids showed that the extent of their ability to desaturate
C,s PUFA appeared to vary between the species (Olsen and Ringo, 1992; Buzzi et al., 1996; Bell et al.,
1997; Tocher et al., 2000). Furthermore, in the course of work investigating smoltification in different
populations of Atlantic salmon (wild, Scottish farmed stock and Norwegian farmed stock), we have
also observed variation in hepatic fatty acid desaturation/elongation activities between the different
populations (Tocher, D.R. and Bell, J.G., unpublished data). However, many differences between the
studies including, in particular, dietary formulations/compositions and assay methodologies make
direct comparison difficult.

This prompted us to further investigate differences in fatty acid desaturation between salmonid
species and in distinct populations within species that may have different dietary habits. In the present
study we investigated the desaturation and elongation of [1-'*C]18:3n-3 in hepatocytes from three
different species of salmonids indigenous to Scotland, brown trout, wild Atlantic salmon and Arctic
charr. We also investigated differences between different populations of the same species by looking at
charr from two genetically and geographically distinct populations with characteristic and different
feeding habits. In addition, progeny of a cross between the wild Scottish Atlantic salmon stock used
here and a land-locked Canadian Atlantic salmon were investigated. Fish were sampled initially after
they had been maintained for up to one year and so were fully acclimated to the experimental systems.
Fish from each species and group were then fed two diets, a control diet containing fish oil and a diet
containing vegetable oil (a 1:1 blend of linseed oil and rapeseed oil) for 12 weeks. At each sampling
time, fatty acyl desaturation and elongation activity was determined in isolated hepatocytes and

samples of liver were also collected for lipid compositional analysis.



2. Materials and methods

2.1. Animals and diets

Fish from different wild populations of three species of indigenous salmonids in Scotland were
investigated; Atlantic salmon (Salmo salar) (from the River Don, Aberdeenshire, Scotland) (S-
salmon), brown trout (Salmo trutta) (from the River Ewe, Wester Ross, Scotland), Arctic charr
(Salvelinus alpinus) from two different populations from two locations; firstly, Loch Rannoch,
Perthshire, which is deep and contains two populations of charr, the one used was a reportedly
demersal, piscivorous population (R-charr); the other population of Arctic charr were from Loch
Coulin, Wester Ross, a shallow loch and the fish used are from a population that is reputedly
planktonivorous (C-charr); and a final group of salmon that were F1 crosses of a Canadian land-locked
Atlantic salmon population (Bristol Cove River, Newfoundland) with wild River Don fish (F1 salmon).
River Don salmon were grown from eggs and milt stripped from fish collected in traps on the river and
transported to the hatchery in Aultbea as green eggs. The other salmonids were out bred one year i.e.
they were progeny of eggs and milt from wild-caught fish held in the aquaria at SOAFD, Aultbea and
were ongrown juveniles of approximately 1 year of age. After sampling fish for the initial sample, six
fish from each population were placed in each of four tanks after applying an identification dye-mark.
The one metre fibreglass tanks contained 500 L of non-recirculated freshwater supplied at a rate of 10
/min. The initial sampling was performed in the middle of June, immediately before the fish were
transferred to the experimental diets. Final sampling was performed 12 weeks later in mid —
September. Before the start of the experiment all fish were on natural photoperiod but were switched
to 12h light and 12h dark two weeks before the trial was initiated and remained on this controlled
regime throughout the trial. There was no evidence of smoltification during the experimental period.
The diets were fed to satiation, to duplicate tanks of fish, using automatic feeders. Experimental diets
were prepared by Trouw Aquaculture (Renfrew, Scotland). The diets contained 54% protein and 19%
lipid and their formulation is shown in Table 1. The fatty acid compositions of the diets are shown in
Table 2. All diets were formulated to satisfy the nutritional requirements of salmonid fish (U.S.

National Research Council, 1993).



2.2. Lipid extraction and fatty acid analysis

Intact livers were dissected from three fish per group and dietary treatment, at each sampling point,
and immediately frozen in liquid nitrogen. Total lipid was extracted from liver and diet samples by the
method of Folch et al. (1957). For diets, fatty acid methyl esters (FAME) were prepared from total
lipid by acid-catalysed transesterification using 2 ml of 1% H,SO, in methanol plus 1 ml toluene as
described by Christie (1982). For liver samples, total polar lipid (PL) was prepared by separating
neutral lipids from PL by thin-layer chromatography (TLC) using hexane/diethylether/acetic acid
(80:20:2, by vol.) as developing solvent. The PL retained on the origin was scraped and subjected to
acid-catalysed transesterification, directly on the silica, as above. FAME were separated and quantified
by gas-liquid chromatography (Carlo Erba Vega 8160, Fisons Ltd., Crawley, U.K.) using a 30m x 0.32
mm capillary column (CP wax 52CB; Chrompak Ltd., London, U.K). Hydrogen was used as carrier gas
and temperature programming was from 50°C to 150°C at 40°C/min and then to 230°C at 2.5°C/min.
Individual methyl esters were identified by comparison to known standards and by reference to

published data (Ackman, 1980).

2.3. Preparation of isolated hepatocytes

Fish were killed by a blow to the head and the livers dissected immediately. The gall bladder was
removed carefully from the liver and the main blood vessels removed. The liver was perfused via the
hepatic vein with solution A (calcium and magnesium-free Hanks balanced salt solution (HBSS) + 10
mM HEPES + 1 mM EDTA), using a syringe fitted with a 23g needle, to clear blood from the tissue.
The liver was chopped finely with scissors and incubated with 20 ml of solution A containing 0.1%
(w/v) collagenase in a 25ml “Reacti-flask™ in a shaking water bath at 20°C for 45 min. The digested
liver was filtered through 100 wm nylon gauze and the cells collected by centrifugation at 300 x g for 2
min. The cell pellet was washed with 20 ml of solution A containing 1% w/v fatty acid-free bovine
serum albumin (FAF-BSA) and re-centrifuged. The hepatocytes were resuspended in 10 ml of Medium
199 containing 10 mM HEPES, 2 mM glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin.
One hundred ul of cell suspension was mixed with 400 ul of Trypan Blue and hepatocytes were
counted and their viability assessed using a haemocytometer. One hundred ul of the cell suspension

was retained for protein determination.
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2 4. Assay of hepatocyte fatty acyl desaturation/elongation activities

Five ml of each hepatocyte suspension were dispensed into two 25 cm’ tissue culture flasks.
Hepatocytes were incubated with 0.25 uCi of [1-'*C] 18:3n-3, added as a complex with FAF-BSA in
phosphate buffered saline prepared as described previously (Ghioni et al., 1997). After addition of
isotope the flasks were incubated at 20 °C for 2 h. After incubation, the cell layer was dislodged by
gentle rocking, the cell suspension transferred to glass conical test tubes and the flasks washed with 1
ml of ice-cold HBSS containing 1% FAF-BSA. The cell suspensions were centrifuged at 300 g for 2
min, the supernatant discarded and the cell pellets washed with 5 ml of ice-cold HBSS/FAF-BSA. The
supernatant was discarded and the tubes placed upside down on paper towels to blot for 15 sec before
extraction of total lipid using ice-cold chloroform/methanol (2:1, v/v) containing 0.01% (w/v) butylated
hydroxy toluene (BHT) essentially as described by Folch et al. (1957) and as described in detail
previously (Tocher et al., 1988).

Total lipid was transmethylated and FAME prepared as described above. The methyl esters were
redissolved in 100 ul hexane containing 0.01% BHT and applied as 2.5 cm streaks to TLC plates
impregnated by spraying with 2 g silver nitrate in 20 ml acetonitrile and pre-activated at 110 °C for 30
min. Plates were fully developed in toluene/acetonitrile (95:5, v/v) (Wilson and Sargent, 1992).
Autoradiography was performed with Kodak MR2 film for 6 days at room temperature. Silica
corresponding to individual PUFA was scraped into scintillation mini-vials containing 2.5 ml of
scintillation fluid (Ecoscint A, National Diagnostics, Atlanta, Georgia) and radioactivity determined in
a TRI-CARB 2000CA scintillation counter (United Technologies Packard, U.K.). Results were

corrected for counting efficiency and quenching of '*C under exactly these conditions.
2.5. Protein determination
Protein concentration in isolated hepatocyte suspensions was determined according to the method

of Lowry et al. (1951) after incubation with 0.25 ml of 0.25% (w/v) SDS/IM NaOH for 45 min at
60°C.



2.6. Materials

[1-"*C]18:3n-3 (50-55 mCi/mmol) was obtained from NEN (DuPont (U K.) Ltd., Stevenage, U K.).
HBSS, Medium 199, HEPES buffer, glutamine, penicillin, streptomycin, collagenase (type IV), FAF-
BSA, BHT and silver nitrate were obtained from Sigma Chemical Co. (Poole, U.K.). Thin-layer
chromatography (TLC) plates, precoated with silica gel 60 (without fluorescent indicator) were
obtained from Merck (Darmstadt, Germany). All solvents were HPLC grade and were obtained from

Fisher Scientific UK, Loughborough, England.

2.7. Statistical analysis

All the data are presented as means + SD (n=3) unless otherwise stated. The significance of effects
on liver fatty acid compositions and hepatocyte fatty acid desaturation due to species/population were
analysed by one-way ANOVA with, where appropriate, differences between means determined by
Tukey’s post-test. Differences due to species/population and diet and their interaction were determined
by two-way analysis of variance (ANOVA). Percentage data and data which were identified as non-
homogeneous (Bartlett’s test) were subjected to either arcsine, square root or log transformation before

analysis. Differences were regarded as significant when P < 0.05 (Zar, 1984).

3. Results

3.1. Liver lipid contents

The total lipid content of liver from the C-charr at the beginning of the dietary trial was slightly
lower than the other salmonids liver lipid contents but only significantly in the case of Fl-salmon
whereas it was slightly higher than the other salmonids after feeding the fish oil diet (Table 3).
However, two-way ANOVA showed that the overall effects of species were not significant. The
effects of diet were significant but were not the same for all species as indicated by the significant
interaction. Thus, whereas the lipid content of livers from S-salmon, F1-salmon and brown trout were
lower after feeding the fish oil diet compared to both initial fish and fish fed the vegetable oil diet, this

was not the case with either group of charr (Table 3).
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3.2. Liver fatty acid compositions at the initiation of the trial.

The fatty acid compositions of polar lipid from liver are shown in Table 4. The S-salmon, F1-
salmon and brown trout compositions were very similar to each other and the two charr populations
were similar to each other. However, both charr groups were characterised by having slightly lower
levels of total PUFA due to a lower level of total n-3PUFA and this was almost entirely due to a
decreased proportion of DHA whereas EPA was higher in the both charr groups than the other
salmonids (Table 4). The lower percentage of PUFA in the charr was accompanied by increased

percentages of monoenes, particularly 18:1n-9.

3.3. Hepatocyte fatty acid desaturation/elongation activities at the initiation of the trial.

The hepatocyte desaturation/elongation activity, determined immediately before the initiation of the
dietary trial and using [1-'*C]18:3n-3 as substrate, displayed a significant variation between the species
(Fig. 1). The brown trout displayed the highest overall desaturation activity, significantly higher than
all the other species and up to 3-fold higher than the lowest activity observed in R-charr. The two
salmon groups were not significantly different to each other but overall hepatocyte fatty acid
desaturation was significantly lower in the R-charr compared to the C-charr (Fig.1). Production of
20:4n-3, EPA, 22:5n-3 and DHA from [1-'*C]18:3n-3 was highest in the brown trout whereas the high
overall level of desaturation/elongation of [1-'*C]18:3n-3 in S-salmon was due mainly to a high level of

desaturation to 18:4n-3 (Fig.2).

3 4. Effects of diet on liver fatty acid compositions

There were major differences between the species in the dietary effects observed in liver polar lipid
fatty acid compositions (Tables 5 and 6). This was confirmed by the results of two-way ANOVA of
selected fatty acids which showed that liver polar lipid fatty acid composition was not only
significantly affected by species and diet but, in addition, there was significant interactions between
these variables indicating that the effects of diet were highly dependent upon the species (Table 7).
Thus, feeding the vegetable oil diet increased the levels of 18:2n-6, 20:3n-6 and total n-6PUFA, and
18:3n-3, 18:4n-3, 20:3n-3 and 20:4n-3 in the two salmon groups and brown trout. This was

accompanied in these fish by decreased proportions of saturated fatty acids and, especially, DHA. The
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n-3/n-6 ratio was reduced by up to 2.5-fold in these groups. In contrast, in both charr groups fed the
VO diet there was no increase in 18:3n-3, 18:4n-3, 20:3n-3 or 20:4n-3 in liver polar lipid and the level
of DHA was not decreased (Tables 5 and 6). Similarly, there was only a very modest increase in the
levels of 18:2n-6 and total n-6PUFA in the charr fed the VO diet and the n-3/n-6 ratio was only slightly
decreased. The percentage of AA, which was not increased in the salmon groups and brown trout fed

vegetable oil, was increased in both charr groups fed the VO diet (Tables 5 and 6).

3.5. Effects of diet on hepatocyte fatty acid desaturation/elongation activities.

The desaturation/ elongation of [1-'“C]18:3n-3 in isolated hepatocytes was significantly increased
in all species and groups of fish by feeding the VO diet (Fig.3). With brown trout, S-salmon and R-
charr there was a two-fold increase in the activity of the fatty acid desaturation/elongation pathway
upon feeding the VO diet, whereas the increase was approximately three-fold for C-charr and the F1-
salmon (Fig.3). An apparent temporal effect was also observed in that the activities of the hepatocyte
fatty acid desaturation/elongation pathway observed in all species and groups at this final sampling

were considerably lower than those observed at the initial sampling (Figs. 1 and 3).

4. Discussion

The two experimental diets have fatty acid compositions that represent the two extremes of diet that
these salmonids could be consuming in freshwater. The FO diet has a fatty acid composition that will
be similar to the fatty acid composition of the diet in fish consuming a predominantly piscivorous diet.
The VO diet was formulated to represent the fatty acid composition of the diet in fish consuming a
more insectivorous/planktonivorous diet. As such these diets represent the extremes as all the fish in
this study would, in the wild, probably consume a mixed diet containing both
insects/zooplankton/molluscs etc. and small fish.

At the initiation of the dietary trial, significant differences in the activity of the hepatocyte fatty
acid desaturation pathway were observed between the different salmonids with the rank order in the
present study being brown trout > Atlantic salmon > Arctic charr. Interestingly, comparison of the data
from previous studies on salmonids showed that the apparent rank order for the desaturation of 18:3n-3
to HUFA in the different species fed diets containing fish oil was rainbow trout > Atlantic salmon >

Arctic charr (Olsen and Ringo, 1992; Buzzi et al., 1996; Bell et al., 1997; Tocher et al., 2000). These
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earlier studies had many methodological differences with the Arctic charr data being obtained from in
vivo ""C-fatty acid injection studies (Olsen and Ringo, 1992), whereas the rainbow trout and salmon
studies both used isolated hepatocytes. However, the methods for isolating the cells varied between
these hepatocyte studies and the trout were maintained in indoor aquaria under controlled photoperiod
(Buzzi et al., 1996) whereas the salmon trials were performed under natural photoperiod in outdoor
tanks (Bell et al., 1997; Tocher et al., 2000). Diets and feeding regimes also varied in all the previous
studies.  Therefore it is noteworthy that, despite these differences, both the earlier studies and the
present study have indicated a similar pattern with trout species tending to be the most active in
desaturation with the charr the least active and salmon intermediate. In an earlier dietary trial, which
did not measure desaturase activities directly, the tissue fatty acid compositions obtained alone
prompted the authors to suggest that A6 and/or AS desaturases may be less efficient in Arctic charr than
in rainbow trout (Yang and Dick, 1994).

Differences between the salmonids in liver polar lipid fatty acid compositions were also observed
in the present study with the Arctic charr showing higher percentages of monoenes and lower DHA, n-
3PUFA and total PUFA compared to the brown trout and salmon. In an earlier study, liver polar lipids
in Arctic charr also showed higher levels of monoenes (and to a lesser extent 18:1n-9) and slightly
lower n-3 PUFA than rainbow trout (Yang and Dick, 1994). The effects of diets containing vegetable
oils on tissue fatty acid compositions are quite well documented, particularly in salmon, but they do
vary somewhat depending upon the precise fatty acid compositions of the diets. Previously, we
showed that salmon smolts fed linseed oil (18:3n-3 and 18:2n-6 in a ratio of about 3:1) showed
increased 18:3n-3 and EPA but reduced DHA in liver phospholipids (Bell et al., 1993). Diets rich in
18:2n-6 alone (sunflower oil) have previously been shown to increase 18:2n-6, AA and total n-6PUFA
and decrease EPA and DHA levels in liver polar lipids in salmon smolts (Bell et al., 1991,1993). In the
present trial, feeding salmon parr the rapeseed/linseed oil (VO) diet (rich in both 18:2n-6 and 18:3n-3)
increased the levels of 18:2n-6 and total n-6PUFA but not AA, and increased 18:3n-3 but decreased
DHA in both Atlantic salmon and brown trout. Therefore, including high 18:3n-3 in the diet has
inhibited the production of AA from 18:2n-6. Similarly, the presence of high 18:2n-6 and 18:3n-3 in
the diet may lower the levels of DHA by competing with 24:5n-3 for A6 desaturase and thus preventing
the conversion of 24:5n-3 to 24:6n-3 (see Sprecher and Chen, 1999; Sprecher et al., 1999), thereby
reducing the production of DHA. Consistent with this, dietary soy bean oil increased both 18:2n-6 and
18:3n-3, decreased EPA and DHA, and had little effect on AA in polar and neutral lipids in serum

lipoproteins in salmon, compared to fish fed a diet containing fish oil (Lie et al., 1993). Brown trout in
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seawater fed 18:2n-6-rich corn oil compared to fish oil showed increased levels of 18:2n-6 and 20:3n-
6, but not AA, and lower levels of n-3 fatty acids in liver lipid (Arzel et al., 1994). In an earlier study,
rainbow trout fed linseed oil showed increased 18:3n-3 in liver and muscle polar and neutral lipids, but
interestingly no significant increase in EPA and DHA was reported (Sowizral et al., 1990).

In contrast, in the present trial in both the Arctic charr groups fed the VO diet, there was no
increase in 18:3n-3 in liver polar lipid and the level of DHA was not decreased, while there was only a
modest increase in the levels of 18:2n-6, total n-6PUFA and AA, with the latter not increased in salmon
and brown trout fed the VO diet. There are no data on feeding Arctic charr diets equally rich in both
18:3n-3 and 18:2n-6 for direct comparison. However, Arctic charr fed linseed oil showed no increase
in 18:2n-6 or AA but increased 18:3n-3 and reduced EPA and DHA in liver polar lipid (Yang and
Dick, 1994). Brook charr (Salvelinus fontinalis) fed soy bean oil or rapeseed oil had quite substantially
increased 18:2n-6 and decreased EPA and DHA in flesh total lipid compared to charr fed a diet
containing fish (menhaden) oil (Guillou et al., 1995). The difference between the Arctic charr and
trout or salmon has also not been observed previously as Yang and Dick (1994) found no major
difference between Arctic charr and rainbow trout in the effects of feeding linseed oil on liver polar
lipid fatty acid compositions. Differences between data from Arctic charr in the different studies are
likely to be at least partly due to variations between strains although it was noteworthy how similar the
fatty acid compositions and the effects of feeding VO diet were in the two charr populations used in the
present study.

Hepatocyte fatty acyl desaturation was significantly greater in the present study in all of the
salmonid species and groups fed the VO diet compared to the FO diet. The activity ranged from being
1.8-fold greater in the brown trout to over 2.8-fold greater in the F1 salmon with the other 3 groups
being 2.4- to 2.6-fold greater. In our previous studies on salmon during the period of parr-smolt
transformation, the peak activity of hepatocyte fatty acyl desaturation of [1-'*C]18:3n-3 was 2.5-fold
greater in fish fed a diet containing a 1:1 blend of rapeseed/linseed oil compared to a diet containing
fish oil (Bell et al., 1997). In a similar recent study of salmon during smoltification, the peak activity
of hepatocyte fatty acyl desaturation of [1-'*C]18:3n-3 was 2.4-fold and 1.4-fold greater in fish fed
diets containing rapeseed oil or linseed oil, respectively, compared to a diet containing fish oil (Tocher
et al., 2000). Buzzi et al. (1996) showed that in rainbow trout fed an olive oil diet (containing 18:2n-6),
the recovery of radiolabelled DHA in polar lipids from hepatocytes incubated with [1-'*C]18:3n-3 was
double that of fish fed a diet containing fish oil. The recovery of desaturated products of

intraperitoneally injected [1-'*C]18:3n-3 and [1-'*C]18:2n-6 from Arctic charr was increased
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considerably in fish fed diets containing 1% 18:2n-6 or 1% 18:3n-3 compared to fish fed a commercial,
fish oil-containing diet (Olsen and Ringo, 1992).

Based on the fatty acid compositions alone, and their response to feeding the VO diet, Arctic charr
appear to be an interesting species to study in relation to vegetable oil diets as the increase in liver
18:2n-6 and 18:3n-3 was lowest and there was virtually no decrease in 22:6n-3 compared to the trout
and salmon. The above suggested that Arctic charr were better able to desaturate 18:3n-3 to DHA and
also 18:2n-6 to AA. However, it was interesting that this was not entirely reflected in the liver
hepatocyte desaturase activities as both groups of charr displayed lower overall activity of the
desaturase pathway than brown trout and Atlantic salmon at the initiation of the trial. After feeding the
VO diet, the desaturase activity in the C-charr was increased to the highest level of all the groups which
is consistent with the fatty acid composition data but with the R-charr, although hepatocyte fatty acid
desaturation increased, it was still lower than in brown trout and salmon. Indeed it was curious that
hepatocyte fatty acid desaturation was different in the two charr groups, despite there being essentially
no significant difference between the liver polar lipid fatty acid compositions although some caution
must be used in interpreting strain differences with samples of n = 3. In contrast, hepatocyte
desaturation was not significantly different between the wild Scottish Atlantic salmon and the F1
crosses of the Scottish Atlantic salmon with the Canadian land-locked salmon (F1 salmon) when fed
fish oil.

Another interesting result from the present study was the observation of an apparent temporal
effect. Activities recorded at the initial sampling were some 10-fold, and 5-fold higher than the
activities recorded in fish fed the FO and VO diets, respectively, at the end of the trial. The exact
reasons for this temporal difference are not known but we can speculate on possible contributing
factors such as water temperature, photoperiod (fish were on natural photoperiod prior to the trial but
on 12h light: 12h dark during the trial), diet, appetite and feeding pattern. We have previously
observed changes in hepatocyte desaturase activity in salmon with time although this was also related
to parr-smolt transformation (Bell et al., 1997: Tocher et al., 2000). However, cues such as
photoperiod and water temperature can directly affect appetite and consequent feeding pattern as has
been shown with maturing Atlantic salmon in seawater (Kadri et al., 1996; Blyth et al., 1999) and
anadromous Arctic charr (Jorgensen et al., 1997) but, more importantly with respect to the present
study, also with freshwater salmon parr (Simpson et al., 1996). A further possibility is that the
difference could be related to diet as the fish were being fed a different diet up until the initiation of the

experiment. This diet was a standard salmonid diet containing Northern hemisphere fish oil and as
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such had a fatty acid composition slightly different to the experimental (control) diet containing

Southern hemisphere fish oil.

5. Conclusions

Hepatocyte desaturation and elongation of [1-'*C]18:3n-3 and the effects of feeding a vegetable oil

diet containing a 1:1 blend of linseed and rapeseed oils were investigated in three different species of

salmonids indigenous to Scotland, as well as an F1 cross of scottish wild salmon to Canadian land-

locked salmon.

1.

Hepatocyte fatty acid desaturation/elongation activity at the initiation of the trial was greatest in
brown trout, followed by wild Atlantic salmon and then Arctic charr.

The desaturation activity was higher in fish from all species when fed the diet containing vegetable
oil compared to fish fed a control diet containing fish oil.

There was an apparent temporal effect in that the desaturation activity was higher in all species at
the initial sampling compared to the final sampling 3 months later.

Liver polar lipid fatty acid compositions of salmon and brown trout were very similar to each other,
and different to Arctic charr which showed lower total n-3PUFA and DHA, but higher EPA and
monoenes than the other salmonids.

Feeding the vegetable oil diet increased the levels of 18:2n-6, total n-6PUFA and 18:3n-3 and
decreased DHA and n-3/n-6 ratio in salmon and brown trout liver polar lipids. In contrast, there
was only a modest increase in 18:2n-6 and total n-6PUFA, but AA was increased, and there was no
increase in 18:3n-3 and the level of DHA was not decreased in Arctic charr fed the diet containing
vegetable oil.

The results indicated that there were significant differences in hepatic PUFA metabolism between
Arctic charr and other the salmonids that could have important consequences both physiologically

and in their ability to be successfully cultured on diets containing vegetable oils.
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Legends to Figures:

FIG. 1 Total fatty acid desaturation activity in hepatocytes from salmonids at the initiation of the
dietary trial. Results represent the rate of conversion (pmol.h".mg liver protein™) of [1-'*C]18:3n-3 to
desaturated products and are means + S.D. (n = 3). Significance of differences between means were
determined by one-way analysis of variance (ANOVA) followed by Tukey’s post test, and are denoted
by different letters (P < 0.05).

FIG. 2 Products of desaturation of [1-"*C]18:3n-3 in hepatocytes from salmonids at the initiation of the
dietary trial. Results represent the rates of conversion (pmol.h"'.mg liver protein™) of [1-'*C]18:3n-3 to

individual desaturated/elongated fatty acid products and are means + S.D. (n = 3).

FIG 3. Effect of diet on the total fatty acid desaturation activity in hepatocytes from salmonids at the
termination of the dietary trial. Results represent the rate of conversion (pmol.h™'.mg liver protein™) of
[1-'*C]18:3n-3 to desaturated products and are means + S.D. (n = 3). Significance of differences due
to diet and species were determined by two-way analysis of variance (ANOVA) with both parameters
showing highly significant effects; Species, P = 0.0003 (F-value = 8.87) , with R-charr having the
significantly lowest activity; Diet, P < 0.0001 (F-value, 108.61) VO > FO; There was no significant
interaction between the parameters (P = 0.0867; F-value, 2.37) indicating that the diet had the same

affect with all species.
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Table 1. Feed components (percentage of dry diet) of
experimental diets

Component Fish oil Vegetable oil
(FO) diet (VO) diet

Fish meals' 30 30
Plant meals? 525 525
Potato starch 2 2
Micronutrients® 2.5 2.5
Fish oil* 13 0
Rapeseed oil® 0 6.5
Linseed oil® 0 6.5

'Icelandic capelin meal, SR Mjgl, Iceland; Chilean fishmeal,

G. Holman, Chile; Fish protein concentrates (CPSP 90 & CPSP G),
Soprapeche, Boulogne-sur-Mer, France. *HiPro soya and whole
wheat, Cargill, Swinderby, U.K.; Full fat soyabean meal,
Unitrition, Selby, U K.; Soy protein concentrate, Loders Croklaan,
Netherlands; Maize gluten meal, Cerestar, Manchester, England.
*Vitamins, minerals, amino acids, taste attractant and mould
inhibitor. *Southern hemisphere fish oil, Cargill, Swinderby, U K.

*Low erucic acid rape seed oil and linseed oil, Unitrition, Selby, U.K
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Table 2. Fatty acid (Percentage by weight of total fatty acids)
composition of diets.

Fatty acid Pre-trial diet Fish oil Vegetable oil
(FO) diet (VO) diet

14:0 5.1 59 1.1
16:0 16.0 152 7.8
18:0 2.0 2.7 2.8
Total saturates' 24.3 24.6 12.3
16:1(n-7) 51 6.7 14
18:1(n-9) 16.2 11.6 298
18:1(n-7) 25 2.8 2.2
20:1(n-9) 6.8 5.7 25
22:1(n-11) 9.8 7.6 2.2
22:1(n-9) 0.1 0.7 04
24:1 1.6 0.7 03
Total monoenes? 42.8 36.1 389
18:2(n-6) 52 74 18.5
20:2(n-6) 04 04 0.1
20:4(n-6) 0.6 0.5 0.2
Total (n-6)PUFA3 7.1 8.6 18.8
18:3(n-3) 1.7 1.5 242
18:4(n-3) 25 2.6 0.7
20:4(n-3) 0.6 0.6 0.1
20:5(n-3) 75 135 2.0
22:5(n-3) 0.8 1.7 02
22:6(n-3) 119 7.2 25
Total (n-3) PUFA 252 27.1 298
Total PUFA* 33.1 394 48.8
(n-3)/(n-6) 35 32 1.6

Values are means of two replicate measurements. 'Includes 15:0, 17:0,
20:0 and 22:0. 2Includes 16:1n-9, 20:1n-11 and 20:1n-7.

*Includes 18:3n-6, 20:3n-6 and 22:5n-6.*Includes 18:2n-9 and C16 PUFA.
PUFA, polyunsaturated fatty acids.
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Table 3. Effect of diets on the total lipid content (percentage of wet weight) of livers of salmonids

Treatment C-charr R-charr Brown trout S-salmon F1-salmon
initial 1.82 £ 0.25° 3.13 £0.06® 313 £026® 303 £0.08® 3.66 + 1.18*
fish oil 3.16 £ 0.03® 292 053 192 £040* 1.75 =048 2.03 £+ 0.33"

vegetable oil  3.04 +0.93 238 £1.02 304 +0.12 341+ 140 271 +£0.69

The data were analysed by two-way analysis of variance (ANOVA) for significance of effects due
to species and treatment (diet). Liver lipid content was not significantly different between species
(F value = 0.08; P=0.9892) but was significantly affected by diet (F value = 3.78; P = 0.0343).
The differences between species for a given diet were also analysed by one-way ANOVA followed
where appropriate by Tukey's multiple range test. Differences between mean values within a given
row are signifificant (P < 0.05) as indicated by different superscript letters.
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Table 4. Fatty acid composition of total polar lipid of livers from salmonids at the initiation of the
dietary trial.

Fatty acid C-Charr R-Charr Brown trout S-salmon F1-salmon
14:0 15+£02* 09 x04° 1.7 £0.1 ¢ 1.6 £+03® 1.6 £02
15:0 02 +0.1 03 +£0.1 04 +£00 04 £ 0.1 02 +£0.1
16:0 203 £33 180 + 1.8 2277 £ 1.5 242 + 3.7 219 = 1.1
17:0 02 +0.1 02 +00 04 +0.1 04 + 0.1 03 +0.1
18:0 48 £1.6 47 £0.8 42 +£03 54 06 56 £05
Total saturates' 272 +1.6® 241 +£18° 295 +14* 320=+43* 297 12

16:1n-9 02 02 03 x0.1 03 03 03 +02 03 00
16:1n-7 29 +1.1° 08 x0.1P 20 £05 1504 1.5 £03
18:1n-9 137 15 166 =10 98 0.5 ¢ 92 £ 08¢ 90 04 -
18:1n-7 1.7 1.7 31 0.7 1.7 £ 0.1 1.6 £ 0.1 12 +02
20:12 29+ 1.7 44 +16 1.8 £0.1 19 £ 02 1.8 £02
22:1 04 00 03 =0.1 05 =0.1 05 = 0.1 0.6 0.1
24:1 08 +02 0.7 0.1 1.0 £0.2 12 £03 0.6 04
Total monoenes 22.8 +12° 262/ x12°* 172 +04° 161 15 152 09
18:2n-6 21 £03 19 £0.5 19 £0.2 19 £ 02 19 £0.1
20:2n-6 06 +04 04 02 04 00 04 0.1 05 +00
20:3n-6 04 +0.1 02 +00 03 =0.1 03 +0.1 05 02
20:4n-6 21 x£04°c¢ 39 £05° 33 £04 28 £ 03¢ 26 £0.1 *
22:5n-6 05 +x01* 02=+0.1°c 04 01> 04 +x01> 07 =x01c¢
Total n-6PUFA® 59 =03 66 0.5 66 +0.3 6.0 = 0.1 63 +02
18:3n-3 04 +£0.1 04 £0.1 04 £0.0 03 +£0.0 03 £0.1
18:4n-3 03 £0.1 0.1 £0.1 02 00 02 +00 0.1 £00
20:4n-3 04 x01* 06 x0.1¢" 03 x00P 03 01" 04 =00 ™
20:5n-3 72 03¢ 72 030" 45 +£0.7 ¢ 55 04" 6.1 £04 =
22:5n-3 12 +£00° 02 +0.1/" 09 0.1 °¢ 12 £0.1° 1.5 +01"
22:6n-3 338 £03° 329 +x05° 392 +x12* 372 *x51°* 390 x1.1"~
Total n-3PUFA* 434 05> 415 x07° 455 11 447 x£56* 475 10"

Total PUFA? 498 +08 ™ 484 £07°¢ 530 «+1.1* 516 £54° 547 09"~
(n-3)/(n-6) 74 £0.3 63 £0.5 69 +0.3 7.5 = 0.8 7.5 +03

H+

" Includes 20:0 and 22:0; * predominantly n-9 isomer; * Includes 18:3n-6 and 22:4n-6.

* Includes 20:3n-3. * Includes C16 PUFA. PUFA, polyunsaturated fatty acids. Data were
subjected to one-way ANOVA as described in the Materials and Methods section. Mean values in
the same row with a different superscript letter are significantly different (P < 0.05) as

determined by Tukey’s test.
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Table 5. Fatty acid composition of total polar lipid of livers from salmonids fed a diet containing

fish oil.
Fatty acid C-charr R-charr Brown trout S-salmon F1-salmon
Total saturates 247 £ 26 236 £04° 255 £04* 266 £0.7* 282 +14°*
16:1n-9 04 = 0.1 03 00 03 03 03 £0.2 03 £0.3
16:1n-7 1.2 £02%* 09 +0.1°¢ 1.9 £02°* 1.6 £+02 1.8 £02
18:1n-9 114 +17°> 160 05" 9505 88 £00°¢ 8.1 £05°
18:1n-7 39 £02° 30+£0.7 " 1.6 £03° 15 +£03° 1.6 £02°
20:1n-11/9 46 £ 25" 36+£08*® 23 +00* 1.7 £03 @ 1.1 +£03°"
20:1n-7 03 £ 0.1 03 +£00 02 +£00 0.1 £0.1 0.1 £0.1
22:1n-11 0.1 £0.1°¢ 02 £0.1°¢ 08 =0.1"° 05 01" 03 =0.1 "™
24:1 06 £ 0.1 08 +0.3 12 £04 14 +£05 08 0.3
Total monoenes = 225 +24* 253 +£16* 177 £02" 159 £07 "> 140 £0.6 ¢
18:2n-6 14 £03° 1.6 £05 ® 19 £01* 23 +0.1"° 22 £0.1°
18:3n-6 02 + 0.1 0.1 £00 02 +£00 04 £03 02 +0.1
20:2n-6 1.0 £03°® 04 £0.1° 05£00° 05 00" 04 £02°
20:3n-6 05 +£04 02 +00 03 00 03 +£00 02 +£0.1
20:4n-6 33 £08® 41 +x03° 29 £02° 27 03" 24 +£02°
22:5n-6 02 +02° 0.1 £00° 05+00* 05=+0.1°"* 03 +x0.1"
Total n-6PUFA 6.6 £ 03 6.6 £0.8 64 £0.1 6.7 £03 57 £0.6
18:3n-3 05 +£00 03 00 06 £00 05 +£0.1 05 +£00
18:4n-3 02 +£00 0.1 £0.1 02 +£00 02 +£0.1 02 +£00
20:3n-3 0.1 £00 0.1 £0.1 0.1 £00 0.1 £0.1 0.1 £0.1
20:4n-3 04 + 0.1 05 +0.1 05 +0.1 05 +0.1 05 +00
20:5n-3 7.1 £ 12 70 £ 1.1 53 +£05 52 £05 64 +£0.6
22:5n-3 1.5 +£01° 15 +£0.1° 09 £0.1° 12 £02® 14 +£02¢
22:6n-3 362 £1.6° 349 £05° 423 +£09* 426 £08* 426 £09°
Total n-3PUFA 460 + 04 444 +10¢ 500 +£03° 503 +£02* 517 x05"?

Total PUFA' 527
(n-3)/(n-6) 70

* 511 18" 565 +03°* 571 +x04* 576 08"
b 6.7 £06" 78 £02* 75 £03° 91 £09*

H
o O
W N

" Includes C16PUFA. PUFA, polyunsaturated fatty acids. Data were subjected to one-way
determined as described in the Materials and Methods section. Mean values in the same row with
a different superscript letter are significantly different (P < 0.05) as determined by Tukey’s test.
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Table 6. Fatty acid composition of total polar lipid of livers from salmonids fed diets containing
vegetable oils

Fatty acid C-charr R-charr Brown trout S-salmon Fl1-salmon
Total saturates 254 +09* 231 +£06°" 226 £04° 238 +£06* 239 +04*
16:1n-9 0.1 +0.1 02 +02 02 +00 02 +£02 04 +£0.1
16:1n-7 1.0 £05 10 £05 04 £00 06 +04 09 +£03
18:1n-9 45 +16* 170 +£13* 135+x06"° 140 +£05" 134 +£06°
18:1n-7 23 +£20 13 +12 14 +£0.1 0.7 £0.6 1.5 £0.1
20:1n-11/9 26 £ 1.2 27 +£09 14 £04 1.2 £0.2 1.0 £02
20:1n-7 02 +£00™ 03 £0.1° 01 £00° 00 £00° 00 +£00°
22:1n-11 02 +£0.1 03 £00 02 +£00 03 +£0.1 02 +£00
24:1 08 +02 09 +£03 08 0.2 08 +02 1.3 +£02
Total monoenes 21.7 +1.6* 238 13+ 181 +£02" 177 07" 188 £09°"
18:2n-6 21 £06" 23 +£05° 63 06" 77 204 6.7 £06°®
18:3n-6 0.1 =0.1 02 + 0.1 0.1 £0.1 03 +£02 0.1 £0.1
20:2n-6 05 02 02 +00° 1.1 £05* 14 £06 " 09 03 ™
20:3n-6 02 +00° 02 +00° 1.9 £0.1 " 22 £07* 20+£10°
20:4n-6 40 £03 > 46 03" 27 £03° 22 +£03° 22 027"
22:5n-6 02 +0.1 03 +00 03 +£00 03 +£00 03 +£00
Total n-6PUFA 71 £08° 78 £06° 124 £05* 141 15+ 122 +20°
18:3n-3 04 +£0.1° 04 +0.1° 38 £04 45 +£04 ¢ 38 £0.7 ¢
18:4n-3 02 +£0.1 02 + 0.1 04 £02 0704 06 +02
20:3n-3 0.1 £0.1 ™ 00 +00° 06 +02° 06 +£0.1"° 04 +0.1"°
20:4n-3 04 +£00° 05 +01™ 1.2 £0.1° 1.2 £04* 1.1 £04®
20:5n-3 6.7 £03® 7.1 04" 56 06 45 +£13°¢ 51 10"
22:5n-3 I.1 £0.1° 1.7+ 0.1 1.3 £0.1 " 14+01°" 14 +0.1"
22:6n-3 368 £08* 352 +06* 340 +£05* 313 +03°¢ 326 19"
Total n-3PUFA 457 £ 0.5 45.1 £ 1.1 469 £ 0.5 442 + 14 450 £ 238
Total PUFA! 529 £0.7°¢ 531 08¢ 593 +£03* 585x0.1* 573 +£10°"
(n-3)/(n-6) 64 £0.7"* 58 +£05¢ 38 £02° 31 £05° 37 £08°"

" Includes C16 PUFA. PUFA, polyunsaturated fatty acids. Data were subjected to one-way

ANOVA as described in the Materials and Methods section. Mean values in the same row with
a different superscript letter are significantly different (P < 0.05) as determined by Tukey’s test.
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Table 7. Results of two-way analysis of variance (ANOVA) on
data in Tables 5 and 6 for the significance of differences
due to species and diet on selected relevant fatty acids.

Fatty acid Treatment p Fvalue  significance
18:1n-9  species <0.0001 36.24

diet < 0.0001 117.14

interaction 0.0044 531
18:2n-6  species <0.0001 72.30

diet < 0.0001 397.56

interaction < 0.0001 41.23

20:4n-6  species < 0.0001 34.81 *
diet 0.6535 021 ns
interaction 0.0416 3.03 *

18:3n-3  species < 0.0001 76.46
diet < 0.0001 389.12

interaction < 0.0001 66.62

20:5n-3  species 0.0005 7.93 *
diet 0.1993 1.76 ns
interaction 0.4808 09 ns

22:6n-3  species 0.0004 8.42
diet < 0.0001 246.61
interaction < 0.0001 4951 *

*, effect is significant; ns, not significant.



