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Abstract
Aquaculture plays an important role in providing protein and fatty acids to meet human 
nutritional requirements. The finite supply of marine ingredients has led to increased use of 
vegetable oils in aquafeed. While these oils can meet energy and growth needs, they lack 
nutritionally required ω3 long-chain polyunsaturated fatty acids (ω3 LCPUFAs). Devel-
opment of land-based alternative oil sources to safeguard global aquaculture production, 
while meeting the nutritional needs of both fish and human consumers, is critical. This 
review summarizes studies using a new land-based ω3 LCPUFA canola oil in fish feed to 
support both energy and ω3 LCPUFA requirements of Atlantic salmon during each phase 
of the life cycle, while producing fish with adequate ω3 LCPUFA content to meet human 
nutritional needs. In all cases, growth and performance were comparable to fish fed con-
ventional fish-oil-based diets; no adverse effects were attributed to the use of ω3 canola 
oil. Fatty acid deposition in muscle (fillet) reflected feed composition, resulting in accumu-
lation of alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic 
acid (DHA) and a low ω6:ω3 ratio, making salmon fed ω3 LCPUFA canola oil a sustaina-
ble source of these nutrients for human consumption. Additionally, reduced melanin depos-
its were observed in fish fed ω3 LCPUFA canola oil.

Keywords ω3 LCPUFA canola oil · DHA · EPA · Atlantic salmon · Salmo salar · 
Sustainable feed · Aquaterra®

Introduction

As key components of membranes in virtually all cells, ω3 LCPUFAs, especially doco-
sahexaenoic acid (DHA; C22:6ω-3) and eicosapentaenoic acid (EPA; C20:5ω-3), are criti-
cal for development and maintenance of health (NIH 2022; Tocher 2015). While EPA and 
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DHA can be synthesized from ⍺-linolenic acid (ALA; 18:3ω-3), vertebrates, including 
humans and fish, have limited capacity to do so and therefore must rely on dietary sources 
to meet daily requirements. Fatty fish, such as salmon, tuna, and trout, are common food 
sources of these two ω3 fatty acids, as are fish oil (FO) supplements derived from fatty fish.

Aquaculture plays a meaningful role in meeting the demand for fish consumption and 
is a growing food source globally (Hardy & Kaushik 2022; Garlock et al. 2020). The Food 
and Agriculture Organization (FAO) estimates that aquaculture produces 313,647 tons (live 
weight) of food every day (Tacon et al. 2022; FAO 2020)  currently contributing 49.2% of 
the world’s supply of seafood and has predicted that cultivated aquatic species will pro-
vide an additional 15% of the world’s supply of seafood by 2030 (FAO 2022a). This fast-
growing industry requires input of marine-sourced ingredients as a component of the fish 
diet to support normal growth and development. However, fish, like humans and livestock, 
require specific dietary nutrients, not a particular feed ingredient such as fish meal or FO. 
In fact, the industry has been reducing reliance on marine-derived feed components due to 
pressures imposed by diminishing supplies (Naylor et al. 2021). Whereas 90% of ingredi-
ents in Atlantic salmon feed were marine derived in the 1990s in Norway, Chile, Australia, 
and Canada, current salmon diets contain approximately 25–30% marine ingredients (Aas 
et al. 2019; Ytrestøyl et al. 2015). Vegetable oils, especially canola and soy, are success-
fully being used to replace much of the fat and FO used in fish feed, albeit with decreased 
ω3 LCPUFA content and higher ω6:ω3 ratios in fillets of the harvested fish (Nichols et al. 
2014; Sprague et al. 2016)

While plant-based oils provide the fat needed for energy and growth, they lack the nutri-
tionally required ω3 LCPUFAs and cannot completely replace FOs containing the essential 
fatty acids (EFA) ALA, DHA, and EPA in fish diets. Additionally, replacing ω3 FAs with 
ω6 FAs in aquafeed further exacerbates the greatly imbalanced ω6:ω3 ratio in the human 
diet (Simopolous 2010). As recently demonstrated by Lutfi et al. (2022), an adequate sup-
ply of ω3 LCPUFA in the feed improves the health of farmed Atlantic salmon, emphasiz-
ing the significance of these EFA for welfare, performance, and quality of fish reared in 
aquaculture. The finite supply of marine-derived ingredients (Naylor et al. 2021) requires 
land-based alternatives to safeguard global aquaculture production, while meeting nutri-
tional needs (Tocher et  al. 2019; FAO, 2020). Thus, sustainable and nutrition-sensitive 
practices are essential for aquaculture to contribute to global food and nutrition security 
(Gephart et  al. 2021). Here, we provide an overview of the development of alternative, 
plant-based ω3 sources and review the aquaculture trials conducted to evaluate the efficacy 
of a novel ω3 LCPUFA canola oil (referred to herein as ω3 canola oil for brevity and com-
mercially available as Aquaterra®) in salmonids.

Oilseed crops as alternative sources of ω3 LCPUFAs

Genetically modified oilseed crops represent a sustainable, land-based alternative source of 
ω3 LCPUFAs to address aquaculture, livestock, and human needs. The scalability advan-
tages of crop production include an established infrastructure for the cultivation, harvest, 
processing, and distribution of vegetable oils (Tocher 2015). Oilseed crops deliver a further 
benefit providing protein meal for use in animal feeds. In recent years, two oilseed crops, 
canola (Brassica napus L.) and camelina (Camelina sativa), have been engineered to pro-
vide useful levels of ω3 LCPUFAs in the seed oil.
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Brassica napus (canola)

Early efforts showed that it was possible to produce significant levels of ω3 LCPUFAs in 
the model species Arabidopsis (Petrie et al. 2012) and in the related crop species Brassica 
juncea and B. carinata (Wu et al. 2005; Cheng et al. 2010; Petrie et al. 2014). However, 
canola offers several advantages over other species: it is a widely adapted crop, grown on 
>44 M ha worldwide, with high grain yield and high seed oil content (ca. 40–45%), and its 
oil is already well established as an important ingredient in aquaculture feeds.

Two approaches have been used to engineer production of ω3 LCPUFAs in canola. 
Walsh et al. (2016) transformed canola with a microalgal polyketide synthase-like system to 
produce DHA and EPA in the seed oil. However, the levels of these FAs were low, at 3.7% 
and 0.7%, respectively, and there appears to have been no further development of this crop.

The second approach involves transformation with a suite of genes to create an enzy-
matic pathway leading to production of ω3 LCPUFAs. Petrie et al. (2020) described the 
development of a genetically engineered canola line capable of biosynthesizing a suite 
of ω3 LCPUFAs. This canola (OECD Unique Identifier NS-B5ØØ27-4) was modified 
through the introduction of seven microalgal and yeast genes (Fig. 1) that provide a step-
by-step conversion of endogenous oleic acid (OA; 18:1ω9) and ALA to fish oil-like levels 
of DHA and lower levels of EPA and DPA (docosapentaenoic acid; C22:5ω3) in the seed 
oil (Petrie et al. 2020; MacIntosh et al. 2021; Table 1).

An attractive feature of this oil is that it contains 19–20% ALA, compared to 10% in 
conventional canola varieties. This, combined with the significant levels of DHA (≥8%) 
and other ω3 LCPUFAs, results in a marked change in the ω6:ω3 ratio, from approximately 
2 in conventional canola to 0.21 in  ω3 canola oil (Table 1). Evaluation of the nutritional 
content shows that, except for the intended altered fatty acid composition, oil from DHA 
canola is substantially similar to canola oil (McIntosh et  al., 2021). Oil from this crop, 
referred to as ω3 canola oil in this review, has been approved for use in food and animal 
feed in Australia, Canada, and the USA. Its use in aquaculture is the subject of this review.

Fig. 1  Genetic modification enabling biosynthesis of ω3 LCPUFA from oleic acid in canola
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In similar work, biosynthesis of ω3 LCPUFAs in canola through the introduction of multi-
ple genes has been described by Yilmaz et al. (2017). The oil from this transgenic canola line, 
marketed as Latitude™ by Cargill, contains approximately 7% EPA and 1% DHA (Napier 
et al. 2019) and, due to a much lower level of ALA than in ω3 canola oil (Aquaterra) (ca. 
7%), has a considerably higher ω6:ω3 ratio than ω3 canola oil. Evaluation of Latitude alone 
or in combination with other oils in feed formulations for farmed shrimp (Litopenaeus van-
namei; Gia Vo et al., 2021) and rainbow trout (Oncorhynchus mykiss; Hossain et al. 2021, 
Hong et al. 2022) suggests that this oil supports shrimp and salmonid growth with no harmful 
effects.

Camelina sativa

A similar approach has been used to introduce an ω3 LCPUFA pathway into camelina. Using 
different combinations of elongase and desaturase genes, camelina lines producing high levels 
of EPA, or combinations of EPA and DHA in the seed oil, have been developed (Ruiz-Lopez 
et al. 2014; 2015). Studies using these oils as feed ingredients for several fish species (Betancor 
et al. 2018, 2016a, 2016b; Sprague et al., 2016) demonstrate that partial or full replacement of 
oils typically used in commercial feed by ω3 LCPUFA camelina oil is not only safe and supports 
growth but also results in tissue deposition of EPA and DHA at comparable or higher levels than 
standard feed. However, this has not yet been developed into a commercial product.

Assessment of omega‑3 canola oil in Atlantic salmon

Evaluation during the Atlantic salmon aquaculture life cycle

Atlantic salmon are ranked number 9 by quantity (FAO, 2022b) and number 2 by value 
(FAO, 2019) in world aquaculture, attesting to their importance for the global food supply. 

Table 1  Representative composition of major fatty acids in conventional canola oil and ω3 canola oil, 
expressed as % of total fatty acids (Petrie et al. 2020)

Fatty acid Conventional canola 
oil (%)

ω3 canola oil (%)

Oleic acid 18:1 ω9 59.1 42.0
α-Linolenic acid (ALA) 18:3 ω3 9.5 20.0
Stearidonic acid 18:4 ω3 0 2.2
Eicosatrienoic acid 20:3 ω3 0 0.6
Eicosatetraenoic acid 20:4 ω3 0 1.3
Eicosapentaenoic acid (EPA) 20:5 ω3 0 0.5
Docosapentaenoic acid (DPA) 22:5 ω3 0 1.0
Docosahexaenoic acid (DHA) 22:6 ω3 0 9.7
Sum, ω3 LCPUFAs (≥20 C) 0 13.1
Sum, ω3 FAs 9.6 35.3
Sum, ω6 FAs 19.4 7.4
ω6: ω3 ratio 2.0 0.2
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Atlantic salmon also represent an appropriate model for studying the utility and safety of 
novel aquafeed ingredients, including ω3 canola oil, because it is well-studied, sensitive 
to testing, and commercially relevant. Numerous investigations have evaluated fatty acid 
requirements in Atlantic salmon, and the consequences of inadequate intake are well docu-
mented (Ruyter et al. 2000; Sorenson et al. 2021; Sprague et al. 2016 and 2019), allowing 
these concerns to be targeted in the design of  feeding trials. This review focuses on the 
safety and efficacy of ω3 canola oil as a viable source of ω3 fatty acids in Atlantic salmon.

To evaluate safety and growth of fish fed ω3 canola oil, trials were conducted during 
each of  three phases of the life cycle, i.e., fry/fingerling, grower, and adult  to harvest, in 
varying water temperatures, with different source fish populations, and in both freshwater 
(FW) and seawater (SW) environments (Table 2). This allowed for robust assessment of 
safety and suitability of ω3 canola oil for inclusion in Atlantic salmon feed. The overall 
objective of the five trials reviewed here was to evaluate the influence of feeds containing 
different combinations of fish oil, vegetable (canola) oil, and ω3 canola oil on fish growth, 
survival, and tissue fatty acid deposition at various stages of the salmon life cycle or across 
the entire life cycle. Additional endpoints were included in the respective publications but 
are not the subject of this summary.

Trial designs and methods

According to trial objectives, ω3 canola oil replaced all or part of the fish oil or all or part 
of the vegetable oil in the feed. Details on fish oil, ω3 canola oil, and conventional canola 
oil content are shown in Tables 3, 4, 5, 6, and 7.

Feeds were formulated such that dry ingredients (protein, carbohydrate, minerals, etc.) 
were held constant within a particular trial, as was total oil content, the only variation being 
in the oil composition due to the different sources of oils used. Feeds were manufactured in 
accredited facilities (CSIRO Aquaculture, Bribie Island, QLD, Australia, or Nofima Feed 
Technology Centre, Bergen, Norway) or, in the case of the on-farm trials in Chile, by com-
mercial feed manufacturers in their Chilean facilities. Feed pellet size varied according to 
the size of the fish and increased as required through trial progression. Dry ingredients 
were assembled first, after which the oil mix was vacuum infiltrated into the pellets. The 
ω3 canola oil used in the first four trials was produced under permit at various locations in 
Victoria, Australia; ω3 canola oil for the Chile on-farm trials was produced under permit in 
the USA. All other ingredients were sourced from typical commercial suppliers.

Fish growth and survival were measured in all trials, with feed intake measured when 
possible. Common fish growth and performance measures included the following:

• Specific growth rate (%BW  d−1): SGR = ln (W2/W1) × (t2 − t1)−1 × 100, where W1 and 
W2 are live weights (g) at time (days) t1 and t2, respectively

• Thermal growth coefficient: TGC = (W2
1/3 −  W1

1/3) × (T × d)−1 × 1000, where (T × d) 
is the day-degree sum for the period

• Feed conversion ratio: FCR = feed intake, g/biomass gain, g, where biomass gain is 
(final biomass) + (biomass of mortalities) − (start biomass)

Because Atlantic salmon is an important food source for human consumption, fillet 
quality parameters and fatty acid content were also evaluated in many of the studies 
and, along with growth, are the focus of this review. Total fat content of tissues was 
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measured by conventional techniques (e.g., Folch et al. 1957). Fatty acid composition 
was determined by high performance liquid chromatography (HPLC) as in Ruyter et al. 
(2020) and similar publications (e.g., Betancor et al. 2018). Fillet analysis was conducted 
on the Norwegian Quality Cut (NQC) in all cases. In some trials, astaxanthin content of 
fillets was measured, also by GC. For brevity, only the ALA, EPA, DHA, and ω6:ω3 
ratios in feed and fillets are shown here; full details on fatty acid composition of the diets 
and various tissues can be found in the relevant publications. Enzyme activity related to 
physiological stress was measured according to manufacturers’ kit protocols, and gene 
expression was measured by standard RT-PCR methods or with Nofima’s 44 K salmon 
gene microarray. Full details on all methods can be found in the relevant publications  

Table 5  Experimental details of on-farm Atlantic salmon trials in Chile

* In each trial, 50% of cages were fed the standard feed formulation used by each company and 50% were 
fed the standard formulation with fish oil replaced by ω3 canola oil at the indicated level. EPA+DHA was 
held constant between control and test diets within each trial

Trial Cages Fish/cage Initial weight Fish  oil* replace-
ment (%)

ω3 canola oil 
(% feed)

EPA+DHA 
(% feed)

1 16 40,000 1.6 kg 60 6.8 1.7
2 24 45,000 1.2 kg 50 7.6 1.8
3 18 50,000 150 g 30 4.0 2.0

Table 6  Effect of partial fish oil replacement with ω3 canola oil on Atlantic salmon production performance 
in three on-farm trials, Chile

Weight and survival data are mean ± SD. SGR specific growth rate, SFR specific feed rate, FCRb biologi-
cal feed conversion ratio, FCRe economic feed conversion factor, TGC/GF3 thermal growth coefficient, n/a 
not available, FIFO fish in-fish out ratio, FFDRo forage fish dependency ratio. ^P < 0.05 (Student’s -test) 
control vs. ω3 canola oil within trial

Trial 1 Trial 2 Trial 3

Control ω3 canola oil Control ω3 canola oil Control ω3 canola oil

Production variables
 # cages 8 8 12 12 9 9
 Initial weight (g) 1632 ± 150 1585 ± 77 1240 ± 417 1138 ± 426 158 ± 22 131 ± 9
 Harvest weight 

(g)
5326 ± 175 5265 ± 182 4994 ± 184 4889 ± 189 5593 ± 385 5552 ± 252

 Weight gain (g) 3703 3680 3754 3755 5435 5421
 SGR 0.48 0.48 0.52 0.65 0.81 0.83
 SFR 0.62 0.61 0.72 0.76 1.07 1.12
 FCRb 1.28 1.28 1.40 1.37 1.37 1.35
 FCRe 1.37 1.34 1.60 1.52 1.43 1.40
 TGC/GF3 n/a n/a 1.92 2.01 2.52 2.51
 Survival (%) 93.6 ± 3.45 95.1 ± 3.24 89.3 ± 2.18^ 91.2 ± 1.83 88.9 ± 4.88 90.7 ± 2.78
Sustainability variables
 FIFO 0.85 0.65 0.85 0.52 1.40 1.35
 FFDRo 1.95 0.75 2.90 1.40 1.60 1.10
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(Ruyter et al., 2020; Hatlen et al. 2022; Ruyter et al. 2022). Fillets from one Chilean 
on-farm trial were evaluated for organoleptic parameters according to ISO 8586 (ISO, 
2012) by a qualified 8-member taste panel (Dictuc SA, Santiago, Chile).

Growth and performance trials with ω3 canola oil

Fry/fingerling in freshwater (trials 1 and 2)

Feeding trials were conducted to evaluate the effect of two levels of ω3 canola oil or 
FO on growth, performance, health, and ω3 LCPUFA content in Atlantic salmon fin-
gerling. Separate feeding trials were conducted with ω3 canola oil at two water temper-
atures, one in Australia  at 16 °C and one in Norway at 12 °C. Whole-body fatty acid 
composition was determined in both trials, and fatty acid composition in the muscle, 
liver, and erythrocytes was determined in the 12 °C trial. The key lipid components of 
the four experimental diets for the trials are shown in Table 3; additional details can 
be found in the study publication (Ruyter et al., 2020). Note that the FO and FM came 
from different sources in the two trials, resulting in different EPA and DHA contents in 
the 12 °C and 16 °C diets. Fish meal comprised 79% of the diets at both temperatures, 
which resulted in a much higher EPA level in the FO diets than in the ω3 canola oil 
diets (Table 3). In contrast, ALA content was much higher in the ω3 canola oil diets.

There were no differences in weight gain, specific growth rate, or thermal growth 
coefficient between the dietary groups within each temperature regime (Table 3). SGR 
at 16 °C was 40% higher than at 12 °C. At 12 °C, whole-body fatty acid composition 
varied according to diet, with consistently higher levels of ALA and DHA in fish on 
the ω3 canola oil diets compared to the FO diets (Table 3, comparing low FO with low 
ω3 canola oil and high FO with high ω3 canola oil). EPA content was higher in the fish 
on the FO diets, reflecting the higher EPA content of the FO feeds. Whole-body ALA 
content at 16 °C was higher with the ω3 canola oil diets, but DHA content was slightly 
higher with the FO diets. There were no differences in EPA content, comparing low 
FO with low ω3 canola oil and high FO with high ω3 canola oil, again reflecting the 
EPA content of the feeds. At both temperatures, the ω6:ω3 ratio was consistently lower 
in fish raised on the ω3 canola oil diets compared to FO. In general, similar trends 
were seen in the muscle, liver, and erythrocytes in the 12 °C trial (data not shown here 
but are available in Ruyter et  al. (2020)), although DHA levels tended to be similar 
from the ω3 canola oil and FO diets.

Salmon health was also assessed in the 12 °C trial by examining intestinal morphol-
ogy, analyzing expression of genes associated with stress and toxicity as well as enzyme 
activities related to oxidative stress in organs particularly sensitive to harmful effects, 
i.e., liver and intestine. No differences were noted between dietary groups for histology, 
and no significant differences were demonstrated in expression markers for FA oxida-
tion, FA synthesis, stress, inflammation, or oxidative stress between fish consuming FO 
vs. ω3 canola oil for either the low or high inclusion groups (Ruyter et al. 2020).

Early seawater growth (trial 3)

This trial was designed to investigate the impact of replacing standard canola oil with ω3 
canola oil on growth, composition, and fillet quality of Atlantic salmon in the early phase 
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of growth in seawater (Ruyter et al. 2022). The control feed contained 22% conventional 
canola oil and 5% FO; ω3 canola oil replaced conventional canola oil in stepwise amounts, 
resulting in 22% ω3 canola oil and no conventional canola oil in the final diet (Table  4 
part a). FO content remained constant for all diets, and EPA+DHA levels increased due to 
increasing levels of ω3 canola oil inclusion in the feed.

Salmon with an average weight of 466 g were distributed among 12 tanks with 25 fish 
per tank. The weight of individual fish was measured at startup and upon completion when 
the fish had reached a final weight of approximately 1.5 kg. On completion of the trial, 
blood samples were collected from 5 fish per tank, after which the liver, intestine, and heart 
were removed and weighed.

No significant differences in growth and FCR were observed between dietary groups 
(Table 4 part a). Survival rates were high in all dietary groups (>98%), and no significant 
differences were noted for condition factor (K), SGR, or TGC.

Fatty acid composition analysis showed that progressively higher ω3 canola oil inclu-
sion in the diet resulted in increased levels of ALA, EPA, and DHA in the fillets (Table 4 
part a). ALA and DHA levels increased from 3.9% and 4.8%, respectively, to over 10% 
of the total fatty acids, which led to an increase in total EPA + DHA from 6.6 to 13.0% 
(equivalent to approximately 7.5 mg of EPA + DHA per g of fillet in the control group to 
13.7 mg per g of fillet in the 100% ω3 canola oil group). As previously described with this 
oil, EPA and DHA were similarly incorporated whether from ω3 canola oil or FO (Ruyter 
et al. 2020). Importantly, total ω6 fatty acid levels in the fillets were reduced with increas-
ing ω3 canola oil levels in the diet, resulting in a significant change in the ω6:ω3 ratio, from 
1.48 in the control diet to 0.38 in the 100% ω3 canola oil diet (Table 4 part a).

Fillet quality was also evaluated in this study and showed a significantly redder color in 
groups receiving the three ω3 canola oil-supplemented diets compared with the control diet 
(Ruyter et al., 2022), although there was no significant difference in astaxanthin and idox-
anthin levels in fillets from the different dietary groups.

Twelve‑month growth in SW (trial 4)

To complement the above-described outcomes in young fish in freshwater and seawater, 
a 12-month feeding experiment was conducted with Atlantic salmon growing from 0.7 to 
4.7 kg to determine possible effects of long-term feeding with ω3 canola oil (Hatlen et al. 
2022). Specifically, growth, feed utilization, tissue fatty acid content, and slaughter quality 
of the fish were investigated.

Diets varied in fatty acid composition due to the replacement of conventional canola oil 
with ω3 canola oil (Table 4 part b). Total fat content of the diets increased over the course 
of the trial, as pellet size increased, from 32–33% in the smallest feed to 35–36% in the final 
feed; the diet FA composition shown in Table 4 part b represents the content in the final 
phase of feeding. Atlantic salmon (130 fish per cage, initial average weight 704 g) were dis-
tributed in 9 experimental-size (5×5×5 m) net-cages in seawater (Gildeskål Forskningsstas-
jon AS, Inndyr, Norway). The fish were weighed individually at the start of the trial and 
selected within a pre-defined size range of 600–800 g. Slight over-feeding was done by hand 
and spill was collected daily, counted, and weighed to calculate spill mass. Fish were indi-
vidually weighed at the start and end of the trial and were bulk weighed throughout the trial 
to ensure appropriately sized feed pellets were provided. Water temperature, salinity, oxygen 
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concentration, and transparency depth were measured and logged daily. Water temperature 
varied according to the season, averaging 7.7 °C across the entire trial.

Low mortality was observed in this year-long study. Fifty-two fish, representing 4.4% of the 
starting population died, of which 19 were fed low, 11 med, and 22 high ω3 canola oil diets. 
These numbers are too low to conclude a dietary effect on mortality. Most of the mortality 
occurred in mid-winter (Dec–Jan; n = 27).

Growth and performance measures were similar among dietary treatments (Table 4 part b). 
The fish grew from 0.7 to 4.7 kg during the study with no significant differences observed in 
weight gain, SGR, TGC, and FCR among diets.

Consistent with previous studies (Ruyter et al. 2020, 2022), changes in fatty acid composition 
in the muscle (NQC fillet) reflected diet composition. As the level of ALA and DHA in the diet 
increased, so did the corresponding levels in the muscle (Table 4 part b). In the final sampling, 
muscle ALA and DHA contents were 7.7 and 5.2%, respectively, in fish on the low ω3 canola 
oil diet but increased to 10.5 and 8.1% and to 12.3 and 9.8%, respectively, in the muscle of med 
and high ω3 canola oil diets. Total ω6 fatty acid content of the muscle decreased with increas-
ing dietary ω3 canola oil inclusion level in the diets, and total ω3 increased, resulting in a major 
change in the ω6:ω3 ratio in the fillets, from 0.9 in the low ω3 canola oil diet group to 0.4 in in 
the high ω3 canola oil diet group.

Slaughter and fillet yield were similar between dietary groups (data not shown). Muscle pig-
mentation was similar for all groups; however, the low ω3 canola oil group had significantly 
larger and more obvious melanin spots and more muscle segments affected by spots than the med 
and high ω3 canola oil groups (Fig. 2).

Commercial scale trials in Atlantic salmon (trial 5)

To confirm the feasibility of formulating aquaculture feed with ω3 canola oil in a commer-
cial setting, three trials were conducted independently on Atlantic salmon farms in Chile. 
Five companies (salmon and feed producers) cooperated to conduct three on-farm trials 
with a total population of 2.65 million salmon over three fish farms (Silva et al., 2020).

Design details for each of the three trials are summarized in Table  5. Trials 1 and 2 
included fish with initial weights of 1.6 kg, whereas trial 3 began with fish post-smolt 
weighing 150 g. The control diet, fed to half of the cages in each trial, was the standard 
proprietary formulation typically supplied by each feed company. The test diets fed to 

Fig. 2  Percentage of fillets with 
melanin deposits in the different 
fillet segments in fish fed low, 
medium, (med), or high ω3 
canola oil diets (N = 60 fillets 
examined/cage; data from Hatlen 
et al. (2022))
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the other half of the cages incorporated ω3 canola oil at a level of between 4 and 7% of 
the feed, resulting in a replacement of fish oil with ω3 canola oil between 30 and 60%. 
EPA+DHA levels ranged between 1.7 and 2% of the feed in all trials and were held con-
stant in the control and ω3 canola oil diets within each trial. Total fat balance was achieved 
by removing a portion of the fish oil and a portion of the vegetable oil such that the total 
EPA+DHA concentrations remained the same between the control and experimental diets.

Growth and welfare were monitored by weight gain, FCR, SGR, and survival. Biologi-
cal feed conversion ratio (FCRb), economic feed conversion factor (FCRe), and TGC were 
also determined. Fatty acid analysis (gas chromatography) and astaxanthin content (HPLC) 
of the NQC fillet and color expression in the fillets (SalmoFan™) were determined by 
validated methods in accredited independent commercial laboratories in Chile (SGS Chile 
Ltda., Puerto Varas, Chile, and Tracelab, Puerto Montt, Chile).

Sustainability indicators were also calculated:

• Fish inclusion factor in feed × FCR (FIFO) where fish inclusion factor in feed = [fish 
meal level in diet (%) + fish oil level in diet (%)]/[wild fish meal yield (%) + wild fish 
oil yield (%)], and FCR = amount of feed consumed − [total weight of harvested fish − 
weight of smolts] (all in tons).

• Forage fish dependency ratio (FFDRo) [(% of fish oil in feed from forage fisheries) × 
FCR)/(oil yield)]. Fishmeal yield was estimated at 22.5% and fish oil 5.0%.

Productive performance (growth, weight gain, FCR) showed no significant differ-
ences between the control and ω3 canola oil diets (Table  6). There was a difference, 
however, in the level of mortality, which influenced the economic feed conversion factor 
(FCRe). In trials 1, 2, and 3, there was 1.49%, 1.90%, and 1.87% lower mortality (statis-
tically significant at P < 0.05 in trial 2), respectively, in the cages fed with ω3 canola oil 
compared to the control diets; in all cases, this led to a reduction in FCRe in fish on the 
ω3 canola oil diets.

The composition of the main fatty acids of interest (ALA, EPA, DHA) as g/100g NQC 
are shown in Table 7. In all three trials, ALA and DHA contents were significantly higher 
in fillets of fish fed the ω3 canola oil diets compared with the control diets. In trials 1 and 
2, EPA content was significantly lower in fish on the ω3 canola oil diets. However, in the 
full cycle trial from 150 g smolt to harvest (trial 3), no statistically significant difference 
in the EPA level between diets was observed. There were no differences in the sum of 
EPA+DHA between the two diets in any trial. In all three trials, ω3 FA content was higher 
in fish fed the ω3 canola oil-containing diet; this was reflected in a statistically significant 
decrease in the ω6:ω3 ratio in all trials.

There were no differences in the weight of the fillets between diets in trial 2 (the only 
trial in which this was measured; data not shown). There were no significant differences in 
astaxanthin content between the control diet and the ω3 canola oil-containing diet in any 
of the trials. Fillet color was also equal in fish raised on the two diets, although there was 
a tendency for slightly more fillets to be in the “high” color range in fish fed the ω3 canola 
oil diets (data not shown).

Finally, sensory panel evaluation revealed no differences in samples of raw salmon 
between those fed the ω3 canola oil-containing diet and the control diet except for juici-
ness, which was statistically increased for the ω3 canola oil group (P = 0.01, Figure S1).
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Discussion

The objectives of the trials reported here were threefold: first, to evaluate the safety of ω3 
canola oil as an ingredient in Atlantic salmon feed; second, to determine efficacy of this oil 
as an alternative energy source for fish growth; and third, to evaluate it as a source of key 
fatty acids for tissue deposition. Collectively, the trials encompassed a wide range of fish 
sizes, from fry to full-weight harvest size, under both controlled conditions (indoor tanks), 
sea cages, and full-size pens on commercial farms. Some of the diets may not be of imme-
diate commercial relevance but were designed to examine the safety of ω3 canola oil when 
included at high levels in the diet.

In summary, the studies reviewed here confirm that partial or full replacement of FO 
with a sustainable, canola-based ω3 oil source is safe and supportive of growth and devel-
opment of Atlantic salmon and confirms tissue deposition of beneficial long-chain fatty 
acids essential to fish and human health. Additionally, enhanced quality parameters (i.e., 
reduced melanin markings) point to a potential consumer acceptance benefit. The confir-
mation of these results in long-term trials on commercial farms supports the use of ω3 
canola oil as an ingredient in Atlantic salmon feed.

No differences were observed in growth of Atlantic salmon raised on ω3 canola oil 
diets compared to FO-based diets (Tables 3, 4, and 6). This held true for fry undergoing 
rapid early growth and development (10–20-fold weight increase) and post-smolt seawa-
ter growth to full maturity. Even at high inclusion levels of ω3 canola oil, growth was not 
compromised, and weight gain, SGR, and TGC were consistently equivalent in fish fed the 
control and ω3 canola oil diets. The results of tank trials were confirmed in a 12-month sea 
cage trial and on commercial farms in Chile. Similar results were reported from shorter-
term (11 or 12 week) trials with post-smolt Atlantic salmon on a diet containing transgenic 
camelina oils (Betancor et al., 2016a, 2016b, 2018). In a separate trial, no differences in 
growth and survival were observed in Atlantic salmon fed diets containing ω3 or conven-
tional canola oil during the smoltification process (Hatlen, unpublished).

No detrimental health effects were observed in salmon consuming ω3 canola oil, at 
any growth stage. Various analyses, including histology, skin strength, enzyme activities 
associated with stress metabolism, and gene expression, consistently showed no difference 
between fish fed a diet containing ω3 canola oil and a conventional FO diet. Where there 
were differences, for example in expression of genes related to lipid metabolism, the differ-
ences were associated with the levels of lipid in the diet, not with the source (e.g., Ruyter 
et al. 2020). Survival was high in all trials, again with no difference between fish fed an ω3 
canola oil diet compared to a typical FO diet. Interestingly, survival was slightly higher in 
ω3 canola oil-fed fish in the three on-farm trials in Chile (Table 6; statistically significant 
in trial 2), suggesting a possible benefit to fish supplied with a higher level of ω3 fatty acids 
and/or a reduced ω6:ω3 ratio.

Melanin deposits, thought to be foci of chronic inflammation in muscle cells, have pre-
viously been shown to be reduced with increasing dietary EPA&DHA (Lufti et al., 2022; 
Sissener et  al., 2016). In accordance with these findings, melanin spots were reduced in 
fish supplied high ω3 canola diets in the long-term sea cage trial (Hatlen et al. 2022). Fish 
raised on the high ω3 canola oil diet in the early SW trial discussed here had a higher level 
of anti-inflammatory resolvins in the plasma (Ruyter et al. 2022), suggesting an additional 
benefit of high ω3 LCPUFA inclusion in the diet. The anti-inflammatory effects of these 
fatty acids could be a plausible explanation for the reduced dark spots observed. These 
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results point to an important fillet quality benefit from higher EPA+DHA diets, beyond the 
higher levels of ω3 LCPUFAs available to consumers of the fillets.

In agreement with many other comparable reports (e.g., Betancor et al. 2018; Lufti et al. 
2022; Bou et al. 2017; Sanden et al. 2011), the key ω3 fatty acids ALA, EPA, and DHA 
were deposited in fillets, with the level of incorporation correlating well with the level in 
the feed (Tables 4 and 7). In general, this relationship held true for whole-body and/or tis-
sue FA content across multiple trials with fish of different ages and growing under differ-
ent conditions. Combined data from two of the trials reported here shows that DHA was 
incorporated into muscle tissue in a dose-dependent manner (Fig. 3), similar to previously 
published results (e.g., Bou et al. 2017). Therefore, the fish and consumers of these fish are 
likely to benefit from higher inclusion levels of oils rich in ω3 FAs in the diet. In all cases, 
higher inclusion of ω3 canola oil in the feed resulted in fillets (and other tissues) with lower 
ω6:ω3 ratios, again speaking to the benefit of including an ω3-rich oil in the feed.

The minimum requirement and optimal level of LCPUFAs in Atlantic salmon diets are 
not well defined and likely vary according to growth stage, growing conditions, and other 
lipid components in the diet (Glencross, 2009). Sissener et al. (2016) found no benefit from 
8% EPA+DHA of total lipid in the diet of Atlantic salmon growing in sea cages compared 
to 5% (ca. 2.1 vs. 1.3 EPA+DHA in the diet). Another study found no growth benefit to 
including EPA and DHA in the diets of Atlantic salmon growing in tanks from ca. 50 to 
190 g (Emery et al. 2016). In contrast, other studies have shown a benefit to higher levels 
of EPA+DHA, on both growth and health markers (Hixson et al., 2017; Rosenlund et al. 
2016; Lufti et al. 2022; Bou et al. 2017). For example, Lutfi et al. (2022) reported improved 
growth and fillet quality in Atlantic salmon on a 3.5% EPA+DHA diet compared to lower 
levels (1.0 to 1.6%). Feed inclusion rates of EPA+DHA at 3.5% resulted in higher final 
weights, improved internal organ health and external welfare indicators, better fillet quality 
(higher visual color score), and higher EPA and DHA contents in tissues at the end of the 
trial. It is likely that the requirement for LCPUFAs may be reduced in smaller fish growing 
under ideal conditions but becomes higher when the entire life cycle is considered, and fish 
are exposed to more challenging growing conditions.
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DHA contents. Composite data from Hatlen et al. (2022) and Ruyter et al. (2022)
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The results summarized here suggest that the relatively low level of EPA in ω3 canola 
oil (ca. 0.5%) did not compromise fish health or growth compared to a standard FO diet. 
Previous reports have indicated that under certain conditions, EPA may not be required in 
salmonid diets (Emery et al., 2016; Hixson et al. 2017; Bou et al. 2017), and evidence has 
been presented showing that ALA can be forward converted to EPA and DHA when either 
of these ω3 LCPUFAs is in short supply. Bou et al. (2017) also reported some conversion 
of DHA to EPA in Atlantic salmon fed a diet containing high DHA but no EPA, suggest-
ing an ability to alter FA metabolism (via β-oxidation in this case) to compensate for an 
imbalance in ω3 LCPUFAs in the diet. Ruyter et al. (2022) reported forward conversion of 
ALA to EPA in hepatocytes of Atlantic salmon raised on an ω3 canola oil diet, suggesting 
that the low EPA content can in part be overcome by forward conversion of ALA. The high 
ALA content of ω3 canola oil may therefore contribute to a higher EPA content in the fil-
lets than would be predicted from the dietary inclusion level alone.

The fillets produced in these trials constitute an important source of EPA and DHA for 
human consumption. Current global recommendations for EPA+DHA range from 250 to 
1000 mg/day (Panchal and Brown, 2021). The European Food Safety Authority (EFSA, 
2009) has proposed a 250  mg/day intake of ω3 LCPUFAs (EPA+DHA), in accordance 
with the available evidence on the relationship between intake of these fatty acids and car-
diovascular health in healthy populations. Other agencies have recommended higher lev-
els, e.g., 500 mg/day (ISSFAL, 2004) or 1000 mg/day  (Ministry of Health, Labor and 
Welfare of Japan, 2014). At the level of 250 mg/day, a 100-g portion of fish from the three 
on-farm trials described here would cover the EPA+DHA requirement for 2.3, 4.2, and 
5.4 days (trials 1, 2, and 3, respectively). The levels of EPA+DHA in the feed in these tri-
als were between 1.7 and 2.0% of the diet. Higher inclusion rates of ω3 canola oil or other 
sources of these FAs to increase EPA+DHA levels in feed could benefit fish health and 
support human health by increasing the amount of these key fatty acids in the fillets.

A recent report (Rocker et al. 2022) suggests that the current supply of FO is sufficient 
to sustain the continued growth of Atlantic salmon aquaculture at 2% per year until the 
end of the century. However, this is based on relatively low FO inclusion levels (3% FO, 
equivalent to ca. 0.75% LCPUFA content), which would require slightly over three 100 g 
portions of salmon per week to supply consumers with the recommended intake levels. 
Such a low level of LCPUFA in the feed is almost certainly sub-optimal for fish health and 
productivity and compromises the value of salmon as good source of nutritional fatty acids 
for human consumption. Maintaining FO content at 10% of the feed would support 3% 
annual growth only until 2031, suggesting a shortfall in marine derived LCPUFAs could 
occur within the next decade.

Tocher et al. (2019) calculated that EPA+DHA intake of 500 g/person/day would require 
~1.27 million ton/year of ω3 LCPUFA for a population of approximately 7 billion. This is 
much more than is currently available and would result in a deficit, based on various esti-
mates, between 0.4 and >1 M tons. This shortfall requires alternative solutions, and it has 
been argued that new sources of LCPUFAs can play an important role in increasing the total 
supply available to consumers (Tocher et al. 2019; Napier et al. 2019). Others have suggested 
that novel feed sources are required to reduce pressure on forage fish typically relied on as a 
source of ω3-LCPUFAs for aquaculture (Cottrell et al., 2020). Given the finite supply of FO 
and the possibility of further reductions in the allowable catch of forage fish to prevent over-
fishing, the potential effects of climate change on the oceanic supply of microalgal LCPUFA 
(Hixson and Arts, 2016; Kang, 2011) and the unlikely scenario that salmon consumption will 
increase to three servings per week, the importance of alternative sources of ω3 LCPUFAs for 
fish and human nutrition should not be underestimated. Because salmon feed supplemented 
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with ω3 canola oil has been consistently demonstrated to result in tissue deposition of ω3 fatty 
acids in fillets, this oil represents an important means of ensuring one of the most highly culti-
vated and consumed fish in the human diet remains a meaningful source of these FAs.

Regarding safety of this oil to human consumers, a placebo-controlled, 16-week clinical 
trial in adults demonstrated high availability of DHA from encapsulated ω3 canola oil and 
improved blood LC-ω3 profiles with no negative effects (Lin et al. 2022). Similar results were 
reported for EPA and DHA incorporation into blood lipids from a short-term (8 h) trial using 
transgenic camelina oil containing EPA and DHA (West et al. 2020). Together, these results 
indicate that plant-derived oils can be an important source of ω3 LCPUFAs beneficial for 
human health. To this end, ω3 canola oil has been approved for use in human food in Aus-
tralia, Canada, and the USA (MacIntosh et al. 2021).

Challenges exist in providing adequate ω3 fatty acids to support the growing global popula-
tion. Terrestrial systems offer a sustainable alternative to our dependence on marine sources. 
For example, assuming a canola seed yield of 1 ton/ha, 40% oil content, and 10% DHA in the 
oil, 1 ha can yield approximately 100 kg DHA. In comparison, assuming oily fish contain 
10% oil, at 12% DHA, 10,000 kg of such fish would yield approximately 120-kg DHA. Even 
at conservative estimates of a crop yield of 0.75 tons/ha and lower fish oil content, as is some-
times observed, 1 ha of the ω3 canola oil crop can produce as much DHA as 5000-kg (5 tons) 
harvested fish. Continued investment in the development of plant-based sources of ω3 serves 
as an essential contribution to food security.
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