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Evaluation of four novel protein
sources as alternatives to
soybean meal for two
specifications of cage-farmed
grass carp (Ctenopharyngodon
idellus) deeds: Effect on growth
performance, flesh quality, and
expressions of muscle-related
genes
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Dingchen Cao1, Linghong Miao2 and Shouqi Xie3*

1Key Laboratory of Aquatic Animal Diseases and Immune Technology of Heilongjiang Province,
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Harbin, China, 2Key Laboratory of Freshwater Fisheries and Germplasm Resources Utilization,
Ministry of Agriculture and Rural Affairs, Freshwater Fisheries Research Center, Chinese Academy of
Fishery Sciences, Wuxi, China, 3State Key Laboratory of Freshwater Ecology and Biotechnology,
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Costs associated with the use of soybean as a food source in aquaculture have

imposed constraints on its use in this industry. Thus, research is now focusing

on alternative sources of protein for use in aquaculture. Here, we assessed the

effect of total replacement of soybean meal (SBM) by Clostridium

autoethanogenum protein (CAP), Tenebrio molitor meal (TMM), cottonseed

protein concentrate (CPC), and chlorella powder (CHP) in diets for small

specimens (initial body weight: 239.72 ± 10.75 g) and large specimens (initial

body weight: 638.32 ± 12.64 g) of grass carp. For that purpose, five

isonitrogenous (300 g/kg) and isoaliphatic (58 g/kg) diets were formulated

with SBM, CAP, TMM, CPC, and CHP as the only dietary protein source.

Triplicate groups of fish were fed the experimental diets for 56 days. Results

showed that irrespective of protein sources, large specimens of grass carp

obtained the significantly reduced weight gain rate (WGR), specific growth rate,

moisture, crude ash contents, drip loss rate, and gene expressions of muscle

S6K, MyoD, and Myf-5, and the significantly increased crude protein and crude

lipid contents, hardness, cohesiveness, adhesiveness, springiness, chewiness

and shear force of muscles, and gene expressions of muscle TOR, 4EBP1,

MyoG, MRF4, and MSTN-1. Regardless of size, the CHP group possessed

markedly higher WGR, protein efficiency ratio, crude protein contents,

hardness, adhesiveness, chewiness values, and gene expression levels of
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muscle TOR, 4EBP1, Myf-5, and MRF4, and significantly lower feed conversion

rate, drip loss rate, and gene expressions of muscle S6K and MSTN-1. For small

specimens or for large specimens, the essential amino acid contents of the

CHP group were highest, and CHP markedly elevated the delicious amino acid

and glycine contents in comparison with the SBM. Moreover, the CPC group

also realized the function of promoting the growth and improving the flesh

quality to a certain degree. However, total replacement of soybean meal by

CAP and TMM in grass carp diets restrained the growth and damaged the flesh

quality in varying degrees. Overall, comparatively, total replacement of SBM

with CHP not only improved growth performance and feed use, but also

enhanced the flavor and texture of the fish by improving the amino acid

composition and water-holding capacity of muscle, as well as improving

muscle growth by positively impacting the expression of genes associated

with the regulation of growth and development. Therefore, CHP could be a

potential protein source to replace SBM in diets for use in the aquaculture of

grass carp.
KEYWORDS

complete replacement, chlorella powder, growth performance, flesh quality, muscle
growth genes
Introduction

The insufficient provision and high cost of feedstuff, such as

fish meal (FM) and soybean meal (SBM), the primary sources of

protein for aquafeeds, has imposed constraints on the

sustainability of aquaculture. Despite being an ideal source of

protein, SBM has become a limiting factor in the development of

feeds for herbivorous fish, such as grass carp (Ctenopharyngodon

idellus) (Ye et al., 2013; Zou et al., 2021). Thus, interest has

increased in the development of novel, cost-efficient protein

sources as substitutes for SBM in aquafeeds. Research

demonstrated that applying extra protein sources from

terrestrial plant and animal sources instead of SBM could

maintain normal growth and amino acid balance in

aquaculture fish (Yao and Liu, 2013; Zhang et al., 2013; Zhong

et al., 2013; Lu et al., 2020).

However, substitution in the existing studies focused

primarily on peanut meal, cottonseed meal, distillers dried

grains with soluble (DDGS), etc., which could be the main

protein supply source for livestock, agriculture sectors, and

even humans, thus increasing competition for such

compounds across different industries. Thus, there is an urgent

need to achieve the sustainable development of alternative

sources of raw protein. Single-cell protein (SCP) has been

reported as a good alternative to plant protein sources because

of its accessibility (Vermeulen et al., 2012) and rich protein

supplement (Ritala et al., 2017). Clostridium autoethanogenum

protein (bacterioprotein, CAP) and chlorella powder
02
(microalgae protein, CHP) are novel SCPs that have been

preliminarily used as protein sources for largemouth bass

(Xi et al., 2022), genetically improved farmed tilapia (GIFT,

Oreochromis niloticus) (Maulu et al., 2021), and crucian

carp (Carassius auratus) (Shi et al., 2015). Compared with

plant protein sources, novel animal protein sources are

characterized by a low carbohydrate content and high mineral

and vitamin content, independent of seasonal and climatic

variations and, thus, have been more studied as protein

source substitutions (Liu et al., 2019). For example, Tenebrio

molitormeal (TMM) was found to be a suitable source of animal

protein for partial substitution of FM for many species of fish,

including mandarin fish (Siniperca scherzeri) (Sankian et al.,

2018), European perch (Perca fluviatilis) (Tran et al., 2021), and

blackspot sea bream (Pagellus bogaraveo) (Iaconisi et al., 2017),

without reducing fish growth. For a variety of plant protein

sources, there is a need to remove anti-nutrient factors by using

technologies such as fermentation and enzymatic hydrolysis to

improve the utilization rate of plant protein (Zheng et al., 2021).

For example, cottonseed protein concentrate (CPC) is a source

of high protein levels following dephenolization and

detoxification, as investigated in pompano (Trachinotus

ovatus) (Shen et al., 2019) and black sea bass (Centropristis

striata) (Zhang et al., 2020). However, it is not clear how these

alternative sources of plant protein compare with those of SBM

in terms of their effects on fish.

Previous research has investigated the effects of SBM on fish

growth (Liu et al., 2021), oxidation resistance (Chen et al., 2019),
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and immunity function (Zhao et al., 2012). Less work has

focused on the effect of fish flesh quality, which is an

important consideration in aquaculture, given its crucial role

in consumer preference, thereby influencing aquaculture profits.

Fish flesh quality is characterized by a set of traits including

muscle nutritive composition, amino acid composition, fatty

acid profiles, texture, water-holding capacity, and muscle pH,

among others (Fuentes et al., 2010). The amino acid composition

is one of the most important determinants of flesh flavor (Li

et al., 2018). Texture also influences the mechanical processing

of fillets and their acceptability by consumers (Cheng et al.,

2014), and is closely associated with the nutritive composition of

muscle. For example, Andersen et al. (1999) found that the

muscle structure and texture of fish with a high lipid content

were less resistant to mechanical stress compared with fish with a

low lipid content. Fish flesh quality is also impacted by external

factors, including breeding conditions (Wang et al., 2021) and

feed nutrition (Zhao et al., 2018). Thus, fish flesh quality is

another important attribute to consider when investigating the

effects of dietary SBM substitution.

Gene effects are known to impact fish flesh quality (Cheng

et al., 2014). As candidate genes determining fish flesh quality,

those encoding myogenic regulatory factors (MRFs) are

particularly important, including primary myogenic regulatory

MRFs (MYOD and MYF5) involved in myogenic progenitor

proliferation, and secondary MRFs (myogenin and MYF4)

involved in myoblast differentiation and fusion to form muscle

fibers (Fuentes et al., 2013). In addition, insulin growth factor

(IGF) expression impacts positively on fish muscle proliferation

and differentiation, whereas myostatin (MSTN) has a negative

impact on fish muscle growth (De-Santis and Jerry, 2007;

Fuentes et al., 2013). Research on rainbow trout (Alami et al.,

2010), Nile tilapia (Nebo et al., 2013), and grass carp

(Lin et al., 2015) showed that various feed factors (plant

protein sources, lipid sources, feeding strategy, etc.) affect

the expression of MRFs and related positive and negative

regulatory factors during development and later growth

periods. Thus, it is also important to determine the potential

relationship between the novel protein sources replacing

soybean meal and related molecular mechanisms involved in

muscle growth.

As a high-quality animal protein for human consumption,

the demand for fish has steadily increased over the past few

decades (Food and Agriculture Organization, 2022). For

example, the sustained output of grass carp over a 3-year

period relied significantly on the rapid growth and superior

quality of this fish (Fishery administration et al., 2020). However,

SBM has imposed restrictions on the sustainable and ecological

development of grass carp aquaculture, especially for small

(~250 g) and large specifications (~600 g), which are crucial

growth stages in terms of attaining the market size of grass carp

(~1,000 g). Taking this into consideration, the study was

conducted to investigate the effect of four novel protein
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sources (CAP, TMM, CPC, and CHP) as total alternatives to

soybean meal for two specifications of grass carp (C. idellus)

deeds on growth performance, flesh quality, and gene expression

regarding muscle growth in order to provide a more abundant

theoretical basis for developing suitable protein source of grass

carp feed.
Materials and methods

Formulation and preparation of
experimental feed

The ingredients and nutritional components of the

experimental diets used in the study are detailed in Table 1,

whereas their amino acid composition of experimental diets is

detailed in Table 2. Briefly, five isonitrogenous (300 g/kg) and

isoaliphatic (58 g/kg) diets were formulated. A basal diet

containing 691 g/kg SBM (439 g/kg crude protein, 12.4 g/kg

crude lipid) was regarded as the control group (named as SBM),

whereas 100% of SBM was replaced with CAP (867 g/kg crude

protein, 34.3 g/kg crude lipid, obtained from Beijing Shoulang

Biological Technology Co., LTD), TMM (659 g/kg crude protein,

50.9 g/kg crude lipid, obtained from Guangdong Zehecheng

Biotechnology Co., LTD), CPC (631 g/kg crude protein, 13.8 g/

kg crude lipid, obtained from Xinjiang Jinlan Vegetable Protein

Co. LTD), and CHP (575 g/kg crude protein, 102 g/kg crude

lipid, obtained from Institute of Hydrobiology, Chinese

Academy of Sciences) in each of the other groups. Fish oil and

soybean oil were used as dietary lipid sources. All the diets were

granulated into 1.5-mm pellets using a pelletizer. The resulting

pellets were air dried and stored at −20°C until used.
Experimental fish and feeding protocol

Grass carp were supported by Hulan Experimental Station of

Heilongjiang Fisheries Research Institute (Harbin, China), and

reared in the acclimatization cages (2 m × 2 m × 2 m, length ×

width × height) for 2 weeks. In detail, two size classes of grass

carp (including 375 small specimens with an initial weight of

239.72 ± 10.75 g and 375 large specimens with an initial weight

of 638.32 ± 12.64 g) were carefully selected. For each size class,

grass carp were allotted into 15 cages (size as above) with 25

grass carp in each cage, and the amount of water used in each

cage was 2 m × 2 m × 1.8 m, because the water level was 0.2 m

below the cage. Each of five experimental diets was fed to three

replicates three times daily (08:00 h, 13:00 h, and 17:30 h) at a

rate of 4% of the body weight to apparent satiation for 8 weeks

according to Lu et al. (2020). Throughout the rearing period, the

water temperature, total ammonia, dissolved oxygen, and

salinity were maintained at 28–32°C, 0–0.20 mg/L, 5.8–6.2 mg/

L, and 275 mg/L, respectively.
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TABLE 1 Ingredients and proximate composition of experimental diet.

SBM CAP TMM CPC CHP

Feed ingredients (%)

Soybean meal 691 0 0 0 0

Clostridium autoethanogenum protein 0 350 0 0 0

Tenebrio molitor meal 0 0 461 0 0

Cottonseed protein 0 0 0 478 0

Chlorella powder 0 0 0 0 528

Cellulose 100 100 100 100 100

Corn starch 97 442 342.5 309 310

Fish oil 20 18.4 13.8 20.4 0

Soybean oil 30 27.6 20.7 30.6 0

Inhuier 1% premix1 10 10 10 10 10

Choline chloride 2 2 2 2 2

Ca(H2PO4)2 30 30 30 30 30

Carboxylic cellulose sodium (CMCC-Na) 20 20 20 20 20

Total 1,000 1,000 1,000 1,000 1,000

Proximate composition

Crude protein/(g/kg) 303.5 303.5 303.7 303.6 303.6

Crude lipid/(g/kg) 58.6 58.0 58.0 57.6 58.8
Frontiers in Marine Science
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1Company of Inhuier 1% premix (mg/g mixture): VA 20 mg, VB1 10 mg, VB2 15 mg, VB6 15 mg, VB12 8 mg, VC 600 mg, VD3 10 mg, VE 300 mg, VK3 20 mg, inositol 150 mg,
niacinaminde 80 mg, calcium pantothenate 40 mg, folic acid 10 mg, biotin 2 mg, zeolite powder 362 mg, FeSO4·H2O 300 mg, ZnSO4·H2O 200 mg, NaCl 100 mg, MnSO4·H2O 25 mg,
CoCl·6H2O (10% Co) 5 mg, Na2SeO3 (10% Se) 5 mg, and potassium iodate (2.9%) 3 mg.
TABLE 2 Amino acid composition of feed (% dry-matter basis).

SBM CAP TMM CPC CHP

Essential amino acid (EAA)

Lysine 3.27 8.70 4.68 2.72 5.18

Phenylalanine 2.60 3.30 2.46 3.62 3.58

Leucine 3.80 6.38 3.80 3.67 7.13

Isoleucine 1.62 5.28 4.17 2.02 3.32

Threonine 2.06 4.02 2.10 2.03 3.73

Methionine 0.59 2.29 1.59 0.90 1.17

Valine 2.21 5.44 2.92 2.96 4.19

Delicious amino acid (DAA)

Aspartic acid 5.75 9.54 4.35 6.07 7.04

Glutamate 9.08 9.78 7.67 13.00 9.18

Glycine 2.04 3.87 6.92 2.60 4.58

Alanine 2.45 4.63 3.98 2.45 6.98

Non-essential amino acid NEAA
except flavorful amino acid (NEAA)

Serine 2.70 3.21 3.15 2.70 3.11

Tyrosine 1.83 3.14 1.66 1.85 2.81

Cysteine 0.67 0.71 1.10 1.09 1.77

Proline 2.94 2.40 5.00 2.40 5.34

Histidine 1.32 1.68 0.90 1.83 1.26

Arginine 3.63 3.40 4.24 8.56 3.88

Total EAA 16.15 35.41 21.72 17.92 28.30

Total DAA 19.32 27.82 22.92 24.12 27.78

Total NEAA 13.09 14.54 16.05 18.43 18.17

Total TAA 48.56 77.77 60.69 60.47 74.25
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Sample collection

After a 24-h fasting at the ending of the 8-week rearing period,

fish in each cage were weighed, measured, and counted to

determine the weight gain rate (WGR), specific growth rate

(SGR), condition factor (CF), feed conversion ratio (FCR), and

protein efficiency ratio (PER). Then, muscle samples of six fish

from each treatment were dissected from the left side, immediately

frozen in liquid nitrogen, and then stored in a −80°C freezer for

late determination of gene expression. Meanwhile, from the right

side of the same fish, muscles from fish in each treatment were

collected for subsequent instrumental texture analysis and

proximate composition measurement.
Proximate composition measurement

The proximate composition of grass carp muscles was

measured by reference to the Association of Official Analytical

Chemists protocol (AOAC (Association of Official Analytical

Chemists), 2006). Moisture was determined by drying the

muscles at 105°C to constant weight. Crude protein content

was determined by the Kjeldahl method through a fully

automated Kjeldahl nitrogen/protein analyzer after acid

digestion in digestion furnace. Similarly, crude lipid was

determined with ether extraction method with a Soxtec system

and crude ash was determined by incinerating the muscles in a

muffle furnace at 550°C to constant weight.
Amino acid analysis

The amino acid content of all samples was carried out

according to the method of Liu et al. (2015). First, freeze-dried

samples were hydrolyzed for 24 h at 110°C in sealed glass tubes

filled with 10–15 ml 6 M HCl and nitrogen. After being dried

under vacuum conditions at 50°C, the hydrolysate was dissolved

in sodium citrate (pH 2.2) and filtered with a 0.45-mmMillipore

nylon membrane filter. Amino acids were extracted by a

HITACHI L-8900 automatic amino acid analyzer. Amino acid

concentration was represented as % dry weight.
Texture and drip loss analysis

Six muscle samples from the same site in each fish were

selected from each treatment group. The samples were cut to a

uniform size and thickness (2.0 cm × 2.0 cm × 0.5 cm) for texture

analysis and another six muscle samples with a uniform size and

thickness (3.0 cm × 1.0 cm × 0.5 cm) were obtained for shear force

measurement. The muscles were kept at 4°C until analysis (~48 h

after death). The texture and shear force of the muscles were

determined by an instrumental method texture profile analysis

(TPA) and calculated by using a software TPA application
Frontiers in Marine Science 05
associated with an FTC TMS Pro texture analyzer. As one of

the most important characteristics in terms of the quality of fish

muscle for human consumption, texture is represented by the

hardness, adhesiveness, cohesiveness, springiness, gumminess,

and chewiness of the fish. The test conditions for shear force

measurement involved consecutive cycles of compression with a

constant speed of 30 mm/min with a pressing distance of 60% of

the original length. The muscle drip loss rate was determined

according to the method described by Wei et al. (2020).
qPCR analysis of gene expression
in muscle

To determine the level of gene expression in each

experimental group, the total RNA in the muscles was isolated

using RNAiso Plus according to the manufacturer’s instructions.

Spectrophotometric analysis at a A260:280 nm ratio and 1%

agarose gel electrophoresis at 1% were used to evaluate the RNA

quality and quantity. cDNA was then synthesized through reverse

transcription based on 1,000 ng of RNA with a TaKaRa

PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real

Time) (Dalian Takara Company, Dalian, China). With an ABI

7500 real-time PCR machine (ABI, Applied Biosystems), targeted

gene expression levels in the cDNA templates were detected using

TaKaRa SYBR Premix Ex Taq (Tli RNaseH Plus) according to the

manufacturer’s instructions. The expression levels of the genes

were normalized to the expression levels of a grass carp internal

reference gene (b-actin). The primer sequences and optimal

annealing temperatures are detailed in Table 3. A 10-fold serial

dilution, including six concentrations (in triplicate), was used to

generate standard curves for both targeted genes and b-actin,
which indicated ~100% amplification efficiencies for all primers.

The comparative CT method (2−DDCt) method was used to

calculate the relative expression levels of each gene.
Data processing and analysis

Weightgainrate WGR,%ð Þ = 100�
finalbodyweight FBW,gð Þ initialbodyweight IBW,gð Þ½ �

=finalweight gð Þ;
Feedconversionratio FCRð Þ = 100� feedsupplied gð Þ=weightgain gð Þ;
Specificgrowthrate SGR,%=dayð Þ = 100�
lnfinalweight-lninitialweightð Þ=56days½ �;
Proteinefficiencyratio PER,%ð Þ = 100%

� finalweight gð Þ initialweight gð Þ½ Þ=
totalfeedintake gð Þ � contentofdietaryprotein %ð Þð �
Results were subjected to two-way analysis of variance

(ANOVA), followed by a Duncan ’s test to delineate
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significance among fish groups using SPSS 22.0 software (SPSS

Inc., Chicago, IL, USA). For all analyses, significant levels were

set at p< 0.05 unless otherwise stated. All data are represented as

means ± SD.
Results

Growth performance and feed
conversion

Irrespective of protein sources, the significantly reduced

WGR and PER were associated with increasing grass carp size

(p< 0.05). There was a trend for increased FCR with increasing

grass carp size although this was not significant (p > 0.05).

Protein source had significant effects on growth performance

and feed conversion of grass carp. Despite grass carp size, the

markedly higher WGR and PER and lower FCR were observed

in the CHP group (p< 0.05), although there was no significant

difference compared to the SBM and CPC groups (p >

0.05) (Table 4).
Proximate composition of grass carp
muscles

The proximate composition of grass carp muscles from fish in

the different groups is detailed in Table 5. Themoisture and crude

ash contents significantly declined with increasing grass carp size

(p< 0.05), whereas crude protein and crude lipid contents

significantly increased with increasing grass carp size (p< 0.05).
Frontiers in Marine Science 06
Regardless of grass carp size, fish in the CHP group had

significantly higher crude protein contents in their muscles

compared with fish from the TMM group at the end of the

experiment (p< 0.05). By contrast, fish in the CAP group had

significantly higher crude lipid contents of muscle compared

with those in all other groups (p< 0.05).
Muscle texture, shear force, and drip loss

According to the muscle texture analysis results (Table 6),

there was significant impact on muscle springiness determined

by the interaction between fish size and protein source (p< 0.05).

Regardless of protein source, hardness, cohesiveness,

adhesiveness, springiness, chewiness, and shear force of

muscles were significantly increased with increasing grass carp

size, while drip loss rate was significantly decreased with

increasing grass carp size (p< 0.05). Irrespective of grass carp

size, the CHP group obtained a markedly higher hardness,

adhesiveness, and chewiness values of grass carp muscles

compared with the CAP and TMM groups, and a lower drip

loss rate compared with the CAP group (p< 0.05). The SBM

group obtained the markedly higher springiness value of grass

carp compared with the CAP and TMM groups (p< 0.05).
Amino acid composition of grass carp
muscle

As shown in Table 7, muscles from small specimens in the

CHP and CPC groups had significantly higher SDAA and STAA
TABLE 3 Real-time primer sequences, accession numbers, and annealing temperature for studied genes.

Gene name Primer sequence (5′-3′) Accession number Annealing temperature (°C)

TOR F:GCCTTTGTCATGCCCTTCCT
R:GGGCACTTTGCTCTTTGTTTCG

PRJEB5920 61.2°C

4EBP1 F:GCTGGCTGAGTTTGTGGTTG
R:CGAGTCGTGCTAAAAAGGGTC

KT757305.1 60°C

S6K1 F:AATGGACGGACGGTTTTGAA
R:GCAGCCTGACGCTTATTCCT

EF373673.1 60°C

MyoG F:CCCTTGCTTCAACACCAACG
R:TCTCCTCTCCCTCATGGTGG

JQ793897 58°C

MyoD F:AGAGGAGGTTGAAGAAGGTC
R:GTTCCTGCTGGTTGAGAGA

GU218462 60°C

Myf-5 F:GGAGAGCCGCCACTATGA
R:GCAGTCAACCATGCTTTCAG

GU290227 60°C

MRF4 F:TCATTCAACTTGTGCCCTCC
R:GCCCACTTTGCGATACCC

KT899334 56°C

MSTN F:GCAGGAGTCACGTCT TGGCA
R:GAGTCCCTCCGGATTCGCTT

KM874826 58°C

igf1 F:GCTGCAGTTTGTGTGTGGAG
R:ATGCGATAGTTTCTGCCCCC

EU051323 60°C

b-actin F:GCTACAGCTTCACCACCACA
R:TACCGCAAGACTCCATACCC

DQ211096 60°C
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TABLE 4 Growth performance and feed conversion of grass carp in different treatments.

Size Protein sources IBW/g FBW/g WGR/% FCR SGR/(%/day) PER/%

Small specimens SBM 246.67 ± 17.64 538.46 ± 21.63a 118.38 ± 3.65ab 1.64 ± 0.07bc 1.39 ± 0.03 2.00 ± 0.09ab

CAP 243.89 ± 6.31 477.53 ± 20.40a 95.86 ± 8.41b 2.29 ± 0.13ab 1.20 ± 0.0 1.44 ± 0.09c

TMM 232.22 ± 0.96 431.75 ± 12.49a 85.95 ± 5.75b 2.40 ± 0.23ab 1.11 ± 0.06 1.39 ± 00.14c

CPC 229.45 ± 2.55 473.21 ± 39.81a 106.04 ± 16.11ab 2.04 ± 0.21abc 1.28 ± 0.14 1.63 ± 0.16bc

CHP 246.40 ± 6.47 572.80 ± 35.57a 132.13 ± 11.10a 1.50 ± 0.10c 1.50 ± 0.09 2.20 ± 0.14a

Large specimens SBM 638.89 ± 20.85 1,082.18 ± 27.87a 69.34 ± 1.38a 1.84 ± 0.05abc 1.48 ± 0.03 1.78 ± 0.05a

CAP 638.39 ± 2.58 1,018.12 ± 68.69ab 59.46 ± 10.58ab 2.42 ± 0.29ab 1.21 ± 0.13 1.39 ± 0.16b

TMM 638.12 ± 3.18 914.75 ± 35.16b 43.34 ± 5.32b 2.47 ± 0.19a 0.96 ± 0.16 1.34 ± 0.10b

CPC 637.84 ± 17.67 963.80 ± 19.01ab 51.27 ± 5.34ab 1.92 ± 0.11abc 1.33 ± 0.14 1.72 ± 0.10a

CHP 638.33 ± 18.78 1,025.07 ± 11.15ab 60.74 ± 4.53ab 1.73 ± 0.06abc 1.46 ± 0.13 1.90 ± 0.07a

Size 239.72 498.75y 107.67x 1.98 1.30 1.73x

638.31 1,000.78x 56.83y 2.07 1.29 1.63y

Protein sources 442.78 810.32m 93.86mn 1.74no 1.44m 1.78m

441.14 747.82mn 77.65no 2.35m 1.33mn 1.06°

435.17 673.25° 64.64° 2.44m 1.03n 1.25no

433.64 718.51no 78.65mno 1.98n 1.25mn 1.36n

442.37 798.94m 96.43m 1.61° 1.42m 1.92m

p-value

Size 0.00 0.00 0.00 0.35 0.93 0.03

Protein sources 0.58 0.00 0.01 0.00 0.06 0.00

Size*Protein sources 0.65 0.60 0.31 0.81 0.51 1.00
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All the values are expressed as the mean values ± SD, and different letters in the same column denote a significant difference (p< 0.05).
TABLE 5 Proximate composition of grass carp muscles in different treatments.

Size Protein sources Moisture Crude protein Crude lipid Crude ash

Small specimens SBM 78.93 ± 0.58a 18.66 ± 0.44b 4.65 ± 0.57d 1.20 ± 0.05

CAP 79.68 ± 0.45a 18.33 ± 0.17bc 6.53 ± 0.08abc 1.18 ± 0.07

TMM 79.36 ± 0.73a 18.14 ± 0.16bc 5.66 ± 0.23bcd 1.14 ± 0.03

CPC 78.29 ± 0.71a 18.85 ± 0.14b 5.74 ± 0.55bcd 1.14 ± 0.06

CHP 77.98 ± 0.92ab 19.03 ± 0.17ab 5.67 ± 0.37bcd 1.19 ± 0.14

Large specimens SBM 74.72 ± 0.40b 19.80 ± 0.17a 5.45 ± 0.53cd 1.03 ± 0.18

CAP 76.38 ± 0.66ab 19.46 ± 0.12ab 7.44 ± 0.24a 1.07 ± 0.08

TMM 79.23 ± 0.67a 17.77 ± 0.15c 5.81 ± 0.09bc 1.06 ± 0.10

CPC 77.13 ± 2.11ab 19.58 ± 1.21ab 5.99 ± 0.47bc 1.05 ± 0.09

CHP 74.74 ± 4.82b 20.65 ± 1.68a 6.64 ± 1.43ab 1.19 ± 0.14

Size 78.85x 18.60y 5.65y 1.17x

76.44y 19.45x 6.27x 1.08y

Protein sources 76.83n 19.23m 5.05° 1.12

78.03mn 18.89mn 6.99m 1.13

79.29m 17.96n 6.16n 1.10

77.71mn 19.22m 5.87n 1.09

76.36n 19.84m 5.74no 1.19

p-value

Size 0.00 0.03 0.01 0.03

Protein sources 0.08 0.04 0.00 0.53

Size*Protein sources 0.28 0.44 0.64 0.73
All the values are expressed as the mean values ± SD, and different letters in the same column denote a significant difference (p< 0.05).
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compared with those of the other groups, with the CHP group

having significantly higher SEAA compared with the CAP

group, and significantly lower SNEAA than either the TMM

or CPC groups (p< 0.05). In terms of essential amino acids

(EAAs), the CHP group had a significantly higher lysine content

than those in the SBM, CAP, and TMM groups, significantly

higher phenylalanine content than those in the other groups,

significantly higher leucine contents than that of the CAP group,

and a significantly higher isoleucine contents than that of the

TMM group (p< 0.05). Regarding the delicious amino acid

(DAA), the CHP group had significantly higher contents of

alanine and glycine than those of the CAP and TMM groups,

and significantly higher glutamine and aspartic acid contents

than those in the SBM, CAP, and TMM groups (p< 0.05).

In Table 8, muscles from larger specimens in the CHP group

had significantly higher SEAA compared with those of the SBM,

CAP, and TMM groups; significantly higher SDAA compared

with those of the SBM and CAP groups; and significantly lower

SNEAA compared with that of the CAP group (p< 0.05).
Frontiers in Marine Science 08
In terms of EAAs, the CHP group had significantly higher

lysine, phenylalanine, isoleucine, leucine, and valine contents

than those of the SBM, CAP, and TMM groups; a significantly

higher threonine content than that of the CAP and TMM

groups; and a significantly higher methionine content than

that of the CAP group (p< 0.05). In terms of DAAs, the CHP

group had a significantly higher alanine and glycine content

compared with the SBM, CAP, and TMM groups, and a

significantly higher glycine content compared with all other

groups (p< 0.05).
Gene expression levels of protein
synthesis in the muscles

Gene expression analysis of TOR and 4EBP1 revealed a

significant interaction between size and protein source (p< 0.05).

Ignoring the effect of protein source, the larger fish showed

higher gene expression levels of TOR and 4EBP1 and lower gene
TABLE 6 Muscle texture, shear force, and drip loss in different treatments.

Size Protein
sources

Hardness/g Cohesiveness Adhesiveness Springiness/
cm

Chewiness/g Shear
force

Drip loss
rate

Small
specimens

SBM 413.33 ±
107.09cde

0.50 ± 0.03a 207.33 ± 52.65ef 1.22 ± 0.05a 259.46 ±
104.44de

61.47 ±
17.35bc

4.11 ± 1.01bc

CAP 327.33 ± 42.51e 0.43 ± 0.02c 139.92 ± 17.08g 0.78 ± 0.05d 110.15 ± 24.50g 47.72 ± 5.94c 5.56 ± 1.38a

TMM 365.83 ± 42.05de 0.48 ± 0.01ab 175.38 ± 17.76fg 0.96 ± 0.05c 167.82 ± 19.70fg 43.52 ±
10.60c

5.00 ± 1.32ab

CPC 450.00 ±
101.24cd

0.49 ± 0.03ab 218.75 ± 54.20ef 0.98 ± 0.05c 215.08 ± 54.04ef 48.47 ± 5.54c 4.37 ± 0.97bc

CHP 495.50 ± 40.71c 0.51 ± 0.01a 251.83 ± 20.70de 1.06 ± 0.05bc 266.64 ± 34.52de 55.24 ±
18.08bc

4.17 ± 0.76bc

Large
specimens

SBM 788.33 ± 58.84a 0.44 ± 0.03c 349.37 ± 47.73ab 1.17 ± 0.05ab 404.43 ± 47.95a 89.62 ±
18.51a

3.55 ± 1.20c

CAP 674.83 ± 30.70b 0.43 ± 0.03c 290.43 ± 29.44cd 1.05 ± 0.05bc 305.74 ± 38.69cd 54.72 ±
13.28bc

4.33 ± 0.26bc

TMM 718.50 ±
121.24ab

0.43 ± 0.01c 319.36 ± 52.88bc 1.08 ± 0.05abc 342.82 ± 48.02bc 68.89 ±
12.97b

4.02 ± 0.38bc

CPC 778.50 ± 23.24ab 0.45 ± 0.04bc 336.39 ± 48.74abc 1.18 ± 0.05ab 391.21 ± 25.48ab 67.83 ± 7.65b 3.52 ± 0.56c

CHP 824.50 ± 35.27a 0.45 ± 0.04bc 373.01 ± 27.07a 1.20 ± 0.05ab 446.41 ± 49.48a 86.16 ±
22.76a

3.25 ± 0.76c

Size 410.40y 0.48x 198.64y 1.00y 203.83y 51.28y 4.64x

756.93x 0.44y 333.71x 1.14x 378.12x 73.44x 3.73y

Protein sources 600.83mn 0.47m 278.35mn 1.19m 331.95m 75.54m 3.83n

501.08° 0.43n 215.18° 0.92° 207.94° 51.22° 4.94m

557.17no 0.45mn 247.37no 1.02no 255.32no 56.21no 4.51mn

599.25mn 0.47m 277.57mn 1.08nm 303.15mn 58.15no 3.95mn

660.00m 0.48m 312.42m 1.13mn 356.53m 70.70mn 3.71n

P value

Size 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Protein sources 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Size*Protein sources 0.69 0.05 0.80 0.03 0.81 0.28 0.94
All the values are expressed as the mean values ± SD (n = 6), and different letters in the same column denote a significant difference (p< 0.05). The same as those shown in the following
tables.
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expression levels of S6K (p< 0.05). Without the effect of grass

carp size, fish in the CHP group showed higher gene expression

levels of TOR, 4EBP1, and S6K compared with all other groups

(p< 0.05) (Table 9).
Related gene expression levels of growth
and development in the muscles

The interaction between size and protein source significantly

impacted the gene expression levels of MyoG, MyoD, MRF4,

MSTN1, and IGF1 in the muscles (Table 10). Irrespective of

protein source, the larger fish showed higher gene expression

levels of MyoG, MRF4, and MSTN1 in the muscles, and the

scarcer gene expression levels of MyoD and MYF5 and in the

muscles compared with the small specimens (p< 0.05).

Regardless of size, fish in the CHP group had a higher MYF5

expression level in muscle compared with those in the CAP and

TMM groups; a higher MRF4 expression level compared with

those in the SBM, CAP, and TMM groups; and a higher IGF1

expression level compared with those in all other groups (p<

0.05). By contrast, the expression level of MSTN1 in muscle from
Frontiers in Marine Science 09
fish in the CHP group was significantly downregulated

compared with those in the CAP and TMM groups.
Discussion

Previous research on grass carp reported that replacement of

SBM with more than 50% peanut meal significantly negatively

affected the weight gain of grass carp (Yao and Liu, 2013).

However, in the current study, significant effects on growth and

feed utilization occurred in response to replacing SBM with

different protein sources. For both small specimens and large

specimens, entire replacement of SBM with CAP and TMM

retrained the increase of growth and feed utilization and so the

hypothesis was proved. However, unexpectedly, entire

replacement of SBM with CPC and CHP did not hinder

growth and feed utilization. which implied that CPC and CHP

might have more potential as a replacement for SBM in feed for

grass carp than the other two novel protein sources in grass carp

feeds. This outcomemight be the result of the method used in this

study. To evaluate the potential application value of CAP, TMM,

CPC, and CHP in feed for grass carp of different specifications,
TABLE 7 Amino acid composition of grass carp muscle in small specimens (% dry-matter basis).

Items SBM CAP TMM CPC CHP

Essential amino acid (EAA)

Lysine 7.43 ± 0.09bc 7.21 ± 0.17c 7.16 ± 0.21c 7.73 ± 0.08ab 7.86 ± 0.08a

Phenylalanine 2.96 ± 0.03b 2.92 ± 0.03b 2.89 ± 0.04b 2.97 ± 0.03b 3.20 ± 0.02a

Leucine 7.57 ± 0.07ab 7.22 ± 0.23b 7.52 ± 0.17ab 7.74 ± 0.04a 7.75 ± 0.04a

Isoleucine 4.00 ± 0.05ab 4.04 ± 0.03ab 3.95 ± 0.03b 4.04 ± 0.03ab 4.08 ± 0.03a

Threonine 3.72 ± 0.05 3.33 ± 0.64 3.57 ± 0.33 3.73 ± 0.04 3.97 ± 0.03

Methionine 2.40 ± 0.03 2.36 ± 0.10 2.37 ± 0.11 2.40 ± 0.02 2.43 ± 0.05

Valine 4.22 ± 0.07 4.09 ± 0.15 4.14 ± 0.05 4.22 ± 0.02 4.27 ± 0.04

Delicious amino acid (DAA)

Alanine 5.16 ± 0.04ab 5.10 ± 0.07bc 4.97 ± 0.08c 5.19 ± 0.05ab 5.30 ± 0.04a

Glycine 4.21 ± 0.07ab 4.20 ± 0.03b 3.93 ± 0.06c 4.21 ± 0.03ab 4.36 ± 0.03a

Glutamine 7.66 ± 0.51b 7.87 ± 0.15b 6.78 ± 0.14c 10.74 ± 0.06a 11.47 ± 0.04a

Aspartic acid 8.70 ± 0.17b 8.53 ± 0.09b 8.49 ± 0.13b 8.90 ± 0.12ab 9.14 ± 0.07a

Non-essential amino acid except delicious amino acid (NEAA)

Cysteine 0.29 ± 0.01 0.27 ± 0.03 0.28 ± 0.02 0.30 ± 0.01 0.32 ± 0.01

Arginine 5.02 ± 0.03bc 5.21 ± 0.03a 5.02 ± 0.07bc 5.17 ± 0.03ab 4.90 ± 0.06c

Tyrosine 2.36 ± 0.01ab 2.36 ± 0.02ab 2.28 ± 0.05b 2.37 ± 0.03ab 2.41 ± 0.04a

Proline 2.58 ± 0.09a 2.29 ± 0.03b 2.81 ± 0.01a 2.64 ± 0.15a 2.30 ± 0.01b

Serine 3.27 ± 0.04a 3.43 ± 0.03a 3.50 ± 0.02a 3.29 ± 0.04a 2.74 ± 0.26b

Histidine 1.20 ± 0.02b 1.20 ± 0.01b 1.10 ± 0.01c 1.24 ± 0.02b 1.38 ± 0.01a

Amino acid composition ratio

SEAA 32.29 ± 0.35ab 31.17 ± 1.08b 31.60 ± 0.72ab 32.84 ± 0.21ab 33.57 ± 0.25a

SDAA 25.73 ± 1.37b 25.69 ± 0.34b 24.17 ± 0.40c 29.04 ± 0.26a 30.27 ± 0.18a

SNEAA 14.69 ± 0.20ab 14.74 ± 0.12ab 14.99 ± 0.19a 15.03 ± 0.28a 14.05 ± 0.40b

STAA(Total amino acid) 72.72 ± 1.34b 71.61 ± 1.54b 70.77 ± 1.31b 76.91 ± 0.74a 77.89 ± 0.83a
fro
All the values are expressed as the mean values ± SD (n = 3), and different letters in the same column denote a significant difference (p< 0.05).
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the SBM was completely replaced in this study by an alternative

protein source. When SBM is used as the only feed protein

source, the anti-nutritional factors in SBM destroy the microbial

environment of the intestine, reducing the activities of digestive

enzymes and causing intestinal dysfunction, thereby weakening

the absorption capacity for nutrients and inhibiting fish growth

(Maytorena-Verdugo and Cordova-Murueta, 2017). By contrast,

CPC is dephenolized to reduce the anti-nutritional factor content

(Xue, 2021), whereas CHP provides balanced nutrition and no

anti-nutritional factors (Luo et al., 2016). Therefore, the

difference in anti-nutrient factors of each protein source could

be one of the main reasons for difference in growth across the

experimental groups. In addition, the substitution efficiency of

different protein sources is closely related to feeding habits. In

general, plant proteins as an alternative protein source are better

for herbivorous carnivorous fish than for omnivorous fish (Liu

et al., 2014). Thus, given that grass carp are herbivorous, our

results suggest that herbivory contributes to the improved

substitution efficiency of CPC and CHP in grass carp feed

compared with CAP and TMM.

The efficient utilization of certain protein sources in fish

feeds hinges on appropriate dietary amino acid (especially EAA)

supplementation. Deficiencies in methionine and lysine, which
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are limiting amino acids in SBM, can inhibit protein synthesis

efficiency of fish, restraining their growth (Maytorena-Verdugo

and Cordova-Murueta, 2017; Guo et al., 2021). Yin (2019)

reported that when 45% FM was replaced by SBM in the diet

of pearl gentian grouper, dietary methionine and lysine contents

decreased by 39.55% and 39.61%, respectively, which was one of

the reasons limiting the growth performance of these fish. In the

current study, in terms of the amino acid composition of the

different feeds, the EAA compositions of fish in the TMM, CPC,

and CHP groups were superior to those of the SBM group. For

example, the lysine content of the CAP, TMM, and CHP groups

increased by 166.06%, 43.12%, and 58.41%, respectively,

compared with the SBM group, whereas the methionine

content of the CAP, TMM, CPC, and CHP groups increased

by 288.14%, 169.49%, 52.54%, and 98.31% compared with the

SBM group. Moreover, for smaller grass carp, the EAA content

of muscle in the CHP group was higher than those in the SBM

group, particularly the lysine content. Lysine regulates the

expression of TOR and 4EBP1 to improve protein synthesis in

fish and, thus, their protein deposition efficiency and growth

performance (Fan and Wang, 2021). For large specimens of

grass carp, the essential amino acid contents of the CHP group

were also highest, and hereof the contents of leucine, isoleucine,
TABLE 8 Amino acid composition of grass carp muscle in large specimens (% dry-matter basis).

Items SBM CAP TMM CPC CHP

Essential amino acid (EAA)

Lysine 6.61 ± 0.44bc 6.01 ± 0.02c 6.14 ± 0.02c 7.09 ± 0.06ab 7.43 ± 0.13a

Phenylalanine 2.63 ± 0.11b 2.54 ± 0.11b 2.41 ± 0.01b 2.92 ± 0.01a 2.92 ± 0.11a

Leucine 6.84 ± 0.02c 6.46 ± 0.12d 6.49 ± 0.05d 7.20 ± 0.08b 7.56 ± 0.05a

Isoleucine 3.70 ± 0.09bc 3.46 ± 0.09c 3.52 ± 0.05bc 3.77 ± 0.01ab 4.00 ± 0.13a

Threonine 3.44 ± 0.13ab 3.28 ± 0.08b 3.28 ± 0.16b 3.68 ± 0.10ab 3.73 ± 0.11a

Methionine 2.27 ± 0.03ab 1.95 ± 0.10b 2.18 ± 0.18ab 2.49 ± 0.08a 2.40 ± 0.05a

Valine 3.89 ± 0.06bc 3.68 ± 0.05c 3.87 ± 0.07bc 5.51 ± 0.08ab 5.96 ± 0.05a

Delicious amino acid (DAA)

Alanine 4.66 ± 0.12b 4.42 ± 0.09b 4.62 ± 0.12c 5.71 ± 0.10a 5.88 ± 0.09a

Glycine 3.91 ± 0.06c 3.70 ± 0.05d 3.68 ± 0.07d 5.51 ± 0.15b 5.96 ± 0.05a

Glutamine 10.30 ± 1.19 10.80 ± 0.20 11.68 ± 0.64 10.80 ± 0.20 11.68 ± 0.04

Aspartic acid 7.83 ± 0.09 7.23 ± 0.09 7.72 ± 0.25 7.41 ± 0.19 7.60 ± 0.44

Non-essential amino acid except delicious amino acid (NEAA)

Cysteine 0.28 ± 0.01ab 0.25 ± 0.01ab 0.23 ± 0.01b 0.29 ± 0.03a 0.29 ± 0.01a

Arginine 4.41 ± 0.03 4.86 ± 0.15 4.72 ± 0.28 4.65 ± 0.01 4.36 ± 0.21

Tyrosine 2.07 ± 0.03b 2.48 ± 0.12a 2.16 ± 0.02b 2.05 ± 0.03b 1.72 ± 0.13c

Proline 2.65 ± 0.26 2.80 ± 0.11 2.30 ± 0.06 2.51 ± 0.25 2.34 ± 0.04

Serine 3.00 ± 0.11b 3.48 ± 0.14a 2.92 ± 0.10b 3.12 ± 0.10b 2.90 ± 0.10b

Histidine 1.04 ± 0.02ab 1.21 ± 0.13a 0.99 ± 0.01ab 1.15 ± 0.11a 0.88 ± 0.03b

Amino acid composition ratio

SEAA 29.37 ± 0.95bc 27.38 ± 0.64d 27.88 ± 0.56d 31.19 ± 0.39ab 32.26 ± 0.66a

SDAA 26.69 ± 1.46b 26.15 ± 1.21b 27.70 ± 1.09ab 29.43 ± 0.57ab 21.12 ± 0.63a

SNEAA 13.43 ± 0.46ab 15.08 ± 0.67a 13.32 ± 0.49ab 13.77 ± 0.53ab 12.49 ± 0.42b

STAA(Total amino acid) 69.49 ± 2.87 68.61 ± 2.51 68.91 ± 2.14 74.39 ± 1.48 75.87 ± 1.71
fro
All the values are expressed as the mean values ± SD (n = 3), and different letters in the same column denote a significant difference (p< 0.05).
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TABLE 9 Gene expression levels of protein synthesis in the muscles in different treatments.

Size Protein sources TOR 4EBP1 S6K

Small specimens SBM 1.30 ± 0.44bcd 1.19 ± 0.21c 1.35 ± 0.30bc

CAP 0.67 ± 0.41d 1.00 ± 0.12d 0.64 ± 0.18d

TMM 1.27 ± 0.40cd 0.97 ± 0.21d 0.68 ± 0.18d

CPC 2.07 ± 0.46b 1.37 ± 0.13b 1.15 ± 0.23c

CHP 3.06 ± 1.22a 1.66 ± 0.18a 1.92 ± 0.10a

Large specimens SBM 1.54 ± 0.76bc 0.79 ± 0.17e 1.77 ± 0.61ab

CAP 1.74 ± 0.42bc 0.58 ± 0.09f 1.61 ± 0.57ab

TMM 1.52 ± 0.33bc 0.59 ± 0.07f 1.38 ± 0.05bc

CPC 1.94 ± 0.59bc 0.69 ± 0.16ef 1.79 ± 0.52ab

CHP 2.01 ± 0.25bc 0.83 ± 0.08de 2.02 ± 0.28a

Size 1.68y 0.99x 1.15y

1.75x 0.79y 1.71x

Protein sources 1.42° 0.99° 1.56n

1.21° 0.79° 1.13°

1.40° 0.78n 1.03°

2.00n 1.03n 1.47n

2.54m 1.24m 1.97m

P value

Size 0.02 0.00 0.00

Protein sources 0.00 0.00 0.00

Size*Protein sources 0.00 0.00 0.05
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All the values are expressed as the mean values ± SD (n = 3), and different letters in the same column denote a significant difference (p< 0.05).
TABLE 10 Related gene expression levels of growth and development in the muscles in different treatments.

Size Protein sources MyoG MyoD Myf-5 MRF4 MSTN-1 igf-1

Small specimens SBM 1.35 ± 0.48cde 1.47 ± 0.42cd 1.73 ± 0.58abc 0.98 ± 0.05 0.88 ± 0.15de 1.03 ± 0.37cde

CAP 0.79 ± 0.10e 2.76 ± 0.23b 0.96 ± 0.03d 0.73 ± 0.06 1.24 ± 0.08bc 1.02 ± 0.28cde

TMM 1.00 ± 0.39de 4.49 ± 1.33a 0.57 ± 0.30d 0.65 ± 0.06 1.50 ± 0.26ab 0.77 ± 0.08ef

CPC 1.52 ± 0.61cd 1.74 ± 0.18c 2.01 ± 0.99ab 0.87 ± 0.13 0.80 ± 0.08de 1.20 ± 0.32bcd

CHP 1.71 ± 0.64c 1.82 ± 0.49c 2.29 ± 1.30a 1.01 ± 0.03 0.68 ± .0.08e 1.40 ± 0.32b

Large specimens SBM 1.30 ± 0.60cde 0.80 ± 0.30e 0.99 ± 0.18cd 1.81 ± 0.63 0.90 ± 0.10de 0.92 ± 0.06def

CAP 1.87 ± 0.77bc 1.37 ± 0.14cde 0.73 ± 0.20d 1.27 ± 0.45 1.69 ± 0.53a 0.71 ± 0.06f

TMM 2.39 ± 0.16b 1.39 ± 0.32cde 0.63 ± 0.16d 1.32 ± 0.11 1.32 ± 0.36bc 0.85 ± 0.02ef

CPC 4.15 ± 0.51a 1.30 ± 0.13cde 1.08 ± 0.37cd 2.18 ± 0.54 1.11 ± 0.20cd 1.27 ± 0.30bc

CHP 1.94 ± 0.62bc 1.02 ± 0.16de 1.35 ± 0.43bcd 2.39 ± 0.21 0.88 ± 0.17de 1.73 ± 0.20a

Size 1.28y 2.46x 1.51x 0.85y 1.02y 1.08

2.33x 1.18y 0.95y 1.79x 1.18x 1.10

Protein sources 1.33° 1.13° 1.36m 1.40n 0.89n 0.98°

1.33° 2.06n 0.84n 1.00° 1.46m 0.87°

1.70no 2.94m 0.60n 0.98° 1.41m 0.81°

2.83m 1.52° 1.54m 1.52mn 0.95n 1.23n

1.83n 1.42° 1.82m 1.70m 0.78n 1.56m

p-value

Size 0.00 0.00 0.00 0.00 0.02 0.84

Protein sources 0.00 0.00 0.00 0.00 0.00 0.00

Size*Protein sources 0.00 0.00 0.16 0.00 0.02 0.02
All the values are expressed as the mean values ± SD (n = 3), and different letters in the same column denote a significant difference (p< 0.05).
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and valine, which belong to branched-chain amino acid, were

markedly elevated compared to the other groups. The result

indicated that the difference in content and composition of

branched-chain amino acids was the main reason that the

growth performance of carp in the SBM group was weaker

than that in the CHP group. Branched-chain amino acids can

participate in protein metabolism, among which the main

branched-chain amino acid regulating protein synthesis is

leucine (Wang et al., 2015). Leucine can improve the protein

synthesis efficiency of fish by participating in the regulation of

target rapamycin (TOR) signaling pathway, thus promoting

body growth (Ren et al., 2015; Zou et al., 2018). Furthermore,

regardless of fish size, the changes in muscle amino acid content

induced by dietary protein sources resulted in corresponding

changes in the growth indices, muscle protein content, and

expression of genes involved in the TOR pathway. These

results suggest that CHP enhances the activity of the

mammalian TOR (mTOR) signaling pathway by increasing

the amino acid level (e.g., lysine and branched-chain amino

acids), promoting protein deposition, which could explain the

improved growth-promoting effect of CHP compared with that

of SBM, although the specific regulatory mechanisms involved

require further investigation.

The composition of DAAs, including glycine, alanine,

glutamic acid, and aspartic acid, is the main factor determining

the flavor of fish meat. Of these, glutamic acid has the most

important role, followed by glycine (Lv et al., 2022). In Jiang’s

study on Jian carp, the entire replacement of FM with SBM

significantly reduced the content of glutamic acid and glycine and

thus destroyed the flavor offishmuscle (Jiang et al., 2015), and our

experimental results were consistent with Jiang’s research.

Meanwhile, our study also revealed that, regardless of fish size,

CHP used as the only protein source in grass carp diets increased

the DAA and glycine contents compared with SBM, which would

enhance the sweetish taste of the fish. Likewise, the effect of CPC

on the DAA and glycine contents showed a similar effect to that of

CHP. By contrast, CAP and TMM caused a significant reduction

in the DAA content compared with SBM. Combined with the

above results, it was revealed that the complete replacement of

SBM by CHP and CPC could have efficacy to improve the amino

acid nutritional value and umami taste of fillet of grass carp.

Texture parameters and shear force are two important

parameters that describe the characteristics of muscle tissue,

and are usually affected by many factors, such as fish species,

genotype, feed, and culture environment (Wang et al., 2022).

Texture parameters are used to simulate the chewing of human

teeth to represent the taste of meat, including its hardness,

cohesion, elasticity, and chewiness, whereas shear force is used

to simulate the cutting of muscle fibers by human teeth to

represent the meat tenderness (Cheng et al., 2014). In the current

study, the hardness and elasticity of the muscles increased with

the size of the grass carp, rendering the muscle harder and more

tasty, which was in agreement with the positive growth-
Frontiers in Marine Science 12
promoting effects on texture parameters in a previous study

on grass carp (Hu et al., 2011). Meanwhile, significant alterations

of texture parameters were induced by the replacement of SBM.

Diets with CPC and CHP increased the hardness, cohesion,

elasticity, chewiness, and shear force of the muscles compared

with SBM. By contrast, decreased texture parameters were

observed in the CAP and TMM groups. This showed that,

compared with CAP and TMM, CPC and CHP not only

increase muscle hardness by enhancing muscle shear force,

thus improving muscle taste, but also strengthen the binding

force between muscle cells by elevating the cohesion between

muscle cells and improving the ability of fish to resist damage,

rendering them more delicate with an improved flavor (Zhang

et al., 2013). Previous research reported that the texture

characteristics of fish muscle were related to the moisture and

lipid content of muscle. Dunajski (1979) reported that a high

moisture and lipid content reduced the mechanical strength of

fish. In agreement, the current results revealed that the lower

moisture and lipid content in the CHP group resulted in

increased muscle hardness compared with the CAP and TMM

groups, which suggested that replacement of SBM with CHP

would have a positive impact on muscle texture. Water-holding

capacity is also an important indicator of flesh quality, which is

usually represented by drip loss rate, with a positive beneficial

correlation between drip loss rate and water retention (Zhong

et al., 2018). In the current study, both size and protein source

had a significant effect on the drip loss rate. Moreover, a

significantly lower drop loss rate was observed in the large

grass carp compared with small fish. Regardless of size, grass

carp in the SBM, CPC, and especially the CHP group, had lower

drop loss rates compared with the CAP group. These results

support the hypothesis that replacing SBM with CHP could

improve the flesh quality of grass carp.

Muscle growth, development, and quality regulation are

regulated by various endogenous molecular mechanisms

(Salem et al., 2013). In the current study, genes involved in

muscle growth and development (MyoD, MyoG, MYF5, and

MRF4) and their related positive and negative regulatory factors

(IGFs and MSTNs) were analyzed. Both size and protein source

had a notable impact on the expression of MyoD, MyoG, MYF5,

MRF4, and MSTN1. In terms of size, large grass carp showed

significantly upregulated expression of MyoG, MRF4, and

MSTN1, and significantly downregulated expression of MyoD

and MYF5 compared with small fish. These findings could be

because MyoD and MYF5 have a role as myogenic determinants,

whereas MyoG and MRF4 have a crucial role in late

differentiation of muscle cells (Yun and Wold, 1996; Kassar

et al., 2004). In terms of protein source, grass carp in the CHP

group showed the highest expression levels of MYF5, MRF4, and

IGF1, and the lowest gene expression levels of MSTN1. The

results suggested that CHP inhibited the negative regulation of

MSTN1 to promote muscle growth and development (Zhao

et al., 2018). Thus, CHP could prompt the production of more
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muscle cells to overcome damage resulting from anti-nutritional

factors in SBM by downregulating the expression of MSTN1,

thereby exerting a growth-promoting effect (Abouel et al., 2021).
Conclusion

Overall, based on the results of the present study, this study indicated

that total replacementof soybeanmeal byCHP indiets for small specimens

and large specimens of grass carp could not only improve growth

performance and feed utilization, but also enhance the meat flavor by

improving the amino acid composition ofmuscle,meat taste by improving

the texture parameters and water-holding capacity, and muscle growth by

positively impacting the expression of genes involved in the growth and

development. Similar results were also seen with CPC. However, total

replacement of SBM with CAP and TMM suppressed fish growth and

reducedmeat quality to varyingdegrees. Thus, in termsof its positive effects

on fish growth and flesh quality, CHP could be a potential protein source

to replace SBM in diets for both small and large grass carp.
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