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Abstract: To determine the replacement of fish oil with vegetable oils in the diet of juvenile Jade perch Scortum barcoo, four feeds 
with each a different oil (fish, sunflower, linseed and a mixture of 75% canola and 25% linseed oil), were fed to Jade perch reared in 
recirculating aquaculture systems (RAS). The trial lasted for 10 weeks and the fatty acid (FA) profile of both feed and fish muscle 
tissue were examined. There was no difference in growth, feed conversion rate (FCR) and mortality. The fish grew from 10 g to 110 
g with a FCR of 1.25 and 0 mortality. The FA profile of the fish muscle tissue reflected the FA profile of the feed. The flesh of the 
fish that were fed the linseed oil diet, were extremely high in omega-3 (n-3) polyunsaturated FA (n-3 PUFA) with 3.75% of wet 
weight. This is one of the highest concentrations of n-3 PUFA ever recorded in fish flesh. In a finishing feeding test, the remaining 
vegetable oil fed fish were fed the fish oil diet for another two weeks immediately after the 10 weeks trial, to check for a possible 
recovery of n-3 highly unsaturated fatty acids (HUFA). The wash out rate of FA towards n-3 HUFA in the muscle tissue was about 
25% over this two weeks period. 
 
Key words: Recirculating aquaculture system, fish oil replacement, fatty acid synthesis, feed conversion ratio, omega 3 fatty acids, 
long chain fatty acid recovery. 
 

1. Introduction 

Man, like all vertebrates, are able to desaturate fatty 

acid (FA) before the ninth carbon starting from the 

carboxyl group. However, they are unable to introduce 

double bonds after the ninth carbon of the FA because 

they lack the ∆12 and ∆15 desaturases that introduce 

double bonds at the omega 6 (n-6) and omega 3 (n-3) 

positions of C18 FA, respectively. Therefore, the n-6 

and n-3 FA are essential and must be ingested [1, 2]. 

The n-6 series are derived from linoleic acid (LA, 

18:2n-6) and the n-3 series from α-linolenic acid 

(ALA, 18:3n-3), which we call the essential FA (EFA) 

for vertebrates (Fig. 1). Physiologically more 
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important than these parental EFA are their elongated 

and desaturated derivatives or metabolites, the highly 

unsaturated fatty acids (HUFA)’s arachidonic acid 

(ARA, C20), eicosapentanoic acid (EPA, C20) and 

docosahexanoic acid (DHA, C22). Although the 

conversion of EFA towards HUFA (also known as 

long chain polyunsaturated FA) is possible in humans, 

the metabolic pathway is very slow and therefore a 

regular intake of HUFA is needed. And one of the best 

sources of n-3 and other HUFA in our diet is fish. 

For this reason, fish are acclaimed to be health 

promoting food and are consequently heavily hunted 

and cultured for human consumption. However, 

aquaculture as a remedy to the robbing and depletion 

of our natural fish resources is a fake, as our 

aquaculture is one of the causes for the high need in fish 
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Fig. 1  Pathways of biosynthesis of C20 and C22 highly unsaturated FA from n-3, n-6 and n-9 C18 precursors. Δ5, Δ6, Δ9, Δ12 
and Δ15 (ω3): fatty acyl desaturases; elo: fatty acyl elongases; β-ox: β-oxidation or chain shortening. 
 

oil (FO) and meal. Indeed, the culture of high trophic, 

carnivorous fish is heavily dependent of the use of FO 

and fish meal as a major feed ingredient. In 2010, 80% 

of the global FO stock was used for aquaculture feed 

(source: FAO), and stocks are still declining with 

prices still rising. Due to the high need and inclusion 

of FO and fish meal in the diets of most cultivated fish 

in our Western world (salmon, cod, tuna, sea bass and 

turbot), much more killogram of fish are used to 

produce these fish than they produce, creating a fish 

in/fish out ratio of three to 20 on one. 

Although marine fish are able to convert LA and 

ALA to longer chained HUFA’s, there is a dietary 

requirement for FO rich in HUFA, rather than for 

shorter chain LA and ALA, presented in most 

vegetable oils (VO) [3]. For example, turbot and black 

sea bream grow optimally on EPA and DHA, but not 

on ALA [4-6]. Conversely, several studies involving 

warm water freshwater species like catfish 

Heterobranchus longifilis [7, 8] tilapia Oreochromis 

sp. [9], Murray cod Maccullochella peelii [10-12] and 

barramundi Lates calcarifer [13] and cold water 

freshwater species like rainbow trout Oncorhynchus 

mykiss [14, 15] and salmon Salmo salar [16] have 

demonstrated the possibility of inclusion of high 

levels of plant oils such as sunflower [17, 18] and 

canola oil (CO) [19, 20] without compromising 

growth or feed conversion. So, in comparison with 

marine fish which generally require substantial 

amounts of HUFA-rich FO in their diet, freshwater 

fish possess a better ability to synthesize HUFA from 

LA and ALA. This is due to Δ5 and Δ6 FA 

desaturases and elongases, important in the HUFA 

biosynthetic pathway, which appears more active in 

freshwater than marine fish [21-23]. Freshwater fish 

species serve as a valuable source of essential FA. 

Compared with marine fish, freshwater fish contain, in 

general, higher levels of PUFA, but also substantial 

concentrations of EPA and DHA [24]. 

The present study assesses the complete 

replacement of FO by VO in the diet of juvenile Jade 

perch Scortum barcoo, a freshwater fish native to the 
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rivers of Eastern Australia. For the moment, Jade 

perch is cultivated in Australia and there is a steady 

increase in production of this species in South East 

Asia and China, and soon production might start in 

Europe as well. We have chosen the Jade perch as it 

has an exquisite taste, is omnivorous (trophic level 2.3) 

and robust, is growing very fast in recirculating 

aquaculture systems (RAS) at high densities (>100 kg 

m-3) (own findings 2010) and it has been shown that 

aquacultured Jade perch have one of the highest n-3 

PUFA contents (3.87% of fish flesh) known in any 

fish [25, 26]. However, fish fed diets high in plant oil 

may have reduced human health benefits compared to 

fish receiving diets with FO as has been demonstrated 

in salmon [14, 17, 27, 28]. Moreover, the amount of 

C-18 EFA can alter the rate of FA metabolism and 

affect the efficiency of the Δ6 desaturase as has been 

shown in Australian Murray cod [29, 30]. This means 

that a substitution of FO by VO might inflict a change 

in the FA composition of a fish and might alter its 

human nutritional and health promoting effects. 

Therefore, we analyzed the growth, feed conversion 

and FA composition of fish fed four different diets 

containing different oils: FO, sunflower oil (SO), 

linseed oil (LO) and a combination of 75% CO and 

25% LO. The latter were combined to obtain equal 

amounts of LA and ALA in the diet with a high 

amount of Oleic acid (OA, 18:1n-9), in order to 

examine the preference of the fish to elongate LA or 

ALA, and to know whether a high amount of OA in 

the feed induces a better growth rate. Finally, we 

looked into the restoration of HUFA (> C20) in these 

fish by changing to diets with FO. 

2. Materials and Methods 

2.1 Animals and Husbandry 

The experiments were conducted in the Aqua4C lab 

at the KU Leuven. Two identical recirculating systems 

were used. Each system consists of four tanks of 400 L, 

a DF-6 polygeyserTM bead filter, two water pumps, pH 

pump, electric heater (Elecro 6 kW), UV unit (Bio-UV 

20) and an oxygen reactor. The daily water exchange 

and water usage kg feed-1 are given in Fig. 2. 

On each tank, one belt feeder was mounted and the 

daily feed ratio was given continuously over a 12 h 

period. The daily feed quantity was obtained from 

earlier comparable studies and standardized to assure 

that feed was consumed in the first ten seconds after 

reaching the water. All fish were weighed weekly and 

the given feed ratio of each tank was increased weekly 

according to the mean body weight of its fish (Table 1). 

The juvenile Jade perch were a F1 generation from 

wild Jade perch and obtained from a hatchery in 

Queensland (Australia). Before the experiment, fish 

were treated with 5 g NaCl L-1 water to ensure they 

were free of ectoparasites and to prevent fungal 
 

  
Fig. 2  Daily water exchange (% water day-1) and water use (L (kg feed)-1) for system 1A (bold line) and system 1B 
(interrupted line). 
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infection [31]. In each tank, 50 fish (±9.1 g) were 

stored and given a different diet. Each group of fish 

was fed a different diet for ten weeks. The second 

system served as the duplicate of the first system and 

all water parameters were kept equal. Before the start 

of the experiment, the fish were fed a commercial 

tilapia diet (tilapico supreme 12-EF, Coppens 

international, Helmond, the Netherlands) and starved 

for two days prior to weighing and distribution over 

the tanks. 

2.2 Experimental Diets 

Four diets were formulated to compare FO, SO, LO 

and a combination of LO (25%) and CO (75%). The 

last feed had proximate equal amounts of LA and 

ALA in order to check for the preference of the fish 

for metabolic extension of n-3 or n-6 EFA. The 

composition of the feed is given in Table 2. The 

optimal amount of fat in the feed (±15%) was 

according to the findings of Song et al. [32]. All four 

diets were isonitrogenous, isocaloric and isolipidic 

and diets were prepared on a 2 mm extrusion line at 

the feed mill of Research Diet Services (Wijk Bij 

Duurstede, the Netherlands). The main feed 

compound ingredients were fish meal (999 LT), corn 

gluten (Cerestar), canola meal (ADM Europe), amino 

acids (Sumitomo Chemical), wheat flour (Van Eck), 

soybean meals (ADM Europe and Cargill), kelp meal 

(CN Schmidt), wheat gluten (Cargill) and brewer’s 

yeast (Leiber GmbH). The feed was enriched with 

vitamins (Roche Vitamins, impextraco) and mineral 

premixes (Roche Vitamins, Esco, tessenderlo group) 

and their dietary inclusion was according to the need 

for intensive cultivation of freshwater fish. The FO 

(Coppens), SO (Romi smilfood), LO (Linagro) and 

CO (Romi smilfood) were 50% mixed in the mesh and 

50% sprayed upon extrusion, to obtain slow slinking 

pellets. 

2.3 Sampling 

Before the start of the trial, 12 fish were used for 

fame analysis of the fish fillet (filets of four fish were 

mixed for each analysis, n = 3). After 10 weeks, all 

fish of each tank were starved for two days and 

weighed, eight fish were used for fame analysis, and 

two fish were used to measure fillet and visceral fat 

and organ (%). In total (two RAS systems), 16 fish of 

each treatment were analyzed for fame analysis and 

four for monitoring of visceral fat and organ (%). For 

fame analysis, four replicates of each treatment were 

made, each containing a mixture of four fish. The 

remaining 40 fish in each tank were then starved for 

one day, refed with FO diet for another two weeks, 

starved for two days, and 12 fish of each treatment 

were collected for fame analysis, resulting in three 

replicates with each containing a mixture of four fish. 

2.4 Chemical Analysis 

Fish feed and fish fillet were isolated and subjected 

to direct transesterification without prior extraction or 

purification [33]. To determine the absolute quantity 

of FA, 13-, 16-docosadienoic acid (22:2 n-6, Nu Chek 

prep. Inc., Elysian, MN, USA) was added as an 

internal standard, after it was verified that this FA was 

absent in feed and fish. Samples were thoroughly 

grinded until a very fine homogenous mash was 
 

Table 1  Daily feed ratio in relation to mean weight. 

Weight of fish (g) Daily feed ratio (% BW) 

Week 0 >10 g 6.0 

Week 1-2 10-20 5.5 

Week 3-4 20-35 5.0 

Week 5-6 40-55 4.4 

Week 7 65-70 4.0 

Week 8-10 70-115 3.6 

%BW: percent of body weight. 
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Table 2  Ingredient and Nutrient composition of the experimental diets. 

TYPE (*) FO SO LO CO + LO 

Ingredient (g kg-1) 

Fish meal LT 999 200 200 200 200 

Corn gluten 100 100 100 100 

Canola meal 100 100 100 100 

Amino acids 1.5 1.5 1.5 1.5 

Wheat flour 180 180 180 180 

Soybean meal 242 242 242 242 

Kelp meal 5 5 5 5 

Wheat gluten 20 20 20 20 

Yeast 5 5 5 5 

Vitamin and mineral premix 30.6 30.6 30.6 30.6 

Oil 

Fish oil 116.5 

Sunflower oil 116.5 

Linseed oil 116.5 29.2 

Canola oil 87.3 

Total 1,000.6 1,000.6 1,000.6 1,000.6 

Nutrients (%) 

Protein  42.3 42 43 42.2 

Fat 14.5 14.7 15.0 14.7 

Energie (kJ g-1) (**) 19.9 19.8 20.2 19.8 

Fiber 3.8 3.6 3.9 3.8 

Ash 7.2 7.1 7.2 7.2 

Moisture 2 3 1 3 

Carbohydrates (***) 30.2 29.6 29.8 29.1 

FA composition (%) 

SFA 4.74 2.00 1.97 1.63 

MUFA 4.21 4.20 3.19 6.89 

OA (18:1n-9) 1.30 3.54 2.68 5.87 

PUFA 5.00 8.42 9.83 6.17 

LA (18:2 n-6) 1.30 3.54 3.05 3.22 

ALA (18:3 n-3) 0.25 0.11 5.73 2.25 

n-3 FA 3.60 0.64 6.35 2.81 

n-6 FA 1.37 7.78 3.48 3.36 

n-3 FA/n-6 FA 2.63 0.08 1.82 0.84 

HUFA n-3 (≥20:3 n-3) 2.85 0.47 0.51 0.50 

EPA (20:5 n-3) 1.30 0.20 0.22 0.21 

DHA (22:6 n-3) 1.40 0.27 0.29 0.29 

HUFA n-6 (≥20:3 n-6) 0.04 - - - 

ARA (20:4 n-6) 0.035 - - 

*Diets; FO: 100% fish oil; SO: 100% sunflower oil; LO: 100% linseed oil; CO + LO: 75% canola oil + 25% linseed oil; 

**Value calculated on the basis of 21.3. 39.5 and 17.2 kJ g-1 of protein, fat and carbohydrate respectively; 

***Value calculated by difference. 
 

obtained, and weighed (250-300 mg) prior to addition 

of chemicals and the internal standard (±3 mg). The 

samples were diluted in solvents with methanolic 

acetyl chloride (20/1, methanol/HCl) for 

transmethylation of the FA. After 1 h incubation at 

95 °C, samples were diluted with water and extracted 

thrice with hexane (+BHT). This hexane fraction was 

dried with water free sodium sulphate and after 
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isolation of the residue, the hexane fraction was 

completely flushed with nitrogen and 5 mL hexane 

was added to obtain an equal FA/hexane concentration 

for all samples. This mixture was again diluted four 

times with hexane. Finally, the FA methyl esters were 

analysed by a gas chromatograph (Shimadzu GC-15A) 

flame ionization detector and injected on-column 

(OCI-G9). The capillary column (Restek Rtx-225, 30 

x × 0.25 mm and film thickness 0.25 µm) was 

connected with a C-R3A integrator (Shimadzu). 

Protein, fat, moisture, ash and fiber of the feed were 

quantified by Weende analysis. All samples (200-300 

gram) were grinded and dried at 70°C prior to analysis. 

The moisture and ash were obtained by further drying 

at 105°C and 550°C respectively. The protein was 

determined by the Kjeldahl-N-method (crude protein = 

total Kjeldahl Nitrogen (TKN) × 6.25), the fat with 

ASE extraction (EU directive 98/64/EG) and the fibre 

with the fibercap system. 

2.5 Statistical Analysis 

Significant differences between the growth 

parameters, filet and organ recovery, and tissue fatty 

acid composition, were determined with SAS 9.3 (Cary, 

NC, USA) by performing one way analysis of variance 

(ANOVA) followed by a Tukey HSD multiple 

comparison of means. This includes the Levene’s test 

for homogeneity in variance. Statistical significance 

was accepted at a probability value of 5% or less. 

2.6 Water Quality Analysis 

During the whole experiment, water quality of the 

recirculation systems was controlled to a standard for 

healthy fish production, and both systems were 

checked for identical water parameters. The pH 

(oxyguard pH probe manta), water temperature 

(oxyguard T probe 420T mA, Oxyguard international, 

Birkerod, Denmark) and oxygen (oxyguard model 420) 

were continuously monitored and ranged of 7-8,  

Table 3  Weight, growth and feed efficiency of the different fish fed different diets. 

FO SO LO CO + LO 

Initial mass (g) 9.1 ± 5.8  9.1 ± 6.2 9.1 ± 5.3 9.1 ± 6.1 

Final mass (g) 115.5 ± 34.7  109.0 ± 34.0 109.0 ± 33.1 106.1 ± 33.6 

Mass gain (g) 106.4 ± 28.9  99.9 ± 27.8 99.9 ± 27.8 97.0 ± 27.5 

SGR (%/day) 3.63 3.55 3.55 3.51 

Total FC (g) 132.7 124.3 126.9 123.7 

FCR 1.25 1.25 1.27 1.27 

Survival (%) 100 99 100 100 

FO, fish oil diet; SO, sunflower diet; LO, linseed oil diet; CO + LO, canola + linseed oil diet; 

SGR, specific growth rate: 100 × (ln(mass final (g)/mass initial (g)))/number of days; 

FC, total feed consumption: total amount consumed by an individual over 70 days; 

FCR, feed conversion ratio: total feed consumption (g)/total mass gain (g); 

Parameters were not significantly different as determined by Tukey HSD (P < 0.05). 
 

Table 4  Fillet and organ + visceral fat recovery as percent of live weight and fillet percent of gutted fish of fish fed different 

diets. 

FO SO LO CO + LO 

Weight (gr) 119.5 ± 44.3 128.00 ± 44.1 121.25 ± 31.1 110.75 ± 27.5 

Filet (%) 40.62 ± 2.1 40.7 ± 1.8 37.89 ± 4.1 38.11 ± 1.7 

Organ (%) 15.6 ± 1.1 15.76 ± 1.9 17.03 ± 1.9 16.88 ± 1.1 

Filet (%) gutted fish 48.15 ± 2.9 48.31 ± 1.4 45.62 ± 4.2 45.84 ± 1.6 

FO, fish oil diet; SO, sunflower diet; LO, linseed oil diet; CO + LO, canola + linseed oil diet; 
Organ%: includes visceral fat; 
Four fish of different weight were analysed per group; 
Parameters were not significantly different as determined by Tukey-Kramer HSD (P < 0.05). 
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24.8-25.3 °C and 6-7 mg L-1, respectively. Other 

important water quality parameters such as total 

ammonium nitrogen (TAN), nitrate-N, phosphate-P 

(HI 8320302 photometer, Hanna instruments, Temse, 

Belgium) and CO2 (HI 3818 CO2 titration test kit, 

Hanna Instruments) were checked weekly and kept 

under 1.2, 0.5, 50, 15 and 20 mg L-1, respectively. The 

salt content was kept between 0-4 ppt NaCl. 

2.7 Fillet Recovery 

After the trial, four fish of each group were used to 

measure visceral fat deposit and fillet recovery. The fish 

were killed with excessive tricaine methane sulfonate 

(ms 222) in ice water and the fillet was obtained by 

using the same filleting strategy for each fish, by cutting 

carefully next to the dorsal fin, the operculum, the 

pectoral fin, over the ribcage, the anal fin and the dorsal 

fin. The viscera and visceral fat were obtained by 

carefully loosing the serous membrane and extracting 

all viscera out of the abdomen. The posterior part of the 

gut was separated from the body by carefully tearing it 

apart from the cloacae and the anterior part of the gut 

was loosened by separating it carefully from the 

esophagus. No feces were present in the gut. 

3. Results 

3.1 Growth Results and Feed Efficiency 

The type of oil used in the diet had no significant 

effect on specific growth rate, feed consumption and 

feed efficiency (Table 3). Fish has increased their 

weight 12 times in 70 days with a feed conversion of 

1.25 (Table 3). Survival in all groups was 100%, except 

for the SO group were one fish died in the seventh 

week of the trial. No signs of disease were observed. 

3.2 Fillet Recovery 

There was no significant weight difference between 

groups (Table 4). Also the fillet recovery and organ 

recovery were not significantly different between the 

groups. After gutting the juvenile Jade perch, almost 

50% of its weight could be used for fillet production 

(Table 4).given in Table 5. The fillet FA composition 

at the end of the trial was largely dependent on the 

dietary FA composition. Each different oil accounts 

mainly for a different amount of EFA in its respective 

feed. Consequently, the relative concentrations of the 

FA (as % of total FA) oleic acid (OA, 18:1n-9), the 

EFA’s linoleic acid (LA, 18:2n-6) and alfa linolenic 

acid (ALA, 18:3n-3) were significantly different in the 

fish tissue of the different groups. There were also 

significant differences between the relative contents of 

n-3 HUFA, n-3 FA, n-6 HUFA, n-6 FA, EPA + DHA, 

the ratio of n-3/n-6 FA and the total amount of 

polyunsaturated FA. These conclusions are also valid 

for the absolute amounts (mg FA g-1 fillet wet weight) 

of these FA, except that there was no significant 

difference between some of the FA between some of 

the different treatments. This is due to the slightly 

different fat content (not significantly different) of the 

tissue of the fish fed the different diets, which has its 

influence in the recalculation factor of relative 

towards absolute amounts of FA. 

In contrary, the HUFA n-3/n-6 content and the total 

HUFA content were for all VO treatments the same 

and significant lower than those of the fish with FO 

diet. The total saturated FA was the highest in the FO 

treatment, and the total monounsaturated FA (MUFA) 

was the highest in the CO treatment and the lowest in 

both other VO treatments. 

For all treatments, there was a higher content of n-3 

HUFA than n-6 HUFA in the flesh, indicating a 

higher preference to further desaturase and elongate 

n-3 PUFA above n-6 PUFA. The FO treatment had 

the highest n-3 HUFA content, while the LO treatment 

had the highest n-3 PUFA content. In the SO 

treatment, the total amount of n-6 FA is 10 times 

higher than n-3 FA, whereas, in the FO and LO 

treatment, there was more n-3 than n-6 FA, resulting 

in a positive n-3/n-6 PUFA balance. In the CO 

treatment, where the feed included almost equal 

amounts of LA and ALA, 
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Table 5  White muscle fatty acid composition of fish fed four different diets. 

FO SO LO CO + LO 
4 pooled fish per replicate.  

N = 3* 
4 pooled fish per replicate. 

N = 4 
4 pooled fish per replicate. 

N = 3* 
4 pooled fish per replicate. 

N = 4 
FA (% of total FA) (mg FA/g fillet) (% of total FA) (mg FA/g fillet) (% of total FA) (mg FA/g fillet) (% of total FA) (mg FA/g fillet)

14:00 4.1±0.0a 6.1±0.1a 1.2±0.0b 1.6±0.1b 1.1±0.0c 1.6±0.2b 1.2±0.0b 1.9±0.2b 

15:00 0.3±0.0a 0.4±0.0a 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 

16:00 24.5±0.4a 36.4±0.7a 22.2±0.1b 26.4±1.4b 19.0±0.4c 27.3±3.7b.c 18.9±0.2c 31.0±2.6c 

16:1(n-9) 0.3±0.0a 0.5±0.0a 0.4±0.0b 0.5±0.0a 0.3±0.3a 0.4±0.1b 0.3±0.0a 0.5±0.1a 

16:1(n-7) 8.8±0.1a 13.1±0.2a 2.0±0.0b 2.6±0.2b 2.4±0.0c 3.5±0.5c 2.5±0.0c 4.1±0.4d 

17:00 0.1±0.0a 0.2±0.0a 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.1b 0.0±0.1b 

17:1(n-7) 0.3±0.0a 0.5±0.0a 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 

18:00 4.1±0.2a 6.1±0.3a 6.0±0.1b 7.8±0.3b 5.2±0.0c 7.5±1.0c 4.4±0.0d 7.3±0.6b 

18:1(n-9) 21.9±0.1a 32.5±0.5a 27.9±0.1b 36.5±1.9a 27.0±0.4c 38.9±5.5a 39.7±0.8d 65.3±6.8b 

18:1(n-7) 1.8±0.0a 2.7±0.1a 0.9±0.0b 1.2±0.1b 1.1±0.0c 1.5±0.2c 1.8±0.0a 3.0±0.3a 

18:2(n-6) 5.5±0.1a 8.2±0.2a 32.2±0.2b 42.1±1.9b 12.5±0.1c 18.0±2.4c 13.0±0.2d 21.4±2.1d 

18:3(n-6) 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 1.6±0.0b 2.3±0.3b 0.5±0.0c 0.8±0.1c 

18:3(n-3) 0.9±0.0a 1.4±0.0a 0.3±0.0b 0.4±0.0b 19.0±0.2c 27.3±3.7c 7.2±0.2d 11.8±0.8d 

18:4(n-3) 1.6±0.0a 2.4±0.0a 0.2±0.0b 0.2±0.0b 2.1±0.2c 3.0±0.5c 1.1±0.1d 1.8±0.3d 

20:00 0.4±0.0a 0.6±0.0a 0.2±0.0b 0.2±0.0b 0.0±0.1c 0.1±0.1c 0.2±0.0d 0.8±0.0d 

20:1(n-9) 3.5±0.1a 5.2±0.1a 0.9±0.0b 1.1±0.0b 0.9±0.0b 1.3±0.2b 1.3±0.0c 2.2±0.2c 

20:3(n-9) 0.2±0.0a 0.3±0.0a 0.3±0.0b 0.4±0.0b 0.2±0.0a 0.3±0.0a 0.3±0.0b 0.5±0.1b 

20:2(n-6) 0.2±0.0a 0.2±0.0a 0.4±0.0b 0.5±0.0b 0.2±0.0a 0.2±0.0a 0.2±0.0c 0.3±0.0c 

20:3(n-6) 0.2±0.0a 0.2±0.0a 1.6±0.0b 2.1±0.1b 0.3±0.0c 0.5±0.1c 0.5±0.0d 0.8±0.1d 

20:4(n-6) 0.1±0.1a 0.1±0.1a 0.2±0.0b 0.3±0.0b 0.0±0.0c 0.0±0.0c 0.0±0.0c 0.0±0.0c 

20:4(n-3) 0.6±0.0a 0.9±0.0a 0.0±0.0b 0.0±0.0b 0.9±0.0c 1.3±0.2c 0.5±0.0d 0.9±0.1a 

20:3(n-3) 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.4±0.0b 0.5±0.1b 0.1±0.0c 0.2±0.0c 

21:00 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.2±0.0b 0.2±0.0b 0.0±0.0a 0.0±0.0a 

20:5(n-3) 3.5±0.0a 5.2±0.1a 0.4±0.0b 0.6±0.0b 0.7±0.0c 1.0±0.1c 0.6±0.0d 1.0±0.1c 

22:00 4.1±0.0a 6.1±0.1a 0.7±0.0b 0.9±0.0b 0.7±0.0b 1.0±0.1bc 0.7±0.0b 1.1±0.1c 

22:1(n-11) 0.3±0.0a 0.5±0.0a 0.0±0.0b 0.0±0.0b 0.2±0.0c 0.2±0.0c 0.2±0.0d 0.4±0.0d 

22:1(n-9) 0.2±0.0a 0.4±0.0a 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0b 

22:4(n-6) 0.0±0.0a 0.0±0.0a 0.2±0.0b 0.3±0.0b 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 

22:5(n-3) 1.6±0.0a 2.4±0.0a 0.4±0.0b 0.5±0.0b 0.8±0.0c 1.1±0.2c 0.7±0.2c 1.1±0.2c 

22:6(n-3) 7.6±0.1a 11.3±0.1a 1.8±0.1b 2.4±0.2b 2.2±0.0b.c 3.2±0.4c 2.4±0.6c 4.0±0.6d 

24:1 (n-9) 0.4±0.0a 0.6±0.0a 0.1±0.1b 0.1±0.1b 0.1±0.0b.c 0.2±0.0b 0.2±0.0c 0.3±0.0c 

Total 97.2±0.3a 144.4±1.8a 98.4±0.1a 128.6±6.5ab 99.0±0.8a 142.5±19.6a 98.6±0.5a 161.9±14.5a 

n-3 HUFA 13.3±0.1a 19.8±0.3a 2.6±0.1b 3.5±0.2b 5.0±0.0c 7.2±1.0c 4.3±0.7d 7.1±0.7c 

n-6 HUFA 0.3±0.1a 0.4±0.1a 2.0±0.0b 2.6±0.1b 0.3±0.0c 0.5±0.1c 0.5±0.0d 0.8±0.1c 

EPA + DHA 11.1±0.1a 16.5±0.2a 2.3±0.1b 3.0±0.2b 2.9±0.0c 4.2±0.5c 3.0±0.5d 4.9±0.5d 

∑n-3 15.9±0.1a 23.6±0.3a 3.2±0.1b 4.1±0.3b 26.1±0.3c 37.5±5.2c 12.6±0.7d 20.6±0.9a 

∑n-6 6.0±0.0a 8.9±0.2a 34.6±0.2b 45.2±2.1b 14.6±0.1c 21.0±2.8c 13.4±0.2d 23.3±2.3c 

n-3/n-6 2.7±0.0a 2.7±0.0a 0.1±0.0b 0.1±0.2b 1.8±0.0c 1.8±0.0c 0.9±0.1d 0.9±0.1d 

∑SFA 37.6±0.6a 55.9±1.0a 28.2±0.1b 36.9±1.9b 26.2±0.5c 37.7±5.1b 25.4±0.2c 41.7±3.5ab 

∑MUFA 37.6±0.3a 55.9±0.9a 32.1±0.1b 42.0±2.2b 31.9±0.4b 46.0±6.5b 46.1±0.9c 75.7±7.8c 

∑PUFA 22.0±0.1a 32.7±0.4a 38.9±0.1b 49.8±2.4b 40.9±0.4c 58.8±8.0c 27.1±0.4d 44.4±3.2b 

∑HUFA 13.8±0.0a 20.4±0.2a 5.0±0.1b 6.5±0.4b 5.5±0.0b 8.0±1.1b 5.2±0.6b 8.4±0.6b 

Total Fat 14.8±0.2a 13.0±0.7ab 14.3±2.0a 16.3±1.4ac 

FO, fish oil diet; SO, sunflower diet; LO linseed oil diet, CO + LO, canola oil diet; *1 sample got lost during laboratory treatment; The 
differences between the relative FA composition (% of total FA) of fish fed different diets and the differences between the absolute FA 
composition (mg/g fillet) of fish fed different diets, were checked for significance by Tukey HSD, P < 0.05; abcd, mean values with ± 
standard deviation not sharing a common superscript were significantly different; n-3 HUFA are the LC n-3 FA and include 20:3(n-3), 
20:4(n-3), 20:5(n-3), 22:5(n-3) and 22:6(n-3); n-6 HUFA are the LC n-6 FA and include 20:3(n-6), 20:4(n-6) and 22:4(n-6); ∑n-3, total 
n-3 FA; ∑n-6, total n-6 FA; ∑sfa, total saturated FA; ∑mufa, total mono unsaturated FA; ∑pufa, total poly unsaturated FA and include 
all FA with min 2 desaturations; ∑hufa, total highly unsaturated FA and include all FA withmin 20 carbon atoms and min 3 
desaturations. 
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there is almost as much n-3 as n-6 PUFA. 

3.4 Restoration Test 

After using FO diet for two weeks, we clearly see a 

positive trend of the FA concentration of the VO diets, 

towards the concentration of FA in the fish fillet of the 

FO muscle (Table 6). In the SO diet, both the n-3 

HUFA as the total n-3 FA were positively recovered 

for about 1/3 towards the FO muscle FA concentration, 

while the n-6 HUFA and the n-6 PUFA were reduced 

for about 1/3 towards the FO muscle FA concentration. 

The same trend happened in the FO recovery of the 

CO fed fish. In the FO recovery of the LO fed fish, we 

see a different scenario: we see a positive recovery 

(16%) of n-3 HUFA but a negative recovery of total 

n-3 FA, n-6 FA and n-6 HUFA. Fish only fed LO had 

a higher n-3 FA content then fish fed linseed oil and 

recovered with FO. But the latter had more n-3 HUFA 

than the first, so a shift of n-3 PUFA towards n-3 

HUFA acids is seen when fish are shifted from a LO 

diet towards a FO diet, with the LO diet higher in n-3 

PUFA and the FO diet higher in n-3 HUFA. 

Nevertheless, for all VO treatments, a two weeks 

restoration with FO diet resulted in a higher n-3 

HUFA/n-6 HUFA ratio in the muscle of the FO 

restored fish then in the muscle of the VO fed fish. 

We observed also a clear positive restoration of 

HUFA and saturated FA (SFA) for about 30% and 

35%, respectively, in the SO diet, 30% and 25% in the 

CO diet and 20% and 15% in the LO diet. Moreover, 

as many (i.e., eight) FA differed in concentration 

between the VO- and FO-fed group as between the 

VO/FO-fed group and the original plain FO-fed 

group. 

4. Discussion 

Over the 10 weeks of the trial, we saw no difference 

in fish survival. There were only small differences in 

the growth and feed efficiency between the different 

groups, although these differences were not significant. 

This implicates that FO can be replaced by any of the 

VO used in the trial, without any compromise on 

growth of feed efficiency. In contrast to the survey on 

silver perch Bidyanus by Smith et al. [34], we 

observed a good performance of juvenile Jade perch 

on all four diets. Also studies with hybrid tilapia [35] 

and ayu [36] have demonstrated a requirement for 

dietary LA and EPA/DHA but not ALA. In addition, 

channel catfish Ictalurus punctatus have a dietary 

requirement for ALA [37]. Conversely, with Jade 

perch, this is not the case as it grows as fine on ALA 

as on LA or EPA/DHA: the performance of the diets 

was equal. 

C18 FA competes with each other in fish tissue for 

oxidation to provide energy. Different concentrations 

of OA in fish feed, can therefore change the 

preference of the fish to utilize in terms of oxidation, 

OA, LA or ALA for energy. With Jade perch, OA 

concentration of the feed does not have a significant 

correlation with the growth rate, feed conversion or fat 

content of the fish. Only in the CO + LO treatment, 

where the highest OA content resulted in the highest 

muscle fat concentration, there was a correlation 

between the concentration of OA in the feed and the 

crude fat concentration in the fish muscle tissue. But 

in general, the OA, LA and ALA concentration of the 

feed did not have any significant influence on the total 

fat content of the fish tissue, as the muscle tissue fat 

concentration of the CO + LO was not significantly 

different to the FO and the LO fed fish. Therefore, we 

can recommend the use of VO instead of FO for the 

inclusion of oil in the diet of juvenile Jade perch. 

However, each of the diets in the current study 

contained fish meal and the current results may have 

been different if the diets did not contain this 

ingredient. The use of VO implies a more sustainable 

feed, both economically and ecologically, and a higher 

net fish production as no FO or meal has to be 

included in the feed. 

We saw a clear association between the FA used in 

the feed and the FA found in the fish flesh, just as has 

been observed in salmon [38], rainbow trout [14, 39], 
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Table 6  White muscle FA composition of fish fed feed with three different VO and restored with FO feed for two weeks. 

FA 
SO > FO LO > FO CO + LO > FO 

4 pooled fish per triplicate 4 pooled fish per triplicate* 4 pooled fish per triplicate 
% of total FA % recovery % of total FA % recovery % of total FA % recovery 

14:00 2.1±0.0b 32.1% 1.7±0.0b 20.4% 2.1±0.0b 32.5% 
15:00 0.0±0.0b 0.0% 0.0±0.0b 0.0% 0.0±0.0b 0.0% 
16:00 21.9±0.0b 38.7% 20.6±0.1c 29.2% 21.1±0.1b 38.9% 
16:1(n-9) 0.4±0.0b 18.9% 0.3±0.0a.b 100.4% 0.4±0.0b 100.0% 
16:1(n-7) 4.3±0.0b 34.1% 3.9±0.1b.c 22.0% 4.9±0.0c 37.4% 
17:00 0.0±0.0b 0.0% 0.0±0.0b 0.0% 0.0±0.0b -20.4% 
17:1(n-7) 0.2±0.0b 57.8% 0.2±0.0b 50.8% 0.2±0.1b 45.6% 
18:00 5.4±0.0ab 33.1% 5.0±0.0ac 22.5% 4.1±0.0d 100.0% 
18:1(n-9) 26.2±0.1b 27.6% 26.5±0.0a 9.2% 34.2±0.1c 31.1% 
18:1(n-7) 1.2±0.0b 35.0% 1.2±0.0c 21.9% 1.9±0.0d 100.0% 
18:2(n-6) 22.8±0.1b 35.1% 11.0±0.0c 21.4% 10.4±0.2d 35.5% 
18:3(n-6) 0.0±0.0a - 1.3±0.0b 19.7% 0.3±0.0c 36.8% 
18:3(n-3) 0.5±0.0b 29.2% 15.4±0.1c 19.6% 4.9±0.0d 36.5% 
18:4(n-3) 0.7±0.0b 35.1% 1.8±0.0a 63.3% 1.3±0.0c 39.9% 
20:00 0.1±0.1b -45.9% 0.1±0.1b 5.3% 0.2±0.0b -26.0% 
20:1(n-9) 1.8±0.1b 36.0% 1.4±0.1b 19.8% 2.1±0.0c 34.0% 
20:3(n-9) 0.0±0.0b 0.0% 0.0±0.0b 0.0% 0.0±0.0b - 
20:2(n-6) 0.3±0.0b 35.4% 0.1±0.0c 0.0% 0.2±0.0c 6.7% 
20:3(n-6) 1.1±0.0b 30.6% 0.3±0.0c 33.5% 0.5±0.0d 10.6% 
20:4(n-6) 0.2±0.0a 13.9% 0.0±0.0b 0.0% 0.0±0.0b 0.0% 
20:4(n-3) 0.3±0.0b 44.5% 0.8±0.0c 41.8% 0.6±0.0d 51.5% 
20:3(n-3) 0.0±0.0a - 0.3±0.0b 5.9% 0.0±0.0a 100.0% 
21:00 0.0±0.0a - 0.0±0.0a 100.0% 0.0±0.0a - 
20:5(n-3) 1.5±0.0b 33.8% 1.2±0.0b.c 18.5% 1.6±0.0c 34.3% 
22:00 1.8±0.0b 34.3% 1.3±0.0c 19.0% 1.8±0.0b 32.2% 
22:1 (n-11) 0.2±0.0b 65.5% 0.2±0.0c 10.0% 0.3±0.0b 42.7% 
22:1(n-9) 0.1±0.1b 53.4% 0.0±0.0c 0.0% 0.0±0.0c 0.0% 
22:4(n-6) 0.1±0.1b 38.4% 0.0±0.0a - 0.0±0.0a - 
22:5(n-3) 0.8±0.0b 32.9% 0.8±0.0c -2.1% 0.9±0.0c 28.7% 
22:6(n-3) 3.6±0.1b 30.7% 3.2±0.0b.c 18.4% 3.9±0.0c 28.0% 
24:1(n-9) 0.3±0.0b 58.4% 0.3±0.1b 50.0% 0.3±0.0b 40.1% 
n-3 HUFA 6.1±0.1b 32.6% 6.4±0.1c 16.1% 7.0±0.0d 29.3% 
n-6 HUFA 1.5±0.1b 30.4% 0.3±0.0a 74.8% 0.5±0.0a 16.4% 
EPA + DHA 5.1±0.1b 31.8% 4.5±0.1bc 18.5% 5.5±0.0c 30.2% 
∑n-3 7.3±0.1b 32.7% 23.6±0.1c 24.5% 13.2±0.1d 17.2% 
∑n-6 24.6±0.2b 34.9% 12.7±0.0c 21.8% 11.3±0.2d 27.8% 
n-3/n-6 0.3±0.0b 8.6% 2.0±0.0c 19.2% 1.3±0.0d 18.7% 
SFA 31.4±0.1b 33.7% 28.6±0.1ab 21.7% 29.3±0.1b 31.4% 
MUFA 34.8±0.2b 47.9% 33.9±0.1c 35.2% 44.0±0.3d 24.7% 
PUFA 31.9±0.3a 38.2% 36.3±0.1b 24.2% 24.5±0.3c 51.1% 
HUFA 7.6±0.2b 29.9% 6.6±0.1b 13.3% 7.4±0.0b 26.6% 
SO > FO, fish fed SO diet for 10 weeks then switched to FO diet for two weeks; LO > FO, fish fed LO diet for 10 weeks then switched 
to FO diet for two weeks; CO + LO > FO, fish fed CO + LO for 10 weeks then switched to FO diet for two weeks; 
*1 sample got lost during laboratory treatment; the differences between the relative FA composition (% of total FA) of fish fed different 
diets were checked for significance by Tukey HSD, P < 0.05. abcd, mean values with ± standard deviation not sharing a common 
superscript were significantly different; % recovery = (% of total FA (VO > FO) % of total FA VO)/(% of total FA, FO% of total FA 
VO) with FO = fish oil diet and VO = vegetable oil diet (SO, LO or CO). It is a figure for the restoration for a given FA for a fish fed VO 
diet and switched to FO diet for two weeks, compared with fish fed only a FO diet. 
 

tilapia [9] and another Australian native freshwater 

fish, Murray cod [10, 11]. Fish oil is rich in n-3 

HUFA like DHA and EPA, and when used in feed, 

yields the highest amounts of n-3 HUFA in the fish 

flesh. Nevertheless, when LO with high ALA and low 

LA, is used, we see that these fillets contain the 
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highest level of total n-3 PUFA, as high as 37.5 mg g-1 

fish fillet. This result confirms the findings of Mooney 

et al. [25, 26] and implies that cultivated Jade perch 

contains in its flesh, depending on the given feed, one 

of the highest amounts of n-3 PUFA amongst fish and 

other vertebrates ever recorded. But of course this will 

only be the case if the feed is high in n-3 PUFA too. 

The concentration of n-3 HUFA is lower than in fish 

fed FO diet, but we see a higher amount of n-3 HUFA 

than in the SO or CO treatment. In the LO treatment, 

with high ALA and low LA, the balance of FA would 

tend to favor the conversion of ALA to EPA and DHA 

via the ∆6 desaturase pathway [3]. 

As the concentration of the n-3 HUFA in the VO 

feeds are about the same, and there is a significant 

higher amount of n-3 HUFA in the fish flesh of the 

LO group, we can conclude that Jade perch is able to 

desaturate and elongate the “vegetal” n-3 EFA, 

towards “animal” n-3 HUFA like EPA and DHA. 

Thus, Jade perch is able to elongate and desaturate 

ALA to EPA and DHA just like Silver perch [40] and 

other fish, however, at a rate sufficient to meet its 

requirements for rapid growth, in contrast to Silver 

perch [34]. 

The fillets of the SO treatment have the highest 

amount of both n-6 HUFA and n-6 PUFA. We can 

therefore conclude that also LA, which is high in SO, 

has been elongated and desaturated towards n-6 

HUFA in the fish tissue. This elongation and 

desaturation of EFA has also been studied in Salmon 

[19, 20, 38, 41, 42]. One should think that the 

preference of the desaturase and elongase enzymes is 

steered by the Michaelis Menten kinetics, where the 

highest amount of substrate implicates the highest 

turnover by the enzymes. But when we look at the CO 

feed with almost equal amounts of the EFA linoleic 

acid (n-6) and ALA (n-3), we see that the desaturase 

and elongase enzymes in the fish have a higher 

affinity for n-3 FA than for n-6 FA. Also in the SO 

treatment, where a much higher amount of n-6 PUFA 

is fed to the fish, the n-6 HUFA are even lower in 

concentration than the n-3 HUFA. This results in a 

ratio of n-3 HUFA over n-6 HUFA higher than 1. 

These results are consistent with previous studies 

on Atlantic salmon [22, 42, 43] and Murray cod [10], 

where a higher elongation to dead end products 

occurred of ALA as compared to LA. The results of 

our study also suggest that elongase has a higher 

affinity towards n-3 PUFA and that the direct 

elongation to dead end products of a small proportion 

of the EFA is a common occurrence in Jade perch. 

Next to that, we see a slight inhibition of the 

conversion of ALA to EPA/DHA in the SO compared 

to the other VO diets, indicating that a high LA/ALA 

ratio will slow down conversion of ALA to EPA/DHA. 

We can conclude that the tissue FA of the fish 

matches their respective dietary treatment, with a part 

of the PUFA that is elongated and desaturated towards 

HUFA, with a preference for n-3 PUFA over n-6 

PUFA. In fish fed diets containing VO, rich in MUFA 

and C18 PUFA, the activity of the enzymes involved 

in the desaturation/elongation pathway are increased 

compared to fish fed diets containing FO [21, 43-45]. 

As previously stated, Jade perch, has already been 

found to have extremely high concentrations of HUFA 

such as EPA and DHA, in its flesh [25]. However, the 

fish used in the survey are cultivated fish and grown 

on feed with a certain amount of FO. In its natural 

habitat, Jade perch will be more prone to take up 

freshwater zooplankton and freshwater algae. As 

freshwater invertebrates have higher concentrations of 

ALA and LA [46-48] and limited sources of DHA [4], 

we can conclude that feeding Jade perch with VO rich 

in ALA and LA, is more similar to the FA 

composition of its natural feed. Therefore Jade perch 

cultivated on VO diets, serve as a valuable source of 

EFA. Compared with marine fish species, they contain 

in general higher levels of C18 PUFA, but also 

substantial concentrations of EPA and DHA. 

Based on the above findings, the overall choice for 

VO in the diet for the Jade perch would be LO, as it 

produces the highest amount of n-3 FA and n-3 HUFA. 
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But we can also conclude that replacing FO with VO 

reduces the accumulation of n-3 HUFA like DHA and 

EPA. This implies that feeding diets rich in plant oils 

has the potential to reduce the important 

cardiovascular, neurological and other health benefits 

associated with eating fish and their n-3 HUFA [28]. 

But as the growth of Jade perch is the same on VO as 

on FO, a finishing strategy to recover the fish with n-3 

HUFA can be successful. This has been done in turbot 

[5], salmon [20], gilthead sea bream [49], Murray cod 

[11, 50] and rainbow trout [39]. In our survey, we also 

see a washout of FA in the VO fed fish by the FA of 

the FO diet. In two weeks, the average washout for all 

FA in all three diets was about 25%. Only the n-3 

HUFA of the LO treatment were washed out at a rate 

of about 15%. To have a more or less equal amount of 

n-3 HUFA as in the FO fed fish, it is necessary to 

have an extended period of washout, eg., four weeks, 

or to include higher amounts of n-3 HUFA in the 

finishing feed. Not to bring the fish in/fish out ratio in 

danger, we would therefore argument to use DHA rich 

heterotrophic thraustochytrids like Schizochytrium sp. 

(35% DHA) or the dinoflagelate Crypthecodinium sp. 

(30% DHA), or for EPA enrichment, the microalgae 

Phaeodactylum tricornutum (3% EPA) instead of FO 

in the finishing feed. There has been successful HUFA 

enrichment feeding trials with these microalgae in 

larval fish (sea bream, European sea bass and striped 

bass) [51], salmon Salmon salar [52], sea bream 

Sparus aurata [53, 54] and channel catfish Ictalurus 

punctatus [55]. 

5. Conclusions 

In short, we report Jade perch to be an excellent 

consumer species for cultivation in RAS due to its fast 

growth, good feed efficiency and high fillet recovery. 

Furthermore, a very high n-3 FA composition in its 

flesh can be achieved without the use of fish oil in its 

diet. Feeding Jade perch with vegetable oil based diets, 

and a switch from feed in the last month of its growth 

stage towards a VO based diet enriched with HUFA 

from micro algae to recover n-3 HUFA, could be an 

excellent way to circumvent the high pressure of 

aquaculture on wild fish stocks for fish oil. 
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