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The aim of this study was to evaluate the effects of LatitudeTM oil (transgenic canola)

fed to rainbow trout, Oncorhynchus mykiss, for 52 weeks on growth performance,

non-specific immune responses, histology, and filet omega-3 fatty acid content.

LatitudeTM oil (LO) has high lipid digestibility (93%), and contains omega-3 fatty acids

eicosapentaenoic acid (EPA, C20:5n-3), docosapentaenoic acid (DPA, C22:5n-3), and

docosahexaenoic acid (DHA, C22:6n-3). Three isonitrogenous (49%), isolipidic (20%)

and isocaloric (24.2 MJ kg−1) diets differing by lipid source (0, 8, or 16% LO, replacing

fish oil and poultry fat) were fed over an entire production cycle beginning with 19 g

juvenile fish. At the end of the 52-week feeding trial, final body weight, weight gain and

specific growth rate of fish fed 8% LO (LO-8) and 16% LO (LO-16) diets were significantly

higher than those fed the 0% LO (LO-0) diet (P < 0.05). Phagocytic respiratory burst in

fish fed the LO-16 diet was significantly higher than those fish fed the other 2 diets (P

< 0.05). There were no differences in superoxide dismutase, catalase and lysozyme.

Histological examination of the distal intestine indicated reduced inflammation in fish fed

the LO-8 diet but not the LO-0 and LO-16 diets. Filet DHA content of fish fed the LO-8

and LO-16 diets were similar to those of fish fed the LO-0 diet. As these diets had lower

DHA content, this suggests dietary EPA and DPA from LO was converted to DHA and

deposited in the filet. This is supported by increased expression of genes involved in fatty

acid elongation, desaturation and beta oxidation in both liver and muscle of fish fed LO

(P < 0.05). Total EPA+DHA content of the edible filet ranged between 1,079–1,241mg

100 g−1 across treatments, each providing the recommended daily intake for human

consumption (500–1,000mg day−1). Overall, this study demonstrated that LO fed over

an entire production period is a highly digestible lipid source suitable and sustainable for

meeting the fatty acid requirements of rainbow trout, as well as consumer expectations

for filet omega-3 fatty acid content.
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INTRODUCTION

Over the past decade, dramatic increases in fishmeal (FM) and
fish oil (FO) prices have driven feed manufacturers across the
aquaculture industry to lower the use of FM and FO in aquafeed
for virtually all farmed fish species. For salmonid diets, this has
meant a reduction of marine ingredients in the diet by as much
as 60% (Ytrestøyl et al., 2015). The transition away from marine
ingredients toward plant-based ingredients has afforded the
industry the ability to increase production while reducing feed
costs and the impact of aquaculture on wild fisheries. However,
it is not without costs, in that it has resulted in a substantial
reduction in the levels of omega-3 long-chain polyunsaturated
fatty acids (n-3 LC-PUFA), specifically eicosapentaenoic acid
(EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3) in
fish tissues. Therefore, it is significantly vital to produce more
sustainable oil sources that can be used to meet the increasing
demand for oil ingredients high in n-3 LC-PUFA.

Marine microalgae that are able to synthesize EPA and DHA
directly are the world’s primary producers of these fatty acids,
which are then accumulated through the aquatic food webs. For
this reason, fish is considered the primary dietary source of n-
3 LC-PUFA, EPA and DHA for humans (Betancor et al., 2017;
Osmond and Colombo, 2019). Many health agencies worldwide
recommend 500–1000mg day−1 of total EPA + DHA for
reducing cardiovascular disease (Aranceta and Pérez-Rodrigo,
2012).

There is considerable interest in novel sources of n-3 LC-
PUFA to supplement the limited supplies of fish oil. These
sources include othermarine organisms such as krill or copepods,
fermentation of algae, and the genetic engineering of microbes
such as yeasts (Napier et al., 2019; Betancor et al., 2021). However,
these technologies pose economic challenges formass production
(Betancor et al., 2017; Tocher et al., 2019; Fabris et al., 2020).
Recently, genetically modified canola oil has emerged as an
alternative and sustainable oil source for aquafeed. Transgenic
canola oil contains arachidonic acid (ARA, C20:4n-6) (∼2.3%),
EPA (∼9.1%), docosapentaenoic acid (DPA, C22:5n-3) (∼2.3%)
and DHA (∼0.9%), which is uncommon in other terrestrial
oils. This oil has recently been used as a component of a
terrestrial oil blend (40% transgenic canola oil) in rainbow trout
(Oncorhynchus mykiss) and has shown no adverse effects on
growth performance (Hossain et al., 2021).

DPA is an indispensable n-3 LC-PUFA found in large amounts
in FO, and even larger amounts in salmon filets (0.4 g 100
g−1 filet) (Calder, 2018; Lozano-Muñoz et al., 2020). DPA has
attracted recent attention due to its importance in human health.
DPA has been found to be a crucial component of phospholipids
found in animal cell membranes and shown to lower plasma
cholesterol levels (Kaur et al., 2016; Drouin et al., 2019). In
addition, it has been reported that DPA reduces the expression of
inflammatory genes (Backes et al., 2016). DPA is an intermediate
between EPA and DHA in the n-3 LC-PUFA pathway, which may
act as a reservoir for EPA andDHA (Dyall, 2015) and is of current
interest for its putative capacity to either be converted to DHA
or retro-converted to EPA (Drouin et al., 2019). In vertebrates,
the synthesis of DHA from ALA requires three desaturation and

three elongation steps (Sprecher, 2000). First, synthesis of EPA
from α-linolenic acid (ALA, C18:3n-3) is achieved by 16fad
to produce C18:4n-3 that is elongated to C20:4n-3 followed by
15fad. Then, elovl2 and elovl5 are required for elongation of EPA
to DPA. Next, DPA is elongated to C24:5n-3 by elovl2 and elovl5,
then desaturated to 24:6n-3 by 16fad, and finally converted to
DHA by a peroxisomal chain shortening step (Li et al., 2010;
Gregory and James, 2014).

Rainbow trout (Oncorhynchus mykiss) is a commercially
important salmonid species and an experimental model species
since this species requires LC-PUFAs due to limited ability to
convert ALA to EPA or DHA. The total n-3 LC-PUFA dietary
requirements of rainbow trout and Atlantic salmon, including
ALA, EPA, and DHA has been reported to range from 0.4–
2.0% of the diet (NRC, 2011). These estimates were determined
based on the amount required to prevent classical deficiency and
nutritional pathology, and many of these studies were performed
on small fish fed diets low in lipid for relatively short periods of
time (Tocher, 2015). However, it has been proposed that modern
high-energy (lipid) diets and higher fish growth rates necessitate
a reassessment of these requirements (NRC, 2011), suggesting
that higher requirements for essential fatty acids (EFA) may now
exist to support faster growth and optimum health over the entire
production cycle of the fish (Tocher, 2015; Bou et al., 2017).
Furthermore, some suggest the requirement should not be set
only for optimal fish growth and health, but also to meet the
daily recommended n-3 LC-PUFA intake for human consumers
(Simopoulos, 2000; Tocher, 2009).

The aim of this study was to evaluate a new transgenic
canola oil containing EPA, DPA and DHA as a substitute for
FO in rainbow trout feeds reflecting current commercial feed
formulation in terms of growth performance, health and n-3
LC-PUFA composition over a complete production cycle, from
fingerling to market weight. We hypothesized that Latitude
oil (LO) containing high EPA and DPA would effectively
replace fish oil in trout feeds without detrimental impact
on fish performance. Furthermore, we hypothesized that filet
EPA+DHA level of fish fed LO-8 or LO-16 would be similar
to filet EPA+DHA content of fish fed LO-0 diet meeting or
exceeding the recommended daily intake of EPA + DHA for
consumers. To our knowledge, there are no reported studies on
transgenic canola oil throughout the entire production cycle in
rainbow trout. The ultimate objective was to formulate feeds that
not only support early growth, but improve long-term health
and survival of the fish, and result in a product that meets the
nutritional needs of consumers while being sourced from more
environmentally and economically sustainable sources.

MATERIALS AND METHODS

Experimental Design and Diets
Three experimental diets were prepared and extruded (Bozeman
Fish Technology Center, Bozeman, MT) in various sizes from
2.5 to 4.5mm, and were formulated to be isonitrogenous (49%
crude protein), isolipidic (20% crude lipid) and isocaloric (24.2
MJ kg−1): a control diet (FO 6.43%, Poultry fat 9.57%) and
two experimental diets that replace FO by 50 or 100% with
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TABLE 1 | Formulation and proximate composition of the experimental diets (as

fed).

Ingredients (%) Diets

LO-0 LO-8 LO-16

Fish meal, sardinea 20.0 20.0 20.0

PBM, feed gradea 12.5 12.5 12.5

Soybean meala 11.5 11.5 11.5

Soy protein concentrateb 5.5 5.5 5.5

Wheat gluten meala 1.5 1.5 1.5

Corn protein concentratec 13.5 13.5 13.5

Wheat floura 16.2 16.2 16.2

Dicalcium phosphatea 1.4 1.4 1.4

Trace mineral mixd 0.1 0.1 0.1

Vitamin Premixe 1.0 1.0 1.0

Choline chloride (60%)a 0.6 0.6 0.6

Stay C (35%) vitaminf 0.2 0.2 0.2

Fish oila 6.43 3.21 0.0

Poultry fatg 9.57 4.79 0.0

LatitudeTM oilh 0.00 8.00 16.0

Nutrients (% as-fed basis)

Dry matter 98.3 98.5 97.9

Protein 50.0 49.4 49.6

Fat 20.3 21.0 20.1

Ash 3.66 3.54 3.14

Gross energy (MJ/kg) 24.3 24.4 23.9

aRangen Inc., Buhl, ID, USA. bProfine VF, The Solae Company, St. Louis, MO, USA.
cEmpyreal® 75, Cargill Corn Milling, Cargill, Inc., Blair, NE, USA. dUS Fish and

Wildlife Service Trace Mineral Premix #3 supplied the following (mg kg−1 diet): Zn (as

ZnSO4·7H2O), 75; Mn (as MnSO4), 20; Cu (as CuSO4·5H2O), 1.54; I (as KIO3), 10.
eVitamin premix supplied the following per kg diet: vitamin A, 2.4mg; vitamin D, 0.15mg;

vitamin E, 267mg; vitamin K as menadione sodium bisulfite, 20 µg; thiamin as thiamin

mononitrate, 32mg; riboflavin, 64mg; pyridoxine as pyridoxine-HCl, 64mg; pantothenic

acid as Ca-d-pantothenate, 192mg; niacin as nicotinic acid, 240mg; biotin, 0.56mg; folic

acid, 12mg; vitamin B12, 50 µg; and inositol as meso-inositol, 400mg. fSkretting USA,

Tooele, UT, USA. gTyson Foods Inc., Springdale, AR, USA. hCargill Inc., Minneapolis,

MN, USA.

LO. All three diets were formulated to reflect commercial feed
formulations for rainbow trout and thus included 20% FM.
Poultry fat and LO were gifted by Tyson and Cargill, respectively.
The three experimental diets were formulated to maintain 3%
EPA + DHA content (% of the diet). To accomplish this, the
following proportion of the oils were used, LO-0 (6.43% FO
+ 9.57% Poultry fat), LO-8 (3.21% FO + 4.79% Poultry fat +
8% LO) and LO-16 (16% LO). The proximate and fatty acid
composition of experimental diets are shown in Tables 1, 2.
Although formulated to maintain 3% EPA+DHA content, diets
ranged from 2.78–3.32% of diet.

In vivo digestibility was determined for LO fed to rainbow
trout. A reference diet containing practical ingredients and 0.1%
yttrium oxide was prepared. A batch of test diet containing 20%
test ingredient and 80% reference diet mash (combined on a dry-
matter basis) was prepared and analyzed. All ingredients for the
digestibility trial were mixed and cold pelleted at the University
of Idaho’s Hagerman Fish Culture Experiment Stations (HFCES)

TABLE 2 | Analyzed fatty acid profile of the experimental dietsa.

Diet

LO-0 LO-8 LO-16

Fatty acids % FAME % Diet % FAME % Diet % FAME % Diet

C14:0 1.93 0.39 1.19 0.25 0.38 0.08

C16:0 18.6 3.78 13.3 2.80 9.15 1.84

C18:0 5.52 1.12 4.81 1.01 3.84 0.77

C24:0 1.93 0.39 1.19 0.25 0.38 0.08

ΣSFA 28.0 5.68 20.5 4.31 13.7 2.76

C16:1n-7 7.10 1.44 4.30 0.90 1.39 0.28

C18:1n-9 29.0 5.89 27.5 5.76 26.6 5.34

C20:1n-9 2.35 0.48 1.71 0.36 0.95 0.19

C22:1n-9 1.17 0.24 0.66 0.14 0.14 0.03

ΣMUFA 39.6 8.04 34.1 7.17 29.1 5.84

C18:2n-6 15.0 3.04 20.3 4.26 25.9 5.21

C18:3n-6 0.16 0.03 0.99 0.21 1.90 0.38

C20:2n-6 0.15 0.03 0.12 0.02 0.09 0.02

C20:3n-6 0.13 0.03 1.27 0.27 2.48 0.50

C20:4n-6 (ARA) 1.20 0.24 1.93 0.40 2.63 0.53

n-6 PUFA 16.6 3.38 24.6 5.17 33.0 6.64

C18:3n-3 1.22 0.25 2.33 0.49 3.41 0.68

C20:5n-3 (EPA) 7.39 1.50 10.3 2.17 13.1 2.64

C22:5n-3 (DPA) 0.93 0.19 1.67 0.35 2.28 0.46

C22:6n-3 (DHA) 6.29 1.28 5.00 1.05 3.38 0.68

EPA + DHA 13.7 2.78 15.3 3.22 16.5 3.32

n-3 PUFA 15.8 3.21 19.3 4.06 22.2 4.46

n-3/n-6 0.95 0.79 0.67

aSFA, saturated fatty acids; MUFA, mono-unsaturated fatty acids; n-6 PUFA, n-

6 poly-unsaturated fatty acids; n-3 PUFA, n-3 poly-unsaturated fatty acids; ARA,

arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA,

docosahexaenoic acid.

using a laboratory-scale California pellet mill fitted with a 4-mm
die. After 36h drying in a hot-air dryer at 37◦C, the feeds were
stored at ambient temperature (20–22◦C) until fed.

Experimental Fish and Feeding Trial
Rainbow trout fingerlings were hatched from eggs obtained from
a global aquaculture supplier. Rainbow trout juveniles (initial
body weight: 18.5 ± 0.3 g) were randomly stocked into each
of nine, 145-L tanks at 40 fish per tank. Constant temperature
spring water (15◦C) was supplied at 8–10L min−1 to each
experimental tank. Each diet was assigned randomly to three
tanks in a completely randomized design. Fish were hand-fed to
apparent satiation three times per day, 6 days per week for 24
weeks. Photoperiod was maintained at 14 h light: 10 h dark with
fluorescent lights controlled by electric timers. At week 18, one of
the tanks from Diet 2 was removed from the study due to a valve
failure resulting in a period of no incoming water flow overnight
followed by poor fish performance and symptoms consistent with
bacterial gill disease, reducing this treatment to two replicate
tanks. After 24 weeks, all fish were moved to an outdoor facility
and stocked into each of eight, 1,300-L tanks for another 28 weeks
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(52 weeks total) under natural light from the 10th January 2020 to
the 29th July 2020.

Sample Collection and Proximate Analysis
At the end of 52 weeks, 24-h postprandial, all the fish were
counted and weighed to calculate weight gain (WG), specific
growth rate (SGR), feed conversion ratio (FCR) and survival.
After the final weighing, three fish per tank were anesthetized
with tricaine methanesulfonate (MS-222, 100mg L−1, buffered
to pH 7.0). Then, individual body weight and length of fish
was measured, and condition factor (CF) was calculated. Whole-
blood was collected from the caudal vasculature of fish identified
above with 1-ml heparinized syringes fitted with a 24G 1.5-
inch needle and centrifuged at 1000 x G for 10min to collect
plasma for antioxidant enzyme activity and non-specific immune
parameters. Upon euthanizing those fish with additional MS-
222, liver and viscera from the same fish used for plasma
collection were dissected for gene expression, fatty acid analysis,
and proximate analysis and weighed individually to calculate
hepatosomatic index (HSI) and viscerosomatic index (VSI).
From the same fish, liver and distal intestine were excised for
histology. Another three fish per tank were euthanized for whole
body proximate analysis. Tissue samples were snap-frozen in
liquid nitrogen and stored at−80◦C until analysis.

Experimental feeds, liver, muscle, and whole-body fish
samples were analyzed for proximate composition and energy
content. Fish samples were pooled by tank and homogenized
using an industrial food processor. Samples were dried in
a convection oven at 105◦C for 12 h to determine moisture
level according to AOAC (Association of Official Analytical
Chemists) (2000). Dried samples were finely ground by mortar
and pestle and analyzed for CP (total nitrogen × 6.25) using
combustion method with a nitrogen determinator (Elementar
nitrogen analyzer, Ronkonkoma, NY). Crude lipid was analyzed
by subjecting samples to acid hydrolysis using an ANKOM HCL
(ANKOM Technology, Macedon, NY) and extracting them with
petroleum ether using an ANKOM XT15 extractor. Ash was
analyzed by incineration at 550◦C in a muffle furnace for 5h. The
energy content of samples was determined using an isoperibol
bomb calorimeter (Parr 6300, Parr Instrument Company Inc.,
Moline, IL).

The fatty acid composition of the liver and filet samples were
determined in line with the modified AOACmethod 991.39 (24).
Briefly, samples were dried for 5–6 h under an N2 stream at
50 ◦C (OA-SYS heating system, Organomation Associates, Inc.,
Berlin, MA, USA). Thereafter, 2mL of 0.5N NaOH was added
for sample saponification at 70◦C for 60min. Following sample
cooling, the free fatty acids were methylated by the addition of
2mL 14% BF3 (Boron trifluoride) in methanol and incubated
at 70◦C for 60min. After the samples were allowed to cool,
2mL of hexane was added, inverted repeatedly for 60 s, and
1mL of saturated NaCl was added. The samples were again
inverted repeatedly for 60 s and then centrifuged at 2000 × G
for 5min. An aliquot (100 µL) of the clarified hexane extract
was diluted in hexane (1:10) and put into autosampler vials
for gas chromatography/mass spectroscopy (GC/MS) analysis.
The injection mode with a helium flow rate and the column

temperature was as described by Overturf et al. (2013). All the
analyses were done in duplicate. Filet results are provided as mg
100 g−1, assuming a 100 g portion size for human consumption.

Antioxidant and Non-specific Immune
Assays
Oxidative radical production by phagocytes during respiratory
burst was measured through nitro blue tetrazolium (NBT) assay
described by Anderson and Siwicki (1995). Briefly, plasma and
NBT (0.2%) (Sigma-Aldrich, St. Louis, MO, USA) were mixed
in equal proportion (1:1) and incubated for 30min at room
temperature. Then 50 µL was taken out and dispensed into glass
tubes. One milliliter of dimethylformamide (Sigma-Aldrich) was
added and centrifuged at 2000 × G for 5min. Finally, the
optical density of supernatant was measured at 540 nm using
a microplate reader (Infinite R© m200 PRO, Tecan Trading AG,
Switzerland). Dimethylformamide was used as the blank.

Commercially available kits (Cayman Chemical, Ann Arbor,
Michigan) were used to measure superoxide dismutase (SOD)
(Item no: 706002) and catalase (CAT) (Item no: 707002) activities
at 25◦C. SOD activity was determined at 450 nm based on
xanthine and xanthine oxidase to produce superoxide radicals.
SOD activity was measured based on the inhibition rate of
this reaction. One unit of SOD activity is equal to 50%
inhibition of decrease in 2-(4-iodophenyl)-3-(4nitrophenole)-
5-phenyltetrazolium chloride according to the experimental
conditions. CAT activity was measured by determining the
decrease in absorbance of H2O2 at 540 nm. The reaction mixture
containing 50mM K-phosphate buffer (pH 6.5) and 50mM
H2O2 was diluted in 80mM K-phosphate buffer (pH 6.5).
Calculation of activity was done by determining the extinction
coefficient for H2O2 (a= 40 M−1 cm−1).

Lysozyme activity in plasma was analyzed with a lysozyme
assay kit (Sigma-Aldrich). Micrococcus lysodeikticus (0.75mg
mL−1) was suspended in phosphate buffer (0.1M, pH 6.24),
800 uL of suspension was placed in each well of 48-well plates,
and 30 µL plasma was added subsequently. The reduction
in absorbance of the samples was recorded at 450 nm after
incubation at room temperature for 0 and 30min in a microplate
reader (Infinite R© m200 PRO, Tecan Trading AG, Switzerland).
A reduction in absorbance of 0.001 min−1 was regarded as one
unit of lysozyme activity.

Histological Analysis
Tissue samples, about 1 cm in length, from anterior section
of the distal intestine and liver were fixed in 10% neutral
buffered formalin. All samples were processed by increasing
dehydration step, cleared in xylene and embedded in paraffin
wax, according to the standard procedures. Longitudinal sections
were cut at 5µm thickness and stained with haematoxylin and
eosin (H&E). Examination for any pathological alterations was
performed using a light microscope at different magnifications.
For the evaluation of the effects of the experimental diets
on the microscopic anatomy of the liver and intestine, a
ranking system was employed, based on the criteria presented in
Supplementary Table S1.
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TABLE 3 | Primers sequences used in real-time qPCR for the determination of gene expression.

Genes Forward Reverse Bases Gene accession no

elovl2 GATGCCTGCTCTTCCAGTTC CATTGGTGGAGACAGTGTGG 20 KM244737

elovl5 CTATGGGCTCTC TGCTGTCC TATCGTCTGGGA CATGGTCA 20 AY605100

15fad GCAGAGAGAACCGAGGATGG GCAGTGCTTCTG GACCTCTT 20 JD087459

16fad ACCTAGTGGCTCCTCTGGTC CAGATCCCCTGACTTCTTCA 20 AF301910

acox TTCCACGACCAGACCCATGA AACGGCGTCCACCAAAGCTA 20 BX085367

gapdh ACTCTGTTGTGTCTTCTG TTGTCGTTGAAGGAGATG 18 NM_001124246.1

arp GAAGGCTGTGGTGCTCAT CAGGGCAGGGTTGTTCTC 18 XM_021610240.2

RNA Extraction and Quantitative PCR
Total RNA was isolated from each tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA) extraction method following
the manufacturer’s suggested protocol. Purity and quantity
of extracted RNA were assessed by Nanodrop ND-1000
spectrophotometer (260/230 and 260/280 ratios >1.8).

Extracted RNA was treated with DNAse, then 1 µg of total
RNA was reverse transcribed using the iScriptTM cDNA Synthesis
kit (BioRad, Hercules, CA). Real-time quantitative PCR was
carried out on a CFX96 Real-Time System (BioRad) in 10
µL total volume reactions using iTaq SYBR Green Supermix
(BioRad) and 300 (16fad and elovl2) or 500 nmol (15fad,
elovl5, acox, gapdh and arp) primers according to the protocol
provided by the manufacturer. PCR cycling conditions for all
genes were as follows: 95◦C for 5 s followed by 55◦C for 30s
over 40 cycles with an initial denaturation step of 95◦C for
3min. For each fish, PCR reactions were run in duplicate.
Relative expression values for genes constituting the fatty acid
oxidation, desaturation and elongation, including delta-5 fatty
acyl desaturase (15fad), delta-6 fatty acyl desaturase (16fad),
fatty acid elongase 2 (elovl2), fatty acid elongase 5 (elovl5) and
acyl-Coa oxidase (acox) were determined using primers designed
from rainbow trout sequences in the NCBI database. Primer
sequences for genes are given in Table 3. Two genes (gapdh
and arp) were tested as internal reference genes, though only
arp proved stable across experimental factors and was therefore
chosen as the reference gene for normalization of target gene
expression in both tissues. Primer PCR efficiency was calculated
for each primer set using a six-step serial dilution of a pooled
sample (pooled from each experimental sample for a given
tissue). Data were analyzed using the relative quantification
method, including efficiency correction following the method of
Pfaffl (2001).

Calculation and Statistical Method
Using the live-weight and feed consumption data, the following
indices were calculated.

Weight gain (WG, g/fish) = (g mean final weight–g mean
initial weight).

Specific growth rate (SGR, %/d)= [(Ln mean final weight–Ln
mean initial weight)/number of days]× 100.

Survival (%) = (number of fish at the end of the trial/number
of fish at the beginning)× 100.

TABLE 4 | Growth performance and feed utilization of rainbow trout fed for 52

weeks*.

Ingredients (%) Diets

LO-0 LO-8 LO-16

Initial weight (g) 18.5 ± 0.09 18.5 ± 0.08 18.5 ± 0.08

Final weight (g) 869 ± 18.6b 967 ± 36.4a 955 ± 10.8a

Weight gain (g fish−1) 850 ± 18.5b 949 ± 36.4a 937 ± 10.8a

SGRa 1.07 ± 0.10b 1.10 ± 0.01a 1.10 ± 0.00a

Feed intake (g fish−1) 1,076 ± 12.1 1,219 ± 65.5 1,244 ± 73.5

FCRb 1.27 ± 0.04 1.28 ± 0.02 1.32 ± 0.07

Survival rate (%) 83.8 ± 2.21 83.8 ± 2.70 74.8 ± 4.59

Condition factor (%) 1.19 ± 0.08 1.22 ± 0.06 1.22 ± 0.03

HSIc 0.84 ± 0.07 0.88 ± 0.00 0.74 ± 0.05

VSId 9.07 ± 0.78 8.90 ± 0.27 9.09 ± 0.90

*Mean± SE (n= 3 tanks per treatment) except for diet 2 (n= 2) in the same row that share

the same superscript are not statistically different (P> 0.05). aSGR, specific growth rate (%

day−1 ). bFCR, feed conversion ratio. cHSI, hepatosomatic index (%). dVSI, viscerosomatic

index (%).

Average feed intake (FI, g/fish) = g total dry feed
intake/number of surviving fish.

Feed conversion ratio (FCR) = g total feed consumed/(g final
biomass – g initial biomass+ g dead fish weight).

Condition factor (CF) = (g body weight)/(cm body length)3

× 100.
Hepatosomatic index (HSI) = (g liver weight)/(g whole body

weight)× 100.
Viscerosomatic index (VSI) = (g visceral weight) / (g whole

body weight)× 100.
ADC diet= 1 – [(F/D)× (Di/Fi)] - where D=% lipid of diet,

F = % lipid of feces, Di = % digestion indicator of diet, Fi = %
digestion indicator of feces.

ADC ingredient = ADCT + [((1 – s) DR)/s DI] × (ADCT
– ADCR), where ADCT = ADC of test diet, ADCR = ADC of
reference diet, DR=% lipid of reference diet, DI=% lipid of test
ingredient, s= proportion of test ingredient in test diet (0.2).

Tank mean values (n = 3; except diet 2, n = 2) were
used for statistical analysis. Fish growth and feed utilization
indices, physiological parameters, and gene expression data
were tested for normality and homogeneity of variance prior
to one-way Analysis of Variance (ANOVA). If significant
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FIGURE 1 | Mean body weight over time of rainbow trout fed experimental diets differing in oil source for 52 weeks. *P < 0.05.

differences were found, data were subjected to Tukey’s HSD
test to separate the means at a significance level of P < 0.05.
SPSS (Version 21 for Window; IBM SPSS Inc., Chicago, IL,
USA) was used for all statistical analyses. Principal components
analysis (PCA) was performed by dimension reduction and visual
mapping of samples based on non-specific immune response
parameters and filet fatty acid composition using R v4.0 (The
R Foundation, Vienna, Austria). A Kruskal-Wallis test followed
by Wilcoxon post-hoc analysis was used for testing of histological
results because the values did not meet parametric assumptions
of normality.

RESULTS

Growth Performance and Feed Utilization
The growth performance and feed utilization of the fish are
presented in Table 4. The final weight, weight gain, and SGR
of fish fed diet LO-8 or LO-16 were the greatest (P < 0.05)
compared with the fish fed LO-0. The survival rate (74.8–83.8 %)
and feed conversion ratio (1.27–1.32) were similar among dietary
treatments groups (P > 0.05). Results also showed that CF, HSI
and VSI were not significantly affected by dietary treatments (P>

0.05). ADC for crude lipid of LO was 93% ± 0.2. Changes in the
mean body weight of three groups during 52 weeks of feeding is
presented in Figure 1. Growth rate began to separate at 24 weeks
and became significantly different after 48 weeks.

Whole-Body, Liver and Filet Proximate
Composition
Whole-body, liver and filet proximate composition of rainbow
trout juveniles fed the experimental diets are presented in

Table 5. There were no consistent dietary effects for percent
crude protein, crude fat, or gross energy across tissues.
Additionally, no significant differences in whole-body, liver, and
filet proximate composition and gross energy were detected
among treatment groups.

Antioxidant and Non-specific Immune
Responses
Results of the non-specific plasma immune assays are presented
in Table 6. Phagocytic oxidative radical production (NBT
activity) in plasma of fish fed diet LO-16 was significantly higher
than fish fed the other two diets (P < 0.05). Plasma SOD, CAT
and lysozyme activities were higher for rainbow trout fed diet
LO-16, but they were not statistically different (P > 0.05).

Histological Examination
The results of the histological evaluation from the final sampling
are presented inTable 7. With regard to distal intestine tissue, it is
interesting to note that both inflammation and size and number
of absorptive vacuoles showed significant differences among
diets. Distal intestine of fish fed diet LO-16 (Diet 3) showed a
reduction in size and number of absorptive vacuoles and signs
of inflammation, whereas there was no significant difference in
liver histological evaluation. PCA of histology and plasma assay
results together showed clear separation of dietary treatment
groups, with eigenvectors indicating plasma assays were tightly
correlated with one another, yet liver and intestinal histology
showed opposing patterns of variance across diets (Figure 2A).
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TABLE 5 | Whole-body, liver and filet proximate composition and gross energy

(wet basis) of rainbow trout fed experimental diets for 52 weeks*.

Diets

LO-0 LO-8 LO-16

Whole-body

Dry matter (%) 29.3 ± 3.15 33.3 ± 0.68 28.8 ± 1.06

Crude protein (%) 17.5 ± 1.09 18.2 ± 0.58 18.0 ± 0.64

Crude fat (%) 9.40 ± 2.45 12.8 ± 1.28 8.80 ± 1.45

Ash (%) 2.1 ± 0.31 1.7 ± 0.34 2.3 ± 0.26

Gross energy (MJ kg−1) 26.8 ± 0.84 28.2 ± 0.84 26.7 ± 0.78

Liver

Dry matter (%) 14.7 ± 1.05 15.2 ± 0.93 13.2 ± 0.75

Crude protein (%) 9.63 ± 0.27 9.67 ± 0.63 8.81 ± 0.52

Crude fat (%) 0.83 ± 0.21 0.64 ± 0.12 0.47 ± 0.02

Gross energy (MJ kg−1) 22.0 ± 0.17 22.1 ± 0.03 22.0 ± 0.07

Filet

Dry matter (%) 21.6 ± 0.67 20.3 ± 0.04 21.3 ± 1.16

Crude protein (%) 16.0 ± 0.81 14.8 ± 0.18 15.7 ± 0.47

Crude fat (%) 4.95 ± 0.12 4.48 ± 0.28 5.00 ± 0.41

Gross energy (MJ kg−1) 26.2 ± 0.13 25.8 ± 0.26 26.0 ± 0.19

*Mean ± SE (n = 3 tanks per treatment) except for diet 2 (n = 2) in the same row that

share the same superscript are not statistically different (P > 0.05).

TABLE 6 | Non-specific immune responses of rainbow trout fed experimental

diets for 52 weeks*.

Diets

LO-0 LO-8 LO-16

NBTa 0.28 ± 0.12b 0.19 ± 0.01b 0.90 ± 0.14a

SODb 6.75 ± 0.28 6.40 ± 0.59 7.41 ± 0.63

Catalasec 42.0 ± 2.31 46.6 ± 0.55 48.1 ± 2.52

Lysozymed 329 ± 7.22 385 ± 24.7 414 ± 40.2

*Mean ± SE (n = 3 tanks per treatment) except for diet 2 (n = 2) in the same row that

share the same superscript are not statistically different (P > 0.05). aNBT, Nitro-blue

tetrazolium assay (OD 540 nm). bSOD, Super oxide dismutase (%inhibition). cCatalase,

Catalase activity (nmol min−1 ml−1 ). dLysozyme, Lysozyme activity (Unit mL−1 enzyme).

Fatty Acid Composition of Filet
Filet fatty acid composition of rainbow trout juveniles fed
the experimental diets are presented in Table 8. Linoleic acid
(C18:2n-6) of fish filet of fish fed diet LO-16 (795mg 100 g−1)
was significantly higher than those of fish fed diet LO-8 (648mg
100 g−1) (P < 0.05). ALA, ARA, EPA and DPA content was
significantly higher in LO-16 diet group compared to other
groups (P < 0.05). The filet DHA content of fish fed diet LO-8
was numerically higher than those of fish fed other two diets (P >

0.05). EPA + DHA contents tended to increase as LatitudeTM oil
inclusion level increased to 8 and 16%, but were not statistically
different (P > 0.05). The overall filet fatty acid profile differed as
a whole across dietary treatment according to PCA (Figure 2B),
with the DHA eigenvector explaining separation of the LO-8

TABLE 7 | Histological scoring of rainbow trout distal intestine and liver tissue

following different dietary treatments fed for 52 weeks*.

Diet 1 Diet 2 Diet 3

LO-0 LO-8 LO-16

Distal intestine

Inflammation 2.89 ± 0.87a 2.00 ± 0.00b 3.33 ± 0.47a

Absorptive vacuoles 2.22 ± 0.92ab 1.67 ± 0.75b 3.22 ± 0.42a

Liver

Glycogen vacuolation 2.11 ± 0.74 2.83 ± 0.37 2.11 ± 0.57

Perivascular inflammation 1.67 ± 0.67 1.17 ± 0.37 1.33 ± 0.67

Focal inflammation 1.33 ± 0.67 1.17 ± 0.37 1.00 ± 0.00

Nuclear vacuoles 1.33 ± 0.67 1.17 ± 0.37 1.11 ± 0.31

*Mean ± SE (n = 9 fish per treatment) except for diet 2 (n = 6) in the same row that

share the same superscript are not statistically different (P > 0.05; Data was analyzed by

Kruskal-Wallis test and Wilcoxon’s post-hoc test).

group and other n-3/n-6 LC-PUFA concentrations explaining the
most variance in the LO-16 group.

Gene Expression
The relative mRNA (RT-qPCR) expression of fatty acid
metabolism related genes, fatty acid elongases 2 and 5 (elovl2 and
elovl5), desaturases (15fad and 16fad) and acyl-CoA oxidase
(acox) in liver and muscle of rainbow trout fed experimental
diets is presented in Figures 3, 4, respectively. The hepatic gene
expressions of elovl2 and elovl5 were unaffected by the diet
(P > 0.05) (Figure 3), however those genes were significantly
upregulated (P < 0.05) in the LO-16 group compared to LO-
0 group in muscle (Figure 4). The fish fed LO-8 or LO-16 diet
showed a significantly higher expression of 16fad as well as acox
in both liver andmuscle compared to the fish fed LO-0 diet, while
the relative mRNA expression of 15fad was not significantly
different among the dietary treatment group (P > 0.05).

DISCUSSION

Growth Performance and Feed Utilization
This study is the first to address the impact of the substitution
of FO by transgenic canola oil, up to 100% substitution, on
rainbow trout performance, health, and n-3 LC-PUFA tissue
composition over a complete production cycle, from fingerling to
the marketing size (52 weeks). In the present study, EPA+DHA
contents (% of the diet) were formulated to be 3%. Results were
promising, demonstrating that both inclusion levels of LO (8 and
16%) proved to be effective. Remarkably, the fish fed diet LO-
8 and LO-16 showed significantly increased growth performance
and filet EPA+DHA concentrations, similar to those achieved in
fish fed diet LO-0. While unexpected, the growth results suggest
improved lipid utilization in fish fed the diets containing LO
compared to fish in the LO-0 diet group. It is worth noting that
growth rates began to separate among treatments at 24 weeks
and became significantly different after 48 weeks (Figure 1),
supporting the need for long-term studies. It is known that
the feeding duration in dietary studies can lead to significant
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FIGURE 2 | Principal component analysis (PCA) of the non-specific immune response parameters (A) and the filet fatty acid composition (B) of rainbow trout fed

experimental diets for 52 weeks. NBT, nitro-blue tetrazolium; SOD, superoxide dismutase; CAT, catalase; DisInt AV, distal intestine absorptive vacuoles; DisInt Inf, distal

intestine inflammation; Liver PI, liver perivascular inflammation; Liver FI, liver focal inflammation; Liver NV, liver nuclear vacuoles; Liver GV, liver glycogen vacuolation.

growth differences, and it is not easy to compare directly with
results from the experiments of shorter duration (Weatherup and
McCracken, 1999; De Francesco et al., 2004).

One possible reason for improved growth (final weight, WG,
SGR) of fish fed the LO-8 and LO-16 diets could be related
to the higher ARA content in LO. Recently, the importance
of n-6 LC-PUFA, particularly ARA, has been highlighted (Bell
and Sargent, 2003; Norambuena et al., 2015; Xu et al., 2017;

Torrecillas et al., 2018; Araújo et al., 2019). Some studies have
shown that ARA plays crucial roles in marine fish growth and
survival (Xu et al., 2010; Yuan et al., 2015; Rombenso et al.,
2016; Torrecillas et al., 2018), reproduction (Bromage et al., 2001;
Kowalska and Kowalski, 2014) and stress and disease resistance
(Koven et al., 2001, 2003; Martins et al., 2013), hence playing a
vital role across the entirety of the fish life cycle. On the contrary,
other studies have demonstrated that the inclusion of dietary
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TABLE 8 | Filet fatty acid composition of rainbow trout juvenile fed experimental diets for 52 weeks*.

Diet

LO-0 LO-8 LO-16

Fatty acids mg 100 g−1 % FAME mg 100 g−1 % FAME mg 100 g−1 % FAME

C14:0 60.3 ± 2.17 1.22 ± 0.04 46.1 ± 13.0 1.03 ± 0.29 43.8 ± 4.79 0.95 ± 0.14

C16:0 845 ± 50.2a 17.1 ± 1.01a 665 ± 22.6b 14.8 ± 0.50ab 668 ± 60.3ab 13.4 ± 1.21b

C18:0 235 ± 18.7 4.75 ± 0.38 185 ± 7.21 4.13 ± 0.16 211 ± 11.2 4.22 ± 0.22

C24:0 59.7 ± 2.97 1.21 ± 0.06 46.1 ± 13.0 1.03 ± 0.29 47.6 ± 7.27 0.95 ± 0.15

ΣSFA 1,200 ± 36.3a 24.2 ± 0.73a 942 ± 10.6b 21.0 ± 0.24ab 970 ± 62.2b 19.5 ± 1.28b

C16:1-7 246 ± 23.6a 4.96 ± 0.48a 208 ± 9.04ab 4.65 ± 0.20ab 179 ± 18.5b 3.58 ± 0.37b

C18:1n-9 1,297 ± 40.5a 26.2 ± 0.82 1,079 ± 31.5b 24.1 ± 0.70 1,272 ± 38.2a 25.4 ± 0.76

C20:1n-9 92.5 ± 12.6a 1.87 ± 0.25 49.1 ± 12.7b 1.10 ± 0.28 68.1 ± 3.92ab 1.36 ± 0.08

C22:1n-9 24.3 ± 5.20a 0.49 ± 0.11a 13.5 ± 2.07ab 0.30 ± 0.05ab 8.55 ± 0.29b 0.17 ± 0.01b

ΣMUFA 1,660 ± 81.6a 33.5 ± 1.65 1,350 ± 55.3b 30.1 ± 1.23 1,528± 54.7ab 30.6 ± 1.09

C18:2n-6 710 ± 26.0ab 14.3 ± 0.53 648 ± 17.6b 14.5 ± 0.39 795 ± 27.1a 15.9 ± 0.54

C18:3n-6 6.57 ± 1.46b 0.13 ± 0.03b 12.3 ± 0.27b 0.27 ± 0.01b 26.6 ± 3.78a 0.53 ± 0.08a

C20:3n-6 21.5 ± 2.80b 0.44 ± 0.06b 41.0 ± 2.11b 0.91 ± 0.05ab 81.4 ± 17.6a 1.63 ± 0.35a

C20:4n-6 (ARA) 51.9 ± 7.11b 1.05 ± 0.14a 66.8 ± 2.87b 1.49 ± 0.06ab 93.3 ± 8.32a 1.87 ± 0.17b

n-6 PUFA 823 ± 40.3b 16.6 ± 0.81b 789 ± 18.1b 17.6 ± 0.40ab 1,027 ± 61.1a 20.5 ± 1.22a

C18:3n-3 41.0 ± 5.09b 0.83 ± 0.10b 50.2 ± 1.36b 1.12 ± 0.03ab 78.5 ± 8.74a 1.57 ± 0.17a

C20:5n-3 (EPA) 239 ± 4.95b 4.83 ± 0.10b 241 ± 7.24b 5.37 ± 0.16b 416 ± 14.6a 8.32 ± 0.29a

C22:5n-3 (DPA) 71.3 ± 3.00b 1.44 ± 0.06b 70.3 ± 3.30b 1.57 ± 0.07b 133 ± 9.78a 2.66 ± 0.20a

C22:6n-3 (DHA) 840 ± 68.8 17.0 ± 1.39b 934 ± 16.3 20.9 ±0.36a 825 ± 49.2 16.5 ± 0.98b

EPA + DHA 1,079 ± 63.9 21.8 ± 1.29b 1,175 ± 23.6 26.2 ± 0.53a 1,241 ± 62.5 24.8 ± 1.25ab

n-3 PUFA 1,191 ± 56.3b 24.1 ± 1.14b 1,296± 21.6ab 28.9 ± 0.48a 1,453 ± 69.5a 29.1 ±1.39a

n-3/n-6 1.45 ± 0.14 1.64 ± 0.01 1.42 ± 0.09

*Values are mean ± SE (n = 3 tanks per treatment) except for diet 2 (n = 2) in the same row that share the same superscript or absence of superscripts are not statistically different

(P > 0.05).

FIGURE 3 | Relative mRNA expression (normalized against arp) of genes involved in elongation (elovl2 and elovl5), desaturation (15fad and 1 6fad) and β-oxidation

(acox) in liver of rainbow trout fed experimental diets for 52 weeks. Mean ± SE (n = 9 fish per treatment except diet 2, n = 6) in the same row that share the same

superscript are not statistically different (P > 0.05). Three fish from each tank were used for gene expression. elovl2, Elongation of very long chain fatty acids-like 2;

elovl5, Elongation of very long chain fatty acids-like 5; 15fad, Delta-5 fatty acid desaturase; 16fad, Delta-6 fatty acid desaturase.
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FIGURE 4 | Relative mRNA expression (normalized against Arp) of genes involved in elongation (elovl2 and elovl5), desaturation (15fad and 16fad) and β-oxidation

(acox) in muscle of rainbow trout fed experimental diets for 52 weeks. Mean ± SE (n = 9 fish per treatment except diet 2, n = 6) in the same row that share the same

superscript are not statistically different (P > 0.05). Three fish from each tank were used for gene expression. elovl2, Elongation of very long chain fatty acids-like 2;

elovl5, Elongation of very long chain fatty acids-like 5; 15fad, Delta-5 fatty acid desaturase; 16fad, Delta-6 fatty acid desaturase.

ARA did not improve fish growth performance (Koven et al.,
2001; Asil et al., 2017; Chee et al., 2020). These different results
may be due to distinct experimental conditions, fish size, and
duration of the feeding trial. It is known that rainbow trout
have a limited capacity to bioconvert ALA to DHA as well as
linoleic acid to ARA, similar to many marine carnivorous fishes.
Moreover, the preference of desaturase and elongase for n-3 over
n-6 substrates leads to ARA synthesis being limited (Bell and
Sargent, 2003), suggesting that ARA could be required in adult
rainbow trout. Most studies have focused on the functions of
ARA in juveniles, but little research has examined the influences
of ARA on growth in sub-adult and adult fish.

Antioxidant and Non-specific Immune
Responses
Although not observed in the current study, reports with larval
fish suggest that ARA may be responsible for enhanced fish
survival (Bessonart et al., 1999; Atalah et al., 2011; Yuan et al.,
2015). Despite the fact that ARA may be a critical omega-6 fatty
acid for some fish species to achieve proper growth, development,
and survival, other studies remind us that generation of reactive
oxygen species (ROS) at high levels produced by activating
NADPH-oxidase can cause toxicity through oxidative stress,
as a potential result of an imbalance between antioxidant
defenses and ROS generation when excessive levels of ARA are
provided in diet (Cury-Boaventura and Curi, 2005; Schrader and
Fahimi, 2006; Sakin et al., 2011; Chee et al., 2020). Although
performance was unaffected, observations of elevated levels of
plasma phagocytic oxidative radical production (NBT activity),
a measurement of oxidative radical production, in the present

study suggest a need for more research on ARA as a functional
fatty acid in fish feeds across life stages.

Lysozyme, a non-specific innate immune molecule present in
the plasma and body fluids of fish, plays a considerable role in
host protection against microbial invasion (Li et al., 2021). While
not significant (P = 0.075), higher plasma lysozyme activity
in fish fed LO-16 diet are consistent with the conclusions of
Chee et al. (2020), in which lysozyme activity increased with
increasing dietary ARA levels. The increased lysozyme activity
with increasing ARA levels could be a result of increased
production of leukotriene B4, a stimulator of release of lysosomal
enzymes and superoxide in neutrophils, derived from ARA
(Samuelsson, 1983; Chee et al., 2020). Well-known indexes of
antioxidant defense status, SOD and CAT activities, were not
significantly different in the present study; however, higher
activities have been reported in studies with juvenile Japanese
seabass (Xu et al., 2010) and Malabar red snapper (Chee et al.,
2020). Since SOD and CAT are antioxidant enzymes known to
scavenge ROS, increased SOD and CAT activities in those studies
were likely in response to increased ROS production associated
with increased respiratory burst activity.

Histological Examination
Histological evaluation of the distal intestine of rainbow trout
in the present study indicated impaired structural morphology
when fed the LO-16 diet compared to fish fed the LO-8 diet
but not the LO-0 diet. Specifically, fish fed the LO-0 and LO-
16 diets exhibited increased inflammation compared to fish fed
LO-8 diet, while fish fed the LO-16 diet showed reduced size
and number (higher score) of absorptive vacuoles. Again, this
might be explained by the higher level of ARA. Very little has
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been reported regarding the effects of ARA on fish intestinal
histology in fish. Qi et al. (2016) reported that moderate levels
of dietary ARA (0.51% of dry matter) had positive effects on
the number of goblet cells and the length of intestinal villus,
whereas higher ARA levels (0.88 and 0.96%) had detrimental
effects in juvenile golden pompano (Trachinotus ovatus). Yu
et al. (2019) also reported that dietary ARA supplementation
disrupted the intestinal physical barrier of tiger puffer, showing
that the gene expression of tight junction proteins, claudin-4
and 7 and zonula occludens-1, was down-regulated in groups
supplemented with ARA.

Fatty Acid Composition of Filet
An important aspect of the present study was to assess if
LO influenced fatty acid metabolism, as it contains relatively
high EPA and DPA levels. In the present study, muscle fatty
acid profiles generally reflected those of the diets, as reported
previously in other studies in fish (Montero et al., 2005; Turchini
et al., 2009). Interestingly, muscle of fish fed the LO-8 diet showed
lower levels of C16:0, C18:1n-9, C18:2n-6 (linoleic acid, LA) fatty
acids and DPA and higher levels of DHA compared to the diet,
suggesting that the decrease and low retention of these fatty acids
could have occurred due to utilization as an energy source by the
β-oxidation pathway and DPA being converted to DHA. It has
been reported that LA, C16:0, C16:1, and C18:1n-9 fatty acids
are preferred substrates for β-oxidation and energy generation
in the mitochondria (Henderson, 1996; Bell et al., 2004). Drouin
et al. (2019) reported that DPA supplementation affected the
overall fatty acid profile, significantly increased EPA and DHA
in the liver, and resulted in a slight increase of DHA in the
heart and red blood cells in rats. Despite the highest level of
DPA in diet LO-16, the concentrations of DHA in the filet of
fish fed diet LO-16 was numerically lower than those of fish fed
diet LO-8, with perhaps the high inclusion of ARA negatively
affecting the conversion of EPA or DPA to DHA, as ARA, EPA
and DPA compete for the same enzymes (elovl2 and elovl5) in
their synthesis pathways. This is supported by relatively higher
fatty acid content of EPA and DHA in the filet of fish fed diet
LO-16. However, it is worth noting that the filet DHA content
of fish fed diet LO-16 was not significantly different compared
to the diet LO-0. In the current study, the filet EPA + DHA
contents of fish fed all three experimental diets satisfied the
suggested consumption recommendation by the American Heart
Association for people without coronary heart disease (500mg
day−1) and with coronary heart disease (1000 mg day−1).

Gene Expression
The same patterns of gene expression were observed in the liver
and filet. It is generally accepted that the expression of 16fad
is highly responsive to dietary levels of n-3 LC-PUFA, being
up-regulated when fish are fed low dietary levels of n-3 LC-
PUFA, which leads to increased production of EPA and DHA
(Thanuthong et al., 2011; Morais et al., 2012). In contrast, in
the present study, fish fed diets with either 8% LO or 16% LO
showed up-regulation of 16fad in liver and filet, which may
be associated with higher levels of DPA included in both diets
compared to diet LO-0. The rate-limiting step for the LC-PUFA

biosynthetic pathway in fish is controlled by 16fad, as it is the
first enzyme involved in the bioconversion of C18 PUFA to longer
and more unsaturated fatty acids, including the conversion of
DPA to DHA (Sprecher, 2000). This result suggests that the
expression of 16fad is more affected by the dietary levels of DPA
and DHA. Fish fed the LO-16 diet, which had higher EPA and
DPA contents than the other two diets, showed up-regulation
of elovl2 and elovl5 in the filet, potentially explaining the higher
level of DHA in filet compared to diet. Additionally, Gregory and
James (2014) found that, unlike chicken, where both elovl2 and
elovl5 can elongate DPA (Gregory et al., 2013), elongation of DPA
to tetracosapentaenoic acid (24:5n-3), the penultimate precursor
of DHA, is limited to elovl2 in salmonids. For peroxisomal β-
oxidation, acox is regarded as the rate-limiting enzyme (Morais
et al., 2007). In the present study, the expression levels of acox
were up-regulated in both liver and filet with increasing levels
of dietary DPA, indicating that there was active catabolism
of tetracosahexaenoic acid (24:6n-3), the ultimate precursor of
DHA. The up-regulated expression of acox by LO agrees with the
DHA content in the filet, which may indicate that a higher level
of DHA was required by rainbow trout to sustain physiological
function. However, to our knowledge, information on the effects
of DPA on fish growth and health performance in fish is lacking
due to the high cost and limited availability of high-purity DPA
for in vivo studies (Drouin et al., 2019).

CONCLUSIONS

In conclusion, results of the present study demonstrate that
LatitudeTM oil is highly digestible and when fed long-term,
improves fish growth, and yields elevated filet n-3 LC-PUFA
content, making it a sustainable, candidate lipid source for use
in rainbow trout feeds. Interestingly, there was an indication
of suppressed inflammation in the distal intestine of fish fed
the 8% LO inclusion, which was not observed in fish fed the
16% LO inclusion, relative to the LO-0 fed fish. Our results also
suggest that the unique fatty acid profile of this oil, being high
in the fatty acids ARA and DPA, may have functional properties,
including but not limited to oxidative stress and LC-PUFA fatty
acid synthesis, that require further investigation. Additionally,
further studies are needed to refine optimal LO inclusion levels in
rainbow trout and salmonid feeds and to identify themechanisms
leading to improved growth when fed to rainbow trout.
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