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Abstract Camelina oil (CO) replaced 50 and 100 % of
fish oil (FO) in diets for farmed rainbow trout (initial
weight 44 + 3 g fish™'). The oilseed is particularly unique
due to its high lipid content (40 %) and high amount of
18:3n-3 (a-linolenic acid, ALA) (30 %). Replacing 100 %
of fish oil with camelina oil did not negatively affect
growth of rainbow trout after a 12-week feeding trial
(FO = 168 + 32 g fish™!; CO = 184 + 35 g fish™ ).
Lipid and fatty acid profiles of muscle, viscera and skin
were significantly affected by the addition of CO after
12 weeks of feeding. However, final 22:6n-3 [docosahex-
aenoic acid (DHA)] and 20:5n-3 [eicosapentaenoic acid
(EPA)] amounts (563 mg) in a 75 g fillet (1 serving) were
enough to satisfy daily DHA and EPA requirements
(250 mg) set by the World Health Organization. Other
health benefits include lower SFA and higher MUFA in
filets fed CO versus FO. Compound-specific stable isotope
analysis (CSIA) confirmed that the 8'*C isotopic signature
of DHA in CO fed trout shifted significantly compared to
DHA in FO fed trout. The shift in DHA §'°C indicates
mixing of a terrestrial isotopic signature compared to the
isotopic signature of DHA in fish oil-fed tissue. These
results suggest that ~27 % of DHA was synthesized from
the terrestrial and isotopically lighter ALA in the CO diet
rather than incorporation of DHA from fish meal in the CO
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diet. This was the first study to use CSIA in a feeding
experiment to demonstrate synthesis of DHA in fish.
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Introduction

Long chain n-3 fatty acids have been recognized for their
health benefits for decades. This group of fatty acids is
essential as they cannot be synthesized and therefore must
be consumed in adequate amounts from the diet. Docosa-
hexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid
(EPA, 20:5n-3) are mostly associated with benefits in heart,
brain and eye health [46]. They are synthesized by marine
microorganisms and travel through the ocean food chain.
Therefore, the most efficient source of EPA and DHA is
through consumption of lipid-rich seafood, particularly
from cold-water [23]. Nearly half of the world’s seafood
today is produced from aquaculture [16]. Salmonids like
rainbow trout (Oncorhynchus mykiss) are an excellent
source of DHA and EPA, and are also a popular farmed fish
species. Like humans, rainbow trout also have a require-
ment for essential fatty acids, therefore DHA and EPA
must be provided in the diet through other fish oils, such as
herring [31]. Reducing the amount of fish oil in aquaculture
feeds is critical for sustainability and economic reasons
[50]; therefore research into alternative dietary oils is
necessary.

Research in this area has focused on testing various
terrestrial plant and animal lipids in aquaculture feeds and
its effect on growth and lipid biochemistry. Most terrestrial
plant oils, such as palm, sunflower, soybean, and linseed,
have a higher proportion of n-6 and n-9 fatty acids and a
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lower proportion of n-3 fatty acids in comparison to fish
oil. Although replacing fish oil with these oils generally
does not affect overall health and growth of the fish, most
studies have shown reduced levels of n-3 fatty acids in the
fillet, particularly DHA and EPA [3, 4, 6, 26], which lowers
health benefits normally provided to humans that consume
fish. Therefore, research in terrestrial plant oils with sig-
nificant amounts of n-3 is of particular interest.

The oilseed, Camelina sativa (commonly known as false
flax or gold of pleasure) is a member of the Brassicaceae
family which includes mustards, rapes, and canola [8]. The
crop originated in southeastern Europe and southwestern
Asia, however it has recently been reintroduced to Cana-
dian agriculture on account of its agriculturally robust
nature [53]. The oilseed presents many beneficial attributes
useful to the agricultural sector, including ability to grow in
low-fertility soils, tolerance to insects and weeds, and it can
survive frost and freeze—thaw cycles [8]. The biochemical
composition of camelina makes it an attractive nutritional
source for the aquaculture feed industry. The oilseed is
particularly unique due to its high lipid content (40 %) and
high amount of 18:3n-3 (a-linolenic acid, ALA) (40 %), an
essential medium chain n-3 PUFA which is a precursor to
longer chain n-3 polyunsaturated fatty acids (PUFA) [32,
58]. Camelina oil is also naturally protected against lipid
oxidation, despite increased PUFA content because it
contains a high amount of y-tocopherol, the most potent
antioxidant tocopherol isomer [32]. Generally, camelina
has more PUFA and monounsaturated fatty acids (MUFA)
and lower saturated fatty acids (SFA) than other terrestrial
plant oils, a fatty acid profile that benefits both fish and
humans. These characteristics potentially give camelina a
unique nutritional advantage over other plant oils that have
been previously used in aquaculture. The use of camelina
oil has been shown to be suitable in feeds for Atlantic cod
[21, 27], and vegetable oil blends containing 20 % came-
lina oil have been tested in Atlantic salmon [5]; however it
has not been tested in rainbow trout.

Although terrestrial plants do not naturally produce
EPA and DHA, it is possible that the amount of ALA
provided in the feeds may encourage synthesis of EPA
and DHA in fish when these fatty acids are low or absent
in the diet. Humans can synthesize DHA and EPA from
ALA, however this process is inefficient with a conver-
sion rate of <l % [7]. Anadromous fish, those that
migrate from sea water to fresh, are known to more
efficiently convert ALA-DHA and EPA. For example,
Atlantic salmon (Salmo salar) express the A5 and 6
desaturase genes that are responsible for desaturation of
ALA [19, 57] and those fed a rapeseed oil diet showed
even greater expression of these genes compared to the
fish oil fed group [22]. In fact, this metabolic pathway is
not just simply present and expressed, but is actually
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functional in the majority of the freshwater fish and sal-
monid species studied [49]. Consequently, studies have
shown the n-3 LC PUFA input/n-3 LC-PUFA output ratio
in fish fed vegetable oil diets is <1, indicating that sal-
monid aquaculture is a net producer of FO [14, 51].
Based on this premise, we hypothesized that rainbow
trout will synthesize DHA and EPA to some degree from
the high amount of ALA provided in the diet from
camelina oil. As a tool to confirm this hypothesis, com-
pound specific stable isotope analysis (CSIA) was used.
Fatty acid isotopic signatures are frequently used in food
web studies to determine the transfer of fatty acids from
prey to predator based on their '*C/'*C ratio [9]. In
chemical and physical reactions, compounds containing
the lighter '*C isotope preferentially react, resulting in a
fractionation of '*C and '>C isotopes. The ratio of '*C/'*C
is expressed as 8'°C. The 8'°C of animal tissues is
thought to reflect a mixture of 8'°C from all diet items
[52]. The ratio of carbon isotopes changes little as carbon
moves through a food chain, therefore when dietary
sources have distinctly different isotopic signatures, the
ultimate sources of carbon and the relative contribution of
different dietary items to a consumer can be determined
[9, 38]. As a terrestrial plant, camelina fatty acids such as
ALA and LNA have isotopic signatures distinctly differ-
ent than the same fatty acids in marine sources like fish
oil due to differences in the source of carbon (terrestrial
carbon in the form of CO, gas vs. marine carbon as
carbonate), which results in differences in 813C values
due to how the stable isotopes are fractionated as CO,
dissolves [33]. Using CSIA, we can determine the dietary
contribution of DHA and EPA in rainbow trout tissue fed
a camelina oil diet and conclude whether these fatty acids
were synthesized products from ALA in camelina oil or
whether they have been incorporated in the tissue directly
from the limited amount of DHA provided in the residual
lipid in fish meal, depending on the §'*C values.

The purpose of this study was to evaluate camelina oil
as a suitable lipid source for farmed rainbow trout. A
nutritional feeding trial was conducted with diets contain-
ing camelina oil in order to determine lipid and tissue fatty
acid composition in tissues in response to changes in diet
composition. Using CSIA, this study determined the die-
tary contribution that camelina oil may have on the syn-
thesis of DHA and EPA in rainbow trout.

Methods
Experimental Diets

Camelina (Calena cultivar) was grown and harvested by
the Department of Plant and Animal Sciences, Dalhousie
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University at an off-campus location (Canning, NS, Can-
ada). The seeds were single pressed using a KEK 0500
press at Atlantic Oilseed Processing, Ltd. (Summerside,
Prince Edward Island, Canada) to extract the oil and eth-
oxyquin was added to the final product.

All diets were formulated as isonitrogenous, isolipidic,
and isocaloric practical diets and were produced at the
Faculty of Agriculture Campus, Dalhousie University
(Truro, NS, Canada). The experimental treatments were as
follows: a control diet with fish oil (FO); 50 % fish oil
replacement with camelina oil (CO50); and 100 % fish oil
replacement (CO100). Diets were formulated to meet
nutritional requirements of rainbow trout [31]. All diets
were steam pelleted using a laboratory pelleting mill
(California Pellet Mill, San Francisco, USA). The initial
size of the pellets was 1.5 mm and increased to 2.5 mm as
the fish grew larger throughout each trial. Diets were stored
at —20 °C until needed.

Experimental Fish

An experiment was conducted with juvenile rainbow trout
(44.9 £ 10 g fish™! mean initial weight + SD;
157 £ 1.2 cm mean initial length) at the Faculty of
Agriculture Campus, Dalhousie University (CCAC,
2011-016). Fish were received from Fraser Mill’s hatchery
(Antigonish, NS, Canada). Fish were randomly distributed
(837 total) into 9 experimental tanks (200 1 capacity), each
tank with 93 fish. Dietary treatments were administered to
triplicate tanks for the 12-week trial. The fish were accli-
mated on the control diet for 1 week prior to initial sam-
pling. A flow through system of freshwater was supplied to
each tank at a rate of 10 1 min~" and a photoperiod of 12 h.
The dissolved oxygen (10 mg 1™') and water temperature
(14 °C) was monitored daily. Fish were fed to apparent
satiation twice daily (0900 and 1600 h) and feed con-
sumption was recorded weekly. Mortalities were weighed
and recorded throughout the trial.

Sampling Methods

Sampling occurred at Dalhousie University Agriculture
Campus (Truro, NS, Canada) at week O (the day before
experimental diets were fed) and 12. Six fish per tank were
randomly sampled on each sampling date and measured for
length and weight. The skin was removed on the left side
and muscle tissue was subsampled for dry matter and lipid
analysis. The whole viscera and surrounding fat were
weighed prior to sampling to measure the visceral somatic
index. Lipid samples were stored on ice during sampling of
each tank and were processed within an hour. Samples
were collected in 50-ml test tubes that had been rinsed
three times with methanol followed by three rinses with

chloroform. The tubes were allowed to dry completely
before they were weighed. The tubes were weighed again
following the addition of the sample. After wet weights of
samples were recorded, samples were covered with 8 ml of
chloroform, the headspace in the tube was filled with
nitrogen, the Teflon-lined caps sealed with Teflon tape and
the samples were stored at —20 °C until shipment to the
Ocean Sciences Centre, Memorial University (St. John’s,
Newfoundland, Canada) for analysis (CCAC 12-09-MR,
approved protocol for use of fish tissues from Dalhousie
University).

Lipid Extracts

Lipid samples were extracted according to Parrish [36].
Samples were homogenized in a 2:1 mixture of ice-cold
chloroform:methanol. Samples were homogenized with a
Polytron PCU-2-110 homogenizer (Brinkmann Instru-
ments, Rexdale, ON, Canada). Chloroform extracted water
was added to bring the ratio of chloroform:methanol:water
to 8:4:3. The sample was sonicated for 6 min in an ice bath
and centrifuged at 4,000 rpm for 2 min. The bottom
organic layer was removed using a double pipetting tech-
nique, placing a 2 ml lipid cleaned Pasteur pipette inside a
1 ml pipette, to remove the organic layer without disturb-
ing the top aqueous layer. Chloroform was then added back
to the extraction test tube and the entire procedure was
repeated three times. All organic layers were pooled into a
lipid-cleaned vial. The samples were concentrated using a
flash-evaporator (Buchler Instruments, Fort Lee, NJ, USA).

Lipid Class Separation

Lipid class composition was determined using an latro-
scan Mark VI TLC-FID, silica coated Chromarods and a
three-step development method [35]. The lipid extracts
were applied to the Chromarods and focused to a narrow
band using 100 % acetone. The first development system
was hexane:diethyl ether:formic acid (99.95:1.0:0.05).
The rods were developed for 25 min, removed from the
system for 5 min and replaced for 20 min. The second
development was for 40 min in hexane:diethyl ether:for-
mic acid (79:20:1). The final development system had two
steps, the first was 100 % acetone for two 15-min time
periods, followed by two 10-min periods in chloro-
form:methanol:chloroform—extracted water (5:4:1). Before
using each solvent system the rods were dried in a con-
stant humidity chamber. After each development system,
the rods were scanned in the latroscan and the data were
collected using Peak Simple software (ver 3.67, SRI Inc.).
The Chromarods were calibrated using standards from
Sigma Chemicals (Sigma Chemicals, St. Louis, MO,
USA).
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Fatty Acid Methyl Ester (FAME) Derivatization

Lipid extracts were transesterified using the Hilditch
reagent (1.5 H,S04:98.5 anhydrous MeOH) for 1 h at
100 °C. Reagents were added in the proportion of 1.5 ml
reagent per 4—16 mg of lipid [29]. Samples were vortexed
half way through each derivatization reaction. To check the
derivatization efficiency, samples were transesterified and
then the lipid class composition of the methyl ester solution
was determined by TLC-FID. The derivatization efficiency
is calculated from the amount of underivatized acyl lipids
compared to the amount of methyl esters in a sample.

All FAME were analyzed on a HP 6890 GC FID
equipped with a 7683 autosampler. The GC column was a
7ZB wax + (Phenomenex, Torrance, CA, USA). The col-
umn length was 30 m with an internal diameter of
0.32 mm. The column temperature began at 65 °C at which
it was held for 0.5 min. The temperature ramped to 195 °C
at a rate of 40 °C min ", held for 15 min then ramped to a
final temperature of 220 °C at a rate of 2 °C min~'. This
final temperature was held for 45 s. The carrier gas was
hydrogen flowing at 2 ml min~"'. The injector temperature
started at 150 °C and was ramped to a final temperature of
250 °C at 120 °C min~"'. The detector temperature stayed
at 260 °C. Peaks were identified using retention times from
standards purchased from Supelco: 37 component FAME
mix (product number 47885-U), PUFA 3 (product number
47085-U) and PUFA 1 (product number 47033-U). Chro-
matograms were integrated using the Varian Galaxie
Chromatography Data System, version 1.9.3.2 (Agilent
Technologies, CO, USA). Percentage fatty acid data were
calculated from the areas of chromatogram peaks. All fatty
acids are expressed as mole percentages of total fatty acids.

Compound-Specific Stable Carbon Isotope Analysis

The &' values of 18:0, 18:1n-9, 18:2n-6, 18:3n-3, 20:5n-3,
and 22:6n-3 were analyzed by GC-combustion-isotope
mass spectrometry (GC-C-IRMS) at the Core Research
Equipment and Instrument Training Network (CREAIT
Network) at Memorial University of Newfoundland.
FAME from dietary camelina oil, fish oil, and rainbow
trout muscle tissue from FO and CO100 groups were
analyzed. All 8'°C values were reported relative to the
Vienna Pee Dee Belemnite (VPDB) standard using stan-
dard delta notation:

1 (ample) 1y g
) Y

613C — | A2\
1¢ (standard

An aliquot of the methanol used during methylation of fatty
acids was analyzed for the 8'>C composition. The average
8'3C of methanol was used to correct for the additional
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methyl group added to fatty acids during transesterification,
by subtracting the proportional contribution of methanol to
the 3'*C of FAME using the following equation:

813C = (I’l+ l)[SBCFAME] —n[BBCFFAL

where n is the number of C atoms in the fatty acid [10]. All
FAME data were corrected for the contribution of this
methyl group from this equation.

A two-end member mixing model [9] was used to
determine the relative contribution of camelina oil and fish
oil to DHA and EPA in muscle tissue:

8" Crigsue.x = 18" Cco + (1 — x4)8" Cro,

where x; is the proportion of camelina oil C contribution to
k, the fatty acid of interest, either DHA or EPA. 8"3Ceo is
the isotope ratio of ALA in camelina oil, and 813CF0 is the
isotope ratio of DHA in fish oil.

Statistical Methods

Statistical analysis followed methods outlined by Sokal and
Rohlf [44]. To avoid committing a type II error (accepting
a false null hypothesis), this study rigorously tested growth
data in different ways to ensure conclusions made about
camelina oil truly reflected the results. For analysis of
growth data, lipid class data, and fatty acid data, where
individual fish were weighed, measured and sampled, a
three-way nested ANOVA was performed using the Gen-
eral Linear Model (Minitab 16 Statistical Software). The
model was designed to test the effect of diet on the
response variable and nested fish individuals within tanks
to negate variability among tanks and individuals, while
also testing for tank effects. For analysis of growth data
that depend on comparison to an initial measurement and
thus must be pooled per tank (i.e., mean weight gain and
specific growth rate), a two-way ANOVA was performed
to test the effect of diet and tank variability. In both cases,
where significant differences occurred, treatment means
were differentiated using the Tukey HSD multiple com-
parison test and all residuals were evaluated for homoge-
neity and normality. For analysis of growth data, ¢ tests for
each growth parameter were additionally performed
between FO and CO100 treatment groups (highest came-
lina replacement) to verify results from the ANOVA. For
analysis of stable isotope data, two-sample ¢ tests were
performed to detect the differences between &'°C values of
specific fatty acids (fish oil vs. camelina oil; rainbow trout
fed FO vs. rainbow trout fed CO100). For each model
tested, the residuals were examined to evaluate the
appropriateness of the model, therefore normality, homo-
geneity and independence of residuals were considered. If a
p value was close to 0.05 and residuals were not normal, a
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Table 1 Formulation and proximate composition of control and
experimental diets

Ingredient (% of diet) FO CO50 CO100
Herring meal 335 335 335
Soybean meal 10.0 10.0 10.0
Empyreal® 8.0 8.0 8.0
Wheat middlings 16.75 16.75 16.75
Feather meal 5.0 5.0 5.0
Poultry by-product meal 5.0 5.0 5.0
Lignisol 2.5 2.5 2.5
Salt (iodized) 0.3 0.3 0.3
D/L methionine 0.2 0.2 0.2
Vitamin/mineral premix®* 0.2 0.2 0.2
Pigment/antioxidant premix” 0.25 0.25 0.25
Choline chloride 0.5 0.5 0.5
Lysine HCL 0.3 0.3 0.3
Herring oil 17.5 8.75 -
Camelina oil - 8.75 17.5
Proximate composition analyzed, as-fed basis
Dry matter 89.1 90.1 90.3
Ash 32 2.7 29
Crude protein 44 .4 46.2 46.9
Lipid 14.2 15.7 15.6

* Vitamin/mineral premix contains per kg: zinc 77.5 mg, manganese
125 mg, iron 84 mg, copper 2.5 mg, iodine 7.5 mg, vitamin A
5,000 IU, vitamin D 4,000 IU, vitamin K 2 mg, vitamin By, 4 ng,
thiamine 8 mg, riboflavin 18 mg, pantothenic acid 40 mg, niacin
100 mg, folic acid 4 mg, biotin 0.6 mg, pyridoxine 15 mg, inositol
100 mg, ethoxyquin 42 mg, wheat shorts 1,372 mg

® Special premix contains per kg: selenium 0.220 mg, vitamin E
250 IU, vitamin C 200 mg, astaxanthin 60 mg, wheat shorts
1,988 mg

p-randomization was conducted >1,000 times to test the
data empirically.

Results
Experimental Diet Composition

The dry matter (89.1-90.3 %), ash (2.7-3.2 %), protein
(44.4-46.9 %) and lipid (14.2-15.7 %) were similar across
all diets and accurately reflected the formulation (Table 1).
Camelina oil is composed mainly of PUFA (57 %) and
MUFA (32 %) and is low in SFA (11 %) (Table 2). The
unsaturated 18:3n-3 (30 %), 18:2n-6 (24 %), 18:1n-9
(15 %) and 20:1n-9 (11 %) were the most abundant fatty
acids in the oil. The diets were mainly composed of neutral
lipids (13-15 %), but camelina diets were significantly
lower in polar lipids (0.3 %) than the fish oil diet (1 %)
(Table 3). Triacylglycerol (TAG) and sterol (ST)

Table 2 Lipid class and fatty acid composition of camelina oil

Lipid class Camelina oil

% Total lipid

Triacylglycerol 499 + 6.2
Free fatty acid 19.6 & 3.2
Sterol 9.0 £ 0.6
AMPL?* 102 £ 3.5
Phospholipid 11.0 £ 0.7
Fatty acid®

18:0 22+0.2
18:1n-9 152 £ 0.7
18:2n-6 242 £ 0.2
18:3n-3 30.0 £ 0.3
20:0 14 +£0.1
20:1n-9 109 + 0.1
20:1n-7 1.1 £ 0.01
20:2n-6 1.7 £ 0.01
22:1n-9 2.8 £0.02
> SFA® 113 £ 1.0
S"MUFA* 31.6 + 1.0
> PUFA® 57.0 £ 0.5
>°n-3 31.1 £ 0.3
>"n-6 259 +£02
n-3/n-6 1.2 £+ 0.001

Values are means (n = 3) = SD
* Acetone-mobile polar lipid

" Data expressed as mol% of total fatty acids
¢ Saturated fatty acid

9 Monounsaturated fatty acid

e

Polyunsaturated fatty acid

significantly increased with the addition of camelina oil
from 79 % (FO) to 83 % (COS50 and CO100) and 0.2 %
(FO) to 4 % (CO50 and CO100). Phospholipid (PL) was
significantly higher in FO (5 %) than CO diets (1 %). SFA
significantly decreased when fish oil was replaced with
camelina (FO > CO50 > C0O100), but MUFA, PUFA and
total n-3 increased significantly with the addition of
camelina oil (FO < CO50 < CO100). Fatty acids that
were typically high in camelina oil increased significantly
in the CO50 and CO100 diets compared to FO, particularly
18:1n-9, 18:2n-6 and 18:3n-3.

Growth Performance

The initial weights of the fish were not significantly different
among treatments at the start of the experiment
(43-48 ¢ fish™'; Table 4) and did not vary among tanks
within treatments (F = 0.93; p = 0.49). The initial lengths
(standard) of the fish did not vary significantly at the start of
the experiment (15-16 cm) and did differ significantly
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Table 3 Lipid class and fatty acid composition of control and experimental diets

Lipid class FO CO50 CO100 F stat p value
% ww!
Neutral lipid 132 + 23 154 + 2.2 153 + 1.3 1.18 0.369
Polar lipid 1.0 £ 0.5° 03 +0.1° 03 +0.1° 6.37 0.033
% Total lipid
Triacylglycerol 79.0 £ 1.8* 826 £ 1.7° 82.8 + 1.4° 5.35 0.046
Free fatty acid 14.1 £ 20 117 £20 114+ 20 1.66 0.267
Sterol 0.2 £ 0.02° 3.8 £03° 38 £0.7° 5.86 0.039
AMPLA 1.6 £ 0.8 1.1+05 0.8 +03 1.81 0.242
Phospholipid 53 +3.2° 0.8 + 0.07° 13 +03° 5.24 0.048
Fatty acid®
14:0 9.0 + 0.5 4.8 +0.2° 1.3 £ 0.03° 607.5 <0.001
16:0 229 + 0.4* 142 +0.2° 12.8 + 0.3 762.7 <0.001
16:1n-7 9.5 +0.5° 50+0.1° 1.8 £0.1° 553.7 <0.001
18:0 33 £ 0.0° 2.9 +0.02° 24+ 0.1° 744 0.001
18:1n-9 10.6 + 0.04° 18.1 £ 0.1° 19.0 £ 0.4° 619.3 <0.001
18:1n-7 3.4 4+ 02° 2.9 +0.2° 24 +0.2° 193.3 <0.001
18:2n-6 (LNA) 7.8 £ 0.2° 11.7 + 0.01° 20.5 + 0.3 2,105 <0.001
18:3n-3 (ALA) 1.1 + 0.04° 12.1 £ 0.1° 20.2 £ 0.6° 1,028 <0.001
20:0 0.3 + 0.03 0.6 £ 0.01* 0.8 £0.1° 12.10 0.020
20:1n-9 1.8 +0.1° 6.7+ 0.7° 7.6 +0.3° 130.1 <0.001
20:2n-6 0.1 £ 0.01° 0.6 & 0.02° 09+ 0.1° 31.15 0.004
20:4n-6 0.7 + 0.04 0.4 +0.02° 0.2 + 0.06° 38.2 0.002
20:5n-3 (EPA) 11.8 + 0.05* 79 £0.1° 22 +0.1¢ 11,466 <0.001
22:1n-9 0.3 + 0.05 1.0 £0.1° 29 +0.1¢ 44.4 0.020
22:6n-3 (DHA) 6.8 + 0.2° 42 +£03° 28 £0.3° 34.5 0.030
S SFA® 37.1 £ 0.9° 22.8 +0.3° 17.7 £ 0.2¢ 792 <0.001
S"MUFAP 28.7 + 1.0° 347 +0.8° 33.9 £ 0.5° 41.5 0.002
S PUFAF 33.3 4+ 0.03* 42.0 £0.5° 48.4 £ 0.5° 750 <0.001
S°n-3 204 + 0.2° 26.2 + 0.6" 26.2 + 0.4° 1252 <0.001
S n-6 9.0 + 0.0° 123 + 0.1° 21.8 + 0.3° 2,724 <0.001
n-3/n-6 23+ 0.02° 2.1 +0.1° 1.2 + 0.01° 579.8 <0.001

Values are means (n = 3) = SD. Means with different superscripts indicate significant differences

A Acetone-mobile polar lipid

B Data expressed as mol% of fatty acids
€ Saturated fatty acid

D Monounsaturated fatty acid

E Polyunsaturated fatty acid

among tanks (F = 0.65; p = 0.69). The final weight of the
fish ranged from 168 g fish™' (FO) to 184 g fish™'
(CO100), and did not vary among treatments or tanks within
a treatment (F = 0.99; p = 0.45). Since the maximum dif-
ference in final weight was between FO and CO100 fish, the
minimum detectable difference was calculated, which is the
difference between means that could have been significantly
different. The purpose of this calculation was twofold: to
ensure that the difference in means between FO and CO100
fish was in fact different when compared directly without
CO50 included, and to ensure that the statistical design was
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sufficient to detect differences between these treatments.
Given the same variance and sample size as the original data,
two-sample ¢ tests were performed with two different means
until a significant difference was observed. Each time a 7 test
was performed the difference between the two means had
increased. The difference between FO fish final mass
(168 g) and CO100 fish final mass (184 g) was 16 g. If the
final weight of FO fish was 164 4 32 and CO100 fish
188 £ 35 (n = 18), the difference in weight would be 24 g
and is significantly different (p = 0.039). A difference of
22 g between means was not significant (p = 0.057). The
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Table 4 Growth performance of rainbow trout fed experimental diets for 12 weeks

FO CO50 CO100 Max. diff (%) F stat p value t stat p value
Initial body mass (g) 43 £ 12 42 +9 48 £ 12 - 1.52 0.29 - -
Initial length (cm) 154+ 12 155 + 1.1 16.0 £ 1.2 - 2.07 0.21 - -
Final body mass (g) 168 £ 32 166 £ 26 184 £ 35 9.5 1.77 0.25 —-14 0.2
Weight gain (g fish™") 125 £ 4.0 123 £ 16 136 £ 19 8.8 0.66 0.55 -1.0 04
Final length (cm) 233+ 14 231+14 237+ 15 1.7 0.99 0.43 -0.8 0.4
CF 1.32 £+ 0.08 1.34 £ 0.08 1.36 &+ 0.08 3.0 1.78 0.25 -1.5 0.1
SGR (% day™") 1.62 £+ 0.08 1.61 0.2 1.59 £ 0.2 1.9 0.02 0.98 0.6 0.6
VSI 124 + 1.2 122+ 14 125 £ 1.4 0.8 0.11 0.89 —0.2 0.8
FCR 0.86 &+ 0.05 0.93 £+ 0.05 0.93 £+ 0.02 8.1 2.10 0.20 —55 <0.01

Values are means (n = 18) £ SD for measurements on individual fish. Values are means (n = 3) for measurements on tank means (weight gain,

SGR, FCR)

CF condition factor = body mass/length®, SGR specific growth rate = 100 x [In(final body weight) — In(initial body weight)]/days, VSI
visceral somatic index = 100 x (viscera mass/body mass), FCR feed conversion ratio = feed consumption/weight gain

difference between FO and CO100 final weights would have
to increase by 1.5 times before a difference could be
detected. Alternatively, by increasing the sample size from 6
fish per tank (n = 18) to 12 fish per tank (n = 36), a sig-
nificant difference between means could be observed
(p = 0.047). Therefore, the experimental design was accu-
rate in accepting the null hypothesis, since the design would
need to alter dramatically and a significant biological dif-
ference would need to occur in order for a significant dif-
ference between FO and CO100 fish to be detected. At the
end of the experiment, fish gained between 125 g fish™
(FO) and 136 g fish™' (CO100), again with no significant
difference among treatments or tanks. The final length was
the same across all treatments (23 cm) and no difference
among tanks in a treatment (F = 0.98; p = 0.452). The
condition factor did not vary among treatments or tanks
(F = 0.66; p = 0.684). There was no difference in SGR
among treatments (1.59-1.62 % day ') and no difference
among tanks in treatments. The visceral somatic index did
not differ among treatments (12.2-12.5) or tanks (F' = 2.18;
p = 0.06). The FCR did not differ among treatments or
tanks, however a two sample  test was performed between
FO and CO100 fish which found that the FCR was signifi-
cantly lower in FO than CO100 groups.

Lipid Class Tissue Composition

Initially, rainbow trout muscle contained 1.2 % total lipid
(ww "), composed of neutral lipid (0.8 %) and polar lipid
(0.4 %) (Table 5). TAG was the dominant lipid class with
71 % of total lipid, followed by phospholipid (PL) (21 %),
AMPL (6 %) and sterol (ST) (2 %). After the 12-week
experiment, there was no significant difference in total
lipid 2—4 % ww™ "), neutral lipid (2-3 % ww ") and polar
lipid (0.4 % ww™') among all treatments. TAG remained
the same among treatments (75-86 %), however since the

original p value was close to 0.05 and residuals were not
homogenous or normal, a p value randomization was
conducted 5,000 times. The randomized p value was 0.08,
confirming the TAG was not significantly different among
treatments. PL was significantly lower in CO50 (9 %) than
FO (17 %).There were no significant differences among
tanks within each treatment for muscle lipid classes.

Rainbow trout skin increased in total lipid from 2.2 %
(ww™ ") (FO) to 3.7 % (ww™ ") (CO100) (Table 6). Neutral
lipid was also significantly higher in CO100 (3.2 % ww ")
than FO (1.8 % ww™"). Polar lipid was significantly higher
in CO50 (0.8 % ww ') than FO (0.4 % ww ') and CO100
(0.5 % ww™"). CO50 skin tissue was significantly lower in
TAG (79 %) than FO skin (83 %) and CO100 skin (85 %).
There were no significant differences among tanks within
each treatment for skin lipid classes.

Fat surrounding the viscera in CO100 fish had signifi-
cantly more total lipid (56 % ww ) than CO50 fish
(32 % ww ") and FO fish (35 % ww ") (Table 7). Neutral
lipid was also significantly higher in fish fed CO100
(52 % ww ") than fish fed CO50 (26 % ww ') and FO
(30 % ww™"). TAG was significantly higher in fish fed
CO100 (83 %) than fish fed CO50 (72 %) and FO (74 %).
AMPL was significantly higher in FO fish (12 %) and
CO50 fish (15 %) than CO100 fish (3 %). There were no
significant differences among tanks within each treatment
for visceral fat lipid classes.

Fatty Acid Tissue Composition

Initial rainbow trout muscle tissue composition was com-
posed mainly of PUFA (38 %) and MUFA (35 %), with
some SFA (24 %) (Table 5). The n-3 fatty acids accounted
for 23 % of the total fatty acid composition and the n-6 acids
accounted for 13 %. Of the 18-carbon fatty acids, 18:1n-9
was highest (20 %) followed by 18:2n-6 (10 %).
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Table 5 Lipid class and fatty acid composition of rainbow trout muscle tissue

Lipid class Initial FO CO50 CO100 F stat p value
% ww ™!
Total lipid 12+ 04 20+ 1.1 37+£1.6 25+12 33 0.10
Neutral lipid 0.8 + 0.1 1.5+ 038 33+ 1.6 21+1.0 39 0.09
Polar lipid 0.4 + 0.02 04+ 0.1 04 £+ 0.1 04+ 0.1 0.3 0.79
% Total lipid
Triacylglycerol 71.1 £ 7.1 749 £ 6.3 863 £ 5.5 794 £ 74 - 0.08
Sterol 1.5+02 1.6 £ 04 21£1.0 3.0+ 1.0 29 0.14
AMPL” 6.4 +19 59+29 25+12 43 +26 3.8 0.09
Phospholipid 20.8 £ 6.5 17.2 + 6.6 9.0 +3.3° 13.0 £ 5.0 4.6 0.02
Fatty acid®
14:0 33+03 5.8 +£04° 3.9 4+0.2° 1.7 £ 0.1° 310 <0.001
16:0 16.7 £ 1.3 17.1 £ 0.5* 14.6 £ 0.6 114 £ 0.3° 551 <0.001
16:1n-7 6.4 £ 0.6 7.9 £ 0.3* 52+0.1° 2.8 £0.2° 669 <0.001
18:0 38+ 04 32+0.1° 3.0+ 0.1° 2.8 £0.1° 109 <0.001
18:1n-9 204 £ 09 13.2 £ 0.3* 17.2 + 04° 21.1 £ 04° 454 <0.001
18:2n-6 (LNA) 10.3 £ 0.9 5.8 +£0.3° 10.4 + 0.4° 14.8 + 0.4° 1,111 <0.001
18:3n-3 (ALA) 1.1 +£02 1.3 +£0.1* 8.0 & 0.4° 13.2 £ 04° 2,268 <0.001
18:4n-3 0.7 £ 0.1 1.2 +£0.1* 1.1 £0.1* 1.6 + 0.2° 17.8 0.003
18:5n-3 0.1 + 0.04 0.2 £ 0.02* 0.5 + 0.02° 0.7 £ 0.04° 210 <0.001
20:1n-9 26 +05 2.7 +02° 55+02° 7.9 £ 04° 367 <0.001
20:2n-6 04 + 0.1 0.3 £+ 0.02* 0.7 £03° 1.3 +0.1° 102 <0.001
20:3n-6 0.3 + 0.04 0.2 £ 0.01* 0.2 £ 0.01* 0.4 + 0.04° 229 <0.001
20:4n-6 09+ 0.1 0.8 £ 0.1* 0.5 + 0.04° 0.3 +£0.1° 66.5 <0.001
20:3n-3 - 0.1 + 0.03" 0.5 + 0.03° 0.9 + 0.1° 521 <0.001
20:4n-3 0.5+ 0.1 0.8 + 0.1 0.7 £ 0.1 0.8 +02 5.15 0.050
20:5n-3 (EPA) 52405 9.5 + 04° 544 0.2° 23 4+0.3° 878 <0.001
22:1n-9 25+04 23 +0.1° 22 +0.1° 2.0+ 0.1° 7.81 0.020
22:5n-3 1.3+02 25+0.1° 1.4 +£0.1° 0.6 £ 0.1° 2,087 <0.001
22:6n-3 (DHA) 141+ 1.7 13.4 £ 0.9* 9.8 +1.0° 6.6 £ 1.2° 41.7 <0.001
S SFAC 244+ 1.8 26.7 £ 1.2* 22.0 £+ 0.7° 16.1 £ 0.7° 421 <0.001
S"MUFAP 354 £3.1 31.1 £ 1.3* 347+ 0.8° 38.5 £ 0.9° 75.4 <0.001
S PUFA® 37.8 £39 414 + 1.0 42.8 +1.2° 45.1 £ 0.5° 30.0 0.001
>°n-3 23.0+28 29.7 + 1.1° 277 + 1.0° 27.0 + 0.8° 9.99 0.012
> "n-6 126 £ 1.2 7.7 £04% 123+ 05° 17.3 £ 04° 1,251 <0.001
Terrestrial™ 115+ 1.1 7.1+ 04" 184 £ 0.8 27.9 £0.7° 1,954 <0.001
n-3/n-6 38 +£0.2 39 + 03" 22+0.1° 1.6 + 0.1° 775 <0.001

Values are means (n = 9) = SD. Means with different superscripts indicate significant differences at the end of the experiment
A Acetone mobile polar lipid

B Data expressed as mol% of fatty acids

€ Saturated fatty acid

D Monounsaturated fatty acid

E Polyunsaturated fatty acid

F Terrestrial = 18:2n-6 + 18:3n-3

Replacing fish oil with camelina oil significantly  the muscle was the same whether FO or CO diets were
decreased the SFA content in muscle tissue from 27 % consumed. The total n-3 content of the muscle tissue
(FO) to 16 % (CO100) and increased the MUFA content decreased significantly and the n-6 content increased sig-
from 31 % (FO) to 39 % (CO100). The PUFA content in  nificantly comparing FO muscle and CO100 muscle.
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20:5n-3 in the muscle tissue decreased significantly with
the addition of camelina oil, from 10 % (FO) to 2 %
(CO100). 22:6n-3 decreased by almost half with the addi-
tion of camelina oil, from 13 % (FO) to 7 % (CO100) in
the muscle tissue. 20:3n-3 was ten times higher in CO100
(1 %) than FO (0.1 %) muscle tissue. In general, the
muscle tissue of trout fed CO50 was significantly different
from both FO and CO100, with values in between those of
FO and CO100. There were no significant differences
among tanks within each treatment for any of the muscle
tissue fatty acids.

In the skin, including subcutaneous fat, SFA decreased
significantly with the addition of camelina oil, while
MUFA and PUFA and terrestrial fatty acids increased
significantly with camelina oil inclusion (Table 6). Total
n-3 fatty acids in the skin decreased significantly in CO100
(24 %) compared to FO (28 %). Total n-6 fatty acids in the
skin increased significantly in CO100 (16 %) compared to
FO (8 %). 22:6n-3 decreased significantly with the addition
of camelina oil from 10 % (FO) to 5 % (CO100), as did
20:5n-3, from 10 % (FO) to 2 % (CO100). There were no
significant differences among tanks within each treatment
for any of the skin fatty acids.

As observed in both muscle tissue and skin, SFA in
visceral fat decreased significantly in CO100 (16 %)
compared to FO (26 %) (Table 7). MUFA, PUFA and
terrestrial fatty acids in the visceral fat increased sig-
nificantly with camelina oil inclusion. Total n-3 fatty
acids in the viscera fat were not different among salmon
in different dietary groups. 22:6n-3 was significantly
higher in FO (8 %) compared to both CO50 (5 %) and
CO100 (3 %). 20:5n-3, was significantly higher in FO
(9 %) > CO50 (5 %) > CO100 (2 %). There were no
significant differences among tanks within each treat-
ment for any of the fatty acids in fat surrounding the
viscera.

Compound-Specific Stable Carbon Isotope Analysis

The §'°C values for 18:0, 18:1n-9, 18:2n-6 and 18:3n-3
were significantly different between dietary camelina oil
and herring oil used in CO100 and FO diets (Table 8). The
8'3C values in muscle tissue were significantly different for
18:0, 18:1n-9, 18:2n-6, 18:3n-3, 22:6n-3 between cameli-
na-fed and fish-oil fed rainbow trout. The 8'°C values
for muscle tissue fed either FO or CO100 differed signif-
icantly for all selected fatty acids, except for 20:5n-3.
The tissue 3'°C for 18:1n-9 was most different between FO
(—24.2 %0) and CO100 (—29.5 %o) than any other fatty
acid. The 3'°C value for 22:6n-3 in muscle tissue was
significantly higher in CO100-fed fish than FO-fed fish;
which is a 1.3 %o difference from 22:6n-3 in muscle fed FO
and a 2.4 %o difference from dietary FO.

Discussion

Replacing 100 % of fish oil with camelina oil did not
negatively affect growth of rainbow trout after a 12-week
feeding trial. Several different vegetable oils have been fed
to farmed rainbow trout partially or totally substituting fish
oil without compromising growth [11, 18, 30], including
camelina oil in Atlantic cod [21, 27]. This is the first study
to use camelina oil to replace fish oil in diets for rainbow
trout.

The higher FCR values observed in trout fed diets
CO50 and CO100 could be due to slightly higher feed
consumption by these fish, since growth rate and final
weight were not significantly different among treat-
ments. However, FCR values for rainbow trout that
are <1 indicate successful feed conversion [2, 13, 47];
therefore all treatments are comparable to this standard
for this species, fed at 15 °C. Weight gain, condition
factor, growth rate and visceral somatic index were not
different among treatments, and typical for farmed
rainbow trout at this size and grown at this temperature.
In terms of growth performance, camelina oil can fully
replace fish oil in farmed rainbow trout without nega-
tive effects.

Viscera was the preferential lipid deposition site, in
agreement with other studies [12, 17], but the total lipid
content with CO100 feeding was much higher
(56 % ww™") than in FO (35 % ww™"). Similarly in the
skin, total lipid was higher in camelina-fed groups than the
control. Salmon fed a vegetable oil blend containing 20 %
camelina oil had significantly higher lipid deposition and
increased TAG content [24], and since viscera were the
primary lipid deposition sites, it is not surprising that
increased lipid was stored around these organs. The muscle
lipid composition was unaffected by dietary oil type, a
result also observed by other studies that fed different
vegetable oils to rainbow trout and salmon [17, 26]. The
lipid composition of the viscera fat most reflected that of
the diet, because it was accumulated throughout the
experiment from dietary fat and also accounted for most of
the stored lipid. However, it should also be mentioned that
several studies noted that fat content in salmonid tissues
responded differently to different lipid sources. For
example, parallel studies with salmon of the same size
revealed that differences in flesh adiposity depended on
whether fish were fed palm, rapeseed or linseed oils [26].
Therefore, it is difficult to compare changes in lipid com-
position in this study to other studies that tested different
types of vegetable oils, since the response may be different,
even when comparing fish of the same species and size.

In general, fatty acid profiles of all three tissues were
significantly affected by the addition of camelina oil, and
the differences between FO- and CO-fed fish showed
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Table 6 Lipid class and fatty acid composition of rainbow trout skin after 12 weeks

Lipid class FO CO50 CO100 F stat p value
% ww!
Total lipid 22+ 0.6 3.6 £ 0.8° 37 +1.2° 42 0.04
Neutral lipid 1.8 + 0.5° 2.8 4+ 0.8° 32+ 1.1° 3.8 0.04
Polar lipid 0.4 + 0.1* 0.8 +0.1° 0.5+ 0.1% 11.2 0.001
% Total lipid
Triacylglycerol 83.3 +3.2° 78.6 £ 4.9° 84.6 + 1.0° 10.1 0.01
AMPLA 116 + 1.6 134 + 32 72+ 1.7 2.8 0.33
Phospholipid 5.0+ 3.0 88 +£5.2 65+22 1.4 0.31
Fatty acid®
14:0 6.3 £+ 0.1 41+0.1° 1.8+ 0.1° 1,507 <0.001
16:0 16.5 + 0.2° 13.9 £ 0.3° 10.8 + 0.2° 1,347 <0.001
16:1n-7 8.4 +02° 574 02° 3.0 £0.2° 625 <0.001
18:0 32 +0.1° 3.0+ 0.1° 28 +0.1¢ 275 0.001
18:1n-9 14.6 + 0.4° 187 + 0.2° 224 4 04° 608 <0.001
18:2n-6 (LNA) 6.2 +0.3° 109 + 0.2° 15.0 + 0.4° 774 <0.001
18:3n-3 (ALA) 14 +0.1 8.1 +0.3 13.1 £ 0.5 1,152 <0.001
18:4n-3 1.2 4 0.04* 12 £+ 0.1° 1.6 +0.1° 37.6 <0.001
18:5n-3 0.2 £+ 0.01° 0.5 &+ 0.01° 0.8 + 0.03° 435 <0.001
20:1n-9 33+ 0.2° 5.6+ 0.1° 8.5 £ 0.2° 1,190 <0.001
20:2n-6 0.3 + 0.03 0.9 £ 0.03° 14 +0.1° 734 <0.001
20:3n-6 0.2 + 0.01° 0.2 £ 0.01° 0.4 + 0.03° 306 <0.001
20:4n-6 0.9 +0.1° 0.6 + 0.04° 04 +0.1¢ 105 <0.001
20:3n-3 0.0 £ 0.0 0.6 & 0.02° 1.0 & 0.06° 980 <0.001
20:4n-3 0.9+ 0.1 0.7 £ 0.1 0.9 £ 0.1 4.54 0.063
20:5n-3 (EPA) 9.1 £+ 0.3° 5.0+ 0.2° 2.0+ 02° 612 <0.001
22:1n-9 2.6+ 0.1° 23402° 22+0.1° 10.7 0.010
22:5n-6 0.2 + 0.01° 0.1 £ 0.01° 0.1 +0.01° 8.84 0.016
22:5n-3 24 +0.1° 13+0.1° 0.5 + 0.04° 729 <0.001
22:6n-3 (DHA) 95+ 0.5° 7.0 £04° 54+ 05° 143 <0.001
S SFAC 26.6 + 0.3 21.6 + 0.3° 157 £ 0.3° 1,488 <0.001
S_MUFAP 342 4+ 0.5° 37.3 + 0.6° 41.0 + 0.5° 231 <0.001
S PUFA® 38.5 + 0.6 40.4 + 0.6° 43.1 + 0.4° 103 <0.001
Sn-3 254 + 0.7 24.8 + 0.7 244 + 0.7 3.58 0.094
Sn-6 7.9 £+ 0.2¢ 122 £ 02° 16.4 + 0.3 967 <0.001
Terrestrial” 7.6 £ 0.3* 19.0 + 0.5° 28.1 + 0.8° 1,014 <0.001
n-3/n-6 32 +02° 20+0.1° 15 +0.1° 273 <0.001

Values are means (n = 9) = SD. Means with different superscripts indicate significant differences at the end of the experiment

A Acetone mobile polar lipid

B Data expressed as mol% of fatty acids
€ Saturated fatty acid

D Monounsaturated fatty acid

E Polyunsaturated fatty acid

F Terrestrial = 18:2n-6 + 18:3n-3

similar proportions and trends across all three tissues. In  fed 100 % camelina oil diets is more beneficial than con-
the muscle, SFA were significantly lower, MUFA signifi- suming rainbow trout fed fish oil, in terms of lower SFA
cantly higher and PUFA the same across all diets. From a  and higher MUFA and equivalent PUFA, on a proportion
human health perspective, consuming rainbow trout fillets and as well as a quantitative basis. Although, the
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Table 7 Lipid class and fatty acid composition of rainbow trout viscera fat after 12 weeks

Lipid class FO CO50 CO100 F stat p value

% ww™!
Total lipid 34.8 £ 10* 320 £ 6.1° 56.1 + 19° 6.2 0.01
Neutral lipid 30.2 £ 9.0° 26.3 £+ 6.2° 51.5 £ 19° 6.8 0.01
Polar lipid 46+ 17 57+1.0 4625 0.7 0.52

% Total lipid
Triacylglycerol 744 + 11.0* 71.8 £ 11.1* 83.1 £9.5° 4.1 0.04
Sterol 11.6 £ 3.8 9.6 £22 8.6 2.2 0.3 0.78
AMPL” 11.7 £ 4.5* 15.2 + 3.0 2.7 4+ 0.8° 10 0.01
Phospholipid 1.9+ 05 28 +£09 49+ 12 2.0 0.21

Fatty acid®
14:0 6.4 £+ 0.9° 44 +0.1° 224+ 0.2° 107 <0.001
16:0 15.6 + 0.3* 122 £ 04° 10.6 + 0.3° 439 <0.001
16:1n-7 8.8 + 0.6 6.1 £0.2° 3.8 £0.3° 286 <0.001
18:0 3.1+05 28 £0.2 26 £0.1 3.94 0.079
18:1n-9 15.8 £ 0.9° 19.6 + 0.4° 229 + 04° 205 <0.001
18:2n-6 (LNA) 6.7 + 0.6 11.5 £ 0.5° 15.1 £ 0.4° 499 <0.001
18:3n-3 (ALA) 1.4 +£0.2° 8.5 4+ 0.4° 12.8 £ 0.8° 815 <0.001
18:4n-3 1.4 +0.1° 1.1 +0.1° 1.7 £ 0.3° 8.56 0.017
18:5n-3 02 +£0.1* 0.5 + 0.02° 0.7 £ 0.03° 267 <0.001
20:1n-9 37 +£04% 6.1 £0.2° 8.4 +0.2° 396 <0.001
20:2n-6 0.3 £ 0.02* 0.9 +0.04 1.3 + 0.09° 809 <0.001
20:3n-6 0.2 £0.1* 0.2 £+ 0.02* 0.3 + 0.02° 29.6 0.001
20:4n-6 0.7 + 0.02° 0.4 +0.01° 0.2 £+ 0.03¢ 621 <0.001
20:3n-3 0.1 +£0.01° 0.6 + 0.04° 0.9 £+ 0.1° 349 <0.001
20:5n-3 (EPA) 9.0 £ 0.8 46 +02 20£03 550 <0.001
22:1n-9 3.0+ 04 2.6+ 0.1 22+09 2.84 0.135
22:1n-7 0.4 £ 0.03* 0.9 + 0.04° 1.4 £+ 0.04° 601 <0.001
22:5n-3 22 +03* 13+0.1° 0.6 £ 0.1c 228 <0.001
22:6n-3 (DHA) 79 £ 0.7* 54 +03° 33 +£0.3° 176 <0.001
S SFAC 264 + 0.5° 21.0 £ 0.6° 15.5 £ 0.5° 637 <0.001
S_MUFAP 36.3 £ 0.4° 39.5 + 0.5° 42.3 £ 0.6° 429 <0.001
S PUFA® 37.1 £ 0.7* 39.1 + 0.8° 41.7 £ 0.9° 120 <0.001
>n-3 2324+ 05 228 £ 04 22.8 £ 0.7 2.94 0.124
> "n-6 8.5+ 0.8* 13.4 £ 0.5° 17.6 + 0.4° 495 <0.001
Terrestrial” 8.1+ 0.8 20.0 & 0.8 28.0 £ 1.0° 748 <0.001
n-3/n-6 2.8 £0.3* 1.7 £0.1° 1.3 £ 0.03° 134 <0.001

Values are means (n = 9) = SD. Means with different superscripts indicate significant differences at the end of the experiment

A Acetone mobile polar lipid

B Data expressed as mol% of fatty acids
€ Saturated fatty acid

D Monounsaturated fatty acid

E Polyunsaturated fatty acid

¥ Terrestrial plant = 18:2n-6 + 18:3n-3

proportion of n-3 fatty acids in the muscle was significantly
lower in CO-fed fish compared to FO-fed fish, these dif-
ferences were very small. There was a much greater dif-
ference in total n-6 fatty acids, which were about twice as
high in CO100 muscle as FO muscle, which inevitably

reduced the n-3/n-6 ratio by about one-third, from 4.4 to
1.7. Despite the lower n-3/n-6 ratio, there is still almost
twice as much n-3 as n-6 which is enough to help increase
the low n-3/n-6 ratio in the typical Western diet, which is
as low as 0.06 and the cause of many diseases, particularly
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Table 8 5'°C values (%o) of selected fatty acids for fish oil, camelina oil, and rainbow trout muscle tissue fed FO and CO100 and the relative
percent contribution (RC) of camelina oil to tissue fatty acids

Fatty acid (%o) Fish oil* Camelina oil* T stat p value Muscle FO® Muscle COP T stat p value RC (%)
18:0 —24.5+ 0.6 —32.8 £ 04 —17.5 0.036 —235+0.7 —27.1 £ 0.6 —11.8 <0.001

18:1n-9 —253 4+ 03 —-324 £ 0.5 —10.0 0.044 —242 £ 09 —29.5 + 09 —12.1 <0.001

18:2n-6 (LNA) —32.1 £ 0.1 —33.7+0.2 —124 0.006 —28.7+ 04 —-31.6 £ 1.1 —-7.2 <0.001

18:3n-3 (ALA) —35.7 £ 0.1 —36.1 £ 0.1 —4.9 0.008 —33.0 £ 0.8 —343+ 1.3 2.7 0.020

20:5n-3 (EPA) —284 + 1.2 NP - - —28.7+ 1.0 —29.5 £ 0.7 —-19 0.084 14.3
22:6n-3 (DHA) —273+ 1.0 NP - - —284 £+ 09 —29.7+ 1.2 —-2.5 0.026 27.3

NP not present
% Values are means (n = 3) & SD

® Values are means (n=9) 4 SD

cardiovascular [42]. Terrestrial fatty acids in the tissues
were about four times higher in CO100 fish compared to
FO fish. Increases in these fatty acids is a common result
when feeding vegetable oils to farmed salmonids [4, 15, 39,
48]. High levels of ALA in fish fillets are still beneficial for
human health, as it is an essential fatty acid in human
nutrition [7, 42]. However, proportions of DHA were about
half the amount in CO100 fed trout compared to FO fed
trout; and EPA was about one-fifth the level in CO100 fed
trout compared to FO fed trout. Most studies have shown
that the proportions of EPA and DHA are decreased in fish
fed diets containing vegetable oils; however the quantita-
tive amount of DHA and EPA in fatty fish filets like
rainbow trout probably still meets human nutritional
requirements for these EFA. According to the World
Health Organization (WHO), the daily requirement for
DHA + EPA is 250 mg [56]. Based on Canada’s Food
Guide, one serving of cooked fish is 75 g [20]. The sum of
DHA and EPA levels in CO100 fillets is 10 %, or
7.5 mg g~ (wet weight tissue). Therefore, if one serving
(75 g) of rainbow trout fed 100 % camelina oil was con-
sumed, the amount of DHA + EPA (563 mg) would be
more than sufficient to meet the daily requirement rec-
ommended by the WHO (250 mg).

Including high levels of ALA in the diet did not prevent
reductions in DHA and EPA in any tissue when fish oil was
removed. Previous studies on rainbow trout and salmon
have reported increases in DHA when fed a vegetable oil
diet and have implied some conversion of ALA-DHA [11,
26]; but in the present study, loss of DHA was half com-
pared to the fish oil diet, for all tissues. Studies have sug-
gested a possible metabolic competition between 18:2n-6
(linoleic acid, LNA) and ALA, since both fatty acids are
substrates for the same A6 desaturase enzymes [11,
43].Therefore high content of dietary LNA in camelina oil
may inhibit metabolism of ALA into EPA and DHA or
high content of ALA may inhibit metabolism of LNA into
ARA. Either situation may have been the case in the
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present study, since neither n-3 or n-6 fatty acids showed
extensive desaturation or elongation products in fish fed the
CO100 diet. Limited substrate availability also inhibits the
efficiency of A6 desaturase [47]; however 40 % of fatty
acids (LNA 4 ALA) in the present study were available
substrates, so this may not be the issue. But, excessive C;g
PUFA substrates could limit the availability of A6 desat-
urase to act on C,4 fatty acids, and thus potentially limit
final DHA production [48]. However, a few fatty acids
were observed that suggest elongation and desaturation had
occurred, despite decreased levels of EPA and DHA. In
muscle, viscera fat and skin, 18:4n-3, 18:5n-3, 20:3n-3 and
20:3n-6 increased significantly with the addition of came-
lina oil, although some of these fatty acids increased in
very small proportions, therefore their biological signifi-
cance is questionable. Also, some of these fatty acids are
not typically known as intermediates in the n-3 pathway.
The conventional n-3 pathway begins with A6 desaturation
of ALA to 18:4n-3, elongation to 20:4n-3 and then AS
desaturation to EPA and two elongations followed by a
second A6 desaturation and B-oxidation to DHA [45]. Wei-
Chun et al. [54] postulated a bypass in the n-3 pathway
whereby ALA is chain elongated to 20:3n-3. The study
found that the barramundi elongase has the capacity for
conversion of ALA and LNA to their C,, products, sug-
gesting an alternative pathway for PUFA synthesis
bypassing the first A6 desaturation step, which is rate
limiting and may slow the pathway [34]. Desaturation of
20:3n-3 continues in the usual pathway with A5 desaturase.
Therefore PUFA synthesis may be more efficient with the
option of an alternative pathway when there is ALA and
LNA competition at this rate limiting step of A6 desatu-
ration, which may explain the increase in 20:3n-3 when
camelina oil is supplied in the diet. However, this alter-
native pathway is yet to be confirmed with rainbow trout.

Although the level of DHA in the muscle was half that
compared to the initial DHA level, it was still twice the
level provided in the diet. It is possible that DHA was
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selectively incorporated in the muscle throughout the
duration of the trial because levels in the diet were low,
which has been suggested in other studies [24, 55].
Catabolism of DHA may have also occurred in order to
meet the metabolic needs of the fish, which explains low-
ered levels of DHA in the tissue compared to the initial
samples. However, higher proportions of DHA were
observed in the tissue than was provided in the diet,
therefore it is also possible that some DHA was synthe-
sized de novo. In order to confirm this, CSIA was used.
Camelina oil and fish oil were isotopically distinct with
differences in 18:0, 18:1n-9, LNA and ALA. In terrestrial
ecosystems, 8'°C is based on plants with different photo-
synthetic pathways (e.g., ¢3, c4 and CAM) and in pelagic
marine ecosystems 8'°C is based on phytoplankton [38].
These fatty acids (18:0, 18:1n-9, LNA and ALA) were
slightly more isotopically enriched in fish oil than camelina
oil, as camelina is a c¢3 plant and has 8'°C values between
—25 and —35 %o [33] and marine origins are isotopically
heavier or enriched with '*C [37].

Different 8'°C values for DHA in tissues fed CO100
indicate that substantial fractionation occurred that resulted
in isotopically lighter DHA in trout fed CO100 (29.7 %o)
compared to FO (28.4 %o), a difference of 1.3 %o. The
3'3C of a consumer is assumed to be equivalent to the
weight proportion of the §'°C of all dietary components,
therefore the significant shift in DHA &'°C indicates
mixing of a terrestrial and marine isotopic signature and
significant fractionation. The mixing model estimates
camelina oil contributed 27 % to DHA in muscle tissue of
trout fed CO100, and 14 % to EPA. One assumption
however, is that the fractionation which occurred during
elongation and desaturation was minimal. Kinetic frac-
tionation of carbon is associated with the formation or
breaking of a carbon bond. Elongation and desaturation of
precursors results in fractionation, because enzymes pref-
erentially utilize the lighter precursor resulting in depleted
B¢ products [10, 28]; however this fractionation likely
contributed very little to the overall shift toward the ter-
restrial isotopic signature, as it has been suggested that
desaturation of fatty acids does not have any significant
carbon isotopic fractionation effects [41]. The kinetic
isotope effect expected for chain elongation from ALA to
DHA should result in lighter DHA [1], which was
observed in this experiment. The degree to which the shift
in 8'°C in DHA was due to fractionation caused by bio-
synthesis and/or conservation of the 8'°C of ALA is not
distinguishable, but fatty acids synthesized de novo are
expected to reflect the 3'3C values of the carbon utilized
from the diet [40], in this case from ALA. Lipid-transport
processes supplying TAG to tissues involve hydrolysis and
re-esterification could explain the fractionation that
occurred. There are many potential sources of fractionation

of fatty acids, but most work to date in real systems has
found little evidence to support it.

Therefore, the isotopically lighter DHA in CO100 fed
trout compared to the significantly heavier DHA in FO fed
trout suggests that the origins of DHA may have been
terrestrial, i.e., DHA was likely synthesized from the ter-
restrial and isotopically lighter ALA in the CO100 diet.
Although some residual DHA from fish meal in the CO100
diet may have been selectively incorporated in tissues, the
8'3C is assumed to be equivalent to that of fish oil. Other
dietary components provide 1 % lipid to the diet, therefore
their 8'°C values contributes very minimally to the §'°C
values in the muscle tissue. Therefore the isotopic shift
observed in CO100 tissues indicates that some DHA was
synthesized de novo (~27 %); otherwise the 3'3C of DHA
in CO100 muscle tissue would have matched the §'°C in
FO muscle tissue. Also, it is highly unlikely that DHA in
the fish fed CO100 was simply DHA remaining from the
originally fed diets because of its 3'*C. If DHA was simply
being catabolized and removed from the tissues, the iso-
topically lighter DHA would be removed preferentially,
consequently leaving the more enriched DHA in the tissue;
however, DHA remaining in CO100 muscle tissue was in
fact isotopically lighter. Biosynthesis in fish has been
demonstrated using CSIA in a previous study. A controlled
feeding experiment with mummichogs (Fundulus hetero-
clitus) found that shifts in non-essential amino acid d¢
values in muscle tissue indicate a high degree of de novo
biosynthesis, particularly in a diet that was low in protein
content, and it was suggested that such a diet required
biosynthesis to meet muscle composition demand [25].
Similarly, in the present study it is reasonable to suggest
the biosynthesis of DHA by rainbow trout, as this fatty acid
was depleted in the CO100 diet. This is the first study to
use CSIA in a controlled feeding experiment to demon-
strate synthesis of DHA in fish.

Camelina oil used to replace 100 % of fish oil in diets
for rainbow trout shows promise for the aquaculture
industry. Growth performance of fish fed camelina oil diets
was not affected compared to a typical commercial diet.
Although fatty acid proportions were significantly altered
after 12 weeks of feeding, final DHA and EPA amounts in
a 75 g filet were enough to satisfy daily DHA and EPA
requirements set by the WHO. Other human health benefits
include lower SFA and higher MUFA in filets fed camelina
oil versus fish oil. Biosynthesis of LC PUFA was demon-
strated by evidence of elongated products and by the
unique isotopic signature of DHA in CO100 tissue, con-
firmed by CSIA. Feeding camelina oil diets for a full
production cycle, including first feeding, would be bene-
ficial to monitor fatty acid profiles to determine if DHA and
EPA levels remain the same as the levels observed after
12 weeks.
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