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Abstract — Four diets with differing lipid contents (15, 20, 25 or 30% DM) were tested on small (initial body weight: 27 g) and larger (IBW: 93 g) rainbow trout (Oncorhynchus mykiss) fed on demand
or by hand, respectively. In both trials, voluntary feed intake was inversely related to dietary lipid levels. Protein efficiency increased when dietary fat content increased. Final whole-body lipid content
was positively related to dietary lipid levels. The main sites of lipid storage were visceral adipose tissue and to a lesser extent muscle. Increased fat deposition in the visceral cavity of young trout was
due to both hyperplasic and hypertrophic responses and in larger trout mostly due to a hypertrophic
response. Liver activities of glucose-6-phosphate dehydrogenase and fatty acid synthetase were negatively correlated with fat intake and positively with starch intake, whereas malic enzyme was little
affected by dietary treatments.
rainbow trout / dietary lipid / feed intake / lipid deposition
Résumé — Relation entre le taux de lipides alimentaires et l’ingestion volontaire, les
performances de croissance, les dépôts lipidiques et la lipogénèse hépatique chez la truite
arc-en-ciel. Quatre régimes différant par leur contenu lipidique (15, 20, 25 et 30 % MS) sont testés
chez des truites arc-en-ciel (Oncorhynchus mykiss) de petite taille (poids initial : 27 g) ou plus
grandes (p.i. : 93 g) nourries respectivement à la demande ou à la main. Dans les deux cas, l’augmentation de la teneur en lipides du régime diminue l’ingestion volontaire et augmente l’efficacité protéique et le gain lipidique. La teneur corporelle finale en lipides est positivement corrélée aux taux de
lipides alimentaires. Les sites principaux de stockage des lipides sont le tissu adipeux péri-viscéral
et dans une moindre mesure le muscle. L’élévation des dépôts péri-viscéraux est due, chez les
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truitelles, à une hypertrophie et une hyperplasie concomitante des cellules adipeuses et chez les plus
grandes truites essentiellement à une hypertrophie des cellules existantes. L’activité hépatique de
la glucose-6-phosphate déshydrogénase et de l’acide gras synthétase est inversement corrélée aux quantités de lipides ingérés alors que celle de l’enzyme malique est peu affectée par le régime.
truite arc-en-ciel / lipides alimentaires / ingestion volontaire / dépôt lipidique

1. INTRODUCTION
Besides obtaining more precise information on the optimal protein and energy
requirements of fish, the need for practical
means of reducing uneaten feed waste and
digestive and metabolic losses of nutrients is
well recognised [21, 22]. In fish, proteins
are used as a major energy source and the
protein level required for maximal growth is
considered higher than that of terrestrial
farm animals [29, 84]. It is well established
that protein retention in fish can be improved
by increasing the relative contribution of
non-protein energy (fats or digestible carbohydrates) in the diets [22, 58, 63, 80, 92].
Fats yield greater energy per unit weight
than carbohydrates and digestibility of
dietary fish or vegetable oils is high in the
salmonid species (80 to 95%) [22] whereas
digestibility of carbohydrates is much more
variable depending on the botanical source
as well as on the degree of gelatinisation
[12, 13, 58, 85]. For these reasons, among
the two conventional energy sources, fats
are preferentially incorporated to salmonid
diets to increase the digestible energy levels.
Under self-feeding [15, 30, 41, 46, 61,
74] or hand-feeding (to satiation) conditions
[31, 32, 40, 63], a number of fish species
have been reported to regulate their feed
intake in accordance with their energy
requirements, but the mechanisms involved
in such a process remain unknown.
Although the use of high energy diets
can increase protein efficiency and decrease
nitrogen discharge, one additional prerequisite is that it does not affect fish quality.

Several studies have shown that increasing
fat content of the diets enhances fat deposition [26, 28, 47, 86, 91]. However, the relative importance of the lipid deposition sites
varies markedly among fish species and
includes the liver, visceral adipose tissue or
muscle [1]. In salmonids, mesenteric fat is
the main lipid storage site, possessing a virtually unlimited lipid storage capacity [81].
In mammals, the growth of adipose tissues
is generally explained by the increase in size
(hypertrophy) of adipose cells [77, 79], since
the number of cells is established early in
development [14, 64], but hyperplasic
growth of the adipose tissue remains possible in old subjects in response to lipid or
carbohydrate enriched diets [36, 37]. In fish,
available information is limited, but an
increased storage capacity in visceral adipose tissue by dietary manipulations or environmental conditions seems to be comparable to that of higher vertebrates, resulting
from both mechanisms [35].
In fish, the liver and muscle are considered secondary lipid deposition sites and
adapted for short-term storage [81]. As
reported by Lin et al. [68] who compared
lipid biosynthesis by the liver and visceral
adipose tissue from coho salmon,
Oncorhynchus kisutch, and confirmed by
further studies in other fish species [7, 43,
67], the liver accounts for more de novo
lipid synthesis than the adipose tissue. Body
lipids can also be synthesised de novo from
other carbon donors, such as carbohydrates
or amino acids, as shown by the fat gain / fat
intake ratio above 100% [18, 60]. Dietary
manipulations have been demonstrated to
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affect lipogenesis in the same manner as in
mammals. An increase in dietary fat level
and a concomitant decrease in digestible
carbohydrate content has been shown to
depress the activity of different lipogenic
enzymes in coho salmon, Oncorhynchus
kisutch [68, 69], channel catfish, Ictalurus
punctatus [67] and in juvenile European
sea-bass, Dicentrarchus labrax [33]. However, lipogenesis seems to be less severely
controlled by the dietary fat level in fish
than in mammals, since more than a 10%
increase in dietary lipid content is required
in fish [19, 43] compared to only a 3–4%
increase in sheep and rats [20] to depress
de novo fatty acid synthesis.
The purpose of the investigations reported
here was to examine the relation between
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dietary fat level and voluntary feed intake,
growth and adiposity in rainbow trout at a
young stage and at a marketable size. A second objective was to evaluate the effects of
an increased dietary lipid level on hepatic
lipogenesis and tissue fat deposition.

2. MATERIALS AND METHODS
2.1. Diets, feeding methods
and growth trial
Rainbow trout (Oncorhynchus mykiss)
were fed isonitrogenous diets formulated to
contain increasing lipid levels of 150, 200,
250 and 300 g per kg of dry matter (T15,
T20, T25 and T30; Tab. I). All the diets

Table I. Ingredients and proximate composition of the experimental diets.
T15

T20

T25

T30

Ingredients (g.kg–1)
Fish meal#
Soluble fish protein concentrate (CPSP G)
Fish oil
Extruded peas (Aquatex, France, CP: 217)
Soybean meal (CP: 451)
Vitamin mixture*
Mineral mixture†
Binder (Sodium alginate)

351
50
100
249
220
10
10
10

380
50
149
191
200
10
10
10

403
50
198
119
200
10
10
10

425
50
247
48
200
10
10
10

Proximate composition
Dry matter (DM) (g.kg–1)
Crude protein (N ´ 6.25) (g.kg–1 DM)
Crude fat (g.kg–1 DM)
Starch (g.kg–1 DM)
Gross energy (kJ.g–1 DM)
Crude protein (mg)/Gross energy (mg.kJ–1)
Digestible protein (DP) (g.kg–1 DM)$
Digestible energy (DE) (kJ.g–1 DM)¥
DP/DE (mg.kJ–1)

923
437
145
142
20.2
21.6
40.1
17.1
23.4

937
432
197
104
21.8
19.8
39.8
19.5
20.4

931
433
250
76
22.4
19.3
39.8
20.3
19.6

924
425
302
44
23.3
18.2
39.1
21.4
18.3

# Herring, crude protein (CP) > 700 g.kg–1.
* As per NRC [71].
† Per kg diet: 1.12 g CaCO (40% Ca); 0.62 g MgO (60% Mg); 0.1 g ferric citrate; 0.2 mg KI (75% I); 0.2 g ZnSO
3
4
(36% Zn); 0.15 g CuSO4 (25% Cu); 0.15 g MnSO4 (33% Mn); 2.5 g Ca3(PO4)2 (20% Ca, 18% P); 1 mg CoSO4;
1.5 mg sodium selenite (30% Se); 0.45 g KCl; 0.2 g NaCl.
$ DP was calculated assuming a digestibility coefficient value of 92% [22].
¥ DE was calculated assuming digestibility coefficient values of 85% for T15 diet, 89.5% for T20 diet, 90.5% for
T25 diet and 91.5% for T30 diet [22].
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were made into dry pellets using a laboratory
pelleting machine. The pellet diameter was
3 mm in trial 1 and 5 to 7.5 mm in trial 2.
The first trial was conducted at the INRA
facilities of Saint-Pée-sur-Nivelle (PyrénéesAtlantiques, France) for a period of 9 weeks.
The artificial photoperiod was composed of
13 h light / 11 h dark (light on at 06:30) with
an artificial dawn and dusk of 30 min each.
Tanks (100 L) were supplied with fresh river
water (12.5 ± 1.5 °C; flow rate 5 L.min–1).
Each tank was equipped with a demandfeeder system (Imetronic Sarl, France), composed of a trigger placed 5 mm above the
water surface, an interface that conditioned
the signal from the trigger and a control software that recorded the hour and origin of
the signals and controlled the feeder [16].
The feeder delivered a predetermined
amount of food (around 0.5 g) after each
trigger actuation. Trout with an initial average body weight of 27 g were randomly
allotted into 12 groups of 35 fish each.
Free access to food was for two periods of
2.5 h each per day (07:00–09:30 and
17:00–19:30). Each tank was equipped with
a sediment trap, the efficiency in collecting
waste feed was the same for all tanks and
near 100%.
The second trial was conducted at the
INRA experimental fish farm in Donzacq
(Landes, France) under a natural photoperiod (February - April) for 12 weeks. Tanks
(500 L) were supplied with fresh spring
water (17 ± 1 °C; flow rate 10 L.min–1).
Trout with an average body weight of 93 g
were randomly distributed into eight groups
of 100 fish each. Fish were fed by hand to
visual satiation twice daily (09:00 and
16:00).
2.2. Sample collection
In both trials, fish biomass was recorded
every three weeks and feed intake once a
week. On the day the experiment was
started, 10 fish were sacrificed by a sharp
blow on the head for subsequent initial

whole-body composition. At the end of both
trials, after the final weighing, five fish per
tank were sacrificed for whole-body composition analysis. Visceral adipose tissue
was withdrawn on three fish per dietary
treatment and immediately fixed in osmic
acid solution for subsequent adipose cell
analysis.
In trial 2, the liver, viscera and muscles
were withdrawn from six fish per dietary
treatment, frozen in liquid nitrogen and
stored at –80 °C prior to total lipid analysis. The livers from six other fish per dietary
treatment were withdrawn and immediately
treated for lipogenic enzyme activity assays.
2.3. Analytical methods
Whole fish bodies were crushed,
homogenised and freeze-dried before analysis. Chemical composition of the diets and
whole fish was made using the following
procedures: dry matter after drying at 105 °C
for 24 h, fat after extraction with petroleum
ether by the Soxhlet method, starch by the
glucose-amylase-glucose-oxidase method
[87], protein (N ´ 6.25) by the Kjeldahl
method after acid digestion and gross energy
in an adiabatic bomb calorimeter (IKA).
The liver, viscera and muscles were
homogenised and total lipids were determined by the method of Folch et al. [38],
with chloroform being replaced by
dichloromethane, less toxic than the former.
Visceral adipose tissues were treated as
described by Fauconneau et al. [35] using
the following procedure. Samples of
100 mg of adipose tissues were finely cut,
filtered (50 µm nylon screen), rinsed (NaCl,
9 g.L–1) and fixed for one week in a 1%
osmic acid solution (OsO4 in 15 mM sodium
phosphate buffer). The fixed tissue was then
recovered, filtered (400 mm stainless steel
screen) and rinsed with distilled water. The
solution was filtered (0.45 mm nitrocellulose filter, Whatman). The recovered adipose cells were suspended and left for one
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week in an 8 M urea solution for dissolution of non-fixed material. Finally the suspension of cells was filtered (0.45 mm nitrocellulose filter) and washed with distilled
water containing X100 Triton. The filters
were then observed on a light transmission
microscope (Wild Heerbrugg) equipped with
a camera. The size of each adipocyte was
measured by two orthogonal diameters using
a digitising table connected to a semi-automatic image analyser (VIDS, Systèmes Analytiques, France), with at least 150 cells
being measured on each filter.
For enzyme activity determinations, liver
samples were homogenised in three volumes of ice-cold buffer (0.02 M Tris-HCl,
0.25 M sucrose, 2 mM EDTA, 0.1 M NaF,
0.5 mM phenyl methyl sulphonyl fluoride,
0.01 M b-mercaptoethanol, pH 7.4). Homogenates were centrifuged at 20 000 rpm at
4 °C for 20 min. Soluble protein content of
liver homogenates was determined by the
method of Bradford [17]. The lipogenic
enzyme activities were assayed on the supernatant using spectrophotometric procedures:
glucose-6-phosphate dehydrogenase (G6PD,
EC 1.1.1.49) according to the method of
Bautista et al. [9], malic enzyme (ME, EC
1.1.1.40) according to Ochoa [72] and by
isotopic method: fatty acid synthetase (FAS,
EC 2.3.1.38) according to Hsu et al. [51].
Enzyme activity units (IU), defined as
mmoles of substrate converted to the product per min at an assay temperature, were
expressed per mg of hepatic soluble protein
(specific activity), per gram of liver tissue
(wet weight) or calculated per 100 g fish.
2.4. Statistical analysis
Data were analysed by one-way ANOVA
using SAS-6.09 (SAS Inst., NC, USA).
When F values indicated significance
(P < 0.05), the means were compared using
the Duncan multiple range test. The correlations between nutrient intake and growth
parameters, whole-body or tissue composition and enzyme activities were also
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determined (P < 0.05; Pearson test,
PrismÒ-3.0, Graphpad Software, San Diego,
USA).
3. RESULTS
3.1. Growth performance, intake
and nutrient utilisation
No differences in Final body weights
(FBW) were found between the fish fed
T15, T20 and T25 diets in either of the trials
(Tabs. II and III). However, FBW was
higher in the fish fed diet T30 than in those
fed the other diets. An increase in dietary
lipids caused a significant decrease in voluntary feed intake (VFI) for diets T15, T20
and T25. Daily digestible energy intake
(DEI) was enhanced by dietary lipid levels
in both trials, whereas this effect was statistically significant only in trial 2.
In both trials, the best feed efficiency
(FE) values were obtained with T25 and
T30 diets. Specific growth rate (SGR) and
FE were found to be positively correlated
with fat intake, and protein efficiency ratio
(PER) values and fat gain were generally
higher in the fish fed the high fat diets (T25
and T30) than in those fed lower levels of fat
(T15 and T20). Significant correlations were
found between fat gain and fat intake.
3.2. Whole-body and tissue composition
Whole-body lipid contents ranged respectively from 80 to 100 g.kg–1 and from 135 to
180 g.kg–1 of fresh weight in trial 1 (FBW:
75–80 g) and 2 (FBW: > 400 g) (Tabs. II
and III). Lipid and protein contents were
found to be significantly correlated (positively for lipid and inversely for protein content) to fat intake in both trials (Tabs. II and
III).
Data on the lipid content in different tissues of trial 2 are reported in Table IV. The
hepato-somatic index (HSI) and viscerosomatic index (VSI) ranged respectively
from 1.1 to 1.2% and 9 to 13% body weight.

74.3 ± 1.2b
20.2 ± 0.4a
321 ± 7
1.86 ± 0.02
0.85 ± 0.02b
713 ± 3ab
80 ± 6 b
170 ± 2a
7.7 ± 0.1b
1.94 ± 0.04b
3.12 ± 0.09a
1.64 ± 0.15b
117 ± 21

Growth performances
FBW (g)2
VFI (g.kg–1 ABW/day)
DEI (kJ.kg–1 ABW/day)3
SGR (%.day–1)4
Feed Efficiency5

Whole-body composition
Water (g.kg–1)
Total lipids (g.kg–1)
Protein (N ´ 6.25) (g.kg–1)
Energy (kJ.g–1)

Nutrient retention
PER6
Protein Gain7
Fat Gain7

Adipose cell diameter (mm)

106 ± 8

2.11 ± 0.13a
2.93 ± 0.16ab
1.91 ± 0.22a

709 ± 4b
91 ± 8ab
162 ± 2b
8.0 ± 0.1a

75.2 ± 2.9b
19.1 ± 0.7b
348 ± 13
1.88 ± 0.10
0.91 ± 0.06ab

3.52 ± 0.13c

T20

89 ± 6

2.25 ± 0.11a
2.91 ± 0.12ab
2.15 ± 0.11a

712 ± 6ab
98 ± 4a
160 ± 3b
7.9 ± 0.1a

75.4 ± 0.3b
18.0 ± 0.8b
340 ± 16
1.90 ± 0.03
0.97 ± 0.05a

4.19 ± 0.19b

T25

89 ± 6

2.29 ± 0.04a
2.78 ± 0.03b
2.03 ± 0.02a

720 ± 1a
92 ± 1ab
152 ± 1c
7.5 ± 0.1b

79.8 ± 0.7a
18.7 ± 0.2b
368 ± 5
1.99 ± 0.01
0.97 ± 0.02a

5.22 ± 0.06a

T30

–0.67

–0.78
–0.72
–0.70

–
–0.63
–0.86
–

–0.71
–
–0.82
–0.65
–0.72

r

Values are means ± SD (n = 3). Values within a row with different superscript letters were significantly different (P < 0.05, n.s.: not significant).
1 IBW, Initial mean body weight.
2 FBW, Final body weight.
† ABW, Average body weight: (IBW + FBW) / 2.
3 DEI, Digestible energy intake.
4 SGR, Specific growth rate: (ln(FBW) – ln(IBW)) ´ 100 / days.
5 Feed efficiency: (weight gain / feed intake).
6 PER, Protein efficiency ratio: (weight gain/ crude protein intake).
7 Gain: (final carcass nutrient content in gram – initial carcass nutrient content in gram) / kg ABW / days.

2.71 ± 0.06d

Fat intake (g.kg–1 ABW†/day)

T15

0.026

0.005
0.012
0.016

n.s.
< 0.0396
< 0.0001
n.s.

0.014
n.s.
0.002
0.029
0.013

P

Table II. Effects of dietary lipid levels on growth performances, voluntary feed intake, feed efficiency, whole-body composition, nutrient retention and
mean diameters of adipose cells in trial 1 and relationship between fat intake and different parameters (r, Pearson correlation coefficient).
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79 ± 2b

1.80 ± 0.01b
2.70 ± 0.04
2.64 ± 0.15b
78 ± 2b

Nutrient retention
PER6
Protein Gain7
Fat Gain7

656 ± 2a
137 ± 1
174 ± 1
9.7 ± 0.1b

95 ± 5a

1.96 ± 0.05a
2.63 ± 0.04
3.36 ± 0.15ab

633 ± 1b
170 ± 7
167 ± 3
10.6 ± 0.0a

446.5 ± 15.6ab
17.9 ± 0.3c
375 ± 6a
1.92 ± 0.03ab
0.90 ± 0.02ab

4.44 ± 0.07b

T25

96 ± 3a

2.00 ± 0.00a
2.52 ± 0.06
3.66 ± 0.45a

620 ± 10b
184 ± 22
159 ± 3
10.9 ± 0.2a

466.3 ± 1.8a
17.7 ± 0.0c
381 ± 0a
1.97 ± 0.00a
0.92 ± 0.00a

5.08 ± 0.00a

T30

0.88

0.95
–
0.87

–0.92
0.86
–0.73
0.94

0.88
–0.95
0.98
0.91
0.95

r

Values are means ± SD (n = 2). Values within a row with different superscript letters are significantly different (P < 0.05, n.s.: not significant).
See Table II for details or abbreviations.

Adipose cell diameter (mm)

1.85 ± 0.02b
2.74 ± 0.18
2.68 ± 0.02b

659 ± 1a
135 ± 7
173 ± 3
9.5 ± 0.1b

Whole-body composition
Water (g.kg–1)
Total lipids (g.kg–1)
Protein (N ´ 6.25) (g.kg–1)
Energy (kJ.g–1)

432.9 ± 3.3b
18.4 ± 0.1b
356 ± 2b
1.89 ± 0.01b
0.86 ± 0.01bc

424.5 ± 8.5b
18.8 ± 0.0a
323 ± 1c
1.87 ± 0.01b
0.83 ± 0.00c

Growth performances
FBW (g)2
VFI (g.kg–1 ABW/day)
DEI (kJ.kg–1 ABW/day)3
SGR (%.day–1)4
Feed Efficiency5

3.59 ± 0.02c

2.63 ± 0.00d

T20

Fat intake (g.kg–1 ABW†/day)

T15

< <0.0002

< <0.0002
n.s.
< 0.005

< 0.001
< 0.006
< 0.039
< <0.0005

<0.004
< 0.0002
< 0.0001
< 0.0015
< 0.0003

P

Table III. Effects of dietary lipid levels on growth performances, voluntary feed intake, feed efficiency, whole-body composition, nutrient retention and
mean diameters of adipose cells in trial 2 and relationship between fat intake and different parameters (r, Pearson correlation coefficient).
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1.2 ± 0.2
9.1 ± 0.0b

5.2 ± 0.4
0.06 ± 0.01

51.1 ± 0.5b
4.7 ± 0.1b

8.8 ± 0.1b
4.6 ± 0.2c

HSI2
VSI3

Liver
(g/100 g tissue wet weight)
(g/tissue of a 100 g fish)

Viscera
(g/100 g tissue wet weight)
(g/tissue of a 100 g fish)

Muscle
(g/100 g tissue wet weight)
(g/tissue of a 100 g fish)
9.9 ± 0.3b
5.3 ± 0.1bc

52.5 ± 2.4b
5.3 ± 0.1b

5.9 ± 1.2
0.06 ± 0.01

1.1 ± 0.0
10.1 ± 0.5b

3.59 ± 0.02c

T20

11.2 ± 0.5ab
5.6 ± 0.2b

59.1 ± 1.6a
7.1 ± 0.2a

7.4 ± 0.2
0.09 ± 0.01

1.2 ± 0.1
12.0 ± 0.0a

4.44 ± 0.07b

T25

13.3 ± 1.4a
6.4 ± 0.4a

59.9 ± 0.8a
7.8 ± 0.7a

7.5 ± 1.0
0.08 ± 0.01

1.1 ± 0.0
12.9 ± 0.9a

5.08 ± 0.00a

T30

0.92
0.94

0.91
0.95

0.83
0.75

–
0.96

r

Values are means ± SD (n = 6). Values within a row with different superscript letters are significantly different (P < 0.05, n.s.: not significant).
1 FBW, Final mean body weight.
2 HSI, Hepatosomatic index: (liver weight / body weight) / 100.
3 VSI, Viscerosomatic index: (viscera weight + perivisceral adipose tissue weight / body weight) / 100.

2.63 ± 0.00d

Fat intake (g.kg–1 ABW†/day)

T15

0.001
0.0005

0.002
0.0002

0.002
0.034

n.s.
0.0002

P

Table IV. Effects of dietary lipid levels on somatic index and tissue lipid content in trial 2 and relationship between fat intake and different parameters
(r, Pearson correlation coefficient).

494

A. Gélineau et al.

Increased lipid levels in rainbow trout feed

HSI was not significantly affected by dietary
treatment. VSI was positively correlated to
fat intake. Hepatic fat content ranging from
52 to 75 g.kg–1 of fresh weight, visceral fat
content ranging from 510 to 600 g.kg–1 of
fresh weight and muscle fat content ranging from 90 to 130 g.kg–1 of fresh weight
were found to be positively and strongly
correlated with fat intake.
3.3. Distribution frequencies
and means of adipocyte diameters
in visceral fat tissues
Diameters of visceral adipose cells
ranged from 25 to 230 mm in both trials. In
trial 1, mean adipocyte diameters were not
statistically different (P > 0.05) among treatments, although they were negatively correlated with fat intake (Tab. II). Inversely, in
trial 2, adipose cell diameters were significantly lower with T15 and T20 diets than
with T25 and T30 diets (Tab. III).

Figure 1. Frequency
distributions of adipose cell diameter in
perivisceral tissue
from trout of 75 g
mean body weight
(trial 1, A) and trout
of 450 g mean body
weight (trial 2, B).
Means of three individuals are given with
standard deviations
(vertical bars).
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In trial 1 (Fig. 1A), the percentage of
middle size (50 to 150 mm) adipocytes was
shown to be correlated with fat intake
(r = 0.96; P = 0.04). In addition, the percentage of large adipocytes (> 150 mm) was
shown to be inversely correlated to fat intake
(r = – 0.99; P = 0.01).
In trial 2 (Fig. 1B), small adipocytes were
less frequent in trout fed the T30 diet than in
the other dietary treatments. Middle size adipose cells were more frequent in trout fed
the T30 diet than in the other dietary treatments. The frequency of large adipocytes
was higher in trout fed the T25 and T30 diets
than in those fed the T15 and T20 diets.
3.4. Activities of lipogenic enzymes
Data on the activities of the three lipogenic
enzymes assayed in trial 2 are reported as IU
per liver in Figure 2 and per mg protein or per
100 g whole fish in Table V. Among the
two NADPH-generating dehydrogenases,
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Figure 2. Relation between mean daily fat intake and activities of hepatic lipogenic enzymes (FAS,
Fatty acid synthetase; G6PD, Glucose-6-phosphate dehydrogenase; ME, Malic enzyme) in trial 2. Each
symbol represents one individual. Straight lines represent a linear correlation between daily fat intake
and G6PD, FAS or ME activity (n = 24).

the activity of G6PD was significantly
higher (2 to 3 fold) than that of ME. G6PD
activity (expressed as IU per mg protein or
per 100 g of whole fish) was significantly
affected by the dietary lipid level, with
enhanced activities in fish fed the T15 diet
compared to those fed the other diets. G6PD
activity (expressed as IU per g liver) was
also found to be negatively correlated with
fat intake (Fig. 2) and positively correlated
with starch intake (r = 0.73, P < 0.0001).
Malic enzyme and FAS activities were notsignificantly different (P > 0.05) among
dietary treatments, but expressed as IU per
g liver, they were negatively correlated to
fat intake (Fig. 2) and positively correlated
to starch intake (r = 0.42, P = 0.04 and
r = 0.48, P = 0.02 respectively).

4. DISCUSSION
In the present study, rainbow trout fed
either on demand by means of self-feeders
(trial 1) or by hand to satiation (trial 2)
tended to adjust their daily feed intake to

digestible energy content, in agreement with
earlier findings [31, 54, 58, 63]. Very early,
Kaushik et al. [59] and Kaushik and Luquet
[57] found that in rainbow trout, the voluntary feed intake was controlled by the availability of energy. However, in hand-fed
trout, the compensation of lower dietary
lipid levels (T15 and T20 diets) by an
increase in feed intake was not sufficient to
reach the same amount of daily DE intake as
with a higher dietary lipid content (T25 and
T30). Alanärä [3] and Alanärä and Kiessling
[4] did not find any significant relation
between dietary energy content and demandfeeding activity for rainbow trout and Arctic charr (Salvelinus alpinus), respectively.
These authors suggested that the difference
in energy content between the diets they
used (1.2 kJ . g –1 DM) was too small to
induce any regulation of feeding activity.
In agreement with this, in the present study,
significant changes in feeding activity were
detected when the difference between
dietary digestible energy contents was at
least 2.2 kJ . g –1 DM. However, in small
Atlantic salmon, Salmo salar, the difference

0.05 ± 0.01
3.64 ± 0.78

196.4 ± 31.3
13.10 ± 1.86

Malic enzyme
IU/ mg protein
IU/ tissue of a 100 g fish

Fatty acid synthetase
mIU/ mg protein
mIU/tissue of a 100 g fish
185.2 ± 39.9
10.51 ± 2.75

0.05 ± 0.01
2.75 ± 0.58

0.11 ± 0.02b
6.54 ± 1.39b

3.61
1.73

T20

202.6 ± 45.4
12.19 ± 3.77

0.05 ± 0.01
2.80 ± 0.74

0.10 ± 0.02b
6.04 ± 0.84b

4.39
1.27

T25

153.0 ± 37.0
9.19 ± 2.56

0.05 ± 0.01
2.86 ± 0.57

0.10 ± 0.01b
5.92 ± 0.90b

5.08
0.65

T30
P

–
–

–
–

n.s.
n.s.

n.s.
n.s.

–0.67 < 0.0003
–0.72 < 0.0001

r

Fat intake

Values are means ± SD (n = 6). Values within a row with different superscript letters are significantly different (P < 0.05, n.s.: not significant).
1 FBW, Final body weight.
‡ ABW, Average body weight: (initial body weight + final body weight) / 2.

0.15 ± 0.04a
10.18 ± 1.98a

2.62
2.26

Glucose-6-phosphate dehydrogenase
IU/ mg protein
IU/ tissue of a 100 g fish

Fat intake (g.kg–1ABW‡/day)
Starch intake (g.kg–1 ABW‡/day)

T15

P

–
–

–
–

n.s.
n.s.

n.s.
n.s.

0.34 < 0.0008
0.68 < 0.00018

r

Starch intake

Table V. Effects of dietary lipid levels on hepatic lipogenic enzyme activity in trial 2 and the relationship (correlation) between fat intake or starch intake
and different parameters (r, Pearson’s correlation coefficient).

Increased lipid levels in rainbow trout feed
497

498

A. Gélineau et al.

required in dietary energy content to obtain
significant variations in voluntary feed
intake was only 1.1 kJ.g–1 DM [74].
In pigs, the energy density of the diet has
been shown to affect feed intake [70]. Cole
et al. [24] suggested that pigs eat enough
for constant digestible energy, except when
a low energy diet limits intake physically, or
when very high density diets are ingested
in greater quantities to avoid an under filled
stomach, inducing hyperphagia. According
to Colgan [25], stomach fullness should be
responsible for short-term feed intake regulation in fish. A recent study with European sea bass [34] showed that the dietary
dilution with bulk agents increases VFI, but
when corrected for nutrient dilution, VFI
expressed per unit of body weight remains
constant. It cannot therefore be excluded
that regulation of food intake, when animals
are fed with diets of extremely low or
extremely high energy density, may be partially mediated through the control of gastric
emptying [62].
Our study confirms the existence of a
positive effect of high dietary energy contents on feed efficiency and protein efficiency ratio as already described in the rainbow trout [10, 15, 55, 58, 63]. In hand-fed
trout, FE and PER were respectively
enhanced by 11% and 7.5% from 15% to
30% dietary lipid contents, whereas in selffed trout, this rise was more evident (14%
for FE and 18% for PER). It can be assumed
that these differences between the two trials
are not only due to the feeding method, but
also to fish size (the fish used in trial 1 were
smaller than those used in trial 2), the maintenance and growth components of protein
requirements changing with increasing body
size.
In accordance with earlier data in rainbow trout with a wide range of sizes [55,
58, 63, 76, 86], our data confirmed the existence of a fattening effect of fat enriched
diets on the liver, viscera and also muscle in
large rainbow trout. Of these different tissues, the viscera were more affected by

dietary lipid levels than the muscle or liver
as reported earlier [44, 81, 86, 91]. The
increase in viscera and muscle fat contents
were responsible respectively for 63% and
37% of the increase of whole body fat contents between the T15 and T30 diets.
Whether such differences in fat deposition are due to changes in adipose cell size
or in adipose cell number have so far not
been clearly known. A few studies suggest
that, in large rainbow trout, both hypertrophy
and hyperplasia of adipose cells coexist in
response to changes in ration size, dietary
lipid sources or thermal conditions [11, 35].
To our knowledge, this is the first observation that visceral adipose tissue is affected
by the dietary lipid level and furthermore in
an age- or size-dependant manner. Although
literature data in fish are scarce, Fauconneau
et al. [35] observed relatively higher proportions of small adipocytes (< 30 mm)
in large trout (630 g) than in young trout
(110 g). In our study, irrespective of
the dietary treatment, small adipocytes
(< 50 mm) were also more frequent in large
trout (19 to 33%) than in young trout (5 to
14%), showing continuous recruitment.
In mammals, it is generally admitted that
the number of cells in adipose tissues is fixed
early in development [14, 64] and a further
increase in adipose tissue mass is mainly due
to hypertrophy. However, in adults, several
studies have revealed the existence of a
hyperplasic growth of adipose tissue in
response to fat or carbohydrate enriched diets
[2, 36, 37, 65]. In young trout (75 g),
increased dietary lipid content generated an
increase in the frequency of small (< 50 mm)
and middle-sized (50–150 mm) adipose cells
and a consequent fall in the proportion
of larger adipocytes (> 150 mm). In larger
trout (450 g), the frequency of small cells
decreased and that of large cells increased
with elevated dietary lipid contents, without affecting the frequency of middle-sized
adipocytes. It is suspected that the development of visceral adipose tissue related to fat
enriched diets in trout might involve both
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hyperplasic and hypertrophic processes
depending on the developmental stage. Our
data suggest that the hyperplasic process is
stimulated by fat enriched diets in young
trout, consequently increasing the storage
capacity of the adipose tissue, with a concomitant increase in cell size. In larger trout,
the storage potentiality being already developed and higher than that of young trout,
high dietary fat content induced hypertrophy of the existing small adipocytes.
Lipogenesis represents the final common
fate for surplus non-fat energy and contributes to the macronutrient energy balance
[42]. In pigs [73], ruminants [50, 53, 89],
dogs [8] and cats [78], adipose tissue is the
major site of de novo fatty acid synthesis. In
rodents such as rats, mice and rabbits, both
the adipose tissue and liver are important
sites of lipogenesis [48, 66]. In man [48]
and most avian species [45, 48], the liver is
identified as the major contributor to fatty
acid synthesis. In fish, most studies [7, 43,
67, 68] have demonstrated the primary role
of the liver in de novo fatty acid synthesis,
adipose tissue being better adapted for storage of dietary lipids or neo-synthesised fatty
acids from the liver [23, 43].
Of the two NADPH-generating enzymes,
malic enzyme (ME) activity was two-fold
lower than that of glucose-6-phosphate
dehydrogenase (G6PD), as earlier studies
have also shown on coho salmon, rainbow
trout and sea bass [33, 52, 68, 69, 90]. It can
therefore be deduced that, in these species
most cytoplasmic reducing equivalents
(NADPH) come from the pentose-phosphate
pathway.
Lipogenic enzyme activities in the trout
liver revealed that G6PD, FAS and to a
lesser extent ME activities were depressed
when diets passed from a high carbohydrate
level (diet T15) to a high fat level (diet T30).
Liver G6PD activity was 1.6 fold higher in
trout fed the lower lipid content diet, which
was also richer in total starch (14% DM),
than in those fed the 30% lipid diet (containing 4.4% DM starch). Liver ME activity
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was found to be only slightly negatively correlated with fat intake and positively to
starch intake, but, as previously observed
by Walzem et al. [90], changes in ME activity were also found to be correlated with
growth rate, which was more responsible
for these variations than dietary treatments.
FAS activity was negatively correlated with
fat intake but starch intake was shown to be
the most important factor affecting FAS
activity (r = 0.48, P = 0.02).
The inhibitory effects of high dietary lipid
level on lipogenic enzyme activities have
been reported in several teleost species [6,
56, 67, 68, 75, 82, 83]. However, in contrast to most mammals in which de novo
lipogenesis is inhibited even by small
increases in dietary fat [20], in fish this is
only obvious when dietary lipid content
exceeds 10% [43, 67]. Our results on FAS
activity confirm that the regulation of lipogenesis by dietary fat is less severely controlled in trout than in other animals.
Carbohydrate-rich diets stimulated
enzymes involved in the lipogenic pathway
in mammals [48, 88]. Similarly, our results
confirmed this stimulatory effect of high
dietary carbohydrates on lipogenic enzyme
activity in rainbow trout, as previously
reported in the same species [49] and in
other teleost species [27, 32, 39, 67, 82, 83].
These effects of dietary carbohydrate
and/or lipids on lipogenic enzyme activities
have been recently confirmed in vitro by
studies on trout hepatocytes [5].
In conclusion, although optimal use of
high energy diets can increase protein efficiency and despite the adaptive response
of rainbow trout to high-fat diets through
(1) maintenance of energy intake up to values of 20.5 kJ DE.g–1 diet, (2) increased
utilisation of lipids for energy purposes and
(3) reduction of hepatic lipogenesis, trout
continued depositing in order to maintain
the chemical composition of their wholebody and tissues. Simply stated, feeding
trout a high fat diet produced fatter fish,
with lipid deposition being primarily in the
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visceral cavity and to a lesser extent in the
muscle. Since the development with age of
adipose tissue is correlated with a recruitment of pre-adipocytes, an increased storage
capacity by dietary manipulations results
from hyperplasic and hypertrophic processes
in trout. Besides, the use of a high fat diet
depresses de novo fatty acid synthesis and
increases lipid storage of dietary origin.
Therefore, a high quality dietary lipid profile
may impair the nutritional value of fish flesh
as human food.
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