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This study compared three different fish species, striped catfish (Pangasius hypophthalmus), African catfish
(Clarias gariepinus) and snakehead (Channa striata), regarding the effect of dietary macronutrient composition on:
1. the fillet yield and the fillet chemical composition; 2. the location of fat deposition within the body (fillet,
liver, viscera or rest fraction). The selected species were studied for the development of net energy formulas, in
three different studies. The design of these studies and especially the diet formulation were similar. Diets were
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Fillet fat or without extra fat supplementation. Fillet yield of striped catfish (P. hypophthalmus), African catfish

(C. gariepinus) and snakehead (C. striata) was not affected by the dietary macronutrient composition. Fillet fat
and protein contents were changed by the dietary macronutrient composition. In all compartments (liver,
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The location of fat deposition

Fillet viscera, fillet and the rest fraction), both dietary fat and dietary carbohydrates levels increased the fat content.
Liver The response to dietary carbohydrates in snakehead, a lowering of fillet fat content, is opposite to the response in
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both catfish species. The distribution of the total amount of body fat over the different compartments, was not
influenced by dietary carbohydrates level, but did depend on dietary fat level. Dietary fat supplementation led to
relatively more fat in viscera and fillet but less fat was stored in the rest fraction. In striped catfish
(P. hypophthalmus), African catfish (C. gariepinus) and snakehead (C. striata), most of the body fat is stored in the
rest fraction (head, skin, subcutaneous fat, scales, bones and air bladders).

Rest fraction

1. Introduction inclusion levels of starch in fish feed may limit the growth performance

of Nile tilapia (Oreochromis niloticus) (Schrama et al., 2012), barramundi

The increasing use of carbohydrates and fat in fish feed (Craig et al.,
2017; Ytrestgyl et al., 2015) increases the variability in dietary
non-protein energy content. Fish need energy for maintenance and
growth. Energy can be acquired from either protein or non-protein
sources, i.e., fat and carbohydrates. Because protein is the most expen-
sive macronutrient in fish feed, fish farmers prefer that dietary protein is
used for protein growth and especially muscle growth rather than for
energy. In general digestible carbohydrates, mainly starch, is a cheaper
energy source than fat. However, there are indications that too high
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(Lates calcarifer) (Glencross et al., 2017), snakehead (Channa striata)
(Phan et al., 2021a,b) and rainbow trout (Oncorhynchus mykiss) (Groot
et al., 2021).

Among fish tissues, in most cases only muscles (i.e., fillets) are used
for human consumption. Liver, viscera, head, bones and skin are regu-
larly used as by-products for feed production. In various fish species, the
yield of the fillet is low, being around 30%, e.g. in striped catfish (Pan-
gasius hypophthalmus) (Asemani et al., 2019; Da et al., 2012), African
catfish (Clarias gariepinus) (Jantrarotai et al., 1998) and snakehead
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(C. striata) (Tan and Azhar, 2014). From a food efficiency perspective, it
is important to know if changing dietary macronutrient composition can
increase the fillet yield. In addition, fish consumers have diversified
preferences of tastes and firmness for the fish fillet. The tastes and
firmness of the fillet are related to its chemical composition, i.e., protein,
fat. If the fillet composition can be modified by dietary macronutrient
composition, e.g. by adding dietary energy from either fat or carbohy-
drates, the preferred composition of the fillet can be obtained by
tailoring the feed (i.e., functional feeds for fillet). Likewise, if the
amount of energy in the body compartments used as by-products can be
reduced, this will contribute to the resource use efficiency. Thus, the
information about the effect of dietary macronutrient composition on
fillet composition might enable the formulation of balanced feeds for
optimal fillet yield, fillet nutrient content and resource use efficiency.
Yet, only few studies have assessed the impact of dietary macronutrient
composition on the nutrient partitioning over different compartments
(fillet, liver, viscera and the rest fraction) in fish (Salze et al., 2014;
Teodésio et al., 2021; Van der Meer et al., 1997).

Biologically, dietary protein, fat and carbohydrates can be converted
to somatic fat and partly stored at different locations in the body, for
example in the liver, viscera, fillet and the rest fraction, which in this
study are defined as different body compartments. However, publica-
tions regarding the impact of dietary macronutrient composition on fat
deposition mainly focus on the whole body and/ or fillet composition
(Aliyu-Paiko et al.,, 2010; Rodehutscord and Pfeffer, 1999). Hence,
limited information is available on the location of fat storage in specific
body compartments for fish. The location of fat storage differs between
fish species. European eel mainly stores fat in muscle (Otwell and
Rickards, 1981), while African catfish accumulates fat in the abdominal
cavity (Matter et al., 2004) and cod (Gordus morhua) accumulates fat in
the liver (Hemre et al., 1989). These differences between fish species
may lead to variation in impact of dietary macronutrient composition on
the location of fat deposition in liver, viscera, fillet and the rest fraction.

This study compared three different fish species, striped catfish
(P. hypophthalmus), African catfish (C. gariepinus) and snakehead
(C. striata), regarding the effect of dietary macronutrient composition
on: 1. the fillet yield and the fillet chemical composition; 2. the location
of fat deposition within the body (fillet, liver, viscera or rest fraction).
The selected species were studied for the development of net energy
formulas, in three different studies (striped catfish - P. hypophthalmus,
Phan et al., 2021b; snakehead - C. striata, Phan et al., 2021a). The design
of these studies and especially the diet formulation were similar. Diets
were formulated according to a 2 x 2 factorial design: with or without
extra carbohydrates supplementation; and with or without fat extra
supplementation; and fed at two different feeding levels. The data used
in the current study are from fish sampled at the highest feeding level.

2. Materials and methods
2.1. Experimental diets

This study had a 3 x 2 x 2 factorial design with the following factors:
species including striped catfish (P. hypophthalmus), African catfish
(C. gariepinus) and snakehead (C. striata); dietary carbohydrates level
(low versus high); and dietary fat level (low versus high). For all fish
species, firstly, a basal diet was formulated that covered the nutritional
requirements for the fish. This diet had a low carbohydrates and low fat
content. The other 3 experimental diets were formulated according to
the 2 by 2 design by diluting 575 units of basal diet with 300 units of a
carbohydrates source and or 125 units of a fat source (Table 1). Since all
4 experimental diets within species were aimed to be on average within
the range of commercial diets, the protein content of the basal diet was
set lower for striped catfish (P. hypophthalmus), compared to snakehead
(C. striata) and African catfish (C. gariepinus) (Table 1). Soybean oil was
used as a fat source for striped catfish (P. hypophthalmus) and snakehead
(C. striata) and a blend of rapeseed oil and soybean oil (1: 1) for African
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Table 1
Chemical composition of diets (g. kg~!, on a dry matter basis) fed to striped
catfish, African catfish and snakehead.

Diet
Low carbohydrates High carbohydrates
Low fat High fat Low fat High fat

Mixing ratios
Fat source' 0 125 0 125
Carbohydrates source” 0 0 300 300
Basal mixture® 575 575 575 575
Analyzed chemical composition
Crude protein

Striped catfish 380 300 260 243

African catfish 502 412 329 284

Snakehead 535 435 419 367
Fat

Striped catfish 62 236 44 165

African catfish 83 251 57 182

Snakehead 70 195 54 162
Carbohydrates”

Striped catfish 426 348 597 501

African catfish 319 260 552 479

Snakehead 224 226 407 365
Starch

Striped catfish 209 187 375 334

African catfish 171 140 436 396

Snakehead 147 139 346 298
Ash

Striped catfish 132 117 99 91

African catfish 96 77 63 55

Snakehead 171 144 120 106
Energy (MJ. kg™!)

Striped catfish 18.3 21.8 17.9 20.7

African catfish 20.5 24.4 19.5 22.1

Snakehead 18.4 21.3 18.4 21.1

1 Fat source is the blend of soybean oil and rapeseed oil (1:1) for African
catfish or soya oil for striped catfish and snakehead.

2 Carbohydrates source is cassava for striped catfish or wheat flour for African
catfish and snakehead.

3 For striped catfish, basal mixture includes soybean meal 17.4%, rice bran full
fat 17.4%, fishmeal 15.7%, wheat flour 13.9%, wheat 12.2%, rapeseed meal 7%,
feather meal 7%, premix 9.6%. For African catfish, basal mixture includes
fishmeal 13.9%, soya protein concentrate 13.9%, pea protein 13.9%, wheat
gluten 13.9%, wheat 15.4%, wheat bran 17.4%, premix 11.5%. For snakehead,
basal mixture includes fishmeal 34.8%, soy protein concentrate 20.9%, meat
bone meal 13.9%, wheat 17.4%, wheat flour 5.2%, premix 7.8%.

* Total carbohydrates = 1000 — (protein + fat + ash). Starch, protein, fat and
ash were determined based on chemical analysis.

catfish (C. gariepinus). Wheat flour was used as carbohydrates source for
African catfish (C. gariepinus) and snakehead (C. striata) and cassava for
striped catfish (P. hypophthalmus). Both these carbohydrates sources are
high in starch content, which is reflected in the large contrast in starch
content between the experimental diets (Table 1).

All diets were produced by extrusion into 3 mm pellets. Diets for
snakehead (C. striata) and striped catfish (P. hypophthalmus) were pro-
duced by De Heus (Vinh Long, Vietnam). Diets for African catfish
(C. gariepinus) were produced by Research Diet Service (Wijk bij Duur-
stede, The Netherlands). For details on pellet production for striped
catfish (P. hypophthalmus) and snakehead (C. striata) see Phan et al.
(2021a,b).

All species were fed restrictively by hand twice daily at 9.00 and
15.00. The fish sampled in this study for compartment analysis were fed
a level of 22 g.kg %8.d"! for striped catfish (P. hypophthalmus) and Af-
rican catfish (C. gariepinus) and 20 g.kg’o's.d'1 for snakehead (C. striata).
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These feeding levels were close to apparent satiation. On the first day of
feeding, the feed given was calculated by multiplying the initial biomass
of fish in tank with the feeding level, i.e., 20 or 22 g.kg%.d}. The feed
given to fish was adjusted per day based on the predicted daily body
weight. The predicted daily body weight was calculated by adding the
predicted daily weight gain to the initial body weight on a day basis. The
predicted daily weight gain at the first day was calculated by dividing
the amount of feed consumed in the previous meal by the assumed FCR,
which was 1.1, 1.0 and 1.2 for striped catfish (P. hypophthalmus), African
catfish (C. gariepinus) and snakehead (C. striata), respectively.

To avoid suppressed growth, the more carnivorous the studied fish
species (snakehead (C. striata) > African catfish (C. gariepinus) > striped
catfish (P. hypophthalmus), the higher the protein content of the diets,
but the supplementation of carbohydrate and fat sources for the three
species were comparable (Fig. 1).

2.2. Animal ethics

The African catfish (C. gariepinus) study was conducted in the
research facility of CARUS-ARF at Wageningen University (The
Netherlands) in accordance with the Dutch law on the use of animals
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Fig. 1. The composition of the four diets: low carbohydrates low fat (LCLF),
low carbohydrates high fat (LCHF), high carbohydrates low fat (HCLF), high
carbohydrates high fat (HCHF) fed to striped catfish, African catfish and
snakehead on a weight basis (A) and on an energy basis (B).
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(Act on Animal Experiments) for scientific purposes and was approved
by the Central Animal Experiments Committee (CCD) of The
Netherlands (project number: 2018.W-0021.001). The snakehead
(C. striata) and striped catfish (P. hypophthalmus) studies were conducted
at the research and development centre of De Heus in Vinh Long
(Vietnam) in compliance with Vietnamese law. Additionally, the
experimental procedures were internally evaluated by the Ethical
Committee judging Animal Experiments of Wageningen University (The
Netherlands) and approved for meeting the EU regulations for the care
and use of laboratory animals conform to Directive 2010/63/EU. These
fish were kept and handled in agreement with EU-legislation and Viet-
namese laws.

2.3. Fish handling

The experiments on striped catfish (P. hypophthalmus) and snakehead
(C. striata) were conducted in 500-L round tanks (0.6 m in height and 1
m in diameter), which were integrated in a recirculating aquaculture
system (RAS) with a water flow per tank of 30 L.min"'. The experiment
on African catfish (C. gariepinus) was conducted in 70-L rectangular glass
tanks (70 x 35 x 40 cm, length x width x height), which were integrated
into a RAS with a water flow per tank of 7 L.min . In all experiments,
the four experimental diets were randomly assigned to one of 12 tanks
(three replicates per diet). The initial body weight of striped catfish
(P. hypophthalmus), African catfish (C. gariepinus) and snakehead
(C. striata) were, respectively 29.1 g, 71.6 g, and 29.1 g. In the striped
catfish, African catfish (C. gariepinus) and snakehead (C. striata) exper-
iment, respectively 120, 35 and 100 fish were stocked per tank and the
experimental length was 63, 30 and 42 days, respectively.

Average water quality parameters during the striped catfish experi-
ment for temperature, oxygen, pH, conductivity, NH4-N, NOs-N and
NO3-N, respectively, 28.6 + 0.49 °C, 5.01 + 1.04 mg.L™}, 7.2 + 0.22, 2.8
+0.59 mS.m?, <0.5 mg.L’l, < 0.5 mg.L’l, and < 50 mg.L’l. Average
water quality parameters during the African catfish (C. gariepinus)
experiment for temperature, oxygen, pH, conductivity, NH4-N, NOo-N
and NOs-N, were respectively 27.7 +0.2°C, 6.3 + 0.3 mg.L’l, 7.24+0.3,
4+0.4mS.m?,0.4+02mgL?,0.3+0.2mg.L "' and 304.2 + 78.2 mg.
L. Average water quality parameters during the snakehead (C. striata)
experiment for temperature, oxygen, pH, conductivity, NH4-N, NOy-N
and NO3-N, were respectively, 28.5°C+0.8,8 + 0.17 mg.L’l, 6.94+0.3,
2.6 + 0.69 mS.m?, < 1 mgL™}, <1 mgL™}, and < 50 mg.L™!. To
measure temperature and oxygen, the device HQ40 (Hach co., United
Kingdom) was used. To measure conductivity and pH, the device
HI8633 (Hanna co., Rumani) was used. Other parameters were
measured by using the test kit (Sera GmbH, Germany).

2.4. Sample preparation and chemical analysis

The day prior to the end of each experiment, fish were not fed. At the
end of the experiment 20 striped catfish (P. hypophthalmus) per tank,
seven African catfish (C. gariepinus) per tank and five snakehead
(C. striata) per tank were randomly selected for body compartment
measurements. Striped catfish (P. hypophthalmus) and snakehead
(C. striata) were euthanized by using an overdose of Aqui-S (Aqui-S New
Zealand Ltd., Lower Hutt, New Zealand) and African catfish
(C. gariepinus) were euthanized by using an overdose of 2-phenoxyetha-
nol. The selected fish were batch weighed per tank. Striped catfish
(P. hypophthalmus) were dissected directly after ending the experiment;
African catfish (C. gariepinus) and snakehead (C. striata) were first frozen
at —20 °C for later dissection. Fish were separated into four compart-
ments: 1) fillets; 2) livers (without gallbladder); 3) viscera including
pancreas, stomach, intestine, gonadal glands, abdominal fat tissue and
gallbladder; and 4) the rest fraction including head, skin, subcutaneous
fat, scales, bones and air bladders. First fish were gutted and livers were
separated from the viscera excluding the gallbladder. The viscera were
collected including abdominal fat tissue and gallbladder. Thereafter, the
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carcasses were skinned after which fish were filleted. The four defined
compartments were pooled and weighed per tank and thereafter frozen
at —20 °C for later analysis. The sample preparation before chemical
analysis was according to the methods reported for body composition
measurement by Saravanan et al. (2012).

Before chemical analysis, fish compartment samples were thawed
and minced to ensure sample homogeneity. In thawed samples dry
matter (DM) was measured fresh material. For ash, crude protein (CP),
fat and gross energy (GE) analyses samples were first oven-dried (60 °C).
Proximate composition of the compartments were analysed according to
ISO-standard analysis for determination of dry matter (DM; ISO 6496:
2009), crude ash (ISO 5984:2002), crude fat (ISO 6492, 1999), crude
protein (ISO 16634—2:2009, crude protein = Kjeldahl-N x 6.25), starch
(ISO 6493: 2000), and energy (bomb calorimeter, ISO 98,311,998).

2.5. Calculations

The organ somatic indices (%) were calculated by dividing the organ
weight by the mean body weight of sampled fish. The absolute amount
of protein and fat in compartments (i.e., liver, viscera, fillet and the rest)
were determined by multiplying the protein or fat content by the
respective organ somatic indices and the total body weight of the
sampled fish. The total amount of protein and fat in the body is the sum
of the absolute amounts of nutrients in the four compartments. The
protein and fat deposition (as % of total protein and fat amount in the
body) in compartments is calculated by dividing the absolute amounts of
protein and fat in the compartments by the total amount of protein and
fat in the body. The fat deposition in fillet, liver, viscera and the rest
fraction was used to indicate the location of fat deposition in the present
study.

2.6. Statistical analysis

Data analysis was conducted using statistical analysis systems sta-
tistical software package version 9.1 (SAS Institute). Three-way ANOVA
was used to investigate the effect of species, dietary carbohydrates, fat
supplementation and their interaction on the organ somatic indices,
compartment chemical composition and location of protein and fat
deposition. Tank was used as the experimental unit in the statistical
analysis. Tukey’s test was used for post hoc pairwise comparison of
means. Significance was set at P < 0.05.

3. Results
3.1. Growth performance

At the end of the experiments, a total of 240 striped catfish
(P. hypothalamus) (20 ﬁsh.tank‘l), 84 African catfish (C. gariepinus) (7
ﬁsh.tank’l), and 60 snakehead (C. striata) (5 fish.tank ') were sampled
with a mean final body weight (BW) of 109.3 g, 212.0 g and 122.7 g,
respectively. Increasing dietary carbohydrates decreased the final body
weight of the studied fish species. The final body weight of striped
catfish (P. hypophthalmus), African catfish (C. gariepinus) and snakehead
(C. striata) (110.6 g, 198.1 g, and 103.3 g, respectively) at the high di-
etary carbohydrates levels was lower than that of fish (134.8 g, 2259 g,
115.3 g, respectively) at the low dietary carbohydrates levels (P < 0.05)
(Supplementary table S1). Increasing dietary fat did not affect the final
body weight of the studied fish species.

3.2. Compartment somatic indices

Fillet yield differed between species (P < 0.05). Snakehead
(C. striata) had the highest fillet yield (33.3%) and African catfish
(C. gariepinus) had the lowest fillet yield (29.8%) (Table 2). Neither
carbohydrates nor fat supplementation affected the fillet yield for the
three species (P > 0.05) (Table 3,4, Supplementary table S1).
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Table 2

Differences between the studied fish species regarding somatic indices,
composition (g. kg ™!, on a wet weight basis) of body compartments and location
of deposited protein and fat over body compartments averaged over the four
experimental diets.

Species
Striped African Snakehead SEM P
catfish catfish values

Somatic indices (%)

Hepato-somatic 2.0 2.0 2.1 0.11 ns

index

Viscera somatic 6.2° 4.9° 3.7¢ 0.33  **

index

Fillet yield 31.8% 29.8° 33.3% 1.54 wEE

Rest fraction 55.8°" 57.2° 53.9¢ 1.25  xEx
Liver composition (g. kg™!)

Dry matter 228" 298? - 6.2 Hk

Ash 16 10° - 1.5 e

Protein 1417 og® 135° 8.0 *

Fat 46° 138° 200% 10.1
Viscera composition (g. kg™!)

Dry matter 4982 463 401¢ 38.2 ok

Ash 15 8 12 8.4 ns

Protein 81® 99® 147° 10.6 ¥

Fat 394 3317 215 40.8
Fillet composition (g. kg~!)

Dry matter 242 238 244 4.4

Ash 13? 12° 12° 0.5

Protein 166° 180° 206° 2.3

Fat 65° 51° 17¢ 38
Composition of rest fraction (g.

kg™

Dry matter 3542 310° 340° 6.4 s

Ash 44® 41 78? 32 e

Protein 143¢ 161° 1917 35  ww

Fat 147° 102" 64° 37 e
Location of deposited protein

(%)

Liver 2.1° 1.3¢ 1.5° 0.12

Viscera 3.6 3.1 3.0 0.39 ns

Fillet 37.6% 35.1° 38.1% 1.38 ek

Rest fraction 56.8" 60.5° 57.3 1.59  *x
Location of deposited fat (%)

Liver 0.8° 3.1° 8.0 0.54  xxx

Viscera 19.3 17.5 15.6 2.66 ns

Fillet 15.8% 15.8% 8.9 1.59  *x

Rest fraction 64.2 63.5 67.5 2.58 ns

Means within rows lacking a common superscript are significantly different.
SEM and P values are based on three—way ANOVA.*** P<0.001; ns, non-
—significantly different.

Only carbohydrates supplementation showed an interaction effect on
the hepato-somatic index (HSI) between species (P < 0.05) (Fig. 2).
Except for the HSI, the response of the other somatic indices to differ-
ences in the dietary macronutrient content was similar for the studied
species. Details about the effect of species, carbohydrates and fat sup-
plementation on the organ somatic indices are presented in Tables 2,3
and 4, respectively. Increasing the dietary carbohydrates content
increased the HSI and VSI (P < 0.01) (Table 3), but increasing the di-
etary fat content only increased the VSI (P < 0.05) (Table 4). Neither
carbohydrates nor fat supplementation affected the percentage of the
rest fraction (P > 0.05) (Table 3,4).

3.3. Chemical composition of compartments

There was interaction between species and carbohydrates on fillet
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Table 3

Effect of dietary carbohydrates supplementation on somatic indices, composi-
tion (g. kg™', on a wet weight basis) of body compartments and location of
deposited protein (% total body protein) and fat (% total body fat) over body
compartments averaged over the three studied fish species.
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Table 4

Effect of dietary fat supplementation on somatic indices, composition (g. kg™,
on a wet weight basis) of body compartments and location of deposited protein
(% total body protein) and fat (% total body fat) over body compartments
averaged over the three studied fish species.

Carbohydrates Fat
Low High SEM P values Low High SEM P values

Somatic indices (%) Somatic indices (%)

Hepato-somatic index 1.9° 2.2% 0.11 el Hepato-somatic index 2.0 2.0 0.11 ns

Viscera somatic index 4.7 5.3 0.33 ok Viscera somatic index 4.4° 5.6% 0.33

Fillet yield 321 31.1 1.54 ns Fillet yield 32.2 31.0 1.54 ns

Rest fraction 56.2 55.0 1.25 ns Rest fraction 55.9 55.3 1.25 ns
Liver composition (g. kg™!) Liver composition (g. kg™!)

Dry matter 259 268 6.2 ns Dry matter 258 268 6.2 *

Ash 13 13 1.5 ns Ash 12 14 1.5 *

Protein 122 127 8.0 ns Protein 130 119 8.0 *

Fat 139 116 10.1 i Fat 106 149 10.1 i
Viscera composition (g. kg™!) Viscera composition (g. kg~")

Dry matter 447 461 38.2 ns Dry matter 384> 523% 38.2 el

Ash 14 9 8.4 ns Ash 11 12 8.4

Protein 109 109 10.6 ns Protein 118 100 10.6

Fat 301 326 40.8 ns Fat 238° 389% 40.8
Fillet composition (g. kg~') Fillet composition (g. kg~')

Dry matter 238 244 4.4 * Dry matter 229° 2542 4.4 e

Ash 12 12 0.5 ns Ash 12 12 0.5 ns

Protein 185 183 2.3 ns Protein 188 180 2.3 ok

Fat 41 48 3.8 e Fat 29P 60" 3.8 e
Composition of rest fraction (g. kg™") Composition of rest fraction (g. kg™?)

Dry matter 330 339 6.4 * Dry matter 313> 356° 6.4 hiid

Ash 55 53 3.2 ns Ash 55 53 3.2 ns

Protein 166 164 3.5 ns Protein 169 161 3.5 e

Fat 95 113 3.7 ko Fat 86" 1232 3.7 el
Location of deposited protein (%) Location of deposited protein (%)

Liver 1.5° 1.8% 0.12 ok Liver 1.7 1.6 0.12 ns

Viscera 3.0 3.5 0.39 ns Viscera 3.0 3.5 0.39 ns

Fillet 37.2 36.7 1.38 ns Fillet 37.3 36.6 1.38 ns

Rest fraction 58.4 58.0 1.59 ns Rest fraction 58.0 58.4 1.59 ns
Location of deposited fat (%) Location of deposited fat (%)

Liver 4.1 3.7 0.54 ns Liver 4.2 3.7 0.54

Viscera 17.1 17.8 2.66 ns Viscera 15.4 19.5 2.66

Fillet 14.1 13.0 1.59 ns Fillet 11.2° 15.8% 1.59

Rest fraction 64.7 65.5 2.58 ns Rest fraction 69.2° 61.0° 2.58 el

Means within rows lacking a common superscript are significantly different.
SEM and P values are based on three—way ANOVA.. ***, P<0.001; *, P<0.05;
ns, non—significantly different.

protein and fat content (Figs. 3 and 4, Supplementary S2) (P < 0.05).
Increasing the dietary carbohydrates content increased the fillet fat
content in African catfish (C. gariepinus) and striped catfish
(P. hypophthalmus) by 16 g.kg ! from 50 g.kg ™! at the low carbohydrates
diets to 66 g.kg ! at the high carbohydrates diets averaged over the two
species and fat levels. In contrast, the increase in dietary carbohydrates
decreased fillet fat in snakehead (C. striata) by 10 g.kg ™! from 22 g.kg™?
at the low carbohydrate diets to 12 g.kg™! at the high carbohydrates
diets averaged over fat levels (P < 0.05). Dietary fat supplementation
increased the fillet fat content from 29 g.kg ™! at low fat diets to 60 g.
kg~! at high fat diets averaged over species and carbohydrates levels
(Table 4, Supplementary table S2). The chemical composition of the
liver (Figs. 5 and 6), viscera and the rest fraction are given in supple-
mentary table S3, S4 and S5, respectively.

3.4. The location of deposited fat

Snakehead (C. striata) had the highest fat deposition in the liver and
the lowest fat deposition in the fillet amongst the three studied fish

Means lacking a common superscripts differ significantly (P < 0.05). SEM and P
values were based on three-way ANOVA. ***, P<0.001; *, P<0.05; ns, non-
significantly different.

species (Table 2). The fat deposition is comparable in viscera and the rest
fraction amongst the three studied fish species (P > 0.05) (Table 2).
Averaged over the three studied fish species, the highest fat deposition
was in the rest fraction (65%) and the lowest fat deposition was in the
liver (4.6%) while the deposition of fat in viscera (17.5%) and fillet
(13.5%) were similar (Table 2).

Changes in dietary macronutrient composition, e.g. supplementation
of non-protein energy sources from either carbohydrates or fat did not
affect the location of protein deposition in fillet, viscera and the rest
fraction (Supplementary table S6). The supplementation of carbohy-
drates and fat affected the location of fat deposition in the liver, viscera,
fillet and the rest fraction. There were effects of interaction between
species and carbohydrates supplementation on the fat deposition in the
liver (Fig. 7) and the rest fraction (Supplementary table S7) (P < 0.05).
The deposition of fat in the liver was about ten times higher in snake-
head (C. striata) than in striped catfish (P. hypophthalmus) (P < 0.05)
(Fig. 7).

In fillet, the deposition of fat was comparable between striped catfish
(P. hypophthalmus) and African catfish (C. gariepinus), which was almost
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Fig. 2. Interaction effect between fish species (striped catfish, African catfish and snakehead) and carbohydrates supplementation (low vs. high) (A), and between
fish species and fat supplementation (low vs. high) (B) on the hepato—somatic index (HSI). In the case of a significant interaction effect, means lacking a common

superscript within a panel differ (P < 0.05).
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double the value found in snakehead (C. striata) (P < 0.05) (Table 2).
There was interaction between species and fat supplementation on the
deposition of fat in fillet (P < 0.05) (Fig. 8, Supplementary table S7). Fat
supplementation had a stronger effect on the deposition of fat in the
fillet of snakehead (C. striata) than in the fillet of striped catfish
(P. hypophthalmus) and African catfish (C. gariepinus). In snakehead
(C. striata), increasing the dietary fat content from the low fat to the high
fat averaged over carbohydrates levels increased the fat deposition in
the fillet by about 300% (Fig. 8). In striped catfish (P. hypophthalmus)
and African catfish (C. gariepinus), increasing the dietary fat from the
low fat to the high fat averaged over the two species and carbohydrates
levels only increased the fat deposition in the fillet by 16%

(Supplementary table S7). Fat suplementation increased the deposition
of fat by 26.6% in the viscera and decreased the fat deposition by 11.8%
in the rest fraction (P < 0.01) (Table 4).

4. Discussion

In most cases, fillet is for human consumption, thus this study aimed
to investigate the effect of dietary macronutrient composition on the
fillet yield. Averaged over the fish species studied in this study, the fillet
yield was 31.8%, which is similar to values found in other studies on
striped catfish (P. hypophthalmus) (Asemani et al., 2019; Da et al., 2012),
African catfish (C. gariepinus) (Jantrarotai et al., 1998) and snakehead
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(C. striata) (Tan and Azhar, 2014). In the present study, fillet yield was
unaffected by dietary macronutrient composition. Neither dietary car-
bohydrates nor fat supplementation altered the fillet yield of striped
catfish (P. hypophthalmus), African catfish (C. gariepinus) and snakehead
(C. striata). The absence of a dietary effect on fillet yield is comparable
with previous studies assessing dietary impacts on fillet yield in African
catfish (C. gariepinus) (Jantrarotai et al., 1998) and striped catfish
(P. hypophthalmus) (Asemani et al., 2019; Da et al., 2012).

The observed range in chemical composition of fillets in the present
study was comparable to earlier studies on striped catfish
(P. hypophthalmus) (Da et al., 2012; Orban et al., 2008), African catfish
(C. gariepinus) (Szabo et al., 2009), and snakehead (C. striata) (Aliyu--
Paiko et al., 2010). Only, the fillet fat content of striped catfish
(P. hypophthalmus) in the current study was higher compared to the
value found by (Orban et al., 2008). The effect of dietary carbohydrates
supplementation on the fillet fat content in snakehead (C. striata) was



L.T.T. Phan et al.

A
20 ¢ a a a
a
"E r _I_ _I_ ab
el
S 12¢t
< b
= 8 F
&
o
5 at
w
0
Striped catfish African catfish Snakehead
OLow carbohydrates @ High carbohydrates

Aquaculture Reports 21 (2021) 100806

B
20 ¢ a a
a a

16 } a
12
& r b
4 - |+|
0

Striped catfish African catfish Snakehead

DOlLow fat @High fat

Fig. 8. Interaction effect between fish species (striped catfish, African catfish and snakehead) and carbohydrates supplementation (low vs high) (A), and between fish
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different from the effect in the other two fish species. In both catfish
species, carbohydrates supplementation increased fillet fat content,
whereas carbohydrates supplementation decreased fillet fat content in
snakehead (C. striata) (Fig. 4). This might relate to carnivorous nature of
snakehead (C. striata) and or its low capacity to utilize energy from
digested carbohydrates (Phan et al., 2021b). In grass carp (Ctenophar-
yngodon idella), a herbivorous fish, diets with a high carbohydrates
content increases fillet fat content (Guo et al., 2015). In contrast to this,
in cod (Gordus morhua), a carnivorous fish, dietary carbohydrates had no
impact on fillet fat content (Hemre et al., 1989).

In contrast to carbohydrates, the impact of fat supplementation on
fillet fat content was uniform across the three studied species. With
increasing dietary fat supplementation, the fillet fat content increased
(Fig. 4). This effect of dietary fat on the fillet fat content is consistent to
literature for a large range of species: African catfish (C. gariepinus)
(Jantrarotai et al., 1998; Lim et al., 2001), channel catfish (Ictalurus
punctatus) (Stowell and Gatlin, 1992), grass carp (C. idella) (Guo et al.,
2015; Regost et al., 2001). These findings demonstrate that the dietary
fat supplementation can increase the fillet fat content of the studied fish
species. In contrast, the fillet fat content of European seabass (Peres and
Oliva-Teles, 1999) and hybrid striped bass (Gaylord and Gatlin Iii, 2000)
were unaffected by increasing dietary fat levels. The differences between
species might be due to the applied contrast in the dietary fat. However,
this explanation seems unlikely since the contrast in dietary fat level in
European seabass study (Peres and Oliva-Teles, 1999) and hybrid stri-
ped bass study (Gaylord and Gatlin Iii, 2000) was comparable to those
applied in the current study. Most likely the absence and the size of the
impact of dietary fat on fillet fatness is species-dependent. At similar
dietary fat levels, the source of fat can also influence the fillet fat content
in some fish species. Using linseed oil caused a higher fillet saturated
fatty acid content than using echium oil in snakehead (C. striata) diets
(Jaya-Ram et al., 2016). Rainbow trout fed the soybean oil diet had the
highest fillet fat content, compared to rainbow trout fed salmon oil,
linseed oil, chicken fat, pork lard and beef tallow (Greene and Selivon-
chick, 1990). However, in some other fish species, the dietary fat source
affected the fillet fat composition but not the fillet fat content. The fillet
fat composition of Atlantic salmon (Salmo salar), i.e. the ratio between
n-6 and n-3, the percentage of monounsaturated fatty acids and n-6 fatty
acid was related to the dietary inclusion level of canola oil and poultry
fat (Higgs et al., 2006). The level of long chain HUFA in the fillet of
sunshine bass (Morone chrysops x M saxatylis) was higher in the marine
oil diet than in the corn oil diet (Lane et al., 2006). The dietary fat source
can also affect the aroma of fish fillet. The higher dietary soybean oil rich
in n-6 fatty acids increased n-6 derived volatile aldehydes which in turn
raise the sensory value of the off-flavour in the fillet of tench (Tinca
tinca) (Turchini et al., 2007). The level of 3-hexen-1-ol causing the fresh
grass odour in fillet of brown trout (Salmo trutta) was ten times higher in
the fish oil diet than in the pork lard diet (Turchini et al., 2004). In the

present study, the difference in dietary fat source (rapeseed oil vs soy-
bean oil) might also partly cause the difference in the fillet fat content. It
remains a question whether the absolute difference in the fillet fat
content may have affected, either positive or negative, the taste and
texture of the fillet. This will depend on the preference and tolerance of
the fish consumers. Furthermore, fillet fat content may also affect
further processing. e.g., the high fillet fat content can hamper the
smoking process due to the high risk of fat oxidation during preservation
(Nortvedt and Tuene, 1998).

This study also evaluated whether the fat deposition in the liver,
viscera, fillet and the rest fraction was affected by the dietary macro-
nutrient composition. Differences in the fat deposition were first indi-
cated by the organ somatic indices and the chemical composition of the
liver, viscera, fillet and the rest fraction. The impact of both dietary fat
and carbohydrates supplementation on the rest fraction was similar to
the impact on fillet yield and composition (Table 3,4). The HSI of the
three species in the current study were similar to the values found in
other studies on striped catfish (P. hypophthalmus) (Asemani et al., 2019;
Da et al., 2012), African catfish (C. gariepinus) (Jantrarotai et al., 1998;
Serrano et al.,, 1992) and snakehead (C. striata) (Aliyu-Paiko et al.,
2010). In the present study, dietary carbohydrates supplementation
increased the HSI from 1.9 to 2.2% averaged over species, except for
snakehead (C. striata). Dietary carbohydrates level did not increase the
HSI in snakehead (C. striata) (Supplementary table S1). According to
literature excessive metabolised carbohydrates may be accumulated in
the form of glycogen or fat in the liver, which in turn results in a higher
HSI (Mohanta et al., 2009) or whole body fat in the fish (Jiang et al.,
2014; Tian et al., 2012; Azaza et al., 2015). In addition, African catfish
(C. gariepinus) also had the lowest HSI when fed high protein diets (i.e.
low carb and or fat diets) in previous observations (Jantrarotai et al.,
1998; Serrano et al., 1992). A higher HSI and/or VSI in the fish fed high
dietary carbohydrates levels was also found in silver barb (Puntius
gonionotus) (Mohanta et al., 2009), Catla catla (Yengkokpam et al.,
2006), cod (G. morhua) (Hemre et al., 1989) and trout (O. mykiss) (Groot
etal., 2021). These observations were confirmed in the current study for
striped catfish (P. hypophthalmus) and African catfish (C. gariepinus), but
this was not the case for snakehead (C. striata). In snakehead (C. striata),
dietary carbohydrates supplementation decreased the effect of fat sup-
plementation on the liver fat content in snakehead (Fig. 5) as these ef-
fects interacted with each other. In snakehead (C. striata) fed the low
carbohydrates diets, fat supplementation increased the liver fat content
by 139 gkg™!, but by only 75 gkg™! in high carbohydrates diets
(Supplementary table S3). These findings indicate the large differences
in the location of fat deposition within the body, especially regarding the
liver and viscera between snakehead (C. striata) (a strict carnivore) and
the other two fish species (African catfish - C. gariepinus and striped
catfish - P. hypophthalmus), which are more omnivorous species.

The difference in the effect of dietary carbohydrates
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supplementation on the fillet fat content and the fat deposition in the
liver, viscera, fillet and the rest fraction between snakehead (C. striata)
and the other two species (striped catfish - P. hypophthalmus and African
catfish - C. gariepinus) may be because of differences in the process of
lipogenesis in the liver and viscera in these fish. An increased body fat
content was observed in silver barb (Mohanta et al., 2009), tilapia and
carp (C. carpio) using diets high in carbohydrates (levels > 260 g.kg~!
DM). In addition, plasma glucose levels were more than twice as high in
trout (about 1.6 g.l’l) compared to tilapia (about 0.7 g.l’l) when fed
high carbohydrates diets (Figueiredo-Silva et al., 2013). This indicates
that trout has a limited ability to metabolise digested carbohydrates (i.e.,
glucose) and/or convert glucose to adipose efficiently. The limited uti-
lisation of digested carbohydrates on trout was also observed by Groot
et al. (2021). The difference in the process of lipogenesis, e.g., the
presence of lipogenic enzymes, could explain the difference in the car-
bohydrates utilisation between these fish species. Malic (a lipogenic
enzyme) in the blood of trout was found to be unaffected by dietary
macronutrient composition while in tilapia the level of this enzyme was
higher in the blood of fish fed diets high in carbohydrates compared to
fish fed diets low in carbohydrates (Figueiredo-Silva et al., 2013). These
studies on trout and tilapia may also explain the differences found be-
tween snakehead (C. striata) and the other two studied fish: striped
catfish (P. hypophthalmus) and African catfish (C. gariepinus) because of
the similar contrast in their feeding habits. Looking at the differences of
their natural feeding habits, it is reasonable to assume that striped cat-
fish (P. hypophthalmus) and African catfish (C. gariepinus) are able to
utilize and convert glucose from digested carbohydrates into somatic fat
in the liver and viscera. Yet, it seems that the ability to use this strategy is
limited in snakehead (C. striata).

The effect of either carbohydrates or fat supplementation on the
location of fat deposition within the fish (i.e., the distribution of body fat
over different compartments) has to the best of our knowledge not been
addressed in literature regarding fish. In all fish species, the effects of
dietary carbohydrates and fat were additive, but only dietary fat altered
the distribution of fat over the body (Supplementary table S7, Fig. 8).
Dietary fat increased the fat deposition in the fillet and viscera and
reduced the amount of fat in the rest fraction. The impact of dietary fat
on the amount of fat stored in fillets, differed between the fish species.
The increase in fat stored in fillet in response to the dietary fat supple-
mentation was larger for snakehead (C. striata) than for striped catfish
(P. hypophthalmus) and African catfish (C. gariepinus) (Fig. 8). This
stronger response in snakehead (C. striata) to dietary fat may link to the
fact that digested fat is efficiently used for energy gain whereas digested
carbohydrates has a minimal energetic value (Phan et al., 2021b). More
carnivorous species such as salmonids have a lower capacity to utilize
carbohydrates, and thus rely more on fat, compared to omnivorous or
herbivorous species such as Nile tilapia (Oreochromis niloticus), African
catfish (C. gariepinus) and carp (Cyprinus carpio) (Hemre et al., 2002;
Molina-Poveda, 2016). These findings in the present study imply that
the possibility to formulate functional diets to modify the fat deposition
in the fillet is higher for snakehead (C. striata) than for striped catfish
(P. hypophthalmus) and African catfish (C. gariepinus).

Though the present study found a difference in the location of fat
deposition caused by the dietary macronutrient composition in snake-
head (C. striata), the major location of fat deposition in striped catfish
(P. hypophthalmus), African catfish (C. gariepinus) and snakehead
(C. striata) is still in the rest fraction (head, skin, subcutaneous fat,
scales, bones and air bladders) independent whether carbohydrates or
fat is supplemented. Yet, the fat deposition in the fillet and viscera is
comparable over three studied species in response to the change in di-
etary macronutrient composition. In salmonids, fat is mainly deposited
in the viscera and to a lesser extent in the fillet (Gélineau et al., 2001;
Sheridan, 1994). In Atlantic cod (Gadus morhua), the liver can store
more than 80% of the whole body fat content as their muscle has a very
low capacity to deposit fat (Hansen et al., 2008; Kjer et al., 2009). In
turbot (Psetta maximus), the main location of fat is under the skin and

Aquaculture Reports 21 (2021) 100806

carcass, with little or no fat deposition in the viscera (Andersen et al.,
1993; Regost et al., 2001). Surprisingly, the fat deposition in the fillet,
the part of striped catfish (P. hypophthalmus), African -catfish
(C. gariepinus) and snakehead (C. striata) most consumed by humans, is
from 3.1 to 17.3% of the total fish body fat even when supplementing
large amounts of either carbohydrates or fat to diet. This indicates that
the large amount of fat in striped catfish (P. hypophthalmus), African
catfish (C. gariepinus) and snakehead (C. striata) is not for human con-
sumption and changing the dietary macronutrient composition cannot
improve the inefficient way of using fish fat source for human
consumption.

5. Conclusions

Fillet yield of striped catfish (P. hypophthalmus), African catfish
(C. gariepinus) and snakehead (C. striata) was not affected by the dietary
macronutrient composition. However, fillet fat and protein contents
were influenced by the dietary macronutrient composition. In all fish
body compartments, both dietary fat and dietary carbohydrates levels
increased the fat content. The response to dietary carbohydrates in
snakehead (C. striata), a lowering of fillet fat content, is opposite to the
response in both catfish species. The distribution of the total amount of
body fat over the different compartments, was not influenced by dietary
carbohydrates level, but did depend on dietary fat level. Dietary fat
supplementation led to relatively more fat in viscera and fillet but less
fat was stored in the rest fraction. In snakehead (C. striata), striped
catfish (P. hypophthalmus) and African catfish (C. gariepinus), most of the
body fat is stored in the rest fraction (head, skin, subcutaneous fat,
scales, bones and air bladders).

Author statement

L.T.T. Phan: Conceptualization, Methodology, Formal analysis,
Investigation, Project administration, Writing — original draft, Writing -
review & editing, Visualization; J. Kals: Conceptualization, Resources,
Supervision, Writing - review & editing; K. Masagounder: Conceptu-
alization, Resources, Writing - review & editing; J. Mas-Munoz:
Conceptualization, Resources, Supervision, Writing - review & editing;
N.T.H. La: Conceptualization, Methodology, Formal analysis, Investi-
gation, Writing — Review & Editing; J.W. Schrama: Conceptualization,
Methodology, Formal analysis, Investigation, Project administration,
Writing - review & editing, Supervision, Funding acquisition.

Funding information

This research project was funded by the combined financial input of
TKI Topsector: Agri & Food (project number: AF-16,174; The
Netherlands), De Heus Animal Nutrition B.V. (The Netherlands) and
Evonik Operations GmbH (Germany). Furthermore De Heus contributed
in kind by making their research facility available in Vinh Long (Viet-
nam) to perform the current experiment.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.aqrep.2021.100806.


https://doi.org/10.1016/j.aqrep.2021.100806

L.T.T. Phan et al.
References

Aliyu-Paiko, M., Hashim, R., Shu-Chien, A., 2010. Influence of dietary lipid/protein ratio
on survival, growth, body indices and digestive lipase activity in snakehead (Channa
striatus, Bloch 1793) fry reared in re-circulating water system. Aquac. Nutr. 16,
466-474.

Andersen, N.G., Alsted, N.S., Kaushik, S., Luquet, P., 1993. Growth and body composition
of turbot in relation to different lipid protein ratios in the diet. Fish Nutrition in
Practice. INRA, pp. 479-491.

Asemani, M., Sepahdari, A., Pourkazemi, M., Hafezieh, M., Aliyu-Paiko, M., Dadgar, S.,
2019. Effect of different sources and forms of dietary carbohydrates on growth
performance, body indices and lipogenesis activity of striped catfish Pangasianodon
hypophthalmus fingerlings. Aquac. Nutr. 25, 1399-1409.

Azaza, M.S., Khiari, N., Dhraief, M.N., Aloui, N., Kraiem, M.M., Elfeki, A., 2015. Growth
performance, oxidative stress indices and hepatic carbohydrate metabolic enzymes
activities of juvenile Nile tilapia, Oreochromis niloticus L., in response to dietary
starch to protein ratios. Aquac. Res. 46, 14-27.

Craig, S., Helfrich, L.A., Kuhn, D., Schwarz, M.H., 2017. Understanding Fish Nutrition,
Feeds, and Feeding.

Da, C.T., Lundh, T., Lindberg, J.E., 2012. Evaluation of local feed resources as
alternatives to fish meal in terms of growth performance, feed utilisation and
biological indices of striped catfish (Pangasianodon hypophthalmus) fingerlings.
Aquaculture 364-365, 150-156.

Figueiredo-Silva, A.C., Saravanan, S., Schrama, J.W., Panserat, S., Kaushik, S.,
Geurden, 1., 2013. A comparative study of the metabolic response in rainbow trout
and Nile tilapia to changes in dietary macronutrient composition. Br. J. Nutr. 109,
816-826.

Gaylord, T., Gatlin Iii, D., 2000. Dietary lipid level but not l-carnitine affects growth
performance of hybrid striped bass (Morone chrysops@x M. saxatilis3d). Aquaculture
190, 237-246.

Gélineau, A., Corraze, G., Boujard, T., Larroquet, L., Kaushik, S., 2001. Relation between
dietary lipid level and voluntary feed intake, growth, nutrient gain, lipid deposition
and hepatic lipogenesis in rainbow trout. Reprod. Nutr. Dev. 41, 487-503.

Glencross, B.D., Blyth, D., Bourne, N., Cheers, S., Irvin, S., Wade, N.M., 2017. An analysis
of partial efficiencies of energy utilisation of different macronutrients by barramundi
(Lates calcarifer) shows that starch restricts protein utilisation in carnivorous fish. Br.
J. Nutr. 117, 500-510.

Greene, D.H., Selivonchick, D.P., 1990. Effects of dietary vegetable, animal and marine
lipids on muscle lipid and hematology of rainbow trout (Oncorhynchus mykiss).
Aquaculture 89, 165-182.

Groot, R., Lyons, P., Schrama, J.W., 2021. Digestible energy versus net energy
approaches in feed evaluation for rainbow trout (Oncorhynchus mykiss). Anim. Feed
Sci. Technol. 274, 114893.

Guo, X., Liang, X.F., Fang, L., Yuan, X., Zhou, Y., Zhang, J., Li, B., 2015. Effects of dietary
non-protein energy source levels on growth performance, body composition and
lipid metabolism in herbivorous grass carp (Ctenopharyngodon idella Val.). Aquac.
Res. 46, 1197-1208.

Hansen, J.@., Berge, G.M., Hillestad, M., Krogdahl, A, Galloway, T.F., Holm, H.,
Holm, J., Ruyter, B., 2008. Apparent digestion and apparent retention of lipid and
fatty acids in Atlantic cod (Gadus morhua) fed increasing dietary lipid levels.
Aquaculture 284, 159-166.

Hemre, G.-I, Lie, @., Lied, E., Lambertsen, G., 1989. Starch as an energy source in feed
for cod (Gadus morhua): digestibility and retention. Aquaculture 80 (3-4), 261-270.

Hemre, G.I., Mommsen, T., Krogdahl, A., 2002. Carbohydrates in fish nutrition: effects on
growth, glucose metabolism and hepatic enzymes. Aquac. Nutr. 8, 175-194.

Higgs, D.A., Balfry, S.K., Oakes, J.D., Rowshandeli, M., Skura, B.J., Deacon, G., 2006.
Efficacy of an equal blend of canola oil and poultry fat as an alternate dietary lipid
source for Atlantic salmon (Salmo salar L.) in sea water. I: effects on growth
performance, and whole body and fillet proximate and lipid composition. Aquac.
Res. 37, 180-191.

Jantrarotai, W., Sitasit, P., Jantrarotai, P., Viputhanumas, T., Srabua, P., 1998. Protein
and energy levels for maximum growth, diet utilization, yield of edible flesh and
protein sparing of hybrid Clarias catfish (Clarias macrocephalusx Clarias gariepinus).
J. World Aquac. Soc. 29, 281-289.

Jaya-Ram, A., Shu-Chien, A.C., Kuah, M.-K., 2016. Echium oil increased the expression of
a A4 Fads2 fatty acyl desaturase and the deposition of n-3 long-chain
polyunsaturated fatty acid in comparison with linseed oil in striped snakehead
(Channa striata) muscle. Fish Physiol. Biochem. 42, 1107-1122.

Jiang, M., Liu, W., Wen, H., Huang, F., Wu, F., Tian, J., Yang, C., Wang, W., Wei, Q.,
2014. Effect of dietary carbohydrate sources on the growth performance, feed
utilization, muscle composition, postprandial glycemic and glycogen response of
Amur sturgeon, A Cipenser schrenckii Brandt, 1869. J. Appl. Ichthyol. 30, 1613-1619.

Kjer, M.A., Vegusdal, A., Berge, G.M., Galloway, T.F., Hillestad, M., Krogdahl, f\.,
Holm, H., Ruyter, B., 2009. Characterisation of lipid transport in Atlantic cod (Gadus
morhua) when fasted and fed high or low fat diets. Aquaculture 288, 325-336.

Lane, R.L., Trushenski, J.T., Kohler, C.C., 2006. Modification of fillet composition and
evidence of differential fatty acid turnover in sunshine bass Morone chrysopsx M.
saxatilis following change in dietary lipid source. Lipids 41, 1029-1038.

Lim, P.-K., Boey, P.-L., Ng, W.-K., 2001. Dietary palm oil level affects growth
performance, protein retention and tissue vitamin E concentration of African catfish,
Clarias gariepinus. Aquaculture 202, 101-112.

Aquaculture Reports 21 (2021) 100806

Matter, F., Peganova, S., Eder, K., 2004. Lipid concentrations of fillets, liver, plasma and
lipoproteins of African catfish, Clarias gariepinus (Burchell 1822), fed diets with
varying protein concentrations. J. Anim. Physiol. Anim. Nutr. 88, 275-287.

Mohanta, K.N., Mohanty, S.N., Jena, J., Sahu, N.P., Patro, B., 2009. Carbohydrate level in
the diet of silver barb, Puntius gonionotus (Bleeker) fingerlings: effect on growth,
nutrient utilization and whole body composition. Aquac. Res. 40, 927-937.

Molina-Poveda, C., 2016. Nutrient requirements. Aquafeed Formulation. Elsevier,
pp. 75-216.

Nortvedt, R., Tuene, S., 1998. Body composition and sensory assessment of three weight
groups of Atlantic halibut (Hippoglossus hippoglossus) fed three pellet sizes and three
dietary fat levels. Aquaculture 161, 295-313.

Orban, E., Nevigato, T., Lena, G.D., Masci, M., Casini, I., Gambelli, L., Caproni, R., 2008.
New trends in the seafood market. Sutchi catfish (Pangasius hypophthalmus) fillets
from Vietnam: nutritional quality and safety aspects. Food Chem. 110, 383-389.

Otwell, W.S., Rickards, W.L., 1981. Cultured and wild American eels, Anguilla rostrata:
fat content and fatty acid composition. Aquaculture 26, 67-76.

Peres, H., Oliva-Teles, A., 1999. Effect of dietary lipid level on growth performance and
feed utilization by European sea bass juveniles (Dicentrarchus labrax). Aquaculture
179, 325-334.

Phan, L.T.T., Kals, J., Masagounder, K., Mas-Munoz, J., Schrama, J.W., 2021a. Energy
utilisation efficiencies of digested protein, fat and carbohydrates in striped catfish
(Pangasius hypophthalmus) for whole body and fillet growth. Aquaculture 544,
737083.

Phan, L.T.T., Masagounder, K., Mas-Munoz, J., Schrama, J.W., 2021b. Differences in
energy utilization efficiency of digested protein, fat and carbohydrates in snakehead
(Channa striata). Aquaculture 532, 736066.

Regost, C., Arzel, J., Cardinal, M., Robin, J., Laroche, M., Kaushik, S., 2001. Dietary lipid
level, hepatic lipogenesis and flesh quality in turbot (Psetta maxima). Aquaculture
193, 291-309.

Rodehutscord, M., Pfeffer, E., 1999. Maintenance requirement for digestible energy and
efficiency of utilisation of digestible energy for retention in rainbow trout,
Oncorhynchus mykiss. Aquaculture 179, 95-107.

Salze, G., Alami-Durante, H., Barbut, S., Marcone, M., Bureau, D.P., 2014. Nutrient
deposition partitioning and priorities between body compartments in two size
classes of rainbow trout in response to feed restriction. Br. J. Nutr. 111, 1361-1372.

Saravanan, S., Schrama, J.W., Figueiredo-Silva, A.C., Kaushik, S.J., Verreth, J.A.,
Geurden, 1., 2012. Constraints on energy intake in fish: the link between diet
composition, energy metabolism, and energy intake in rainbow trout. PLoS One 7,
e34743.

Schrama, J.W., Saravanan, S., Geurden, L., Heinsbroek, L.T.N., Kaushik, S.J., Verreth, J.
A.J., 2012. Dietary nutrient composition affects digestible energy utilisation for
growth: a study on Nile tilapia (Oreochromis niloticus) and a literature comparison
across fish species. Br. J. Nutr. 108, 277-289.

Serrano, J.A., Nematipour, G.R., Gatlin, D.M., 1992. Dietary protein requirement of the
red drum (Sciaenops ocellatus) and relative use of dietary carbohydrate and lipid.
Aquaculture 101, 283-291.

Sheridan, M.A., 1994. Regulation of lipid metabolism in poikilothermic vertebrates.
Comp. Biochem. Physiol. Part B Comp. Biochem. 107, 495-508.

Stowell, S.L., Gatlin III, D.M., 1992. Effects of dietary pantethine and lipid levels on
growth and body composition of channel catfish, Ictalurus punctatus. Aquaculture
108, 177-188.

Szabo, A., Romvari, R., Szathmari, L., Molnar, T., Locsmandi, L., Bazar, G., Molnar, E.,
Horn, P., Hancz, C., 2009. Effects of dietary vegetable oil supplementation on fillet
quality traits, chemical and fatty acid composition of African catfish (Clarias
gariepinus). Arch. Anim. Breed. 52, 321-333.

Tan, B., Azhar, M., 2014. Physicochemical properties and composition of snakehead fish
(Channa striatus) whole fillet powder prepared with pre-filleting freezing treatments.
Int. Food Res. J. 21, 1255-1260.

Teodoésio, R., Engrola, S., Cabano, M., Colen, R., Masagounder, K., Aragao, C., 2021.
Metabolic and nutritional responses of Nile tilapia juveniles to dietary methionine
sources. Br. J. Nutr. https://doi.org/10.1017/50007114521001008 in press.

Tian, L.X., Liu, Y.J., Yang, H.J., Liang, G.Y., Niu, J., 2012. Effects of different dietary
wheat starch levels on growth, feed efficiency and digestibility in grass carp
(Ctenopharyngodon idella). Aquac. Int. 20, 283-293.

Turchini, G.M.T., Caprino, F., Panseri, S., Moretti, V., Valfre, F., 2004. Effects of dietary
lipid sources on flavour volatile compounds of brown trout (Salmo trutta L.) fillet.
J. Appl. Ichthyol. 20, 71-75.

Turchini, G.M., Moretti, V.M., Mentasti, T., Orban, E., Valfre, F., 2007. Effects of dietary
lipid source on fillet chemical composition, flavour volatile compounds and sensory
characteristics in the freshwater fish tench (Tinca tinca L.). Food Chem. 102,
1144-1155.

Van der Meer, M., Zamora, J., Verdegem, M., 1997. Effect of dietary lipid level on protein
utilization and the size and proximate composition of body compartments of
Colossoma macropomum (Cuvier). Aquac. Res. 28, 405-417.

Yengkokpam, S., Sahu, N., Pal, A., Mukherjee, S., Debnath, D., 2006. Gelatinized
carbohydrates in the diet of Catla catla Fingerlings: effect of levels and sources on
nutrient utilization, body composition and tissue enzyme activities. Asian-australas.
J. Anim. Sci. 20, 89-99.

Ytrestpyl, T., Aas, T.S., ;\sgﬁrd, T., 2015. Utilisation of feed resources in production of
Atlantic salmon (Salmo salar) in Norway. Aquaculture 448, 365-374.

10


http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0005
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0005
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0005
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0005
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0010
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0010
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0010
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0015
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0015
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0015
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0015
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0020
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0020
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0020
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0020
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0025
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0025
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0030
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0030
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0030
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0030
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0035
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0035
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0035
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0035
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0040
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0040
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0040
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0045
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0045
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0045
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0050
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0050
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0050
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0050
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0055
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0055
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0055
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0060
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0060
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0060
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0065
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0065
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0065
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0065
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0070
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0070
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0070
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0070
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0075
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0075
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0080
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0080
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0085
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0085
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0085
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0085
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0085
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0090
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0090
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0090
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0090
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0095
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0095
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0095
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0095
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0100
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0100
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0100
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0100
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0105
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0105
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0105
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0110
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0110
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0110
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0115
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0115
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0115
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0120
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0120
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0120
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0125
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0125
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0125
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0130
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0130
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0135
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0135
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0135
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0140
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0140
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0140
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0145
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0145
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0150
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0150
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0150
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0155
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0155
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0155
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0155
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0160
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0160
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0160
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0165
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0165
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0165
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0170
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0170
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0170
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0175
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0175
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0175
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0180
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0180
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0180
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0180
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0185
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0185
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0185
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0185
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0190
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0190
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0190
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0195
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0195
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0200
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0200
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0200
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0205
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0205
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0205
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0205
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0210
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0210
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0210
https://doi.org/10.1017/S0007114521001008
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0220
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0220
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0220
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0225
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0225
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0225
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0230
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0230
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0230
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0230
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0235
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0235
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0235
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0240
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0240
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0240
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0240
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0245
http://refhub.elsevier.com/S2352-5134(21)00222-2/sbref0245

	Effect of dietary carbohydrate and fat supplementation on the yield and chemical composition of fillet and the location of  ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental diets
	2.2 Animal ethics
	2.3 Fish handling
	2.4 Sample preparation and chemical analysis
	2.5 Calculations
	2.6 Statistical analysis

	3 Results
	3.1 Growth performance
	3.2 Compartment somatic indices
	3.3 Chemical composition of compartments
	3.4 The location of deposited fat

	4 Discussion
	5 Conclusions
	Author statement
	Funding information
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


