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The research is aimed at investigating the effects of dietary protein and lipid levels on adult triploid rainbow trout growth
performance, feed utilization, digestive and metabolic enzyme activities, antioxidative capacity, and fillet quality. Nine diets
containing three dietary protein levels (DP) (300, 350, and 400 g kg-1) and three dietary lipid levels (DL) (200, 250, and
300 g kg-1) were prepared using a 3 × 3 factorial design. In freshwater cages, 13,500 adult female triploid rainbow trout
(3:2 ± 0:1 kg) were cultured for 77 days. Triplicate cages (500 fish per cage) were used as repetitions of each experimental diet.
The findings revealed that as DP increased to 400 g kg-1 and DL raised to 300 g kg-1, the weight gain ratio (WGR) elevated
significantly (P < 0:05). However, when DP ≥ 350 g kg-1, WGR was similar in the DL250 and DL300 groups. As DP raised to
350 g kg-1, the feed conversion ratio (FCR) notably decreased (P < 0:05). In the DP350DL300 group, lipids had a protein-
sparing impact. High DP diet (400 g kg-1) generally improved fish health status by increasing antioxidant capacity in the liver
and intestine. A high DL diet (300 g kg-1) showed no harmful effect on hepatic health based on plasma levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) and antioxidant capacity in the liver. For fillet quality, a high
DP diet could increase fillet yield, improve fillet hardness, springiness, and water-holding capacity values, and inhibit the
production of off-flavors caused by n-6 fatty acids. A high DL diet could increase odor intensity, and EPA, DHA, and n-3 fatty
acid concentrations decrease the thrombogenicity index value. The maximum fillet redness value was discovered in the
DP400DL300 group. Overall, for adult triploid rainbow trout (≥3 kg), the minimum recommended DP and DL according to
growth performance were 400 and 250 g kg-1, respectively; DP and DL based on feed utilization were 350 and 200 g kg-1,
respectively; DP and DL based on fillet quality were 400 and 300 g kg-1, respectively.

1. Introduction

Rainbow trout (Oncorhynchus mykiss), belonging to the
order Salmoniformes and the family Salmonidae, is an essen-
tial cold-water aquaculture fish [1]. Triploid rainbow trout
are more sterile than diploid fish. They can minimize energy
consumption for gonad development, avoid reproductive
problems (i.e., high mortality and the decline in fillet qual-
ity), and shorten the culturing period. Triploid rainbow

trout are particularly attractive commercial fish due to their
large size (≥2.5 kg) and great economic worth [2].

A better understanding of nutritional requirements is
crucial for feed development and culture technologies of
triploid rainbow trout. Previous studies, however, have dem-
onstrated that triploid fish have different nutritional metab-
olisms and requirements than diploid fish [3]. Therefore, the
nutritional requirements of triploid rainbow trout need to be
evaluated separately. Concerning practical diet development,
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appropriate protein, and lipid concentrations in feeds are
constitutive elements influencing fish growth [4, 5]. In aqua-
feeds, protein is the most significant and costly component
[6]. Lipid is a nutrient with high bioavailability in salmonids
[7], which can more efficiently store protein to use in fish
development [8, 9] and decrease feed costs and nitrogenous
pollutants in the environment [10, 11]. The protein-sparing
effect of lipids has been determined in the literature [12]. In
addition, a diet with appropriate protein and lipid contents
not only ensures highly efficient use of energy but also
improves the nutritional composition of fish and enhances
their immunity [13]. As a result, examining the appropriate
level of protein and lipid in the diet of farmed fish is benefi-
cial for researching and developing a cost-efficient, nutri-
tionally balanced, and ecologically friendly aquatic feed [14].

Numerous previous studies on the protein and lipid
requirements of diploid rainbow trout were mainly focused
on the juvenile and subadult stages by evaluating fish growth
[15, 16], digestion and absorption [17], metabolism [18], fish
health [18], and fillet quality [19, 20]. Nevertheless, to the
best of our knowledge, there has been relatively few research
focusing on large-size (≥2.5 kg) rainbow trout.

Regarding triploid rainbow trout, our earlier research
has indicated that the minimum requirement of lipid and
protein in fish (initial weight: 233 g) was 233 g kg-1 [3] and
458 g kg-1 [21], respectively. Based on fish growth, the rec-
ommended level of lipid and protein for fish (initial weight:
1.5 kg) was 250 g kg-1 and 400 g kg-1, respectively (unpub-
lished data). As a result, this study was conducted using a
two-factor design to explore the recommended level of lipid
and protein for adult triploid rainbow trout (≥3 kg) based on
growth performance, feed utilization, digestion and metabo-
lism, antioxidant response, and fillet quality. It is expected to
provide a basis for the establishment of a nutritional data-
base and the development of an efficient and environmen-
tally diet of triploid rainbow trout.

2. Materials and Methods

2.1. Experimental Diets and Feeding Trial. Based on the
results of our previous studies, the minimum level of lipid
and protein in the diet for triploid rainbow trout (initial
weight: 1:5 ± 0:1 kg) was 250 and 400 g kg-1, respectively,
and the recommended level of protein in diets was
360 g kg-1 for rainbow trout (>1,500 g) [22]. A two-factor
(3 × 3) experiment designed with three dietary lipid levels
(DL) (200, 250, and 300 g kg-1) and three protein levels
(DP) (300, 350, and 400 g kg-1) was utilized to formulate a
total of nine diets labelled DP300DL200, DP300DL250,
DP300DL300, DP350DL200, DP350DL250, DP350DL300,
DP400DL200, DP400DL250, and DP400DL300, respec-
tively. The major lipid and protein sources were fish oil
and fish meal, respectively. Table 1 provides an overview of
the experimental diets’ formulations as well as their approx-
imate compositions. Tongwei Agricultural Development
Co., LTD. in China was responsible for producing all of
the experimental diets with 7mm expanded feed. Feed pro-
cessing and storage were carried out in the manner previ-
ously described [21].

A total of 13,500 adult triploid rainbow trout (female)
weighting 3.2 kg were taken from the local fisheries in
Qinghai province of China. These trout were then randomly
dispersed into 27 net cages of 8 × 8 × 8 meters, with 500 fish
in each cage. During the feeding trial, three replicate net
cages (n = 3), which were placed in a reservoir in the
Qinghai province of China, were chosen to culture the trout
fed one of the nine different experimental diets. Fish were
hand-fed at 08 : 30 and 16 : 30 using the standard of apparent
satiation (stop feeding when most fish were not actively eat-
ing). The number and weight of dead fish and feed con-
sumption were documented throughout this period. The
feeding trial of 77 days was carried out in the autumn (from
October to December). Dissolved oxygen (7:4 ± 1:6mgL-1)
and water temperature (11:1 ± 3:7°C) were measured daily.

2.2. Sample Collection. After 24h fasting of all the experi-
mental fish following the feeding experiment, all of the fish
in each net cage were gathered, and thirty fish were taken
at random and weighted following anesthesia with eugenol
at a ratio of one to ten thousand (Shanghai Reagent Corp.,
China). The aforementioned weighting technique was
repeated three times, and the mean value of three weights
of 30 fish was used as the average final weight of fish in each
cage. One ungutted fish per net cage was chosen at random
to analyze the whole body composition. Three fish per net
cage were chosen to measure body weight and body length
after anesthesia, respectively, and then blood samples were
obtained from the caudal vein of each fish with 5mL syrin-
ges. Plasma samples were separated by centrifuging at
4,000 × g for 10min and combined to form one biological
duplicate with three fish from one cage of comparable vol-
ume. Three bled fish were then dissected to obtain viscera,
abdominal fat, hepatic, intestine, and two fillets. In order
to determine the viscerosomatic index (VSI), relative intesti-
nal length (RIL), fillet yield (FY), abdominal fat index (AFI),
and hepatosomatic index (HSI), the weights of each fish’s
viscera, abdominal fat, liver, and fillet, as well as the length
of the intestine were measured. Liver and intestinal samples
were combined to form one biological duplicate with three
fish from one cage of comparable size. Three biological rep-
licates (n = 3) were created for each diet group, and all sam-
ples were frozen in liquid nitrogen and subsequently kept at
-80°C for further analysis. The fillet samples were prepared
on the basis of the method described in our previous
study [23].

2.3. Biochemical Analysis

2.3.1. Analysis of the Approximate Composition of Experimental
Diets. The Association of Official Analytical Chemists’ stan-
dard procedures were used to assess feed ingredients and
experimental diets for dry matter, crude protein, and crude
lipid [21]. The samples were burned in an adiabatic bomb
calorimeter (IKA Calorimeter, C400, Germany) to analyze
the total quantity of gross energy in diets.

2.3.2. Analysis of Body and Tissue Compositions. To assess
moisture content, whole body, liver, and fillet samples were
freeze-dried to a consistent weight at -45°C. The nitrogen
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content (N × 6:25) was measured using a Dumas Nitrogen
Analyzer (Dumatec™ 8000, FOSS, Denmark). The results
were used to calculate the crude protein contents in the
whole body, liver, and fillet. The crude lipid contents in the
whole body, liver, and fillet were extracted using the Folch
et al. [24] method of chloroform: methanol (2 : 1, v/v). A
commercial test kit with the anthrone-sulfuric acid colori-
metric method (Nanjing Jiancheng Bioengineering Institute,
China) was used to determine the glycogen content in the
liver.

2.3.3. Analysis of Enzyme Activity and Plasma Biochemistry
Parameters. Following the procedure described by Ma et al.
[21], the homogenization of liver and intestinal tissue sam-
ples was performed using an electric homogenizer (XHF-
D, Xinzhi, China). Total protease and lipase activities in
the intestine were measured using the procedures reported
by Meng et al. [3]. Total antioxidative capacity (T-AOC, by
ferric ion reducing antioxidant power method), protein car-
bonyl (PC, by ultraviolet colorimetric method), and malo-
naldehyde (MDA, by thibabituric acid method) levels in
the plasma, intestine, and liver were analyzed using com-
mercial kits. Lipoprotein lipase (LPL), hepatic lipase (HL),
and total lipase (by colorimetric method), as well as ALT,
AST (by Reitman Frankel’s method), and glutamate dehy-
drogenase (GDH, by nicotinamide adenine dinucleotide rate
method) activities in the liver, were estimated using com-
mercial kits. The tissue protein content was evaluated using
a commercial kit and the Coomassie brilliant blue technique.
All analyses were carried out on three biological duplicates
of each group.

Additionally, plasma ALT and AST levels were measured
using established clinical procedures in an automated bio-
chemistry analyzer (ADVIA 2400, SIEMENS, Germany) in
a recognized hospital.

2.3.4. Analysis of Fillet Color. The color card (SalmoFan™,
DSM, Netherlands) was used to analyze the redness of the
fillet visually. Fillet color described by lightness (L∗), redness
(a∗), yellowness (b∗), chroma (C∗

ab), and hue (H∘
ab) was also

assessed directly using a colorimeter (CR-400, Minolta,
Japan) on the basis of our previous study [23].

2.3.5. Analysis of Fillet Texture. Fillet pH and water holding
capacity (WHC) was assayed by the methods of Meng et al.
[23] by using a solid electrode (Inlab® Solids Pro-ISM, Met-
tler Toledo, Swiss) and a texture analyzer (TMS-PRO, FTC,
USA), respectively.

Texture profile analyses (TPA) were performed on the
texture of fillets using a texture analyzer (TMS-PRO, FTC,
USA) following the methodology given in our earlier work
[25]. The instrumental definitions are defined as follows:

Fracture (N): the first significant break in the first com-
pression cycle;

Hardness (N): peak force in the first compression cycle;
Adhesiveness (mJ): the negative area for the first bite;
Cohesiveness: positive area of the second compression

cycle/positive area of the first compression cycle;

Springiness (mm): the end of the first bite height—the
start of the second height;

Chewiness (mJ): hardness × cohesiveness × springiness.

2.3.6. Analysis of Fillet Fatty Acid Composition. The fatty
acid analysis was performed on the collected lipid following
the fillet lipid assay. The fatty acids were methyl esterified
and analyzed using gas chromatography-mass spectrometry
(GC-MS, QP2020, Shimadzu, Japan), and nutritional value
indicators of fatty acids (i.e., atherogenicity index (AI) and
thrombogenicity index (TI)) were calculated following the
methodology given in our earlier work [26].

2.3.7. Analysis of Fillet Odor. The approach reported by Ma
et al. [27] was utilized to evaluate the volatile compounds
in the fillet using gas chromatography mass spectrometry
(GC-MS, QP2020, Shimadzu, Japan) coupled with auto-
mated solid-phase microextraction (SPME) equipment.
Odor-active compounds were utilized to assess the effect of
diet group on fish fillet odor (odor activity value ðOAVÞ ≥ 1).

2.4. Calculations.

Survival %ð Þ = 100 ×
FN
IN

,

Weight gain rate WGR,%ð Þ = 100 ×
FBW gð Þ − IBW gð Þ½ �

IBW gð Þ ,

Feed conversion ratio FCRð Þ = FW gð Þ
FBW gð Þ − IBW gð Þ½ � ,

Feed intake FI,% day−1
� �

= 100 ×
FW gð Þ

days × IBW gð Þ + FBW gð Þ/2ð½ � ,

Condition factor CFð Þ = 100 ×
BW gð Þ½ �
BL cmð Þ½ �3 ,

Viscerosomatic index VSI,%ð Þ = 100 ×
VW gð Þ
BW gð Þ ,

Abdominal fat index AFIð Þ = AFW gð Þ
BW gð Þ ,

Hepatosomatic index HSI,%ð Þ = 100 ×
HW gð Þ
BW gð Þ ,

Relative intestine length RILð Þ = IL cmð Þ
BL cmð Þ ,

Fillet yield FY,%ð Þ = 100 ×
MW gð Þ
BW gð Þ ,

The ratio of protein to energy in diet mg protein KJ−1
� �

=
crude protein of diet mg g−1

� �

gross energy of diet KJg−1ð Þ½ � ,
ð1Þ

where FN, IN, BW, FBW, IBW, FW, BL, VW, AFW, HW,
IL, and MW represent the final number of fish, the initial

4 Aquaculture Nutrition



number of fish, body weight, final body weight, initial
body weight, feed fed weight, body length, viscera weight,
abdominal fat weight, hepatic weight, intestinal length,
and fillet weight, respectively.

2.5. Statistical Analysis. A two-factorial design (3 × 3) was
used to assess the interaction between DP and DL. Factorial
(two-way) and one-way ANOVA (analysis of variance) were
conducted for all the data using SPSS 26.0 software following
the approach described by Xu et al. [28]. The data were pre-
sented as mean ± standard error.

3. Results

3.1. Growth Performance and Feed Utilization. Data on
growth performance and feed utilization of triploid rainbow
trout are presented in Table 2. The interaction (DP ×DL),
DP, and DL fail to affect FI and survival of the fish
(P > 0:05). According to two-way ANOVA, DP ×DL did
not affect FW, WGR, and FCR of triploid rainbow trout
(P > 0:05). DP significantly affected WGR and FCR
(P < 0:05). WGR elevated considerably with DP increasing
and peaked in the DP400 group, while FCR declined as DP
increased to 350 g kg-1, then plateaued (350 to 400 g kg-1).
DL affects FW and WGR significantly (P < 0:05), but no
effect on FCR was observed. FW and WGR elevated consid-
erably as DL increased; the highest value was found in the
DL300 group (P < 0:05). When DP ≥ 350 g kg-1, the indica-
tors were similar in the DL250 and DL300 groups.

3.2. Body Indices and Compositions. Based on two-way
ANOVA, the CF value was not affected by DP, DL, and
DP ×DL (P > 0:05, Table 3). DP and DL showed a signifi-
cant (P < 0:05) influence on FY, AFI, and VSI values, while
DP ×DL had no effect. VSI and AFI values increased and
then decreased (P < 0:05) as DP increased, and the highest
values were found in the DP350 group. The DP400 group
showed significantly (P < 0:05) higher FY value than the
other groups. With DL increasing, the VSI and AFI values
raised and peaked in the DL300 group (P < 0:05). The FY
value in the DL300 group was substantially lower than that
in the other DL group. HSI and RIL values were significantly
(P < 0:05) affected by the DP ×DL. The highest HSI value
was found in the DL300 group when DP ≤ 350 g kg-1, but it
was not varied as DL when DP was 400 g kg-1. The
DP300DL200 group had the lowest RIL value, while the
DP350DL200 group had the highest value.

DP × DL had a significant effect on whole-body crude
protein and lipid contents (P < 0:05, Figure 1). Whole-
body crude lipid content (Figure 1(a)) raised as DL increased
and peaked in the DL250 group when DP was 300 or
400 g kg-1. However, it decreased with DL increasing when
DP was 350 g kg-1. Except for the DP350DL300 group, which
had high whole-body protein content but low lipid content,
whole-body crude protein content declined with DL increas-
ing (Figure 1(b)).

Data on fish liver compositions are presented in Table 4.
DP ×DL had no effect (P > 0:05) on hepatic glycogen, pro-
tein, or lipid content. DP significantly affected hepatic lipid,

Table 2: Growth performance and feed utilization of adult triploid rainbow trout in different diet groups (mean ± standard error).

Groups
Dietary protein/lipid

levels (g kg-1)
Initial weight (kg) Final weight (kg) Survival (%)

Weight gain
rate (%)

Feed conversion
ratio

Feed intake
(% day-1)

DP300DL200 300/200 3.32± 0.10 4.21± 0.01 98.7± 0.5 27.2± 3.7 1.81± 0.21 0.45± 0.05
DP300DL250 300/250 3.28± 0.07 4.27± 0.20 98.9± 0.3 29.8± 3.5 1.71± 0.28 0.53± 0.02
DP300DL300 300/300 3.22± 0.04 4.32± 0.10 98.7± 0.3 34.0± 2.0 1.53± 0.01 0.49± 0.03
DP350DL200 350/200 3.22± 0.04 4.24± 0.04 98.4± 0.3 32.1± 1.2 1.53± 0.10 0.51± 0.03
DP350DL250 350/250 3.27± 0.08 4.33± 0.18 98.3± 0.3 35.4± 2.6 1.31± 0.01 0.54± 0.03
DP350DL300 350/300 3.31± 0.05 4.47± 0.02 98.6± 0.3 35.2± 2.7 1.35± 0.06 0.48± 0.05
DP400DL200 400/200 3.16± 0.04 4.21± 0.01 98.9± 0.2 33.0± 1.5 1.38± 0.09 0.50± 0.03
DP400DL250 400/250 3.19± 0.01 4.43± 0.08 98.4± 0.2 38.6± 2.0 1.40± 0.07 0.55± 0.01
DP400DL300 400/300 3.21± 0.03 4.46± 0.01 98.0± 0.5 39.1± 1.4 1.23± 0.08 0.54± 0.04

Protein levels

300 3.27± 0.04 4.27± 0.07 98.8± 0.2 30.3± 1.9A 1.68± 0.11B 0.49± 0.02
350 3.26± 0.03 4.35± 0.05 98.5± 0.1 34.2± 1.3AB 1.40± 0.05A 0.51± 0.02
400 3.19± 0.02 4.36± 0.05 98.4± 0.2 36.9± 1.3B 1.34± 0.05A 0.53± 0.02

Lipid levels

200 3.23± 0.04 4.22± 0.01X 98.7± 0.2 30.7± 1.5X 1.57± 0.10 0.49± 0.02
250 3.25± 0.03 4.34± 0.08XY 98.5± 0.2 34.6± 1.9XY 1.47± 0.10 0.54± 0.01
300 3.25± 0.03 4.42± 0.04Y 98.4± 0.2 36.1± 1.3Y 1.37± 0.05 0.50± 0.02

Protein levels 0.158 0.377 0.331 0.017 0.014 0.391

Lipid levels 0.886 0.047 0.626 0.048 0.221 0.119

Protein levels × lipid levels 0.425 0.848 0.403 0.863 0.914 0.788

Data in the same column with different superscripts (A, B, and C based on two-way ANOVA) represent that the significant difference is discovered in the
dietary protein level (P < 0:05), and those with different superscripts (X, Y, and Z based on two-way ANOVA) represent that the significant difference is
discovered in the dietary lipid level (P < 0:05).
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protein, and glycogen contents (P < 0:05). The DP400 group
had greater protein and lipid contents but lower glycogen
content than the DP300 and DP350 groups (P < 0:05). DL
only affected hepatic glycogen content. The DL300 group
had significantly greater glycogen content than the DL200
and DL250 groups (P < 0:05).

3.3. Digestive Enzyme Activities. Data on protease and lipase
activities in the digestive tract are shown in Figure 2. The
activities of protease and lipase in the intestine were signifi-
cantly affected by DP and DL (P < 0:05), but the effect of
DP ×DL was not significant (P > 0:05). The DP400 group
had significantly (P < 0:05) lower protease activity than

Table 4: Liver and fillet tissue compositions of adult triploid rainbow trout in different diet groups (mean ± standard error).

Groups
Dietary protein/

lipid levels
(g kg-1)

Liver tissue compositions Fillet tissue compositions
Crude lipid

(mg g-1 liver tissue)
Crude protein

(mg g-1 liver tissue)
Liver glycogen

(mg g-1 liver tissue)
Crude lipid

(mg g-1 fillet tissue)
Crude protein

(mg g-1 fillet tissue)

DP300DL200 300/200 69.4± 3.0 159± 3 29.5± 1.6 140± 7 205± 1
DP300DL250 300/250 67.5± 4.8 157± 3 39.7± 2.3 127± 6 207± 2
DP300DL300 300/300 69.5± 3.7 156± 2 33.5± 2.2 143± 8 203± 2
DP350DL200 350/200 71.9± 6.0 159± 2 38.1± 3.9 135± 4 208± 1
DP350DL250 350/250 71.0± 7.6 159± 2 33.9± 3.5 142± 4 207± 1
DP350DL300 350/300 67.8± 4.8 154± 3 47.5± 7.5 136± 7 210± 2
DP400DL200 400/200 90.6± 10.1 170± 5 22.7± 3.8 121± 9 212± 2
DP400DL250 400/250 86.5± 5.9 162± 2 24.2± 1.6 129± 5 209± 2
DP400DL300 400/300 74.9± 2.4 171± 3 33.1± 3.6 137± 4 206± 1

Protein levels

300 68.8± 2.1A 157± 2A 34.2± 1.8B 136± 4 205± 1A

350 70.2± 3.3A 157± 1A 39.8± 3.3B 137± 3 208± 1B

400 84.0± 4.1B 168± 2B 26.7± 2.3A 129± 4 209± 1B

Lipid levels

200 77.3± 4.6 163± 2 30.1± 2.8X 132± 4 209± 1
250 75.0± 4.1 160± 1 32.6± 2.6X 132± 3 208± 1
300 70.7± 2.2 160± 3 38.0± 3.5Y 139± 4 206± 1

Protein levels 0.006 ≤0.001 0.002 0.219 0.018

Lipid levels 0.385 0.485 0.049 0.370 0.231

Protein levels × lipid levels 0.679 0.231 0.133 0.250 0.150

Data in the same column with different superscripts (A, B, and C based on two-way ANOVA) represent that the significant difference is discovered in the
dietary protein level (P < 0:05), and those with different superscripts (X, Y, and Z based on two-way ANOVA) represent that the significant difference is
discovered in the dietary lipid level (P < 0:05).
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Figure 1: Means of the crude lipid (a) and protein (b) contents of fish body compositions in different diet groups. Values denoted with
different letters (A, B,…based on one-way ANOVA) represent that the significant difference is discovered in the interaction (P < 0:05).
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DP300 and DP350 groups. The DL250 group had signifi-
cantly greater protease activity than the DL200 and DL300
groups (Figure 2(a)). Lipase activity potentiated consider-
ably (P < 0:05) with DL rising and peaking in the DL300
group. It also potentiated significantly with DP increasing
and peaked in the DP350 group (Figure 2(b)).

3.4. Metabolic Enzyme Activities. As seen in Table 5, DP, DL,
and DP ×DL had no effect on plasma ALT and AST levels.
According to two-way ANOVA, the activities of amino acid
metabolism and lipid metabolism enzymes in the liver were
affected by DP ×DL (P < 0:05) (Table 5). When DL was
300 g kg-1, the DP300 group had notably higher hepatic
GDH, ALT, and AST activities than the other groups
(P < 0:05). Furthermore, ALT and AST activities in the liver
showed an increasing trend with DL increasing when DP
≤ 350 g kg-1, but the tendency was reversed when DP was
400 g kg-1. When DL was 200 g kg-1, the DP300 group had
the greatest activities of HL and total lipase in the liver,
whereas the DP400 group had the highest LPL activity. In
addition, when DL was 300 g kg-1, the maximum LPL and
total lipase activities in the liver were found in the DP350
group.

3.5. Antioxidative Capacity. Data on fish antioxidant capac-
ity are shown in Figure 3. DP × DL significantly affected

T-AOC level in the plasma, intestine, and liver (P < 0:05).
When DP was 300 and 400 g kg-1, the DL250 and DL300
groups exhibited low plasma T-AOC level (Figure 3(a)).
The highest T-AOC level in the intestine was found in the
DP400DL200 group (Figure 3(d)). The T-AOC level in the
liver enhanced with DL increasing when DP was 400 g kg-1,
but it did not alter with DL when DP was ≤350 g kg-1
(Figure 3(g)).

There was a significant effect of DP ×DL on plasma and
hepatic MDA contents, but no effect on intestinal MDA con-
tent. The DP300DL300 group had the greatest MDA content
in the plasma and liver (P < 0:05) (Figures 3(b) and 3(h)). In
addition, whether DL was 200 or 300 g kg-1, the DP400
group showed lower hepatic MDA content (Figure 3(h)).
The MDA content in the intestine raised considerably DL
increasing and peaked in the DL250 group, but DP had no
effect on it (Figure 3(e)).

DP × DL significantly affected the PC contents in the
plasma, intestine, and liver. The DP400 group exhibited
greater plasma PC content than DP300 and DP350 groups,
especially the highest PC content was found in the
DP400DL300 group (Figure 3(c)). In the DL300 group,
the diets with DP ≥350 g kg-1 could reduce PC content in
the intestine (Figure 3(f)). When DL was 200 or 300gkg-1,
the DP400 group had the lowest PC content in the liver
(Figure 3(i)).
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Figure 2: Means of the intestinal activities of protease (a) and lipase (b) in different diet groups. Values denoted with different letters (A, B,
and C based on two-way ANOVA) represent that the significant difference is discovered in the dietary protein level (P < 0:05) and those
with different letters (X, Y, and Z based on two-way ANOVA) represent that the significant difference is discovered in the dietary lipid
level (P < 0:05).
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Figure 3: Continued.
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3.6. Fillet Quality Color. DP, DL, and DP ×DL fail to affect
fillet redness value assessed visually, L∗ and H∘

ab values
(P > 0:05; Table 6). DP had a notable effect on the b∗ value,
and the DP350 group had a lower value than the other
groups (P < 0:05). DP ×DL significantly affected a∗ and
C∗

ab values. The a
∗ value notably elevated with DL increas-

ing when DP was 400 g kg-1, but it reduced with DL increas-
ing when DP ≤ 350 g kg-1 (P < 0:05). The highest C∗

ab value
was found in the DP400DL250 and DP400DL300 groups.

3.7. Fillet Quality Texture. Data on fillet texture are pre-
sented in Table 7. DP, DL, and DP ×DL fail to affect cohe-
siveness and pH values (P > 0:05). DP or DL had the
significant influence on fracture, hardness, and adhesiveness
values (P < 0:05), while the effect of DP ×DL was not signif-
icant (P > 0:05). The DL200 group had the greatest fracture,
hardness, and adhesiveness values. The values of hardness
and adhesiveness enhanced with DP increasing up to

350 g kg-1, and then decreased. DP ×DL notably (P < 0:05)
affected springiness, chewiness, and WHC values. The
DP350 group had a lower springiness value than the other
groups. The highest springiness and chewiness values were
found in the DP300DL200 group. The DP300 group had a
lower WHC value than the DP350 and DP400 groups, and
the lowest value was found in the DP300DL300 group.

3.8. Fillet Quality Odor. Data on volatile compounds with
OAVs in the fillet are shown in Table 8. Twenty odor-
active compounds were found in the study, including 2
alcohols (1-heptanol and 1-octen-3-ol), 3 ketones (2,3-pen-
tanedione, 2,3-octanedione, and 3,5-octadien-2-one), 14
aldehydes (hexanal, heptanal, octanal, nonanal, decanal,
undecanal, (E)-2-hexenal, (E)-2-heptenal, (E)-2-octenal,
(E)-2-nonenal, (E)-2-decenal, (E, E)-2,4-heptadienal, (E,
Z)-2,6-nonadienal, and (E, E)-2,4-nonadienal), and 1 furan
(2-ethyl-furan). DP, DL, and DP × DL fail to affect the

T-
A

O
C 

(m
m

ol
 g

pr
ot

–1
)

AB
AB

BC C

A

A

A
AA

0.2

0.3

0.4

0.5

0.6

0.7
Liver

P value

DP ≤0.001
DL 0.312
DP×DL 0.021

200 250 300

DP300
DP350
DP400

Dietary lipid levels (g kg–1)

(g)

M
D

A
 (n

m
ol

 m
gp

ro
t–1

)

BCD CD

DE
E

DE

DE

AB
ABCA

0.4

0.45

0.5

0.55

0.6

0.65

0.7
Liver

P value

DP 0.005
DL ≤0.001
DP×DL 0.013

200 250 300

DP300
DP350
DP400

Dietary lipid levels (g kg–1)

(h)

PC
 (n

m
ol

 m
gp

ro
t–1

)

C
C

BC

BC

BC

C

A

AB AB

4

6

8

10

12

14
Liver

P value

DP ≤0.001
DL 0.698
DP×DL 0.006

200 250 300

DP300
DP350
DP400

Dietary lipid levels (g kg–1)

(i)

Figure 3: Means of total antioxidative capacity (T-AOC), malondialdehyde (MDA), and protein carbonyl (PC) levels of adult triploid
rainbow trout in different diet groups. Values denoted with different letters (A, B,…based on one-way ANOVA) represent that the
significant difference is discovered in the interaction (P < 0:05), those with different letters (A, B, and C based on two-way ANOVA)
represent that the significant difference is discovered in the dietary protein level (P < 0:05), and those with different letters (X, Y, and Z
based on two-way ANOVA) represent that the significant difference is discovered in the dietary lipid level (P < 0:05).
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concentrations of 2,3-octanedione, heptanal, nonanal, (E)-2-
nonenal, (E)-2-decenal, and (E, E)-2,4-nonadienal. The
concentrations of 1-heptanol, decanal, undecanal, (E, Z)-
2,6-nonadienal, and subtotal concentration of n-9 fatty acids
(n-9 derived) increased as DP increasing (P < 0:05) and
peaked in the DP350 group, while the concentrations of 1-
octen-3-ol, 2,3-pentanedione, hexanal, octanal, (E)-2-hexe-
nal, (E)-2-heptenal, and total concentration (TC) and n-6
derived tended to increase as DP increasing up to 350 gkg-1,
and then decrease. (E)-2-hexenal and (E, E)-2,4-heptadienal
concentrations increased with DL increasing. The concentra-
tions of 1-octen-3-ol, hexanal, (E)-2-octenal, (E, Z)-2,6-nona-
dienal, 2-ethyl-furan, TC, n-3 derived, and n-6 derived notably
increased as DL increasing (P < 0:05) and peaked in the
DL250 group. DP × DL had a significant influence on 3,5-
octadien-2-one concentration (P < 0:05), it enhanced as DL
increasing when DP ≥ 350 g kg-1.

3.9. Fillet Quality Nutrition. Data on fillet protein and lipid
content are shown in Table 4. Fillet lipid content was unaf-
fected (P > 0:05) by DP × DL, DP, and DL. Fillet protein
content was only affected by DP. The DP300 group had con-
siderably lower fillet protein content than the DP350 and
DP400 groups (P < 0:05).

Data on fatty acid compositions are shown in Table 9.
The contents of C18:2n-6, C18:3n-3, C20:4n-6, total fatty
acids (TFA), saturated fatty acids (SFA), monounsaturated
fatty acids (MUFA), polyunsaturated fatty acids (PUFA),
n-6 fatty acids (∑n-6) contents, and AI value were neither

affected by DP ×DL nor DP and DL. The contents of
C20:5n-3 (EPA), C22:6n-3 (DHA), n-3 fatty acids (∑n-3),
and TI value were unaffected (P > 0:05) by DP ×DL and
DP, but were notably affected by DL (P < 0:05). The
DL300 group had higher EPA, DHA, and ∑n-3 contents
than the other groups, while the TI value showed the oppo-
site trend (P < 0:05).

4. Discussion

The current study discovered that the growth of triploid
rainbow trout was enhanced when the fish were fed the diet
with DL ≥ 250 g kg-1, and there was no negative effect of the
high DL diet (300 g kg-1) on fish growth. This is substanti-
ated by Meng et al. [3] who pointed out that triploid rainbow
trout (initial weight: 233 g) could use high lipid level with no
negative effect on fish growth. Besides, the DP400 group in
the study had the best WGR. The result was higher than rec-
ommended protein level (360 g kg-1) of rainbow trout
(>1,500 g) [22]. Triploid rainbow trout had higher protein
requirements than diploid rainbow trout was also found in
our previous study [21]. Overall, the minimum recom-
mended DP and DL for adult triploid rainbow trout
(≥3 kg) on the basis of growth was 400 and 250 g kg-1,
respectively.

Fish growth is also affected by feed utilization; hence, FI
and FCR were thoroughly evaluated. DP and DL had no
effect on FI in the present study. When DL ≥ 195 g kg-1, no
effect of DL on FI was also found in subadult triploid

Table 6: Fillet color of adult triploid rainbow trout in different diet groups (mean ± standard error).

Groups
Dietary protein/lipid

levels (g kg-1)
Fillet redness value Lightness (L∗) Redness (a∗) Yellowness (b∗) Chroma (C∗

ab) Hue (H∘
ab)

DP300DL200 300/200 29.6± 0.2 46.1± 1.4 20.2± 0.5cd 24.4± 0.5 31.9± 0.5cd 50.8± 1.0
DP300DL250 300/250 29.8± 0.2 45.7± 1.3 19.8± 0.6bcd 23.8± 0.9 30.9± 1.0bcd 49.4± 1.3
DP300DL300 300/300 29.7± 0.2 46.7± 1.6 19.4± 0.4bc 23.9± 0.5 30.8± 0.5bcd 51.7± 1.0
DP350DL200 350/200 29.9± 0.2 44.9± 1.4 19.3± 0.4bc 22.1± 0.6 29.3± 0.7ab 49.2± 0.9
DP350DL250 350/250 29.6± 0.2 45.8± 1.5 18.3± 0.6ab 22.1± 0.8 28.6± 1.0ab 50.8± 0.7
DP350DL300 350/300 29.9± 0.2 45.9± 1.4 17.1± 0.4a 22.0± 0.7 27.9± 0.9a 51.8± 0.5
DP400DL200 400/200 30.0± 0.2 44.7± 1.2 18.4± 0.6ab 22.9± 0.8 29.4± 1.2abc 51.6± 0.7
DP400DL250 400/250 29.8± 0.2 45.7± 1.8 19.8± 0.5bcd 24.6± 0.5 32.0± 0.7d 50.9± 0.8
DP400DL300 400/300 29.9± 0.2 44.8± 1.9 21.3± 0.6d 24.5± 0.4 33.1± 0.6d 49.2± 1.0

Protein levels

300 29.7± 0.1 46.1± 0.8 19.8± 0.3B 24.1± 0.4B 31.2± 0.4B 50.6± 0.6
350 29.8± 0.1 45.5± 0.8 18.2± 0.3A 22.0± 0.4A 28.6± 0.5A 50.6± 0.5
400 29.9± 0.1 45.1± 0.9 19.9± 0.4B 24.0± 0.4B 31.5± 0.5B 50.6± 0.5

Lipid levels

200 29.8± 0.1 45.2± 0.8 19.3± 0.3 23.1± 0.4 30.2± 0.5 50.5± 0.5
250 29.7± 0.1 45.7± 0.9 19.3± 0.3 23.5± 0.5 30.5± 0.6 50.4± 0.6
300 29.8± 0.1 45.8± 0.9 19.3± 0.4 23.5± 0.3 30.6± 0.5 50.9± 0.5

Protein levels 0.478 0.675 ≤0.001 ≤0.001 ≤0.001 0.998

Lipid levels 0.781 0.877 0.991 0.749 0.846 0.764

Protein levels × lipid levels 0.738 0.973 ≤0.001 0.389 0.016 0.085

Data in the same column with different superscripts (a, b,...based on one-way ANOVA) represent that the significant difference is discovered in the interaction
(P < 0:05), those with different superscripts (A, B, and C based on two-way ANOVA) represent that the significant difference is discovered in the dietary
protein level (P < 0:05).
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rainbow trout [3]. However, Ma et al. [21] discovered that
raising DP from 316 to 407 g kg-1 improved FI in subadult
triploid rainbow trout. The phenomenon was not observed
in adult fish, which indicated that large fish fed actively
and were not picky eaters. The minimum recommended
DP and DL for adult triploid rainbow trout (≥3 kg) based
on FCR results was 350 and 200 g kg-1, respectively. Fish feed
utilization was related to the processes of nutrient digestion.
Digestion is performed by a variety of substrate-specific
digestive enzymes, and there is a limit to the digestion and
absorption of protein and lipid in diet by fish [29]. The cur-
rent study examined the specific activities of protease and
lipase in the intestine and discovered that the DP350 group
might potentially improve fish digestion. It might explain
why the minimum recommended DP was 350, not
400 g kg-1 on the basis of FCR in the study. In addition, the
DL300 group enhanced lipase activity but inhibited protease
activity in the present study. Similar findings were reported
in subadult fish [3]. This might explain why a high DL diet
has no effect on FCR.

Based on whole body composition in the study, the
growth improvement by the diets with DL ≥ 250 g kg-1 was
attributed to lipid deposition. Similar findings have been
found in other fish species [30]. It was also supported by
VSI and AFI values and lipase activity in the study. Meng
et al. [31] showed that viscera was the most crucial site of
lipid deposition in triploid rainbow trout. The highest VSI
and AFI values were found in the DL300 group in the study.
In addition, lipase activity potentiated as DL increased,
which was similar to the finding in subadult rainbow trout
[3]. Combined with the results, triploid rainbow trout in
the whole life might have a strong capacity for lipid diges-
tion. The DP350DL300 group had high protein and low lipid
contents in the whole body, which was an intriguing finding
in the study. It might be related to the protein-sparing effect
of lipid in relation to energy generation resulting in the
increasement of protein accretion in the fish’s body [32].

The liver is a crucial organ in fish, performing metabolic
and detoxifying tasks [18, 33]. Liver health is vital to fish
health. Our previous study showed that increasing DL low-
ered the HSI value in subadult rainbow trout [31]. On the
contrary, the DL300 group generally had a high HSI value
in the present study. The liver is thought to be a key location
of lipid and glycogen accumulation in fish [34, 35]. Liver tis-
sue compositions were then assayed, and results showed that
hepatic glycogen not lipid content was accumulated in the
DL300 group. However, the phenomenon was not observed
in subadult triploid rainbow trout [31]. The findings
revealed that adult rainbow trout might prefer to use lipid
rather than glucose when fed the high DL diet (300 g kg-1),
which led to more glucose being stored as glycogen. The
main reason will require further study. An intriguing finding
in the study was that high a DP diet (400 g kg-1) might mit-
igate the increase in HSI value produced by a high DL diet. It
was related to decreasing hepatic glycogen content. As seen
in earlier studies [36, 37], HSI and hepatic glycogen content
were positively correlated with DL and negatively correlated
with DP. According to Ma et al. [21], a high HSI value was
associated with oxidative damage. Then antioxidative indi-

cators were assayed in the study. T-AOC indicates overall
antioxidant capacity, whereas MDA is a key indicator of oxi-
dative damage [38]. In addition, free radicals generated dur-
ing lipid peroxidation can also denature proteins, and PC is
the main indicator of oxidative protein damage [33]. In the
study, a high DP diet generally increased hepatic T-AOC
level and decreased hepatic MDA and PC contents, espe-
cially when DL was 300 g kg-1. It was agreed that the optimal
DP may enhance antioxidative capacity and benefit fish
health [21]. The experimental diets fail to affect plasma
ALT and AST levels, which are biomarkers for liver damage
[39]. It indicated that liver damage was seemingly absent in
the low DP group (300 g kg-1) or high DL group (300 g kg-1),
which were different from the results in subadult fish [3, 21].
Adult fish might have a greater tolerance for diet than sub-
adult fish. The gut is intimately linked to fish digestion,
absorption, and immune response [40, 41]. Similar to the
results in the liver, the DP400 group generally increased
T-AOC level and decreased MDA and PC contents in
the intestine. Based on the aforementioned results, a high
DP diet was beneficial to fish health, and a high DL diet
showed no influence on hepatic health.

Fillet is the most important product produced by salmo-
nids, which is the majority of the edible component for con-
sumers [42]. Thus, the present study examined the impact of
DP and DL on the fillet quality of adult triploid rainbow
trout. FY was considered an important quality indicator in
fillet processing. In the study, the FY value was high in the
DP400 group but low in the DL300 group. The variation
was opposite with VSI value and might be related to the dis-
tribution of nutrients in various tissue. The color of the flesh
is extremely important in consumer acceptance of salmonid
quality [43]. The DP400DL300 group showed high quality in
fillet color because it had the greatest redness value (a∗).
Generally, a firm texture is preferred by consumers of
salmon [44]. Previous studies in rainbow trout also found
a high DL diet could decrease fillet hardness value [20].
The DL200 group had the greatest fillet hardness, springi-
ness, and chewiness. Nonetheless, fish fed a low DL diet also
had the highest fillet fracture value which indicated that the
increasement in fragility could result in the decline of fillet
quality. For the effect of DP, the DP400 group had higher fil-
let hardness, springiness, and WHC values, which indicated
that high DP is suitable for texture.

In addition to color and texture, the odor of fish flesh is a
significant quality measure [45]. The OAV indicates the
contribution of each volatile component to the overall odor
profile of the fish sample [46]. 20 odor-active compounds
may contribute to the overall odor, including 2 alcohols, 3
ketones, 14 aldehydes, and 1 furan compound, according
to the OAV (≥1). In comparison to our previous studies
on 4 kg triploid rainbow trout fillets [27], most odor-active
compound species were the same except pentanal (not
detected in the study), 2-pentyl-furan (not detected in the
study), and 3,5-octadien-2-one (not detected in our previous
study). The oxidative degradation of lipids (particularly
unsaturated fatty acids) was the primary source of volatile
organic compounds such as alcohols, ketones, and aldehydes
[47–49]. Based on previous studies, pentanal and 2-pentyl-
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furan are mainly derived from n-6 fatty acids [47, 50], but
3,5-octadien-2-one is derived from n-3 fatty acids [51].
Hence, the difference in odor-active compound species was
related to the feed composition of the diets which mainly
consisted of fish meal and fish oil in the study. The odor
description of volatile compounds derived from n-3 fatty
acids, such as 3,5-octadien-2-one and (E)-2-hexenal, is gen-
erally pleasant, while the volatile compounds derived from
n-6 fatty acids, such as 1-octen-3-ol and hexanal, may cause
off-flavors [49]. The concentrations of n-3 derived and n-6
derived were all enhanced when DL ≥ 250 g kg-1 in the study.
The results indicated that a diet with DL ≥ 250 g kg-1 could
increase odor intensity overall, regardless of good or bad.
The study discovered an intriguing result that the concen-
trations of n-6 derived and n-9 derived were enhanced
with DP increasing up to 350 g kg-1, while n-6 derived
dropped as DP increased from 350 to 400 g kg-1. It indi-
cated that a high DP diet could inhibit the production of
off-flavors.

Fish is not only a wonderful cuisine, but it also contrib-
utes essential nutrients for human health. In the study, fillet
protein content was increased in the DP350 and DP400
groups. A similar pattern has been discovered in another
investigation [52], which indicates that an optimal level of
protein in the diet could improve the quality of fish fillets
by raising fillet protein content. Food lipids not only offer
energy but are also a vital source of critical fatty acids in ani-
mals [53]. The fatty acid contents of fish fillets are easily
changed by the fatty acid composition of the diet or dietary
oil source [28, 54]. In the study, the DL300 group (fish oil
utilization) had the greatest contents of EPA, DHA, and
∑n-3, as well as the lowest value of TI. The findings indi-
cated that it had a high nutritional value of fatty acids for
human health [55]. Based on the aforementioned results of
fillet quality indicators, especially for redness value, texture,
EPA+DHA contents, and TI value, the minimum recom-
mended DP and DL for adult triploid rainbow trout
(≥3 kg) were 400 and 300 g kg-1, respectively.

5. Conclusion

In the study, for adult triploid rainbow trout (≥3 kg), the
minimum recommended DP and DL based on growth per-
formance were 400 and 250 g kg-1, respectively; DP and DL
based on feed utilization were 350 and 200 gkg-1, respectively;
DP and DL based on fillet quality were 400 and 300gkg-1,
respectively. In addition, a high DP diet (400g kg-1) was bene-
ficial to fish health, and a high DL diet (300g kg-1) showed no
influence on hepatic health.
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