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a b s t r a c t

Feeding frequency represents a potential strategy to improve the utilization of protein sources by fish.
This study investigated its impact on the utilization of protein blend in gibel carp. The dietary fishmeal
was totally substituted with three protein blends consisting of Tenebrio molitor meal, Chlorella meal,
Clostridium autoethanogenum protein, cottonseed protein concentrate, at ratios of 1:1:8:2, 1:1:6:4, and
1:1:4:6, respectively. During an 8-week feeding trial, a total of 960 healthy fish (18.10 g) were randomly
assigned to eight groups, each with three replicates. Then they were fed either twice daily (two meals per
day) or four times daily (four meals per day) with four different diets. Higher feeding frequency increased
feed intake and intestinal trypsin activity (P < 0.05), and up-regulated the expression levels of genes
related to amino acid or peptide transporter (pept1, yþlat2) and sensory receptors (casr, gprc6a, mglur4) in
intestine (P < 0.05). Moreover, it accelerated muscle protein turnover by increasing free amino acid
content, aspartate aminotransferase activity and akt1 transcript levels (P < 0.05), ultimately promoting
growth. However, higher feeding frequency reduced protein apparent digestibility and feed efficiency
(P < 0.05). Dietary blended proteins elevated trypsin and chymotrypsin activities (P < 0.01). Notably, the
adverse effects observed with blended proteins (ratio at 1:1:8:2) on total essential amino acid di-
gestibility and muscle protein metabolism-related gene expression were mitigated with increased
feeding frequency, thus alleviating growth inhibition. Furthermore, the blended proteins at a ratio of
1:1:6:4 increased protein apparent digestibility (P < 0.05), down-regulated mstn expression level
(P < 0.05), and up-regulated expression levels of genes related to protein synthesis (akt1,mtor, s6k1, eif4b,
eif4e; P < 0.05); thereby promoting protein utilization and muscle growth at four meals per day. Overall,
feeding frequency interacted synergistically with blended proteins to influence growth and protein
utilization in gibel carp, and a protein blend with a ratio of 1:1:6:4 was a superior alternative to fishmeal
at both feeding frequencies. Future strategies aimed at replacing dietary fishmeal should consider the
role of feeding frequency as a critical factor.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

Gibel carp (Carassius gibelio), an omnivorous fish, contributed
2.85 million tonnes to aquaculture production in China in 2022,
with production continuing to rise (Bureau of Fisheries of the
Ministry of Agriculture and Rural Affairs of the People's Republic
of China, 2023). To sustain this growth, ensuring a sufficient
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supply of high-quality protein sources is crucial. Compared to the
single protein source, dietary protein blends with balanced amino
acids have demonstrated superior growth performance and protein
utilization in aquaculture species (Li et al., 2021; Shi et al., 2017;
Xue et al., 2012). In our previous study, blends of Tenebrio molitor
meal (TMM), Chlorella meal (CM), Clostridium autoethanogenum
protein (CAP), and cottonseed protein concentrate (CPC) at appro-
priate ratios achieved amino acid balance and improved intestine
health, protein utilization, and growth in gibel carp as a substitu-
tion for fishmeal (Yu et al., 2024). In addition, these non-food
protein sources offer environmentally friendly, resource-saving
attributes with high supply potentials (Chen et al., 2018;
Kotrb�a�cek et al., 2015; Van Huis, 2013; Xue, 2021). In fact, the uti-
lization of protein by fish is influenced not only by protein prop-
erties but also by feeding management, density, temperature, etc
(Busti et al., 2020; Lu et al., 2020; Sun et al., 2018).

Feeding frequency is a paramount facet of feeding management
that significantly impacts feed intake, growth, and feed efficiency in
fish (Basto-Silva et al., 2022; Biswas et al., 2023; Wu et al., 2021).
Studies have extensively examined the independent effects of
feeding frequency on fish growth. Insufficient feeding frequency
can lead to reduced nutrient intake and hinder fish growth (Liu
et al., 2022; Wu et al., 2021). Conversely, increasing feeding fre-
quency appropriately can promote fish growth by increasing feed
intake (Basto-Silva et al., 2022; Wang et al., 2022) and improving
feed efficiency (Biswas et al., 2023; Gao et al., 2022). Feeding fre-
quency also influences the digestion rate of different protein
sources, affecting the simultaneous absorption of amino acids in
fish such as channel catfish (Ictalurus punctatus) (Ambardekar et al.,
2009). Protease activity plays a crucial role in protein digestion rate
determination (Estev~ao-Rodrigues et al., 2024; Zuo et al., 2015), and
increasing feeding frequency has been shown to effectively
enhance protease activity in aquatic animals (Busti et al., 2020; Xie
et al., 2011; Xu et al., 2020). Furthermore, increasing feeding fre-
quency has been demonstrated to mitigate the growth inhibition
caused by replacing dietary fishmeal with soybean meal in gibel
carp, attributed to increased feed intake, improved feed efficiency,
and regulated amino acid absorption (Zhao, 2014). It was also re-
ported in grass carp (Ctenopharyngodon idellus) that while dietary
CM did not affect the protein efficiency ratio with feeding fre-
quency increasing from two to four meals per day, dietary sub-
stitutes like soybean meal, TMM, CAP, and CPC promoted protein
efficiency ratios and growth (Xia, 2022). These findings underscore
the potential of increased feeding frequency to improve the utili-
zation of substituted protein sources by fish.

Proteins digested and absorbed by fish are primarily transported
to various tissues in the form of free amino acids (FAA) through
blood circulation. Feeding frequency is an important factor influ-
encing plasma levels of FAA (Cleveland and Burr, 2011; Zhao, 2014).
Additionally, the increment in circulating FAA can improve growth
performance by stimulating protein synthesis (Tome, 2022; Wu,
2018). The protein utilized for growth demand is mainly repre-
sented by its deposition in the fish. Protein deposition, predomi-
nantly in muscle, is regulated by synthesis and degradation
pathways, where FAA content in muscle reflects protein synthesis
via the mammalian target of rapamycin (mTOR) pathway (Mai
et al., 2022; Tome, 2022). Muscle RING finger 1 (MuRF1) and
muscle atrophy F-box (Fbxo32) are E3 ubiquitin ligases of
ubiquitin-proteasome system (UPS) which regulate protein degra-
dation (Sun et al., 2018; Yoshida and Delafontaine, 2020). However,
research on the impact of feeding frequency on muscle protein
metabolic processes remains limited. Therefore, the present study
used blended TMM, CM, CAP, and CPCwith different ratios to totally
replace dietary fishmeal at two feeding frequencies, exploring the
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role of feeding frequency in the utilization of blended proteins and
finding the optimal blend according to growth and protein utili-
zation of gibel carp. The results will contribute theoretical bases for
further improving substitution levels of dietary fishmeal by
increasing feeding frequency and using blended protein sources
containing balanced amino acids.

2. Materials and methods

2.1. Animal ethics statement

All experimental animal care protocols were approved by the
ethic committee of the Institute of Hydrobiology, Chinese Academy
of Sciences (approval: IHB20140724).

2.2. Feeding trial and sample collection

Gibel carp were obtained from a C. gibelio production base
(Huangshi, China). The trial was conducted in pond cages (7.2 m3;
Jingzhou, China). Diet 1 was formulated with 15% fishmeal as
control, while the blended proteins (TMM:CM:CAP:CPC) at ratios of
1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to
fully replace fishmeal respectively, preparing four isonitrogenous
and isolipidic practical diets. All of the ingredients were well-
ground, thoroughly mixed, and then pelleted in a diameter of
2 mm using an extruder (SLP-45; Fishery Machinery and Instru-
ment Research Institute, Chinese Academy of Fishery Sciences,
Shanghai, China). Then, pellets were oven-dried at 60 �C and stored
at 4 �C. Tables 1 and 2 shows the particulars of the experimental
diets. All fish were fed up to apparent satiation with control diets
thrice a day (07:00, 12:00, 17:30) for two weeks. Then all the fish
were fasted for 24 h. 960 healthy fish (18.10 g) were preferred and
distributed into 24 cages (three cages for each diet) at random. Fish
with low feeding frequency (LF) were fed at 07:00 and 17:30 for 56
days, and fish with high feeding frequency (HF) were fed at 07:00,
10:30,14:00, and 17:30, for the same duration. Details of husbandry
included; photoperiod: natural light; water temperature:
31.6 ± 2.4 �C; water ammonia nitrogen <0.2mg/L; dissolved oxygen
>5 mg/L; pH: 7.4 to 7.6.

Following completion of the 56-day trial, all fish were fasted for
12 h, anesthetized with 50 mg/L MS-222 (Sigma, USA), then bulk
weighed. Two fish were taken from each cage to analyze whole-
body composition. The other two fish had blood drawn from a
vein with heparinized syringes and the blood was centrifuged
(850 � g, 15 min) to obtain plasma, then the intestine and muscle
tissues were gathered and quickly frozen in liquid nitrogen. The
plasma samples, intestine tissues, and muscle tissues were stored
at �80 �C. Another three fish were collected to calculate body
index.

2.3. Digestibility determination

The unsampled fish of the feeding trial were acclimated in the
recirculating aquaculture system (Wuhan, China) for two weeks.
Fish were raised in cylindrical fiberglass tanks (1.06 m3) with
continuous aeration (photoperiod: 14 h light and 10 h dark; pH:
7.0e7.2; dissolved oxygen >5 mg/L; water temperature:
29.2 ± 1.3 �C; water ammonia nitrogen <0.2 mg/L). They were fed
with the diets and feeding frequencies consistent with those of the
feeding trial. The addition of 0.1% yttrium trioxide to feed was an
indirect indicator for digestibility determination. Fecal samples
were collected by siphoning at 4 h postprandial and were then
freeze-dried for digestibility determination.



Table 1
Ingredients and proximate composition of the experimental diets.

Item Blended ratios (TMM:CM:CAP:CPC)

0:0:0:0 1:1:8:2 1:1:6:4 1:1:4:6

(diet 1) (diet 3) (diet 3) (diet 4)

Ingredients, % of dry matter
Fishmeal1 15.00 0.00 0.00 0.00
TMM2 0.00 1.14 1.20 1.26
CM3 0.00 1.14 1.20 1.26
CAP4 0.00 9.12 7.20 5.04
CPC5 0.00 2.28 4.80 7.56
Rapeseed meal6 25.00 25.00 25.00 25.00
Soybean meal7 26.00 26.00 26.00 26.00
Corn starch 15.00 15.00 15.00 15.00
Microcrystalline cellulose 4.38 4.70 3.98 3.26
Fish oil 3.00 3.50 3.50 3.50
Soybean oil 3.00 3.50 3.50 3.50
Mineral premix8 5.00 5.00 5.00 5.00
Vitamin premix9 0.39 0.39 0.39 0.39
Sodium benzoate 0.02 0.02 0.02 0.02
Sodium carboxymethyl cellulose 3.00 3.00 3.00 3.00
Choline chloride 0.11 0.11 0.11 0.11
Yttrium trioxide 0.10 0.10 0.10 0.10

Proximate composition, % of dry matter
Crude protein 34.25 34.20 34.04 33.47
Crude lipid 7.66 7.75 7.07 7.33
Ash 10.26 9.41 9.08 9.26
Gross energy, MJ/kg 18.05 18.45 18.27 17.96

TMM ¼ Tenebrio molitor meal; CM ¼ Chlorella meal; CAP ¼ Clostridium autoetha-
nogenum protein; CPC ¼ cottonseed protein concentrated.

1 Fishmeal: TASA, Fish Product Co. Ltd, Peru. Crude protein: 72.63% of dry matter.
Crude lipid: 7.98% of dry matter.

2 TMM: Guangdong Zehecheng Biotechnology Co., Ltd, Guangzhou, China. Crude
protein: 76.83% of dry matter. Crude lipid: 1.11% of dry matter.

3 CM: Demeter Bio-Tech Co., Ltd., Wuhan, China. Crude protein: 63.00% of dry
matter. Crude lipid: 6.86% of dry matter.

4 CAP: Hebei Shoulang Novel Energy Technology Co., Ltd, Tangshan, China. Crude
protein: 85.82% of dry matter. Crude lipid: 0.35% of dry matter.

5 CPC: Xinjiang Jinlan Plant Protein Co., Ltd, Xinjiang, China. Crude protein: 66.70%
of dry matter. Crude lipid: 0.45% of dry matter.

6 Rapeseed meal: Wuhan Coland Feed Co. Ltd, Wuhan, China. Crude protein:
41.81% of dry matter. Crude lipid: 3.52% of dry matter.

7 Soybean meal: Wuhan Coland Feed Co. Ltd, Wuhan, China. Crude protein:
53.22% of dry matter. Crude lipid: 1.34% of dry matter.

8 Mineral premix (mg/kg diet): NaCl, 500.0; MgSO4$7H2O, 8155.6; NaH2-

PO4$2H2O, 12,500.0; KH2PO4, 16,000.0; CaHPO4$2H2O, 7650.6; FeSO4$7H2O, 2286.2;
C6H10CaO6$5H2O, 1750.0; ZnSO4$7H2O, 178.0; MnSO4$H2O, 61.4; CuSO4$5H2O,
15.5; CoSO4$7H2O, 0.9; KI, 1.5; Na2SeO3, 0.6; corn starch, 899.7.

9 Vitamin premix (mg/kg diet): vitamin B1, 20; vitamin B2, 20; vitamin B6, 20;
vitamin B12, 0.02; folic acid, 5; calcium pantothenate, 50; inositol, 100; niacin, 100;
biotin, 0.1; cellulose, 3522; vitamin A, 11; vitamin D, 2; vitamin E, 100; vitamin K,
10.

Table 2
Amino acid composition of the experimental diets (% of dry matter).

Item Diet 1 Diet 2 Diet 3 Diet 4

Essential amino acids
Lysine 2.1644 2.2620 2.2258 2.1098
Methionine 0.5599 0.5726 0.5802 0.4887
Threonine 1.3127 1.3548 1.3423 1.3317
Arginine 1.9582 2.0719 2.0547 2.0820
Leucine 2.4856 2.4548 2.5534 2.5150
Isoleucine 1.4621 1.4538 1.4643 1.4907
Valine 1.5516 1.5332 1.5496 1.6027
Phenylalanine 1.4798 1.4853 1.5196 1.5683
Histidine 0.6928 0.7272 0.6282 0.7590

Non-essential amino acids
Asparagine 2.7664 2.7329 2.8231 2.8444
Serine 1.2910 1.3135 1.3522 1.3200
Glutamic acid 5.5653 5.6073 5.6812 5.6515
Glycine 1.4511 1.4685 1.4179 1.4491
Alanine 1.5661 1.6272 1.6123 1.5773
Tyrosine 0.9861 0.9956 1.0307 1.0406
Proline 1.5528 1.5617 1.9800 1.7391
Cysteine 2.2123 2.0924 1.7148 2.1150

Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at
ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully
replace fishmeal respectively, preparing four isonitrogenous and isolipidic practical
diets.
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2.4. Biochemical determination

The moisture, ash, crude lipid and crude protein contents of the
diets, fish, or fecal were analyzed by AOAC methods of 930.15,
942.05, 954.02 and 984.13, respectively (AOAC, 2000). The yttrium
trioxide contents of diets and fecal were determined by referring to
China National Standard (2014). The amino acid contents of the
diets, feces, and plasma were measured by the ninhydrin post-
column derivatization. The gross energy was assessed using the
oxygen bomb calorimeter by the method of 9831 (ISO, 1998). More
details were given in a past investigation (Yu et al., 2024).

The measurement of trypsin and chymotrypsin activities in in-
testines was described in a previous subject (Liu et al., 2017). The
measurement of FAA, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) of muscle, and protein concentration of
muscle and intestine was conducted according to the instructions
of the commercial assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).
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2.5. qPCR analysis

The experiment analyzed the expression of key genes involved
in various physiological processes: pept1, yþlat2 and snat2 (related
to amino acid or peptide transporter); casr, gprc6a, t1r1, t1r3 and
mglur4 (associated with amino acid sensory receptors);mstn, akt1,
mtor, s6k1, eif4e and eif4b (involved in protein synthesis); and
foxo1, murf1 and fbxo32 (involved in proteolysis). RNA of muscle
and intestine tissues was extracted by TRIzol reagent (Invitrogen,
USA) following manufacturer's instructions and assessed RNA
integrity with agarose gel electrophoresis. Then RNAwas detected
concentration by NanoDrop Spectrophotometer (NanoDrop
Technologies, USA) and reverse transcribed by the M-MLV Syn-
thesis Kit (Invitrogen, Shanghai, China). qPCR was carried out
using LightCycle 480 II system (Roche, Basel, Switzerland). Table 3
shows the qPCR primers designed following NCBI primer BLAST
service. More details were given in a previous study (Yu et al.,
2024). The relative expression was calculated following
Vandesompele et al. (2002). Genes gapdh and b-actin were
serviced as the internal reference for normalizing muscle and
intestine respectively.
2.6. Statistical analysis

Statistical analysis was performed using SPSS R26.0. Data
were shown as mean and standard error of the mean (SEM). All
data were firstly tested for normality and homogeneity of vari-
ance and then were analyzed by two-way ANOVA (significance
level of P < 0.05) (Zare et al., 2024). The following model was
used:

Yij ¼ m þ ai þ bj þ ai � bj þ eij,

where Yij is the observation in diet i and feeding frequency j; m is
the overall mean; ai is the fixed effect of diet (i ¼ 1, 2, 3, 4); bj is
the fixed effect of feeding frequency (j ¼ 1, 2); ai � bj is the
interaction between diet and feeding frequency; eij is the random
residual error.

When interactions between feeding frequency and diet were
significant, data in different diets and two feeding frequencies were



Table 3
Primer sequences used for the analysis of mRNA expression by qRT-PCR.

Gene GenBank accession no. Forward primer (50 to 30) Reverse primer (50 to 30)

gapdh1 XM_026284269.1 AGGTCTTATGAGCACCGTTCAT GGAGGCTGGGATAATGTTCTGA
b-actin2 JN006052.1 TGGGACAGAAGGACAGCTATG AGCTCGTTGTAGAAGGTGTGA
yþlat2 XM_026266738.1 ATCATCACTGGCCTGGTCAA CTGTGACAATGGGCATGGAG
snat2 XM_026209285.1 TCACGATCAACACCGAGTCA ACAGCCCAAATGTGCGAAAT
pept1 XM_026265622.1 CCGTACTCATCCTCCCCATC TCTCGGTCTCTCCTTCCTCA
casr AB713518.1 AACTCCTGGTCTAACGGCAA AACACCCAACACGAAAGCTG
gprc6a XM_026283875.1 ACGCTGTGTGTTTCATGCAT GCAAACGATCACATACGGCT
t1r3 XM_026275959.1 TTCTGAGCAGCTGGAGAACA CTCCACTGGACAACGCAAAA
t1r1 XM_026268818.1 TGAATGGTCTGATGAGGGCA GTAAACACATGCTGCCACCA
mglur4 EU147495.1 CCAGTATCAGCACGACCTCT AATCGGCGTGTCATTGTAGC
mstn XM_026271441.1 CGCAAGACACTGTGCAATAGAA TACATCCACGTAACGTTGGACT
akt1 XM_026286718.1 TTGTCACGAGATCGGGTTTTCT TGATTCCCTCCTTACACAAGCC
foxo1 XM_026263271.1 AACAGCAACACCTGGGGAAA GCCGTGAGTGGTGGTCTTTA
mtor KF772613 TATAAGGGAAACGTGGTGGGAG GGCTAGTGCTAGTCTTCCACTT
s6k1 EF373665.1 GCTGGAGGAGGTAAAGGACG TCTGACACAGGTGCTGACAG
eif4b XM_026259736.1 ACCAGGGAGATGAAGATGGAGA GCCATCATCCCTAGAGCTACAC
eif4e MF461722 AAAATCTGCGTCTCATCTCC TATTCCTGTCATCCTCCCAC
murf1 XM_026290505.1 GATGCGCGTGGGTTTAGACT TGCTGGCACGGTAGTATCAC
fbxo32 XM_026284995.1 TAATCGCTTGGACTTCTGCAGT CTGCACAACCCTTTCCAGAATG

gapdh ¼ glyceraldehyde-3-phosphate dehydrogenase; yþlat2 ¼ YþL amino acid transporter 2-like; snat2 ¼ sodium-coupled neutral amino acid transporter 2; pept1 ¼ antigen
peptide transporter 1-like; casr ¼ calcium-sensing receptor; gprc6a ¼ G protein-coupled receptor class C group 6 member A; t1r3 ¼ taste receptor type 1 member 3;
t1r1 ¼ taste receptor type 1 member 1;mglur4 ¼ metabotropic glutamate receptor 4; mstn ¼myostatin; akt1 ¼ serine/threonine-protein kinase 1; foxo1 ¼ Forkhead box O1;
mtor¼mammalian target of rapamycin; s6k1¼ ribosomal protein S6 kinase 1; eif4b¼ eukaryotic translation initiation factor 4B; eif4e¼ eukaryotic translation initiation factor
4E; murf1 ¼ muscle RING-finger 1; fbxo32 ¼ muscle atrophy F-box.

1 The reference gene for muscle tissues.
2 The reference gene for intestine tissues.
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compared with Duncan's multiple tests and independent samples
t-test, respectively. When interactions were not significant, treat-
ments were compared in pooled data. If the “diet effect” or “feeding
frequency effect”were significant, it was reported “main effect” and
the pooled data were compared with Duncan's multiple tests and
independent samples t-test, respectively (Table 4).
Table 4
The results of two-way ANOVA analysis with SPSS.

Item P-value Main effe

Feeding frequency Effect Diet effect Interaction Feeding fr
of two me

FI <0.001 0.085 0.549 14.09
ADC of dry matter <0.001 <0.001 0.695 57.50
TAA-plasma <0.001 0.333 0.655 44.00
TEAA-plasma <0.001 0.395 0.631 28.47
TNEAA-plasma 0.006 0.324 0.751 8.48
Lysine-plasma <0.001 0.044 0.701 3.31
Arginine-plasma 0.002 0.503 0.261 3.59
Leucine-plasma 0.013 0.763 0.234 3.71
Isoleucine-plasma 0.008 0.655 0.139 1.90
Valine-plasma 0.001 0.666 0.134 4.41
Glycine-plasma 0.027 0.425 0.897 3.31
Alanine-plasma 0.014 0.530 0.856 5.52
Trypsin 0.046 <0.001 0.335 694.86
Chymotrypsin 0.737 0.001 0.873
ALT 0.128 0.009 0.259
AST 0.006 0.002 0.203 16.87
FAA 0.012 0.017 0.067 4.37
pept1 <0.001 0.001 0.338 1.97
yþlat2 0.005 0.750 0.778 1.15
casr 0.022 0.499 0.106 1.28
gprc6a 0.028 0.065 0.414 0.82
akt1 0.003 0.029 0.498 1.27
mtor 0.243 0.032 0.195

FI ¼ feed intake; ADC ¼ apparent digestibility coefficient; TAA ¼ total amino acid; TEAA
aminotransaminase; AST ¼ aspartate aminotransferase; FAA ¼ free amino acid; yþlat2
casr ¼ calcium-sensing receptor; gprc6a ¼ G protein-coupled receptor class C group 6 m
rapamycin.
The non-significant parameters are not shown. The interaction effect for significant param
significant at interaction effect and are significant at main effect are shown.
The “feeding frequency effect” and “diet effect” are compared with independent samples
superscript letters a, b, c suggest significant differences among treatments exposed to d
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3. Results

3.1. Growth performance

The different treatment manipulations did not significantly
change the survival rate (Table 5). Feed intake (FI) increased
cts (mean)

equency
als per day

Feeding frequency of
four meals per day

Diet 1 Diet 2 Diet 3 Diet 4

19.61
51.99 53.49bc 55.19b 57.87a 52.44c

50.15
32.44
9.79
3.98 3.79a 3.74a 3.80a 3.24b

4.04
4.07
2.15
4.97
3.76
6.49
862.54 227.4c 1174.06a 708.66b 1004.68a

428.28b 1149.72a 814.66a 969.49a

4.42a 3.39b 2.92b 3.41b

18.45 19.68a 17.19b 16.75b 17.02b

4.81 4.48b 4.22b 5.01a 4.64ab

2.97 1.85b 2.21b 2.49b 3.31a

1.48
1.61
1.06
1.73 1.12b 1.43ab 1.70a 1.76a

0.86b 0.98ab 1.23a 1.14a

¼ total essential amino acid; TEAA ¼ total non-essential amino acid; ALT ¼ alanine
¼ YþL amino acid transporter 2-like; pept1 ¼ antigen peptide transporter 1-like;
ember A; akt1 ¼ serine/threonine-protein kinase 1; mtor ¼ mammalian target of

eters is unpacked and shown in Tables and Figures. The parameters which are non-

t-test and Duncan's multiple tests, respectively (P < 0.05). Within a row, difference
ifferent diets.



Table 5
Growth performance and feed utilization indices of gibel carp fed the experimental diets with different feeding frequencies.

Item Groups SEM P-value

LF1 LF2 LF3 LF4 HF1 HF2 HF3 HF4 Feeding
frequency effect

Diet Effect Interaction

IBW, g 18.13 18.19 18.15 18.09 18.02 18.17 18.16 18.02 0.034 0.534 0.592 0.945
SR1, % 97.50 98.33 97.50 97.50 96.67 97.50 97.50 97.50 0.451 0.700 0.957 0.984
FI2, g/kg MBW per day 14.66 14.18 13.68 13.84 19.80 19.70 19.58 19.37 0.584 <0.001 0.085 0.549
FBW, g 61.99b 59.11b 69.88a 67.45a 72.34y* 72.71xy* 75.75x* 71.37y 1.151 <0.001 <0.001 0.001
SGR3, %/d 2.20b 2.11c 2.41a 2.35a 2.48* 2.48* 2.55* 2.46 0.031 <0.001 <0.001 0.001
FE4, % 60.83b* 60.04b* 71.82a* 69.09a* 51.49 51.42 53.73 51.98 1.606 <0.001 <0.001 <0.001
PER5 1.77b* 1.76b* 2.12a* 2.05a* 1.50y 1.50y 1.59x 1.54xy 0.048 <0.001 <0.001 <0.001
PRE6, % 31.82b* 31.17b* 37.16a* 35.65a* 26.26y 26.70y 28.18x 27.23xy 0.829 <0.001 <0.001 0.002

LF ¼ low frequency; HF ¼ high frequency; SEM ¼ standard error of the mean; IBW ¼ initial body weight; SR ¼ survival rate; FI ¼ feed intake; MBW ¼ mean metabolic body
weight; FBW ¼ final body weight; SGR ¼ specific growth rate; FE ¼ feed efficiency; PER ¼ protein efficiency ratio; PRE ¼ protein retention efficiency.
Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace
fishmeal respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day, respectively; HF1, HF2,
HF3, HF4 denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively.
Values are means (n ¼ 3). Within a row, difference superscript letters a, b, c and x, y indicate significant differences among treatments at feeding frequencies of two meals and
four meals per day, respectively (P < 0.05). The asterisk (*) indicates a significant difference between diet levels and comparing feeding frequencies of two and four meals per
day (P < 0.05).

1 SR (%) ¼ 100 � (final fish number/initial fish number).
2 FI (g/kg MBW, per day) ¼ feed consume/(MBW � days) and MBW ¼ [(initial body weight/1000)0.75 þ(final body weight/1000)0.75]/2.
3 SGR (%/d) ¼ 100 � (ln final body weight - ln initial body weight)/days.
4 FE (%) ¼ 100 � (weight gain þ dead fish weight)/dry weight of feed.
5 PER ¼ (final body weight - initial body weight)/protein intake.
6 PRE (%) ¼ 100 � amount of body protein deposition/protein intake.
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significantly at four meals per day compared to two meals per day
(P < 0.001; Table 4). Significant interactions between feeding fre-
quency and diet were evident in final body weight (FBW), specific
growth rate (SGR), feed efficiency (FE), protein efficiency ratio (PER)
and protein retention efficiency (PRE) (P < 0.05; Table 5). As feeding
frequency increased from two to four meals per day, FBW and SGR
increased significantly in fish fed diets 1, 2 and 3 (P < 0.05), while
FE, PER, and PRE decreased significantly in fish fed diets 1, 2, 3 and 4
(P < 0.05). Compared to diet 1, diet 3 significantly increased FBW,
PER and PRE at both feeding frequencies (P < 0.05). Specifically, SGR
decreased in fish fed diet 2 compared to diet 1 at twomeals per day
(P < 0.05), while differences were not observed at four meals per
day. Conversely, higher FBW, SGR, FE, PER, and PRE were found in
fish fed diet 4 compared to diet 1 at two meals per day (P < 0.05),
with no significant differences observed at four meals per day.

Significant interactions between feeding frequency and diet
were also observed on condition factor (CF) and hepatosomatic
index (HSI) (P < 0.05; Table 6). At two meals per day, CF increased
significantly in fish fed diet 3 (P < 0.05), whereas it decreased
significantly in fish fed diet 2 compared to that in diet 1 (P < 0.05).
With feeding frequency increasing from two to four meals per day,
CF in fish-fed diet 2 and HSI in fish-fed diet 1 increased significantly
Table 6
Body condition indices of gibel carp fed the experimental diets with different feeding fre

Item Groups

LF1 LF2 LF3 LF4 HF1 HF2 H

CF1, g/cm3 3.22b 3.10c 3.37a 3.24b 3.30 3.31* 3
VSI2, % 11.40 12.32 12.640 11.99 12.12 11.29 1
HSI3, % 2.66b 3.11a 3.22a 3.33a 3.48* 3.10 3

LF ¼ low frequency; HF ¼ high frequency; SEM ¼ standard error of the mean; CF ¼ con
Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratio
fishmeal respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2
HF3, HF4 denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively.
Values are means (n ¼ 9). Within a row, difference superscript letters a, b, c indicate a s
(P < 0.05). The asterisk (*) indicates a significant difference between diet levels and com

1 CF (g/cm3) ¼ 100 � body weight/total length3.
2 VSI (%) ¼ 100 � (visceral weight/body weight).
3 HSI (%) ¼ 100 � (liver weight/body weight).
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(P < 0.05). The different treatment manipulations did not signifi-
cantly affect whole-body proximate composition (Table 7).
3.2. Apparent digestibility coefficient (ADC) and dietary essential
amino acid (EAA) composition

The digestibility trial revealed significant effects of feeding fre-
quency and dietary blended proteins on the ADC of nutrients
(Tables 4 and 8). ADC of dry matter (ADCDM) at four meals per day
was significantly lower than at twomeals per day (P < 0.001). It was
observed the significant interactions between feeding frequency
and diet on the ADC of crude protein (ADCCP), gross energy (ADCGE),
total essential amino acid (ADCTEAA), total non-essential amino acid
(ADCTNEAA), and individual amino acid (P < 0.01). With feeding
frequency increasing from two to four meals per day, ADCCP, ADC-
TEAA, and ADCTNEAA decreased significantly for each diet (P < 0.05).
Higher ADCCP and ADCTEAA were found in fish-fed diet 3 compared
to diet 1 at both feeding frequencies (P < 0.05). Compared to diet 3,
ADCTEAA and ADCTNEAA in fish-fed diet 2 decreased significantly at
two meals per day (P < 0.05), while no significant differences were
observed at four meals per day.
quencies.

SEM P-value

F3 HF4 Feeding
frequency effect

Diet effect Interaction

.28 3.27 0.019 0.096 0.083 0.029
2.26 11.34 0.123 0.151 0.073 0.056
.34 2.84 0.069 0.405 0.639 0.008

dition factor; VSI ¼ visceral somatic index; HSI ¼ hepatosomatic index.
s of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace
, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day, respectively; HF1, HF2,

ignificant difference among treatments at feeding frequencies of two meals per day
paring feeding frequencies of two meals per day and four meals per day (P < 0.05).



Table 8
Apparent digestibility coefficients of gibel carp fed the experimental diets with different feeding frequencies (%).

Item Groups SEM P-value

LF1 LF2 LF3 LF4 HF1 HF2 HF3 HF4 Feeding
frequency Effect

Diet Effect Interaction

Dry matter 56.18 57.43 61.18 55.22 50.80 52.94 54.56 49.65 0.767 <0.001 <0.001 0.695
Crude protein 84.57a* 83.67a* 84.42a* 81.48b* 72.27y 79.72w 79.72w 74.44x 0.900 <0.001 <0.001 <0.001
Gross energy 63.71c 65.81b* 70.03a* 62.81c* 61.53w 62.12w 62.70w 58.32x 0.683 <0.001 <0.001 0.001
TEAA 86.13b* 85.47bc* 87.54a* 84.79c* 77.31y 83.02w 83.86w 81.58x 0.630 <0.001 <0.001 <0.001
TNEAA 88.33ab* 87.75bc* 89.04a* 87.21c* 77.89y 84.22w 84.77w 82.87x 0.726 <0.001 <0.001 <0.001
Lysine 88.21a* 87.88a* 89.00a* 85.58b* 81.48y 85.38w 85.73w 83.98x 0.495 <0.001 <0.001 <0.001
Methionine 88.53* 88.42 89.28* 86.53* 77.44y 85.34w 85.93w 79.67x 0.879 <0.001 <0.001 0.001
Threonine 82.39ab* 81.63bc* 83.47a* 80.36c* 69.28y 76.58w 77.50w 74.71x 0.934 <0.001 <0.001 <0.001
Arginine 76.64b* 77.93b 83.24a 76.72b 69.54x 78.71w 78.29w 75.86w 0.800 0.001 <0.001 0.005
Leucine 88.65a* 87.24b* 89.29a* 87.13b* 79.70y 83.93x 85.96w 84.52x 0.608 <0.001 <0.001 <0.001
Isoleucine 88.89a* 87.91b* 89.27a* 87.77b* 81.52y 84.42x 86.71w 84.58x 0.525 <0.001 <0.001 <0.001
Valine 86.65* 84.77 86.50* 85.24* 73.35x 81.75w 82.32w 78.69w 0.926 <0.001 0.001 <0.001
Phenylalanine 88.38ab* 87.52b 89.28a* 87.84ab* 81.75x 86.40w 87.30w 83.81x 0.522 <0.001 <0.001 0.001
Histidine 90.80* 90.71* 90.76* 90.58 83.35y 88.01x 87.40x 89.79w 0.532 <0.001 <0.001 <0.001
Asparagine 88.21a* 87.44ab* 88.32a* 86.84b* 78.29y 84.35w 85.14w 83.17x 0.663 <0.001 <0.001 <0.001
Serine 88.37ab* 87.05bc* 89.72a* 86.19c* 74.18x 80.95w 82.33w 81.97w 0.996 <0.001 <0.001 <0.001
Glutamic acid 92.19ab* 92.00b* 92.80a* 91.67b* 86.30y 89.59w 89.90w 88.26x 0.443 <0.001 <0.001 <0.001
Glycine 85.80a* 85.20a* 85.86a* 83.82b* 65.12y 79.71w 78.70wx 75.78x 1.400 <0.001 <0.001 <0.001
Alanine 85.99ab* 85.15bc* 87.14a* 83.67c* 71.72y 80.47w 81.87w 77.28x 1.015 <0.001 <0.001 <0.001
Tyrosine 89.35* 88.29* 89.72* 88.30* 79.33y 83.90w 86.14w 85.84x 0.687 <0.001 <0.001 <0.001
Proline 82.57b* 82.33b 87.43a* 83.17b* 70.98z 80.23x 84.19w 76.81y 1.002 <0.001 <0.001 <0.001
Cysteine 85.65* 84.80 83.08* 84.18 75.38x 80.93w 76.71x 81.16w 0.809 <0.001 0.047 0.029

LF ¼ low frequency; HF ¼ high frequency; SEM ¼ standard error of the mean; TEAA ¼ total essential amino acids; TNEAA ¼ total non-essential amino acids.
Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace
fishmeal respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day, respectively; HF1, HF2,
HF3, HF4 denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively.
Values are means (n¼ 3). Within a row, difference superscript letters a, b, c and w, x, y, z indicate significant differences among treatments at feeding frequencies of twomeals
and four meals per day, respectively (P < 0.05). The asterisk (*) indicates a significant difference between diet levels and comparing feeding frequencies of two and four meals
per day (P < 0.05).

Table 7
Whole-body proximate composition of gibel carp fed the experimental diets with different feeding frequencies (%).

Item Groups SEM P-value

LF1 LF2 LF3 LF4 HF1 HF2 HF3 HF4 Feeding
frequency Effect

Diet Effect Interaction

Moisture 72.43 73.35 71.90 70.94 70.69 69.97 71.36 72.32 0.360 0.143 1.000 0.143
Ash 4.40 4.30 4.22 4.23 4.27 4.18 4.12 4.18 0.028 0.089 0.207 0.945
Crude protein 16.93 16.76 16.71 16.65 16.75 16.94 16.96 16.90 0.070 0.453 0.987 0.741
Crude lipid 4.84 4.02 5.51 6.19 5.95 6.99 6.03 5.15 0.295 0.133 0.965 0.131

LF ¼ low frequency; HF ¼ high frequency; SEM ¼ standard error of the mean.
Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace
fishmeal respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day, respectively; HF1, HF2,
HF3, HF4 denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively.
Values are means (n ¼ 3).
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Table 2 showed that the composition of EAA was similar in the
four experimental diets. At both two and four meals per day, the
ratios of dietary digestible EAA (DEAA) to muscle EAA composition
were higher in diet 3 for most EAAs compared to other diets
(Table 9). In addition, the ratios of dietary DEAA to muscle EAA
composition were higher at two meals per day for most EAAs
compared to four meals per day.

3.3. Plasma amino acid composition

An increase in feeding frequency significantly elevated the
contents of plasma total amino acids (P < 0.001; Table 4). Signifi-
cant interactions between feeding frequency and diet were noted
for plasma threonine content (P ¼ 0.043; Table 10). At two meals
per day, diet 3 exhibited significantly higher plasma threonine
content compared to diets 1 and 2 (P < 0.05).
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3.4. Digestion and absorption function to protein

Protease activity and amino acid or peptide transporter
expression levels were used to assess intestinal digestive and
absorptive capacity, revealing no significant interactions between
feeding frequency and diet (Tables 4 and 11, Fig. 1A). Compared to
two meals per day, significant increases were observed in trypsin
activity and the mRNA expression of yþlat2 and pept1 at four meals
per day (P < 0.05). The activities of trypsin and chymotrypsin were
significantly decreased in fish-fed diet 1 compared to other diets
(P < 0.01). In addition, the expression levels of pept1 were signifi-
cantly up-regulated in fish-fed diet 4 compared to other diets
(P ¼ 0.001).

The expression levels of casr and gprc6a in the intestine were
significantly up-regulated at four meals per day compared to two
meals per day (P < 0.05; Table 4). Feeding frequency and diet



Table 9
Ratios of dietary DEAA composition to muscle EAA composition of gibel carp fed the experimental diets with different feeding frequencies.

Item LF1 LF2 LF3 LF4 HF1 HF2 HF3 HF4

Lysine 0.2874 0.2995 0.2994 0.2724 0.2654 0.2910 0.2884 0.2673
Methionine 0.2339 0.2377 0.2443 0.2000 0.2045 0.2294 0.2351 0.1841
Threonine 0.3405 0.3476 0.3529 0.3371 0.2863 0.3261 0.3276 0.3134
Arginine 0.3871 0.4158 0.4398 0.4113 0.3513 0.4199 0.4137 0.4067
Leucine 0.3907 0.3783 0.4030 0.3871 0.3513 0.3639 0.3880 0.3755
Isoleucine 0.4399 0.4321 0.4418 0.4433 0.4035 0.4150 0.4291 0.4272
Valine 0.4094 0.3954 0.4087 0.4158 0.3466 0.3813 0.3890 0.3838
Phenylalanine 0.4219 0.4207 0.4378 0.4448 0.3903 0.4153 0.4280 0.4245
Histidine 0.2568 0.2714 0.2492 0.2821 0.2357 0.2633 0.2400 0.2797

DEAA ¼ digestible essential amino acid; EAA ¼ essential amino acid; LF ¼ low frequency; HF ¼ high frequency.
Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace
fishmeal respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day, respectively; HF1, HF2,
HF3, HF4 denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively.
Values are means (n ¼ 3).
Dietary each DEAA content (%) ¼ dietary each EAA composition � apparent digestibility coefficients of each EAA.
Ratios of dietary DEAA composition to muscle EAA composition ¼ dietary each DEAA content/muscle each EAA content.
Muscle EAA contents: lysine, 6.63%; methionine, 2.12%; threonine, 3.17%; arginine, 3.88%; leucine, 5.65%; isoleucine, 2.95%; valine, 3.28%; phenylalanine, 3.10%; histidine,
2.44%.

Table 10
Plasma free amino acid content of gibel carp fed the experimental diets with different feeding frequencies (mmol/cL).

Item Groups SEM P-value

LF1 LF2 LF3 LF4 HF1 HF2 HF3 HF4 Feeding
frequency effect

Diet effect Interaction

TAA 46.33 42.93 44.96 41.79 50.40 51.12 50.37 48.70 0.865 <0.001 0.333 0.655
TEAA 29.18 27.78 29.50 27.42 32.32 33.10 32.72 31.61 0.521 <0.001 0.395 0.631
TNEAA 10.10 7.81 8.10 7.89 9.81 10.19 9.71 9.43 0.269 0.006 0.324 0.751
Lysine 3.45 3.27 3.49 3.01 4.14 4.21 4.11 3.47 0.107 <0.001 0.044 0.701
Methionine 0.80 0.68 0.75 0.77 0.72 0.71 0.77 0.63 0.019 0.298 0.394 0.307
Threonine 6.97b 6.74b 8.02a 7.59ab 9.16* 9.23* 9.31* 8.53 0.217 <0.001 0.091 0.043
Arginine 3.95 3.45 3.55 3.41 3.96 4.06 4.14 3.99 0.076 0.002 0.503 0.261
Leucine 3.87 3.83 3.77 3.36 3.94 4.14 4.01 4.20 0.075 0.013 0.763 0.234
Isoleucine 1.97 1.94 1.96 1.72 1.93 2.19 2.20 2.27 0.049 0.008 0.655 0.139
Valine 4.42 4.47 4.71 4.05 4.85 4.97 4.92 5.15 0.088 0.001 0.666 0.134
Phenylalanine 1.32 1.16 1.15 1.31 1.40 1.30 1.23 0.97 0.042 0.908 0.282 0.165
Histidine 2.43 2.24 2.11 2.19 2.21 2.29 2.04 2.40 0.041 0.941 0.141 0.277
Asparagine 0.40 0.40 0.38 0.53 0.66 0.41 0.76 0.41 0.070 0.403 0.884 0.660
Serine 2.54 2.73 2.77 2.36 2.92 2.91 2.92 2.84 0.079 0.090 0.714 0.876
Glutamic acid 0.71 0.83 0.78 0.57 0.70 0.64 0.62 0.88 0.042 0.894 0.984 0.205
Glycine 3.41 3.38 3.43 3.01 3.99 3.87 3.65 3.54 0.098 0.027 0.425 0.897
Alanine 6.10 5.51 5.47 5.00 6.59 6.75 6.39 6.24 0.190 0.014 0.530 0.856
Tyrosine 1.32 1.41 1.28 1.88 1.36 1.36 1.25 1.37 0.057 0.177 0.094 0.226
Proline 2.59 0.77 1.25 0.90 1.74 1.94 1.98 1.71 0.170 0.133 0.191 0.115
Cysteine 0.09 0.11 0.10 0.11 0.13 0.13 0.10 0.10 0.007 0.503 0.890 0.783

LF¼ low frequency; HF¼ high frequency; SEM¼ standard error of themean; TAA¼ total amino acids; TEAA¼ total essential amino acids; TNEAA¼ total non-essential amino acids.
Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace fishmeal
respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4denotefish feddiets 1, 2, 3, 4 at twomeals per day, respectively;HF1,HF2, HF3, HF4denote
fish fed diets 1, 2, 3, 4 at four meals per day, respectively.
Values aremeans(n¼6).Within a row,differencesuperscript lettersa, b indicatea significantdifferenceamong treatmentsat feeding frequenciesof twomealsperday (P<0.05). The
asterisk (*) indicates a significant difference between diet levels and comparing feeding frequencies of two and four meals per day (P < 0.05).

Table 11
Protein utilization-related enzyme activities in the intestine and muscle of gibel carp fed the experimental diets with different feeding frequencies (U/g prot, unless otherwise
stated).

Item Groups SEM P-value

LF1 LF2 LF3 LF4 HF1 HF2 HF3 HF4 Feeding
frequency Effect

Diet effect Interaction

Intestine
Trypsin 191.75 1178.25 512.52 896.92 263.06 1169.87 904.79 1112.43 66.587 0.046 <0.001 0.335
Chymotrypsin 490.14 1220.23 769.38 960.73 366.43 1079.21 859.95 978.26 66.501 0.737 0.001 0.873

Muscle
ALT 4.36 3.56 2.53 2.77 4.49 3.22 3.32 4.04 0.170 0.128 0.009 0.259
AST 18.29 17.04 15.36 16.79 21.06 17.33 18.15 17.26 0.338 0.006 0.002 0.203
FAA, mmol/mg prot 4.53 3.73 4.59 4.60 4.42 4.71 5.43 4.68 0.100 0.012 0.017 0.067

LF ¼ low frequency; HF ¼ high frequency; SEM ¼ standard error of the mean; ALT ¼ alanine aminotransaminase; AST ¼ aspartate aminotransferase; FAA ¼ free amino acid.
Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace
fishmeal respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day, respectively; HF1, HF2,
HF3, HF4 denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively.
Values are means (n ¼ 6).
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Fig. 1. The relative mRNA expression of genes related to amino acid or peptide transporter (A) and amino acid sensory receptor (B) in the intestine of gibel carp. Values are
means ± SEM (n ¼ 6). Difference letters a, b and x, y, z on the column indicate significant differences among treatments at feeding frequencies of two meals and four meals per day,
respectively (P < 0.05). The asterisk (*) indicates a significant difference between diet levels and comparing feeding frequencies of two and four meals per day (P < 0.05). LF ¼ low
frequency; HF ¼ high frequency. Diet 1 was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were
used to fully replace fishmeal respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day,
respectively; HF1, HF2, HF3, HF4 denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively. F ¼ feeding frequency effect; D ¼ diet effect; F � D ¼ interaction effect;
yþlat2 ¼ YþL amino acid transporter 2-like; snat2 ¼ sodium-coupled neutral amino acid transporter 2; pept1 ¼ antigen peptide transporter 1-like; casr ¼ calcium-sensing receptor;
gprc6a ¼ G protein-coupled receptor class C group 6 member A; t1r3 ¼ taste receptor type 1 member 3; t1r1 ¼ taste receptor type 1 member 1; mglur4 ¼ metabotropic glutamate
receptor 4.
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significantly interacted with the transcript levels of t1r3 andmglur4
(P < 0.05; Fig. 1B). With feeding frequency increasing, the transcript
levels of t1r3 in fish fed diets 1, 2 and 3, and the transcript levels of
mglur4 in fish fed diets 1, 2, 3 and 4 were significantly up-regulated
(P < 0.05). In addition, significant up-regulation of t1r3 and mglur4
transcript levels were observed in fish-fed diets 2, 3 and 4
compared to diet 1 at four meals per day (P < 0.05).

3.5. Protein utilization

Consistent with plasma findings, increasing feeding frequency
significantly elevated FAA contents and AST activity in the muscle
(P < 0.05; Table 4). Fish-fed diet 3 exhibited significantly higher FAA
content compared to diets 1 and 2 (P¼ 0.017), while the activities of
ALT and AST were significantly decreased in fish-fed diets 2, 3 and 4
compared to diet 1 (P < 0.01).
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The protein synthesis-related and proteolysis-related gene
expression levels were used to reflect muscle protein metabolism
(Fig. 2 & Table 4). The transcript levels of akt1 in muscle were
significantly up-regulated at four meals per day compared to two
meals per day (P ¼ 0.003). Compared to diet 1, diet 3 significantly
up-regulated the transcript levels of akt1 and mtor (P < 0.05).
Feeding frequency and diet significantly interacted on the mRNA
levels of mstn, s6k1, eif4b, eif4e, foxo1 and fbxo32 (P < 0.05). Spe-
cifically, in fish-fed diet 2 compared to diet 1, s6k1 was down-
regulated significantly and foxo1 and fbxo32 was up-regulated
significantly at two meals per day (P < 0.05), with no significant
differences observed at four meals per day. At four meals per day,
diet 3 significantly down-regulated the transcript levels ofmstn and
up-regulated the transcript levels of s6k1, eif4b and eif4e compared
to diet 1 (P < 0.05). As feeding frequency increased from two to four
meals per day, the transcript levels of mstn in fish fed diet 1, the



Fig. 2. The relative mRNA expression of genes related to protein synthesis (A) and proteolysis (B) in the muscle of gibel carp. Values are means ± SEM (n ¼ 6). Difference letters a, b,
c and x, y, z on the column indicate significant differences among treatments at feeding frequencies of two meals and four meals per day, respectively (P < 0.05). The asterisk (*)
indicates a significant difference between diet levels and comparing feeding frequencies of two and four meals per day (P < 0.05). LF ¼ low frequency; HF ¼ high frequency. Diet 1
was formulated with 15% fishmeal as control, while the blended proteins at ratios of 1:1:8:2 (diet 2), 1:1:6:4 (diet 3) and 1:1:4:6 (diet 4) were used to fully replace fishmeal
respectively, preparing four isonitrogenous and isolipidic practical diets. LF1, LF2, LF3, LF4 denote fish fed diets 1, 2, 3, 4 at two meals per day, respectively; HF1, HF2, HF3, HF4
denote fish fed diets 1, 2, 3, 4 at four meals per day, respectively. F ¼ feeding frequency effect; D ¼ diet effect; F � D ¼ interaction effect;mstn ¼ myostatin; akt1 ¼ serine/threonine-
protein kinase 1; foxo1 ¼ Forkhead box O1; mtor ¼ mammalian target of rapamycin; s6k1 ¼ ribosomal protein S6 kinase 1; eif4b ¼ eukaryotic translation initiation factor 4B;
eif4e ¼ eukaryotic translation initiation factor 4E; murf1 ¼ muscle RING-finger 1; fbxo32 ¼ muscle atrophy F-box.
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transcript levels of eif4b and eif4e in fish fed diet 3, the transcript
levels of foxo1 in fish fed diets 1 and 3, and the transcript levels of
fbxo32 in fish fed diets 1, 3 and 4 were significantly up-regulated
(P < 0.05).

4. Discussion

Protein constitutes the predominant organic material in fish,
and improving its utilization is pivotal for promoting growth.
Additionally, both diet composition and feeding frequency exert
significant influences on protein utilization (Busti et al., 2020; Zhao,
2014). In the present trial, SGR (except for diet 4) increased in fish
fed to satiation at four meals per day compared to two meals per
day, while FE and PRE decreased. The heightened feed intake at four
meals per day primarily drives growth enhancement, yet the short
intervals compromise inferior feed utilization. Similar trends were
also observed in gilthead seabream (Sparus aurata) (Basto-Silva
et al., 2022), grass carp (Wu et al., 2021) and largemouth bass
(Micropterus salmoides) (Liu et al., 2022). Conversely, the augment
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of feeding frequency from one to four meals per day with satiated
feeding promoted the growth of Schizothorax wangchiachii by
increasing feed intake without affecting feed utilization (Wang
et al., 2022). In addition, increased feeding frequency promoted
growth through improving feed utilization under satiated feeding
in tiger puffer fish (Takifugu rubripes) (Gao et al., 2022), and under
quantitative feeding in long whiskers catfish (Mystus gulio) (Biswas
et al., 2023) and oriental river prawn (Macrobrachium nipponense)
(Ding et al., 2017). These indicate species-specific responses to
feeding patterns. In actual aquaculture, appropriate feeding fre-
quency and feeding pattern of each meal should be comprehen-
sively selected according to yield requirements, economic
efficiency and animal species.

Superior growth performance was observed at two meals per
day in diets containing protein blends at ratios of 1:1:6:4 and
1:1:4:6, whereas inferior growth was noted in the 1:1:8:2 blend,
consistent with our prior findings (Yu et al., 2024). In crucian carp,
replacing fishmeal with a blend of rapeseed meal and CM improved
protein utilization and growth (Shi et al., 2017). Similarly, dietary
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mixture of shrimp hydrolysate and plant proteins to replace 22%
fishmeal increased SGR in largemouth bass (Li et al., 2021). Thus,
appropriately mixed dietary protein sources better met the growth
demands of fish compared to single protein sources. However,
inappropriate protein source blends inhibited protein utilization
and growth of aquaculture animals (Burr et al., 2012; Villanueva-
Guti�errez et al., 2020). CF serves as an important index to eval-
uate the economic value, which is higher in fish exhibiting superior
growth (Zheng et al., 2023a,b). At two meals per day, higher CF was
found in fish fed diet 3. The negative effect of diet 2 and the positive
effect of diet 4 on growth were offset by enlarging feeding fre-
quency from two to four meals per day. Similarly, it was reported
that increasing the feeding frequency from two to four meals per
day ameliorated poor feed utilization and asynchronous amino acid
absorption issues when soybean meal replaced dietary fishmeal in
gibel carp (Zhao, 2014). Furthermore, the increase in the feeding
frequency from two to four meals per day had no effect on the
protein utilization of CM but enhanced the utilization of soybean
meal, TMM, CAP, and CPC, promoting growth in grass carp (Xia,
2022). Thus, interactions between feeding frequency and protein
source influenced fish growth and feed utilization. Subsequently,
the substitution levels of dietary fishmeal in aquaculture can be
further improved, not only by using complementary blended pro-
tein sources, but also by increasing feeding frequency. Additionally,
two feeding patterns: satiation feeding and quantitative feeding,
are typically employed when discussing the effect of feeding fre-
quency on fish. Increasing feeding frequency with quantitative
feeding, which is not adopted in the present trial, holds consider-
able potential in enhancing growth performance by promoting feed
utilization (Biswas et al., 2023; Ding et al., 2017). Future research
may take into account the contributions of increasing feeding fre-
quency with quantitative feeding in improving the utilization of
protein sources.

As known, the demand of fish for feed protein is essentially a
demand for amino acids (Halver and Hardy, 2002). Despite similar
AA profiles among the four diets in our study, the chemical
composition of dietary AAs did not majorly impact growth. The
apparent digestibility of protein is an important index to evaluate
animal digestion and absorption function (Liu et al., 2024). In our
study, nutrient ADC decreased in fish fed at four meals per day
compared to two meals per day. Poor nutrient digestibility in
aquaculture animals was not conducive to feed utilization
(Hern�andez et al., 2021; Lin et al., 2023; Poolsawat et al., 2021). In
gilthead seabream, ADCCP increased with feeding frequency from
one to three meals per day, which subsequently declined with
further increase to six meals per day (Gilannejad et al., 2019). EAAs
are the most important part of the demand for dietary protein
(Halver and Hardy, 2002). ADCCP and ADCTEAA increased in fish fed
with diet 3, indicating better digestion and absorption of protein. In
addition, ADCTEAA in fish-fed diet 2 decreased at two meals per day
but not at four meals per day, in line with results on growth per-
formance. The ideal dietary protein model for fish correlates with
the composition of muscle or whole-body EAA (Peres and Oliva-
Teles, 2009; Yu et al., 2024; Zhu et al., 2011). The dietary DEAA of
fish fed diet 3 or fed at two meals per day was closer to the muscle
EAA profile, corroborating the results on feed utilization.

Protein digestion and absorption primarily occur in gibel carp
intestine, where proteases break down proteins into amino acids or
peptides for absorption via transporters on the intestinal brush
membrane (Debnath and Saikia, 2021). Sodium-coupled neutral
amino acid transporter 2 (snat2) transports alanine and other small,
polar neutral amino acids, while yþL-type amino acid transporter 2
(yþlat2) favors cationic amino acids (Br€oer, 2008). Additionally,
peptide transporter 1 (pept1) facilitates the absorption of di-
peptides and tripeptides (Spanier and Rohm, 2018). In the present
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trial, trypsin activity and expression levels of pept1 and yþlat2were
up-regulated in fish fed four meals per day compared to two meals
per day. Similarly in gilthead seabream, trypsin and chymotrypsin
activities in the proximal intestine increased at higher feeding
frequency (Busti et al., 2020), and expression levels of pept1 were
up-regulated in the gastrointestinal tract with five meals per day or
continuous feeding compared to one or three meals per day
(Gilannejad et al., 2021). In addition, pancreatic and intestinal
trypsin activities of large yellow croaker (Pseudosciaena crocea,
Richardson) increased at eight meals per day compared to two and
four meals per day (Xie et al., 2011). Thus, the appropriate increase
in feeding frequency enhanced protein digestion and absorption in
fish. Moreover, the intestinal trypsin and chymotrypsin activities
increased with fish-fed blended proteins. In pearl gentian grouper
(Epinephelus fuscoguttatus\ � Epinephelus lanceolatu_), dietary CPC
instead of 36% fishmeal in diets enhanced intestinal trypsin and
chymotrypsin activities (Chen et al., 2020). Moreover, TMM instead
of 30% fishmeal in diets increased alkaline protease activities of
rainbow trout (Oncorhynchus mykiss) (Melench�on et al., 2020), and
CAP instead of 25% fishmeal in diets increased trypsin activity of
abalone (Haliotis discus hannai) (Wu et al., 2022). However, trypsin
activity in Pacific white shrimp (Litopenaeus vannamei) varied with
CM replacing fishmeal content (Pakravan et al., 2018). Thus, the
specificity of protein blends enhanced protein digestion in fish.
Amino acid sensory receptors, such as calcium-sensing receptors
(CaSR), G protein-coupled receptor class C group 6 member A
(GPRC6A), taste receptor type 1 member 1 (T1R1), taste receptor
type 1 member 3 (T1R3), and metabotropic glutamate receptor 4
(mGluR4), can sense amino acids present in the intestinal cavity to
transmit nutritional signals, thereby mobilizing amino acid meta-
bolism quickly (Calo et al., 2021; Efeyan et al., 2015; Wauson et al.,
2012). The expression levels of casr, gprc6a, and mglur4 were up-
regulated at higher feeding frequency. At four meals per day, the
up-regulated transcript levels of t1r3 and mglur4 were found in
fish-fed blended proteins. Thus, both high feeding frequency and
protein blends enhanced amino acid sensing in gibel carp intestine.

Protein is predominantly present as FAA circulating in the
bloodstream to various tissues. Plasma FAA content was higher at
four meals per day compared to two meals per day in the present
trial. Similarly, higher plasma EAA levels were reported 5 h post-
prandially of gibel carp fed at six meals per day compared to two
meals per day (Zhao, 2014). In addition, rainbow trout exhibited
increased plasma FAA levels with higher feeding levels (Cleveland
and Burr, 2011). An augment in circulating FAA stimulated protein
synthesis and ultimately improved growth performance (Tome,
2022; Wu, 2018). At two meals per day, it was observed that
plasma threonine content was higher in fish-fed diet 3. Threonine
plays an important role in growth, immunity, and protein synthesis
in fish (Habte-Tsion et al., 2016; Zhao et al., 2020).

Protein deposition primarily occurs in muscle and is regulated
by processes of anabolism and catabolism. ALT and AST are critical
aminotransferases involved in amino acid metabolism (Chandel,
2021; Kumar et al., 2017). In the present trial, the expression
levels of protein synthesis-related gene akt1 and proteolysis-
related gene fbxo32 (except for diet 2), AST activity, and FAA con-
tent of muscle increased with increasing feeding frequency. Suffi-
cient FAA supported vigorous protein synthesis, alongside the
enhancement of proteolysis and amino acid metabolism, was
conducive to the renewal of FAAs, ultimately facilitating protein
turnover. Similar mechanisms were observed in grass carp, where
protein turnover was accelerated by motivating UPS and mTOR
pathways, promoting muscle growth (Zhang et al., 2021). Myo-
statin (MSTN) is a key regulator that inhibits muscle growth
(Sharma et al., 2015). Reducedmstn expression levels, coupled with
increased expression levels of muscle protein synthesis genes (akt1,
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mtor, s6k1, eif4b, eif4e), and heightened FAA content were evident in
fish-fed diet 3 at four meals per day. Similarly, replacing fishmeal
with appropriately mixed proteins contained balanced amino acids
improved growth in largemouth bass by up-regulating mTOR
pathway expression (Li et al., 2021). These suggested that diet 3
increased muscle FAA pools and stimulated protein synthesis,
thereby enhancing protein deposition and muscle growth. At two
meals per day, up-regulation of proteolysis genes (foxo1, fbxo32)
and down-regulation of s6k1 were observed in fish fed diet 2,
consistent with findings in turbot (Scophthalmus maximus L.) that
the substitution of fishmeal with inappropriate blended proteins
inhibited mTOR phosphorylation levels (Wang et al., 2016). Diet 2
decreased protein synthesis and increased protein degradation at
two meals per day, which was not conducive to protein deposition.
However, dietary diet 2 had no adverse effects on protein deposi-
tion at four meals per day, aligning with the results for ADCTEAA and
SGR. These imply that altering the feeding frequency influences the
protein utilization process of fish to different protein sources, thus
mitigating the adverse effects on growth.

5. Conclusion

At four meals per day compared to two meals per day, feed
intake increased, intestinal digestion and absorption enhanced, FAA
pools increased, and muscle protein turnover accelerated, thus
promoting growth. However, ADCTEAA decreased and feed intake
exceeded growth requirements, leading to reduce feed utilization.
Moreover, an increase in feeding frequency mitigated the negative
effects of dietary unsuitable blended proteins on growth by altering
the protein utilization process. Dietary blended proteins
(TMM:CM:CAP:CPC) in the ratio of 1:1:6:4 completely replacing
fishmeal promoted growth performance at both feeding fre-
quencies. Therefore, the strategies of a reasonable increase in
feeding frequency and appropriate mixing of different protein
sources can be used to cope with the insufficient supply of fishmeal
in aquaculture.
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