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ABSTRACT

The effect of fluctuating temperature on muscle lipid composition was examined in 1.8 Kg steelhead trout fed 
3 commercial diets with varying proportions (16.5 - 31% total) of ∑ω3 fatty acids and large differences (5×) in 
ω6:ω3 fatty acid ratios. Temperature was increased from 13.5°C to 18.0°C and then dropped back down to 13.5°C 
over a period of 12 weeks. Diet had no significant effect on growth or on total polyunsaturated fatty acid (PUFA) 
proportions in muscle tissue, but significant changes were observed in individual fatty acids. There was a greater 
response to changes in diet in the fatty acids than there was to changes in temperature. Muscle C20–C22 ω3PUFA 
and C18 unsaturated fatty acids reflected dietary inputs leading to very different (up to 40%) ω6:ω3 fatty acid ratios. 
Independent of diet, increasing temperature significantly increased total lipids and saturated fatty acids, especially 
16:0, and decreased monounsaturated ones, especially 18:1ω9, as well as the PUFA 18:2ω6. The ω6:ω3 fatty acid 
ratio was also lowest at 18.0°C. Increasing total lipids, sterols and saturated fatty acids with increasing temperature, 
has important implications for both cultured and wild fish in terms of their nutrition, food quality for humans, and 
resource availability for aquafeeds. 
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INTRODUCTION

Many studies have investigated the limitations and cost benefits of 
replacing fish oil (FO) with alternative lipid sources for finfish such 
as vegetable oils (VO) [1-3] and rendered animal fats (AF) from the 
beef, pork and poultry industries [4,5]. Studies in the past have 
focused on growth, health or condition in salmonids [2, 4-8], flesh 
quality [9], fatty acid composition [8, 10, 11], physical characteristics 
of the fillet [12, 13], metabolic disorders [14] and disease resistance 
[15, 16]. However, less attention has been paid to environmental 
stresses such as fluctuating water temperature and its effect on fatty 
acid composition of the final product. 

While FO is rich in ω3 long-chain polyunsaturated fatty acids 
(PUFA) such as DHA (22:6ω3) and EPA (20:5ω3), VO contain C18 
ω6, ω9 and ω3 unsaturated FAs, mainly 18:2ω6 and 18:1ω9, and 
usually high ω6 to ω3 fatty acid ratios [17]. The other alternative, 
AF are rich in saturated fatty acids (SFA) and monounsaturated 
fatty acids (MUFA). Although AF may contain trace levels of ω3 
PUFA depending on dietary history, species and age, it is not a 
significant source for FO replacement [4, 5]. 

Salmonids deposit excess dietary lipids in the form of triacylglycerol 
(TAG) in muscles [10] so that the fatty acid content of fillets is highly 
reflective of diet and lowering dietary ω3 fatty acid content and 
raising ω6:ω3 ratios has implications for quality. EPA and DHA 
consumption reduces cardiovascular risk factors through a variety 
of effects including anti-inflammatory ones [18]. Inflammation, 
which may be activated or exacerbated by a high ratio of dietary 
ω6 to ω3 fatty acids, is thought to connect chronic diseases such as 
cardiovascular disease, obesity and allergic diseases like asthma [19]. 
A high value of this ratio has also been associated with cognitive 
decline and the incidence of dementia [23].

The fatty acid composition of fish is also influenced by fluctuating 
water temperature [21]. Decreasing water temperature tends to 
increase unsaturated fatty acid proportions with a corresponding 
decrease in SFA [21] especially in polar lipids [21-23] as part of 
homeoviscous adaptation to maintain fluidity. Studies examining 
the influence of water temperature on fatty acid composition in 
tissues have usually kept the temperatures at two distinct levels [24-
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29]. Studies examining multiple changes in water temperature are 
fewer [30].

Intensive sea cage aquaculture in the North West Atlantic is 
challenged by uncontrollable and unexpected environmental 
changes that can be stressful for caged fish, compromising growth 
and survival, and potentially affecting the quality of the final product 
for the consumer. Steelhead trout (Oncorhynchus mykiss) is one of 
the species cultured in the Bay d’Espoir region, Newfoundland 
that experiences such stressful conditions. This laboratory study 
was conducted to examine the effect of temperature fluctuations 
on muscle lipid and fatty acid composition in adult steelhead trout 
raised on FO substituted diets. They were fed three commercial 
diets that have been used by the aquaculture industry in Canada. 
These diets were manufactured with either FO as the primary 
source of lipids or with FO partially substituted with AF or VO. 
Water temperature was manipulated to mirror changes occurring 
naturally during the growth season and the effect of dietary lipid 
composition on muscle lipid class and fatty acid composition was 
examined. A parallel study on liver membrane properties was 
conducted [29].

The maximum temperature difference examined in this study is 
4.5°C which is as high as might be expected in cold seasons in 
certain regions with global warming of 1.5°C above pre-industrial 
levels [31]. This study provides insight into the effects of such a 
change on fish lipid composition with implications not only for 
fish nutrition and the product for the consumer, but for the quality 
of resources available for aquafeeds. One of the biggest challenges 
facing the future world aquaculture industry is access to quality 
ingredients for aquafeeds [32].	

MATERIALS AND METHODS

Experimental fish

This study was conducted at the Ocean Sciences Centre (OSC), 
Memorial University of Newfoundland (MUN), St. John’s, with 
the approval of MUN’s Animal Care Committee. Three hundred 
and seventy Steelhead trout averaging 1.6 Kg body weight each were 
transported to the OSC from a Bay d’Espoir aquaculture site. The 
condition of the fish was observed visually during the journey and 
dissolved oxygen (O

2
) and water temperature were measured during 

transportation and were within acceptable limits. 

At the OSC, fish were moved to a 45 m3 holding tank at ambient 
temperature (6 ± 1oC). Fish were examined by a veterinarian at the 
end of the 1st week to determine any stress related health problems. 
Samples obtained during the diagnostic visit did not reveal any 
significant infectious disease in the population. Additional O

2
 was 

also provided during the first week at a rate of 0.25 – 0.5 L min-

1 to minimize transport stress. Dissolved O
2 
and temperature was 

monitored twice daily and dead fish were promptly removed and 
examined for external lesions. All waste accumulated at the bottom 
of the tank was removed daily. 

Feed was introduced gradually to alleviate transportation stress. 
Appetite improved after 1 - 2 weeks, after which they were fed twice 
a day, morning and evening. During the first month, fish were 
given the same feed type used at the aquaculture site (Corey feed, 
Corey Nutrition Company, Fredericton, NB, Canada). However, 
they were switched to the experimental base diet (M-ω3: section 
2.3) at the end of first month. Fish were held in the holding tank 
for approximately 3-4 months prior to the experiment. 

Experimental tanks 

Six identical 6000 L tanks were used for the experiment. Fifty-
five fish were randomly picked and distributed into each of the 
experimental tanks. Fish were held at ambient water temperature 
(12 to 13oC) with a water flow of 6 -7 L min-1 for acclimation. 
The system was flow-through from Logy Bay, and lighting was 
automatically controlled to follow the daily light/dark cycles. 
Dissolved O

2
, salinity and temperature were monitored daily. 

Experimental feed

Three different commercially available diets were used based on 
information given on raw materials used by the manufacturers. 
On receipt, the diets were analyzed to determine lipid class and 
fatty acid composition. The three diets were named according to 
the relative proportions of ω3 fatty acids as H-ω3 (higher ω3), 
M-ω3 (medium ω3), and L-ω3 (lower ω3) (Table 1), based on 
the lipid analysis (Table 2). According to the feed manufacturers 
(personal communication) the protein and fat content of the H-ω3 
diet mainly originated from fish meal and FO. In contrast, in the 
M-ω3 and L-ω3 diets, fish meal and FO were partially replaced by 
a combination of terrestrial AF and VOs. All feeds were stored in 
a -20°C freezer to minimize lipid oxidation. A portion of each feed 
was kept separately in a walk-in cooler for daily use. All fish were 
fed with the experimental base diet (M-ω3) during the acclimation 
period.

Two tanks were randomly assigned for each feed by drawing a 
ballot. Fish were fed twice daily to satiation and leftover feed 
was measured to calculate the amount consumed. The point of 
satiation was determined as follows: a known amount of feed 
(usually 1- 2% of body weight) was measured in advance for each 
tank. A handful of feed pellets was thrown into the tank and 
observed for consumption. This was continued until more than 
half the pellets thrown in sank to the bottom of the tank uneaten. 
Once this point was reached, another handful of feed was thrown 
into the tank after 5-10 min. If left uneaten, this was considered 
the satiation point. 

Experimental temperature

Fish were left for almost 2 weeks at 13.0 ± 1.0°C to acclimatize to 
the experimental tanks. Then average temperature was increased, 
following seasonal temperature changes, in a stepwise manner from 
13.5°C (1st sample set) to plateau at 16.5°C (2nd sample set), then 
up to a maximum of 18.0°C (3rd sample set: Figure 1). Thereafter, 
water temperature was dropped from 18.0°C back to 13.5°C (5th 
sample set) with the same in-between step at 16.5°C (4th sample set). 
At each step the temperature was increased or decreased gradually 
to the next level over a 2 - 3 day period and left stable thereafter 
for 14 ± 1 days. Ambient water was heated and adjusted through 
an automatically controlled system at the header tank to obtain the 
required temperatures in the experimental tanks. 

Specific growth rate and food conversion efficiency

The initial mean wet weight of adult steelhead trout assigned to 
H-ω3 was 1662 ± 319 g, to M-ω3 it was 1741 ± 302 g, and to L-ω3 it 
was 1945 ± 721 g. Specific growth rate (SGR) and food conversion 
efficiency (FCE) was calculated for fish fed the 3 diets for each 
sampling period.	
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Sampling protocol

At the end of the acclimation period prior to the feeding trial, fish 
were fed with the previously assigned feed types (see above) for a 
12 week period. However, fish were deprived of two feedings prior 
to sampling. A minimum of six fish per treatment were lethally 
sampled at the end of each thermal period with an overdose of 
the anaesthetic tricaine methane sulfonate (TMS, MS-222). Muscle 
samples for lipid class and fatty acid analysis were obtained from 
the left epaxial region of the fish caudo dorsal to the pectoral and 
ventral to the anterior base of the dorsal fin. Samples of muscle 
weighing approximately 1 g were collected in 50 ml glass vials 
previously cleaned for lipid residues as described below. Then each 
vial was flushed with nitrogen (N

2
) after filling with 4 ml CHCl

3
 

and sealed with Teflon lined caps and Teflon tape and stored at 
-20°C. 

Lipid extraction and analysis

Lipid extraction

All material coming into contact with the samples for lipid analysis, 
was made of either glass or was Teflon coated. All glassware was 
heated in a muffle furnace at 450°C for 12 hrs and lipid cleaned 
by rinsing three times with MeOH followed by three times with 
CHCl

3
. All solvents were of analytical or chromatographic grade. 

Distilled water used for experimental analysis was washed three 
times with CHCl

3
 in a separatory funnel to remove lipid residues. 

Total lipids were extracted from samples in CHCl
3
/MeOH following 

Parrish [33] using a modified Folch procedure [34] in which samples 
were homogenized on ice (Brinkman Polytron blender, NY) in 2:1 
chloroform:methanol and then with chloroform-extracted water to 
a final dilution ratio of 2:1:1. They were then sonicated in ice for 4 
min and centrifuged for 3 min (3000 g). The bottom, organic layer 
was then removed by double pipetting.

Lipid class separation

Lipid classes were separated using thin layer chromatography with 
flame ionization detection in a MARK V Iatroscan (Iatroscan 
Laboratories, Tokyo, Japan). Specific amounts of lipid classes 
contained in each sample were determined by spotting lipid 

extracts on silica gel-coated rods and separating with a three-stage 
development system: 99:1:0.05 hexane/diethyl ether/formic acid, 
80:20:1 hexane/diethyl ether/formic acid, acetone and 5:4:1 
chloroform/methanol/water [35]. At the end of each development 
system with different polarities, the rods were partially scanned to 
detect lipid classes. The flow of the FID combustion gasses, air and 
hydrogen were set to 200 ml min-1 and 20 ml min-1 respectively. 
The resulting three chromatograms were combined using T-data 
scan software (RSS, Bemis, Tennessee, USA). Lipid classes 
were identified and quantified using standards: n-nonadecane, 
cholesteryl palmitate, 3-hexadecanone, tripalmitin, palmitic acid, 
1-hexadecanol, cholesterol, 1-monopalmitoyl-rac-glycerol, and 
dipalmitoyl phosphatidylcholine (Sigma-Aldrich Corp., Oakville, 
Ontario, Canada). 

Fatty acid analysis

The same crude lipid extracts were also subjected to transesterification 
using 14% boron trifluoride in MeOH to produce fatty acid methyl 
esters (FAME) following a procedure based on [29] as outlined in 
[34]. Analysis of FAME derivatives was conducted using an HP 
6890 model gas chromatograph (GC) equipped with an FID and 
an HP 7683 autosampler (Agilent Technologies Canada Inc., 
Mississauga, Ontario, Canada). Fatty acid peaks were integrated 
using HP Enhanced Chemstation G 1701BA Version B.OO.OO 
(Agilent Technologies Canada Inc., Mississauga, Ontario, Canada) 
and identified against known standards (PUFA 1, PUFA 3, BAME, 
and a Supelco 37 component FAME mixture, Sigma-Aldrich 
Canada Ltd, Oakville, Ontario, Canada).

Statistical analyses

All data sets were examined to verify normality, independence and 
homogeneity of variance before further analysis was undertaken. 
Muscle and feed lipid class and fatty acid data were subjected to 
analysis of variance using the General Linear Model procedure 
of the Statistical Analysis System (GLM procedure, SPSS 13.0 
for Windows). The test for muscle lipid classes and fatty acids 
was performed with temperature and feed type as explanatory 
variables (two-way ANOVA) with interactions (feed x temperature) 
to determine the effect of temperature and feed type on lipid class 

Figure 1: Daily recorded temperatures of ambient water (□), header (▲) and experimental tanks (○) during the experimental period. Sampling points are 
indicated by an arrow and the sampling number; 1st (13.5°C), 2nd (16.5°C), 3rd (18.0°C), 4th (16.5°C) and 5th (13.5°C). 	
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and fatty acid composition. If significant interactions were present 
the effect of feed type was examined at each sampling temperatures 
using feed type as the explanatory variable. Multiple comparisons 
of means for lipid classes and fatty acids were made using Tukey 
corrections. Pearson correlation analyses were performed using 
Minitab 16 (Statistical Software, State College, PA, USA), and 
multivariate statistics were run in PRIMER (Plymouth Routines in 
Multivariate Ecological Research; PRIMER-E Ltd, version 6.1.15, 
Ivybridge, UK) with the PERMANOVA+ add-on. Significance was 
set at α = 0.05 for all tests.

RESULTS 

Varying growth temperature effects on muscle lipid class and 
fatty acid composition were examined in 1.8 Kg steelhead trout 
fed commercial diets with varying total ω3 fatty acids and large 
differences in ω6:ω3 ratios. Temperature was increased in a 
stepwise manner from 13.5°C with plateaus to a maximum of 
18.0°C following ambient temperature Figure 1. Thereafter, 
temperature was dropped from 18.0°C back to 13.5°C. Dissolved 
oxygen was maintained at 104.0 ± 8.0% on average.

Feed lipid class and fatty acid composition

Label information for the three feeds used in the experiment is 
given in Table 1. To preserve anonymity, feeds were identified by 
the level of ω3 as H-ω3, M-ω3 or L-ω3. Total lipid (TL), neutral 
lipid (NL) and polar lipids (Polar) (ww-1%) were not significantly 
different among the three feed types (Table 2). The most abundant 
classes of lipid in the three feed types were triacylglycerol (TAG), 
sterol (ST), and phospholipid (PL). The H-ω3 feed had a lower ST 
than both M-ω3 and L-ω3 (p ≤ 0.031) feed. TAG had the highest 
proportion and it was not significantly different among the feeds. 
Similarly PL was not significantly different among feeds (Table 2). 

Individual and total MUFA, SFA, PUFA in the feeds are given 
in Table 2. Both ∑PUFA and ∑ω3 proportions were significantly 
different (p<0.001) among the feeds with H-ω3 having the highest 
and L-ω3 diet having the lowest levels (Table 2). SFA was lowest in 
fish oil rich H-ω3 (p<0.001) feed, and MUFA was highest (p<0.001) 
in vegetable oil rich L-ω3 feed (Table 2). The PUFA:SFA (P:S) 
ratio was highest in H-ω3 feed and lowest in L-ω3 feed (p<0.001). 
Individual fatty acids were present in significantly different 
proportions in each feed (p ≤ 0.026) except 22:5ω3 in M-ω3 and 
L-ω3 and 18:3ω3 and 20:4ω6 in H-ω3 and M-ω3. Terrestrial 
(18:2ω6) and typical marine origin ω3 fatty acids (EPA, DPA and 
DHA) showed the greatest differences among PUFA in the three 
feed types (Table 2) leading to large differences in ω6:ω3 ratios: 

H-ω3 had the lowest ω6:ω3 ratio and L-ω3 the highest. Marine 
origin fatty acids were lowest in L-ω3 diets and typical terrestrial 
plant fatty acids (18:2ω6 and 18:3ω3) were highest in L-ω3 diets. 

Growth performance

Temperature and feed had no significant effect on growth of fish or 
mortality during the experimental period. The average wet weight 
of the fish increased 30 – 40% from 1.79 ± 0.40 kg to final weights 
of 2.63 ± 0.20 kg for fish fed H-ω3, 2.27 ± 0.31 kg for M-ω3, and 
2.37 ± 0.25 kg for L-ω3. 

Tissue lipid class composition

Table 3 shows the effect of diet on lipid class composition (%) 
in muscle tissue of Steelhead trout fed the three diets. Both TL 
and NL (ww-1%) in muscle tissue were affected by the increase in 
temperature with a significant increase in L-ω3 fed fish at 18.0°C 
(p ≤ 0.03). The difference in total lipid was also seen on decreasing 
to 16.5°C. Overall the total lipid concentration was positively 
correlated with temperature (r=0.622, p=0.023).

Both diet and temperature had significant (p ≤ 0.027) effects on 
major lipid class composition in muscle tissue (Table 4). Significant 
differences occurred in TAG, ST, PL and total polar lipid, both 
at the end of the first temperature increase (2nd sampling point) 
and after the final drop to 13.5°C (5th sampling point). TAG was 
the most abundant lipid class (>85%) present in muscle tissue. 
The PL level was only affected at the end of the temperature trial 
(13.5oC), where H-ω3 fed fish had a significantly higher total polar 
lipid concentration over the other two treatments (p < 0.001). ST 
proportions were significantly higher in L-ω3 fed fish at the 2nd, 
3rd and 4th sampling points. However, when the temperature was 
dropped back at the end of the experiment (5th sampling) ST of 
M-ω3 was significantly higher than H-ω3. ST in H-ω3 fed fish was 
at a comparatively lower level compared to with the other two diets 
throughout. 

The effect of temperature on TAG and ST proportions in M-ω3, 
H-ω3 and L-ω3 fed fish during the experimental period is shown 
in Table 3 as well. The effect on TAG was prominent at the final 
temperature of 13.5oC, with H-ω3 fish storing less TAG in muscle 
compared to those fed the other diets. Decreasing temperature also 
increased the polar lipid fraction of H-ω3 fed fish in comparison to 
fish fed the other diets.

The TAG proportions in M-ω3 fed fish significantly decreased with 
the drop in temperature from 18.0°C to 16.5°C and significantly 
increased with the further drop in temperature to 13.5°C (p ≤ 

Table 1: Label information for the 3 commercial diets used in the experiment. The three diets were identified by the level of ω3 polyunsaturated fatty acids 
(PUFA) determined to be present in the diet (Higher, H-ω3; Medium, M-ω3; Lower, L-ω3).

Composition H-ω3 M-ω3 L-ω3

Crude protein (min) % 41 42 42

Crude fat (min) % 24 27 23

Crude fibre (max) % 1.5 4 4

Calcium (actual) % 1.6 1.1 0.9

Phosphorus (actual) % 1.3 1 0.8

Sodium (actual) % 0.5 0.4 0.54

Vitamin A (min) IU/Kg 5000 5000 5000

Vitamin D (min) IU/Kg 2400 4000 4000

Vitamin E (min) IU/Kg 200 250 250
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0.039). TAG proportions in L-ω3 fed fish had a similar pattern to 
M-ω3 fed fish without the significant drop in proportion with the 
drop in temperature from 18.0°C to 16.5°C. The ST proportion 
of H-ω3 fed fish was not affected by temperature but ST of both 
M-ω3 and L-ω3 fed fish increased significantly with increasing 
temperature (p ≤ 0.029).

Tissue fatty acid composition

Fatty acid composition of muscle tissue of fish fed each diet at 
each experimental temperature is given in Table 4. There was a 
greater response to changes in diet in the fatty acids than there was 
to changes in temperature. Fourteen of the 19 variables in Table 
4 showed significant differences for diet while only 11 showed 

significant differences for temperature. The greater response to diet 
was confirmed by permutational multivariate analysis of variance 
(PERMANOVA). PERMANOVA shows that overall, the fatty acid 
profiles Table 4 were significantly different between H-ω3 and L-ω3 
fish (p(perm)=0.029). Similarity percentage analysis (SIMPER) 
shows that EPA+DPA+DHA, ∑ω3 FAs, and 18:1ω9 were driving 
the dissimilarity at a cumulative level of 39%.

Among the fatty acid sums and ratios in Table 2 the ω6:ω3 fatty 
acid ratio showed the greatest difference being 5 times higher in 
the L-ω3 diet than the H-ω3 one. This was reflected in the fish 
after 12 weeks when again the ω6:ω3 fatty acid ratio showed the 
greatest difference among the fatty acid sums and ratios. This time 

Table 2: Selected lipid class (%), total lipid, polar lipid, neutral lipid (% ww-1) and fatty acid (%) average composition (mean ± SD) and ratios of 
commercial feed containing higher ω3 polyunsaturated fatty acids (H-ω3), medium ω3 polyunsaturated fatty acids (M-ω3) and lower ω3 polyunsaturated 
fatty acids (L-ω3).

  H-ω3 M-ω3 L-ω3

Total lipid (ww-1 %) 34.0 ± 6.42 33.8 ± 1.48 29.5 ± 5.27

Neutral lipid (ww-1 %) 31.7 ± 6.3 32.0 ± 1.27 27.8 ± 5.04

Polar lipid (ww-1 %) 2.26 ± 0.12 1.76 ± 0.31 1.74 ± 0.25

Lipid class (% total lipid)a

Triacylglycerol 91.6 ± 0.88 88.9 ± 3.12 89.9 ± 0.71

Sterol 0.77 ± 0.18a 5.62 ± 2.77b 3.77 ± 1.06b

Phospholipid 3.86 ± 0.52 3.55 ± 0.37 3.98 ± 0.58

Fatty acid (% total fatty acid)

14:00 5.96 ± 0.05a 4.6 ± 0.08b 3.63 ± 0.03c

16:00 15.5 ± 0.09a 19.0 ± 0.3b 19.7 ± 0.07c

18:00 2.67 ± 0.02a 6.18 ± 0.18b 6.86 ± 0.07c

18:1ω9 8.8 ± 0.14a 21.0 ± 0.42b 23.3 ± 0.24c

20:1ω9 4.8 ± 0.27a 1.45 ± 0.04b 2.13 ± 0.03c

22:1ω11(13) 7.57 ± 0.46a 1.68 ± 0.08b 2.53 ± 0.06c

18:2ω6 2.49 ± 0.13a 8.07 ± 0.17b 9.8 ± 0.21c

18:3ω3 0.7 ± 0.0a 0.75 ± 0.04a 0.94 ± 0.03b

20:4ω6 (ARA) 0.9 ± 0.01a 0.88 ± 0.01a 0.78 ± 0.0b

20:5ω3 (EPA) 15.7 ± 0.28a 10.5 ± 0.51b 8.34 ± 0.1c

22:5ω3 (DPA) 2.36 ± 0.01a 1.28 ± 0.06b 1.22 ± 0.03b

22:6ω3 (DHA) 9.26 ± 0.28a 6.27 ± 0.21b 4.42 ± 0.08c

∑SFAb 25.4 ± 0.09a 30.9 ± 0.35b 31.3 ± 0.05b

∑MUFAc 33.4 ± 0.79a 34.0 ± 0.21a 37.4 ± 0.33b

∑PUFAd 40.0 ± 0.72a 34.3 ± 0.57b 30.5 ± 0.39c

P:S 1.57 ± 0.02a 1.11 ± 0.03b 0.98 ± 0.01c

∑ω3 31.1 ± 0.56a 21.0 ± 0.67b 16.5 ± 0.24c

ω6:ω3 0.13 ± 0.003a 0.47 ± 0.02b 0.69 ± 0.009c

∑Terrestriale 3.19 ± 0.13a 8.83 ± 0.21b 10.7 ± 0.24c

∑Marinef 27.3 ± 0.54a 18.1 ± 0.66b 13.9 ± 0.2c

Values are mean ± SD; significant differences in each row are indicated by superscript letters. 
Diets labelled as: H-ω3 (Higher ω3 fatty acids), M-ω3 (Medium ω3 fatty acids) and L-ω3 (Lower ω3 fatty acids).
Saturated fatty acids (SFA), Monounsaturated fatty acids (MUFA), Polyunsaturated fatty acids (PUFA), polyunsaturated to saturate ratio (P:S), Omega 
(ω), Arachidonic acid (AA), Eicosapentaenoic acid (EPA), Docosahexaenoic acid (DHA), Docosapentaenoic acid (DPA).  
aLipid class (% total lipid), which also includes: hydrocarbon, steryl/wax ester, acetone mobile polar lipids at <2% each.
bSum of saturated fatty acids (SFA), which also includes: i15:0, 15:0, ai16:0, i17:0, ai17:0, 20:0, 22:0 and 23:0 at < 1.0% each.
cSum of monounsaturated fatty acids (MUFA), which also includes: 14:1, 15:1, 16:1ω7, 16:1ω9, 16:1ω5, 17:1, 18:1ω7, 20:1ω11, 20:1ω9, 22:1ω11, 
22:1ω9 and 24:1.
dSum of polyunsaturated fatty acids (PUFA), which also includes: 16:2ω4, 16:3ω4, 16:4ω3, 16:4ω1, 18:2ω4, 18:3ω6, 18:4ω1, 18:4ω3, 20:2a, 20:2ω6, 
20:3ω3, 21:5ω3 and 22:4 ω6 at < 1.0% each.
eTerrestrial fatty acids: 18:2ω6 and 18:3ω3.
fMarine fatty acids: EPA, DPA and DHA
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the value was 40% higher in the L-ω3 fish than the H-ω3 ones. 
This ratio in diets and trout muscle together with individual ω6 
and ω3 polyunsaturated fatty acid proportions is shown in Figure 
2. Proportions of 18:2ω6 showed the greatest difference among the 
PUFA in the diets (Table 2) being 4 times higher in the L-ω3 diet 
than the H-ω3 one. This was again reflected in a more muted way 
in the muscle at the end of the feeding trial (Figure 2b).

Significant changes in fatty acid percentages or ratios frequently 
occurred with drops in temperature (Table 4), but increase in 
temperature from 16.5°C to 18.0°C significantly decreased both 
terrestrial fatty acids and ω6:ω3 ratios in H-ω3 fed fish compared 
to those fed the L-ω3 diet (p ≤ 0.011). The tissue composition of 
marine origin fatty acids (EPA + DPA + DHA), ∑ω3, P:S, DHA, 
DPA and EPA increased significantly in H-ω3 fed fish with a 
corresponding decrease in fish fed L-ω3 diet (p ≤ 0.045). 

Twelve weeks of feeding resulted in significant muscle fatty acid 
changes in fish fed all three diets (Table 4). The marine fatty acids, 
EPA:AA ratios, Ʃω3, EPA and 14:0 increased in H-ω3 fed fish with 
a corresponding decrease in L-ω3 fed fish (p ≤ 0.033). In contrast, 
terrestrial fatty acids, ω6:ω3 ratios and 18:1ω9 increased in L-ω3 
fed fish with a corresponding decrease with the H-ω3 diet (p ≤ 
0.030). 

Significant changes in muscle fatty acid composition of M-ω3 
fed fish occurred with increasing temperature to 18.0°C from the 
initial 13.5°C (Table 4). There was a corresponding decrease in 
terrestrial fatty acids, mainly 18:2ω6 (p ≤ 0.024). Subsequent drops 
in temperature to 13.5oC, decreased the total SFA composition 
by decreasing 14:0 and 16:0 in muscle tissue (p ≤ 0.018). The 
composition of 18:1ω9 increased with the decrease to 13.5°C (p = 
0.027). Total PUFA in muscle tissue was not affected by diet at any 
temperature, but amounts of both 18:2ω6 and the ω6:ω3 ratios 
increased with the final decline to 13.5°C (p ≤ 0.03). Proportions 
of 16:0 and 18:1ω9 were affected (p ≤ 0.037) in L-ω3 fish on 
decreasing to 13.5°C (Table 4). 18:1ω9 increased with decreasing 
temperature while 16:0 decreased. 

Overall 18:2ω6 and the sum of 18:2ω6 and 18:3ω3 consistently 
decreased with increasing temperature and then increased with 
decreasing temperature with all dietary treatments (Table 4). M-ω3 
fed fish showed additional significant differences with temperature 
for 18:0 and 18:1ω9 (Figure 3) with the latter following the overall 
pattern for 18:2ω6 (Table 4) and 18:0 following the opposite trend. 

Correlation analysis confirmed the overall importance of saturated 
and monounsaturated fatty acids in response to temperature with 
16:0 and ∑SFA showing strong positive responses among all diets 
(P=0.003-0.009) and 18:1ω9 and ∑MUFA showing negative ones 
(p=0.019-0.035). 

Figure 3 compares the effect of temperature on sterol and C18 fatty 
acid proportions in fish which were not subjected to a change in 
diet. The highest values for sterol and 18:0 occurred at the highest 
temperature which coincided with the lowest values for the C18 
unsaturated fatty acids.

DISCUSSION

Lipid class and fatty acid analysis indicated the qualitative difference 
between the 3 commercial diets used in this study. Total lipid was 
higher than the crude fat (min) % reported in the label information 
for the three feeds probably due to reporting minimum crude fat 
content in diets. The H-ω3 diet had half again, and nearly twice as 
much ω3 fatty acids over M-ω3 and L-ω3 diets, respectively, and the 
M-ω3 diet had a third more ω3 than L-ω3 diet. Marine origin oils 
were partially replaced in the L-ω3 diet resulting in higher MUFA 
and lower P:S ratios. VO completely lacks ω3 long-chain PUFA 
but is rich in ω6 and ω9 shorter chain fatty acids [3]. Animal fats 
are rich in SFA and MUFA. The composition of SFA would vary 
with species of origin. Beef tallow has approximately twice as much 
SFA as poultry fat. Animal fat might also contain certain amounts 
of C18 PUFA based on dietary history of the source animal. 
Trushenski and Lochmann [37] reported 27.5% SFA in poultry fat 
with 21% PUFA (primarily 18:2ω6) and 47.5% SFA in beef tallow 
with less than 4% PUFA. Full or partial replacement of fish oil in 
marine aquaculture could also lead to the risk of net deficiency in 
essential fatty acids (EFA). Therefore supplementation of aquafeeds 
with some fish meal is necessary to fulfill the EFA requirement in 
most cultured species. 

The diet had no effect on growth or the food conversion efficiency 
of adult steelhead trout. Similar findings were reported in previous 
studies in Atlantic salmon, where growth was not affected by 
replacing a portion of fish oil with vegetable oil in diets containing 
45 to 50% crude protein primarily from fish meal [10, 38]. 

The muscle lipid composition in this study was affected both by 
change in growth temperature and diet. TAG was the predominant 
lipid class in muscle tissue with all three diets. Lipid class 

Table 3: Effect of H-ω3, M-ω3 and L-ω3 diets on total lipid, neutral lipid, polar lipid (ww-1%) and percent lipid class composition of muscle tissue of 
steelhead trout (Oncorhynchus mykiss) at different temperatures.

Sample 1 2 3 4 5

Temp 13.5°C 16.5°C 18.0°C 16.5°C 13.5°C
Feed M-ω3 H-ω3 M-ω3 L-ω3 H-ω3 M-ω3 L-ω3 H-ω3 M-ω3 L-ω3 H-ω3 M-ω3 L-ω3

TAG 94.3±1.7 91.3±0.8a+ 93.3±2a* 88.2±1.6b§ 94.4±1.5+ 92.8±2.3* 91.9±3.3§ 93.8±2.9+ 89.6±3.2** 91.5±1.7§ 84.9±2.8a++ 93.4±0.7b* 93.4±2.0b§§

ST 0.6±0.34 0.4±0.1 0.4±0.2a* 0.8±0.1b§ 0.7±0.3a 1.7±1.0** 2.8±1.7b§§ 0.5±0.1a 1.1±0.5** 1.2±0.3b§ 0.6±0.3a 1.4±0.7b** 0.9±0.4§

PL 2.85±1.3 4.6±0.3 3.7±1.0 4.0±1.0 2.1±0.7 3.5±2.2 3.1±1.4 3.1±1.8 6.6±4.8 6.1±2.4 12.1±2.4a 3.6±0.5b 2.8±1.7b

TL 13.3±5.28 20.4±4.9 18.9±10.0 14.1±5.0 13.7±7.7a 22.8±9.2a 23.2±2.9b 17.3±6.9a 18.2±4.9 20.3±3.0b 15.4±6.1 13.5±3.0 15.7±9.1

NL 12.8±5.2 19.2±4.7 18.2±10.0 13.3±5.0 13.2±7.7a 22.1±8.8a 22.3±3.0b 16.9±7.0 17.0±4.4 18.9±2.7 13.4±5.8 12.9±3.0 15.1±9.1

Polar 0.52±0.14 1.3±0.4a 0.7±0.2b 0.8±0.1b 0.51±0.1 0.75±0.4 0.9±0.3 0.5±0.2 1.20±0.9 1.4±0.5 2.01±0.5a 0.61±0.1b 0.5±0.2b

Values are mean ± SD. 
Significant differences among diets at each temperature and among temperatures for each diet are indicated by superscript letters and by symbols respectively. 
Data analyzed by 2-way ANOVA.  
Diets labelled as: H-ω3 (Higher ω3 fatty acids), M-ω3 (Medium ω3 fatty acids) and L-ω3 (Lower ω3 fatty acids).
Temperature (Temp), Triacylglycerol (TAG), Sterol (ST), Phospholipid (PL), Total lipid (TL), Neutral lipid (NL), Polar lipid (Polar).
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Table 4: Effect of H-ω3, M-ω3 and L-ω3 diet and temperature on muscle fatty acid composition (% total) of steelhead trout (Oncorhynchus mykiss).

Sample 1 2 3 4 5

Temp 13.5°C 16.5°C 18.0°C 16.5°C 13.5°C
Feed M-ω3 H-ω3 M-ω3 L-ω3 H-ω3 M-ω3 L-ω3 H-ω3 M-ω3 L-ω3 H-ω3 M-ω3 L-ω3

14:0 3.58 ± 0.4** 3.2 ± 0.4
3.0 ± 
0.2

3.2 ± 
0.3

3.5 ± 0.4 3.2 ± 0.3 2.9 ± 0.3 2.8 ± 0.5
2.8 ± 
0.3* 3.0 ± 0.3

3.4 ± 
0.3a

2.7 ± 
0.2b* 2.8 ± 0.1b

16:0 15.4 ± 0.8 14.8 ± 1.1
15.1 ± 
0.5

15.1 ± 
0.6§ 15.8 ± 0.6

17.3 ± 
0.6**

16.8 ± 
1.7§ 15.3 ± 1.6

15.5 ± 
1.9

15.6 ± 
1.2§

14.7 ± 
1.0

14.1 ± 
2.7*

14.5 ± 
0.8§§

18:0 3.6 ± 0.3** 3.8 ± 0.3
3.9 ± 
0.1

3.8 ± 
0.1

3.9 ± 0.1a 4.8 ± 0.7b* 4.4 ± 0.4ab 3.3 ± 1.7
4.1 ± 
0.4

4.41 ± 0.8
3.7 ± 
0.2

4.0 ± 
1.0

3.78 ± 0.2

∑SFAa 23.5 ± 1.3 22.6 ± 1.6
22.9 ± 
0.8

23.0 ± 
0.9

24.1 ± 0.9
26.6 ± 
1.6** 24.8 ± 2.3 22.2 ± 2.2

23.3 ± 
2.4

23.9 ± 2.0
22.6 ± 
1.5

21.0 ± 
3.1* 21.7 ± 1.0

18:1ω9 28.0 ± 1.6 27.9 ± 1.6
27.9 ± 
1.1

27.7 ± 
1.3§ 24.5 ± 1.5

25.2 ± 
2.8**

26.3 ± 
2.8§ 23.0 ± 4.2

26.3 ± 
3.6

26.1 ± 
1.5§

25.7 ± 
2.7a

29.9 ± 
3.4b*

29.7 ± 
1.5b§§

22:1ω11 1.0 ± 0.2 1.4 ± 0.3
1.1 ± 
0.1

1.1 ± 
0.1

1.6 ± 0.5a 0.85 ± 
0.3b 1.0 ± 0.2b 1.0 ± 0.4

0.9 ± 
0.2

0. 9 ± 0.2
1.53 ± 
0.6a

0. 9 ± 
0.1b 1.0 ± 0.1

∑MUFAb 43.6 ± 1.9 43.6 ± 1.7
43.0 ± 
1.4

43.2 ± 
1.6

42.4 ± 2.5 40.4 ± 2.3 42.4 ± 3.2
39.2 ± 
6.01

41.3 ± 
5.2

43.1 ± 0.8
43.1 ± 
2.2

45.1 ± 
3.5

46.0 ± 1.5

18:2ω6 9.5 ± 0.6** 9.1 ± 0.6
9.4 ± 
0.1

9.4 ± 
0.5

7.0 ± 0.8a 8.1 ± 0.7* 8.9 ± 0.8b 8.0 ± 0.8
9.1 ± 
0.9

9.3 ± 0.6
8.2 ± 
1.0a

9.5 ± 
1.1b** 9.7 ± 0.2b

20:4ω6 0.7 ± 0.07 0.69 ± 0.1
0.7 ± 
0.0

0.7 ± 
0.0

0.7 ± 0.1 1.1 ± 1.3 0.6 ± 0.1 0.6 ± 0.1
0.7 ± 
0.1

0.61 ± 0.1
0.7 ± 
0.1

0.5 ± 
0.2

0.6 ± 0.1

20:5ω3 4.4 ± 0.7 4.5 ± 0.6
4.4 ± 
0.4

4.9 ± 
0.6

5.2 ± 0.3 4.0 ± 1.8 4.2 ± 0.5 5.6 ± 0.9a 4.7 ± 
0.6

4.3 ± 0.4b 5.1 ± 
0.5a

4.06 ± 
0.4b 4.1 ± 0.5b

22:5ω3 1.8 ± 0.1 2.1 ± 0.1
2.0 ± 
0.3a

2.4 ± 
0.1b 2.3 ± 0.2 1.7 ± 0.7 2.1 ± 0.6 2.6 ± 0.2a 2.2 ± 

0.2b 2.2 ± 0.2
2.5 ± 
0.1

2.2 ± 
0.4

2.2 ± 0.1

22:6ω3 9.8 ± 1.0 11.0 ± 0.8
11.1 
± 1.

9.9 ± 
0.6

11.8 ± 0.4 11.8 ± 2.4 10.7 ± 2.7
16.2 ± 
4.2a

12.9 ± 
3.3

10.7 ± 
1.8b

11.3 ± 
1.6

10.5 ± 
1.4

9.5 ± 1.5

∑PUFAc 32.1 ± 1.8 33.3 ± 1.5
33.5 ± 
1.5

33.2 ± 
1.3

32.9 ± 1.8 32.4 ± 2.7 32.2 ± 2.3 38.1 ± 4.2
34.9 ± 
3.6

32.4 ± 2.5
33.8 ± 
2.0

32.2 ± 
2.3

31.7 ± 2.2

P:S 1.4 ± 0.1 1.5 ± 0.1+ 1.5 ± 
0.1

1.4 ± 
0.1

1.4 ± 0.1+ 1.2 ± 0.1 1.31 ± 0.1
1.7 ± 
0.1a++

1.51 ± 
0.1

1.37 ± 
0.2b

1.5 ± 
0.1

1.5 ± 
0.3

1.5 ± 0.1

∑ω3 18.6 ± 1.8
19.9 ± 
1.0+

19.9 ± 
1.3

19.6 ± 
1.3

21.7 ± 
0.6+ 20.4 ± 2.6 19.5 ± 2.8

26.3 ± 
4.8a++

21.9 ± 
4.0

19.3 ± 
2.3b

21.3 ± 
2.2a+

18.8 ± 
1.7

18.0 ± 
2.1b

ω6:ω3 0.6 ± 0.4 0.6 ± 0.0
0.6 ± 
0.0

0.6 ± 
0.0

0.4 ± 
0.04a

0.51 ± 
0.1**

0.58 ± 
0.1b 0.4 ± 0.1a 0.54 ± 

0.1
0.6 ± 0.1b 0.5 ± 

0.1a

0.6 ± 
0.1b* 0.7 ± 0.1b

EPA:AA 6.2 ± 0.7 5. 8 ± 1.2
5.7 ± 
0.7

6.6 ± 
0.6

6.9 ± 0.9 5.15 ± 2.3 5.74 ± 0.8 5.9 ± 0.6 5.8± 0.7 5.7 ± 0.4
6.5 ± 
0.9a

4.9 ± 
0.6b 5.4 ± 0.5b

∑Terrestrial 10.4 ± 0.6** 9.9 ± 0.6
10.2 ± 
0.2

10.2 ± 
0.6

7.7 ± 0.9a 8.9 ± 0.8* 9.7 ± 0.9b 8.5 ± 0.9a 9.8 ± 
1.0

10.0 ± 
0.7b

9.0 ± 
1.0a

10.2 ± 
1.2

10.5 ± 
0.3b

∑Marinee 15.9 ± 1.6
17.6 ± 
0.8+

17.4 ± 
1.4

17.1 ± 
1.0

19.4 ± 
0.5+ 17.5 ± 2.8 17.0 ± 3.0

24.4 ± 
5.1a++

19.8 ± 
4.1

17.2 ± 
2.4b

18.9 ± 
2.2a+

16.8 ± 
1.7

15.7 ± 
2.1b

Values are mean ± SD. 
Significant differences among diets at each temperature and among temperatures for each diet are indicated by superscript letters and by symbols 
respectively.
Data analyzed by 2-way ANOVA.    
aSum of saturated fatty acids (SFA), which also includes: i15:0, 15:0, ai16:0, i17:0, ai17:0, 20:0, 22:0 and 23:0 at < 1.0% each.
bSum of monounsaturated fatty acids (MUFA), which also includes: 14:1, 15:1, 16:1ω7, 16:1ω9, 16:1ω5, 17:1, 18:1ω7,  20:1ω11, 20:1ω9, 22:1ω11, 
22:1ω9 and 24:1 at < 1.0% each.
cSum of polyunsaturated fatty acids (PUFA), which also includes: 16:2ω4, 16:3ω4, 16:4ω3, 16:4ω1, 18:2ω4, 18:3ω6, 18:3ω3,18:4ω1, 20:2a, 20:2ω6, 
20:3ω3, 21:5ω3 and 22:4ω6 at < 1.0% each.
dTerrestrial fatty acid: 18:2ω6 and 18:3ω3.
eMarine fatty acids: EPA, DPA and DHA. 
Temperature (Temp), Polyunsaturated to saturate ratio (P:S), Omega (ω), Eicosapentaenoic acid (EPA), Docosahexaenoic acid (DHA), Arachidonic 
acid (AA).

composition in fish muscle reflects dietary lipid intake [39, 40], 
environmental temperature [26], lipid digestibility and metabolism 
[38,41]. Vegetable oil rich L-ω3 fish at 18.0°C had more stored 
neutral lipids and sterols compared to fish fed H-ω3 diets, 
contributing to the higher total lipid composition. Fish fed the 

L-ω3 diet had significantly more ST until the decrease to 13.5°C. 
Cholesterol is the most common ST in animal lipid [42] and is a 
major component of cell membranes, while some is stored together 
with neutral lipids in muscle tissue. 
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Figure 2: Fatty acids in (a) diets and in (b) trout muscle after 12 weeks of feeding commercial feed containing higher ω3 polyunsaturated fatty acids (H-ω3), 
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(M-ω3) during the acclimation period and throughout the temperature experiment. (a) Total sterols and C16 and C18 saturated fatty acid proportions. (b) 
C18 unsaturated fatty acid proportions and the ω6/ω3 PUFA ratio.

Replacing the base diet (M-ω3) with fish oil rich H-ω3 resulted 
in significant changes in the lipid composition of H-ω3 fed fish 
later in the experiment, but total PUFA was not affected by feed 
or temperature. L-ω3 and M-ω3 fed fish accumulated 18:1ω9 in 

muscle with decreasing temperature and M-ω3 fed fish accumulated 
both 18:1ω9 and 18:2ω6. 

Studies examining simultaneous influences of diet and temperature 
on trout are few [43]. Using two diets and two temperatures 
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Mellery et al. [27] examined the effect on rainbow trout fatty acid 
concentrations (mg/g) and it can be calculated that both the MUFA 
proportions (%) and the ω6/ω3 ratio decrease with increasing 
temperature independent of diet, as seen here. 

Most studies have been conducted by acclimating salmon to two 
distinct temperatures with a primary focus on determining fatty 
acid changes in PLs [25, 44, 45] Fish studies with simultaneous 
manipulation of temperature and diet have given inconsistent 
results for various reasons such as species differences, types of 
oils and fat used in feeds and types of lipid classes and fatty acid 
investigated [43, 45-47]. Nonetheless the fatty acid data in Figure 3 
are largely consistent with those of Jobling and Bendiksen [25] who 
examined the interaction dietary lipids and temperature on neutral 
and polar lipids in Atlantic salmon. They saw similar temperature 
responses in parr, especially for 18:1ω9 and 18:2ω6 in those fed 
vegetable oil. Strong relationships with temperature for these two 
fatty acids have also been found in juvenile trout [48, 49].

The significantly higher levels of 16:0 and 18:0, and the significantly 
lower levels of 18:1ω9, 18:2ω6, and ω6/ω3 ratio with increasing 
temperature (Figure 3) seem to be a more general response in fish. 
Cobia fillets followed the almost exact same pattern independent 
of diet [28], and by far the lowest values of 18:2ω6 and ω6/ω3 ratio 
occurred at the highest temperature in golden mahseer [30]. 

The significant diet-independent correlations of ∑SAT (r=0.69), 
16:0 (r=0.74) and 18:1ω9 (r=-0.56) with temperature are consistent 
with 14C label experiments in livers from thermally acclimated fish. 
In the phospholipid and triacylglycerol fatty acids of rainbow trout, 
the label was incorporated primarily into 18:1ω9 and 16:0 at two 
different temperatures but overall there was significantly more 
incorporated into saturated fatty acids in response to warming [50]. 
In carp, increase in temperature again gives rise to de novo synthesis 
of saturated fatty acids, especially palmitic acid, 16:0 [51]. Also in 
carp, a 7°C cooling increased Δ9-desaturase activity within a day 
[52]. This enzyme introduces the first double bond into a fatty acid 
at the central C9-C10 position which in the C18 saturate, stearic 
acid (18:0), leads to the ω9 monounsaturate, oleic acid (18:1ω9). 

While 85-94% of the lipids in trout muscle are in triacylglycerols 
(Table 2) the fatty acid changes with temperature have implications 
for maintenance of membrane physical characteristics. Substitution 
of a Δ9-unsaturated fatty acid (e.g. 18:1ω9) for a saturated one 
(e.g. 16:0) in membrane phospholipids would have a maximal 
disordering effect on physical properties [22] rendering the 
membranes less packed and more fluid on cooling. Similarly, 
the increase in sterol at 18°C (Figure 3) could help stabilize the 
membranes at high temperature [22, 29]. 

Studies conducted to date primarily focus on determining the 
effects of diet and temperature on the polar lipid fraction due to 
its significance in membranes [21-23, 53, 54]. Since similar changes 
were also seen in muscle in this study with over 80% of lipids 
being stored as neutral TAG it is likely that this is more than just a 
membrane response.

Both M-ω3 and L-ω3 fed fish had a similar response to temperature 
by manipulating only shorter chain MUFA or PUFA (18:1ω9 and 
18:2ω6). Temperature had no significant influence on marine 
lipids, ω3 or P:S ratio in M-ω3 or L-ω3 fed fish. Stubhaug et al.  
[2] showed salmon could selectively store long chain PUFA with 
low dietary intake. They suggested that fish primarily locate EPA 

and DHA in membranes with low dietary intake while switching 
the fatty acid substrate used for β-oxidation. This further stresses 
the fact that cold water fish use surplus fatty acids for energy 
production while storing the essential fatty acids that are limited [2, 
10], hence highlighting the lack of response in long-chain PUFA.

CONCLUSION

This is the first study to evaluate the effect of fluctuating temperature 
on muscle lipid and fatty acid composition in steelhead trout under 
commercial feeding conditions. Research conducted to date has 
primarily focused on two temperatures using strict experimental 
diets or comparing such diets with a commercially available diet. 
Here farm-sourced adult trout were fed commercial diets over a 
natural temperature cycle. Although substituting FO with plant or 
animal origin lipids did not affect total PUFA levels in muscle tissue, 
ω6:ω3 ratios changed considerably, with implications for seafood 
quality. Fish fed all diets responded to temperature perturbation by 
changing total lipid concentrations and C18 fatty acid proportions; 
however, 16:0 showed the strongest correlation with temperature. 
This study shows that commercially available diets with similar 
label information could yield fillets with very different ω6:ω3 fatty 
acid ratios and that growth temperature directly influences fatty 
acid quantity and composition in trout muscle tissue. Comparison 
with the literature indicates increased 16:0 and 18:0 and lower 
18:1ω9, 18:2ω6, and ω6/ω3 ratio is a general response in fish to 
higher temperatures. 
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