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Abstract

The aim of this study was to assess the optimal protein level for grass carp when using
Chlorella vulgaris meal (CVM) as a sole protein source. Six diets (CVM35, CVM42,
CVM49, CVM55, CVM62, and CVM69) with varying protein levels (21.51%, 24.95%,
29.16%, 32.75%, 36.79%, and 39.74%, respectively) were fed to triplicate tanks with
30 fish each (7.0£0.1 g) for 8 weeks. Results indicated the FBW and SGR increased first
and then plateaued as dietary protein level increased, while the FR plateaued first and
then decreased. The FE and HSI increased linearly with dietary protein level, while VSI
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Keywords and MFI decreased linearly (P<0.05). As dietary protein level increased, serum IgM and
Chlorella vulgaris GSH-Px first increased and then decreased, and peaked in the CVM55 group, while
Grass carp MDA showed the opposite trend. High protein diets (CVM62 and CVM®69) significantly
Growth performance activated mTOR signaling and altered fish proximate composition. Moreover, optimal
Meat quality protein diet enhanced fish hardness and regulated the expression of genes associated

Myosin Heavy chains with myosin types (myh7, myh1, myh2, and myh4) and muscle development (MRFs,

FGF6s and mstn). An optimal dietary protein level of 36.54% was recommended for
juvenile grass carp based on the SGR using CVM as protein source.

Zarantoniello et al., 2023) that may serve as
replacements for fish meal, as well as identifying

Introduction

Protein plays a key role in the maintenance, tissue
growth, reproduction and energy metabolism of fish.
Fish meal is considered the most acceptable and
valuable protein source in the fish diet (Jobling, 2012).
With the increasing market demand for aquatic
products, the shortage and high price of fish meal have
become critical issues restricting the rapid development
of the aquaculture industry (Bostock et al., 2010).
Therefore, finding alternative protein sources to replace
fish meal is necessary for the sustainable aquaculture.
Therefore, to promote sustainability, recent studies
have focused on evaluating alternative protein sources
(Gunathilaka et al., 2023; Sahin & Ergin, 2021;
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optimal levels (Liu et al., 2022; Wang et al., 2022) for
incorporating various protein sources.

Chlorella vulgaris, a globally produced functional
green algae, is getting rising attention for various
utilization (Alagawany et al.,, 2021). The mature C
vulgaris meal (CVM) shares a high total protein content,
which is comparable to soybean protein (Caporgno &
Mathys, 2018). CVM is also rich in highly unsaturated
fatty acids, chlorophyll, and many primary carotenoids,
and these pigments exhibit immunomodulatory and
antioxidant properties by significantly reducing the
oxidative stress induced by harmful chemicals and
increasing the antioxidant activity in the tested animals
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(Chen et al., 2022; Galal et al., 2018). CVM also exhibits
a balanced amino acid profile, good biosafety and ease
of cultivation, making it a potential alternative protein
source for fish meal (Safi et al., 2014). It has been
reported that diet enriched with CVM ameliorated the
toxic effects of diazinon on Nile tilapia by modulating

immunity and increasing antioxidant capacity
(Abdelhamid et al, 2020). Dietary CVM
supplementation also improved the muscle

development and growth performance in crucian carp
and largemouth bass (Shi et al., 2017; Yu et al., 2022).
The above mentioned results indicate the potential
value of CVM in fish diets.

The muscles of teleost fish constitute a significant
part of human consumption. Muscle growth including
myofiber hyperplasia and hypertrophy (Silva et al.,
2009), is regulated by various genes, such as myogenic
regulatory factors (MRFs), myostatin (mstn), fibroblast
growth factor-6 (fgf6), etc. (Ganassi et al., 2020;
Hernandez-Hernandez et al., 2017; McPherron et al.,
1997). Muscle fiber, profoundly influencing the
biochemical characteristics and meat quality, can be
classified as types |, lla, lx, and llb based on the contents
of the heavy chain myosins, which were encoded by
myh7, myh2, myhl and myh4, respectively (Valente et
al., 2013). When the proportion of type | and lla fibers is
higher, intramuscular fat is higher, and meat is more
tender and juicy (Essén-Gustavsson et al., 1994).
Currently, there is limited research on the effects of
plant protein in fish feed on the meat quality of fish. It
was reported that an optimal dietary protein level of
35.98% provided by soybean meal improved the
expression of myhl and myh4, while inhibited the
expression of myh2 and myh7, and altered the grass
carp’s metabolism and antioxidant capacity, thus
enhancing the meat quality (Wang et al.,, 2022).
Different dietary protein contents from cottonseed
protein concentrate (CPC) also changed the mrfs
expression to induce the transformation of muscle
protein subtypes and improve fish quality (Liu et al.,
2022).

Grass carp is one of China’s most merchant and
important freshwater culture species due to its wide
distribution, herbivore food habits and delicious meat
(Xie et al., 2018). Although its global production was
more than 50 million tons (FAO, 2020), grass carp's meat
quality and economic profit have been severely limited
by the intensive culture (Zhao et al., 2018). Nutritional
regulation on fish growth and meat quality has been
investigated in grass carp. Appropriate levels of dietary
protein can promote the growth and muscle stiffness of
juvenile grass carp by promoting the growth and
differentiation of muscle fibers, improving collagen
synthesis, and inhibiting collagen degradation (Dong et
al., 2022). In previous studies, we explored the effects of
soybean meal and CPC as a single feed protein on the
growth and meat quality of grass carp, which confirmed
their positive nutritional value in grass carp diet (Liu et
al., 2022; Wang et al., 2022).

Considering the nutritional features of CVM, the
aim of this study was to determine the suitable dietary
CVM protein level for grass carp diet and to evaluate the
effects of different CVM protein levels on growth
performance, immune antioxidant capacity and
transcription levels of genes related to protein
metabolism and meat quality.

Materials and Methods
Preparation of Experimental Diets

The CVM (containing 57.5% crude protein) used for
protein source in this study was provided by Wuhan
Demote Biotechnology Co., Ltd. (Wuhan, China). Six
experimental diets, namely, CYM35, CVM42, CVM49,
CVM55, CVM62 and CVM69, with graded protein
contents (21%, 25%, 29%, 33%, 37% and 41%) were
formulated according to Wang et al. (2022) with CVM
level at 35.40%, 42.20%, 49.00%, 55.70%, 62.50%, and
69.40% respectively. Soya oil + fish oil (1:1) were used as
lipid source and corn starch as the carbohydrate source.
The ingredients and proximate composition of the
experimental diets were shown in Table 1. The raw
materials were totally smashed (through an 80-mesh
sieve), thoroughly mixed and then extruded into 2 mm
diameter spherical-like particles using a thermal feed
extruder (the moisture of meals: 21%, the extruder
barrel temperature: 130°C) and then dried in an electric
oven at 60°C for 30 min. The pellets were then stored at
-20°C until use.

Experimental Fish and Feeding

Juvenile grass carps used were obtained from Li
Wenhua Aquaculture Co., Ltd, and were adapted to the
experiment conditions for two weeks. Before the
feeding trial, fish were fasted for 24h and then weighed
collectively. 30 fish (initial body weight: 7.0+0.1g) per
tank (water volume: 300 L) were randomly distributed
into 18 tanks (3 tanks for each diet) in a flow-through
aquaculture system equipped with temperature control
system and constant aeration. Fish were fed by hand
with experimental diets to apparent satiation twice a
day for 8 weeks. The feed intake was recorded daily.
During the feeding period, the culture conditions in the
tank were as follows: the water exchange was 0.5 L/min,
average water temperature was at 28.0+1.5°C, the
dissolved oxygen level was above 5.0 mg/L, the pH was
7.5~7.7, the ammonium nitrogen content was less than
0.5 mg/L.

Sample Collection

At the end of the feeding trial, fish were fasted for
24h. After the rapid anesthesia with MS-222 (100 mg/L),
fish in each tank were counted and collectively weighed
to calculate the specific growth rate (SGR), feeding rate
(FR), and feed efficiency (FE). Three fish in each tank
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Table 1. Ingredients and proximate composition of the experimental diets (% of dry matter)

Ingredients Diet treatment (% in dry matter)

CVM35 CVM42 CVMA49 CVM55 CVM62 CVM69
High protein CVM? 35.40 42.20 49.00 55.70 62.50 69.40
Soya oil + Fish oil (1:1) 3.08 2.37 1.65 0.95 0.25 0.00
Corn starch 22.70 22.20 21.70 21.20 20.60 20.10
Microcrystalline cellulose 35.42 29.83 24.25 18.75 13.25 7.10
1% premix? 1.00 1.00 1.00 1.00 1.00 1.00
Monocalcium phosphate 1.80 1.80 1.80 1.80 1.80 1.80
Choline chloride (50%) 0.50 0.50 0.50 0.50 0.50 0.50
Yttrium oxide 0.10 0.10 0.10 0.10 0.10 0.10
Total 100.00 100.00 100.00 100.00 100.00 100.00
Proximate composition
Moisture (%) 5.08 5.04 5.07 5.53 5.16 4.39
Crude protein (%) 21.51 24.95 29.16 32.75 36.79 39.74
Crude lipid (%) 6.82 6.97 7.07 7.26 7.21 6.95
Total ash (%) 4.14 457 5.27 5.78 6.64 7.63

1CVM, C. vulgaris meal, containing 2.7% moisture, 57.5% protein, 10.2% crude lipid, 5.9% ash, 16.2% crude fiber and 7.5% nitrogen free extraction; 21% Premix
provided (/Kg diet): vitamin C phosphate (35%), 900 mg; Vitamin E 450 mg; Inositol, 225 mg; Nicotinamide, 120 mg; Calcium pantothenate, 60 mg; Vitamin
A, 30 mg; Vitamin K3, 3 mg; Vitamin B12, 12 pug; Biotin, 3 mg; Ferric sulfate monohydrate, 300 mg; Zinc sulfate monohydrate, 200 mg; Sodium chloride, 100
mg; Manganese sulfate monohydrate, 25 mg; Cupric sulfate pentahydrate, 30 mg; Cobalt chloride (10% cobalt), 5 mg; Sodium selenite (10% selenium), 5 mg;

Potassium iodate (2.9%), 3 mg; Magnesium sulfate, 900 mg.

were then randomly sampled and frozen at -80°C for
subsequent proximate analysis of whole fish. Another
five fish from each tank were randomly sampled,
individually weighed and measured (body length) to
calculate the condition factor (CF), and then, blood
samples were collected from the caudal vein, serum was
subsequently obtained by centrifugation (3000 xg,
10min, 4°C) and then frozen at -80°C for various assays
(Liu et al, 2022). After that, the Vviscera,
hepatopancreas, mesenteric fat were dissected from
the five fish and weighed to calculate viscerosomatic
index (VSI), hepatosomatic index (HSI) and mesenteric
fat index (MFI). The muscle samples for enzyme activity
assay and quantitative real time polymerase chain
reaction (QRT-PCR) were flash frozen in liquid nitrogen
and then stored at -80°C. In addition, muscle samples
was collected and steeped in 4% buffered formalin for
histopathological analysis (Wang et al.,, 2022). Fresh
muscle was sampled from two fish for texture analysis.

Analytical Method
Determination of Muscle Texture Analysis

The dorsal white muscle (about 2-3 g) was
weighed, wrapped in gauze and then cooked in boiling
deionized water (100°C) for 5 min. After cooking, the
muscle was taken out and weighed after surface water
removal using an absorbent paper. The cooked muscle
was subsequently cut into a 1 X 1 X 1cm cube to
perform the texture profile analysis (TPA) by a TA. XT
Plus texture analyzer (Stable Micro Systems, Godalming,
UK) equipped with a flat-bottomed cylindrical probe
P/36R (20 mm diameter). During the test, samples were
compressed twice at a constant depression speed of 1
mm/s to 35% of the original height, with a holding time
of 5 s. In addition, the pre-test speed was 2 mm/s, the
post-test speed was 5 mm/s, and the type of

loadbearing probe was Auto-5 g. The data collection rate
was 200 points per second (pps). Textural parameters
were calculated as described by Bourne (1978).

Measurements of Serum Biochemical Indexes

The serum total protein (TP), blood urea nitrogen
(BUN), glucose (GLU), total cholesterol (TC), triglyceride
(TG), and aspartate aminotransferase (AST) activities
were measured by the commercially available kits using
an automated biochemical analyzer (Abbott Aeroset®,
Abbott Laboratories). The serum activities of superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GSH-Px), total antioxidant capacity (T-AOC), and
malondialdehyde (MDA) content were
spectrophotometer measured by the commercial assay
kits (Nanjing lJiancheng Bioengineering Institute,
Nanjing, China). Serum activities of lysozyme (LYZ)
(Product number mI036413), complement 3 (C3)
(Product number ml092636), and the content of
immunoglobulin M (IgM) (Product number ml092683)
were determined by commercially available kits
(Shanghai Enzyme-linked Biotechnology Co., Ltd,
Shanghai, China) according to the manufacturer’s
instructions.

Proximate Analysis of Fish and Experimental Diets

The proximate composition was analyzed
according the AOAC official method (AOAC, 1995).
Briefly, by air drying to a stable weight at 105°C,
moisture was measured. Crude protein was determined
by measuring nitrogen (N X 6.25) using the Kjeldahl
method. Crude lipid was measured by a Soxhlet extract
apparatus with ether exaction. Moreover, ash was
determined by incinerating at 550°C for 5-6 h in a muffle
furnace.
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Muscle Histological Analysis

Muscle histology analysis was conducted according
to the protocol as described by Wang et al. (2022).
Briefly, dorsal muscle was fixed in 4% paraformaldehyde
solution, then dehydrated by several levels of ethyl
alcohol, and implanted into paraffins. The histological
slides (7 um) were prepared using a microtome then
stained with hematoxylin-eosin (HE) for histological
observation by light microscope. Diameter of muscles
fibers were measured by M Shot Image Analysis (Micro-
shot, Guangzhou, China).

Exaction of RNA and Real-time PCR Analysis

Primer premier 6.0 software was used to design
specific primer pairs for each target gene using known
sequences in the NCBI database (Table 2). Total RNA was
extracted from muscle samples by RNAiso Plus Kit
(Takara, Dalian, China) and then resuspended in 50 uL
RNase-free water. And then RNA quality and quantity
were tested by electrophoresis on 1% agarose gel and
by NanoDrop® ND-1000 UV-vis spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) at 260
and 280 nm. 1ug of total RNA was used for reverse
transcription through PrimeScript™ RT reagent Kit
(Takara, Dalian, China) according to the instruction from
the manufacturers. Quantitative RT-PCR was performed
under the conditions: pre-incubation at 95°C for 5 min,
forty cycles at 95°C for 10 s, annealing temperature
(corresponding specific primer pairs) for 20 s and 72°C
for 20 s. Melting curves were systematically monitored
(temperature gradient at 0.5°C/s from 60 to 95°C) to
confirm that only one fragment was amplified. The
expression of the genes was quantified relative to 8-
actin and efla as reference genes using the 222 value
method as described by Pfaffl (2001).

Statistical Analysis

All data were analyzed by one-way ANOVA and
statistical Duncan’s multiple comparison in the SPSS

Table 2. Sequences of primers employed in this study

26.0 (IBM, Armonk, NY, USA) and presented as mean +
SEM (n=3). Before carrying out data analysis, normality
and homogeneity of variance were tested first. When
significant treatment effect was observed, the acquired
data were also subjected to orthogonal polynomial
contrasts (linear, quadratic, or cubic) and further
analyzed for regression analysis to determine the
optimal model. The R square (R?) was used to determine
model fit for optimal regression selection and
differences were considered significant at P<0.05.

Results

Effects of Dietary CVM on Growth Performance and
Morphology

The growth performance and morphological
parameters were shown in Table 3. The FBW and SGR
increased linearly and then stabilized with the increase
of dietary protein level (P<0.05), and broken-line
analysis based on SGR suggested an optimal dietary
protein level of 36.54% using CVM as protein source
(Figure 1). FR increased and then decreased with dietary
protein level, peaked in the CVMA42 group. FE
demonstrated a linear increase with dietary protein
level (P<0.05). Furthermore, as the dietary protein level
increased, VSI and MFI decreased linearly (P<0.05,
R2=0.781 and 0.845, respectively), while HSI increased
linearly (P<0.05, R?=0.764). However, dietary protein
level did not significantly affect the survival rate (SR)
(P>0.05).

Effects of Dietary CVM on Serum Biochemical,
Immune Response and Antioxidation Indices

As shown in Table 4, GLU and TP first rose and then
declined when dietary protein level increased, while TG
showed an opposite trend (P<0.05). All these changes
were described by the quadratic model (R?=0.759,
0.852, and 0.517, respectively). As dietary protein level
increased, the levels of serum AST and TC significantly
decreased (R?=0.695 and 0.504, respectively), while
BUN did not vary significantly (P>0.05).

Genes Forward primer(5'-3') Reverse primer(5'-3’) Accession number
faféa CGCATACGAGTCTTCCAT CCTACGAGAACATCCAACA MK050993
faféb TCCAGTCCGCTTCCGAGTA AGATGAAACCCGATGCCTACA MK050992
myf5 GTGCCTGTGCCTCATCTCCT AATGCGTGGTTCACCTTCTTCA GU290227
mrf4 TCGCTCCTGTATTGATGTTGATGA GCTCCTGTCTCGCATTCGTT KT899334
myog TTACGAAGGCGGCGATAACTT TGGTGAGGAGACATGGACAGA JQ793897
myod ATGGAGTTGTCGGATATTCCCTTC GCGGTCAGCGTTGGTTGTT MG544985
mstn CTGACGCCAAGTTCCACATACA CGACTCTGCTTCAAGTTCTTCTCT KP719016
myh7 AACTGCGCTGTAACGGTGTA AGTGTGCCCAAACCTGTACT MW113233
myh2 ACAGTGGCCAGCATTGATGA TGTCCAGCACACCAATGAAGA MW113235
myh1 TTCCGTTGTTGTGTCAGGCT TACTGGATGACGCGTTTGGT MW113234
myh4 TACTGGATGACGCGTTTGGT TGTCCAGCACACCAATGAAGA MW113236
tor TCCCACTTTCCACCAACT ACACCTCCACCTTCTCCA IX854449
4ebpl GCTGGCTGAGTTTGTGGTTG CGAGTCGTGCTAAAAAGGGTC KT757305
s6k1 ACATAAAGCAGCCTGACG TGGAGGAGGTAATGGACG EF373673
B-actin TATGTTGGTGACGAGGCTCA GCAGCTCGTTGTAGAAGGTG M25013
efla TGACTGTGCCGTGCTGAT CGCTGACTTCCTTGGTGATT GQ266394
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Table 3. Effects of dietary protein level from C. vulgaris meal on growth performance and morphological parameters of juvenile
grass carp

Diet treatments? IBW FBW SGR SR FR FE CF HSI VS| MFI

(g fish?) (g fish?) (% d?) (%) (%BW d*) (%) (%) (%) (%) (%)
CVM35 7.04£0.01 14.05+1.282  1.22+0.16 90.00£5.09 3.12+0.08>c 41.38+1.92@ 1.79+0.02 1.33+0.022 8.67+0.18¢ 2.80+0.10°
CcvM42 7.03£0.02 15.02+0.762® 1.35+0.10® 86.67+5.09 3.21+0.07¢ 43.22+1.872 1.80+0.01 1.391+0.012b 8.28+0.14<d 2.72+0.01d
CVM49 7.01£0.03 17.06+0.282bc 1.59+0.03b¢ 95.00£0.96 3.17+0.14c 50.56+0.56P 1.79+0.01 1.46%0.01bc 8.16+0.27°¢¢ 2.49+0.01cd
CVM55 6.96£0.01 17.48+0.48° 1.64+0.05P¢ 84.45+4.01 3.09+0.04>c 52.75+0.88° 1.78+0.00 1.48%0.01bc 7.93+0.04°c 2.40+0.08b
CVM62 6.98+0.03 21.52+1.369  1.86+0.16¢ 87.78+4.84 2.87+0.15%> 62.74+3.19¢ 1.80+0.01 1.49+0.03c 7.47+0.14%> 2.17+0.11°
CVM69 7.01£0.02 19.92+1.05¢¢  1.86+0.10° 94.45+2.22 2.75+0.07° 64.36+3.83¢ 1.80+0.01 1.51+0.01c¢ 7.36+0.08> 1.82+0.112
PSE 3 0.141 1.657 0.195 6.973 0.173 4.069 0.000 0.032 0.277 0.141
Orthogonal contrast (Pr>F) 4
Linear 0.064 0.000 0.000 0.675 0.004 0.000 0.557 0.000 0.000 0.000
Quadratic 0.106 0.791 0.568 0.492 0.065 0.497 0.471 0.021 0.843 0.079
Cubic 0.262 0.288 0.813 0.311 0.699 0.541 0.299 0.538 0.789 0.359
Regression
Model > NOS Broken line Broken line NOS Quadratic Linear NOS Linear Linear Linear
R? 0.910 0.963 0.579 0.969 0.764 0.781 0.845
Pr>F 4 0.000 0.000 0.002 0.000 0.000 0.000 0.000
OPTI INCL® 39.59% 36.54%

Values are means of three replicates (n = 3). 2 IBW: initial body weight; FBW: final body weight; SGR (specific growth rate, %/d) = 100 = [In (FBW) - In (IBW)] /
[experimental period (d)]; SR (survival rate, %) = 100 = fish number at the end of the trial/fish number at the start of the trial; FR (feeding rate, % BW/d) = [dry feed
intake (g) / [daysx [(FBW (g) + IBW (g)) /2] x 100; FE (feed efficiency, %) = 100 = [FBW (g) - IBW (g)]/dry feed intake (g); CF (condition factor, % ) = 100 fish weight (g)/
[fish length (cm)]3; HSI (hepatosomatic index, %) = 100 = [final liver weight (g) / final body weight (g)]; VSI (viscerosomatic index, %) = 100 = [final visceral weight (g) /
final body weight (g)]; MFI (mesenteric fat index, %) = 100 = [mesenteric fat weight (g) / final body weight (g)]; 3 PSE: pooled standard error (n=3). 4 If statistical
significance (P<0.05) was detected, the model that fits best the data was selected. > NOS: no structure.  OPTI INCL

SGR =0.0000369 x + 1.8581088
R?=1.0000

SGR=0.0401319x+ 0.3632310
R*=0.9628
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Figure 1. Broken-line analysis of the relationship between the dietary protein level and growth performance of grass carp.

As shown in Table 5, the serum LZM activity
decreased linearly with dietary protein level (P<0.05),
while 1gM activity increased first and then declined,
peaked at CVM49 and CVMS55 groups (P<0.05). As
dietary protein level increased, GSH-Px activity also
increased first and then gradually decreased while MDA
worked the opposite, which both were expressed by
significant quadratic regression models (P<0.05,
R2=0.772 and 0.548, respectively). Moreover, the T-AOC
activity linearly increased with dietary protein level
(P<0.05, R%=0.416). However, no significant differences
in C3, SOD and CAT activities were observed among
groups (P>0.05).

Effect of Dietary CVM Protein Level on Body
Proximate Composition

As shown in Table 6, body moisture and ash
contents significantly improved linearly with dietary

protein level (P<0.05), while the lipid content linearly
decreased (P<0.05). In contrast, the body crude protein
increased first and then decreased (P<0.05) responding
to the increase of dietary protein level in a quadratic
model.

Effects of Dietary CVM Protein Level on Muscle
Texture of Grass Carp

As presented in Table 7, muscle hardness,
springiness, chewiness and resilience increased
gradually and then decreased (P<0.05), while
gumminess decreased first and then increased (P<0.05),
which showed quadratic models in response to
increasing dietary protein level (R=0.795, 0.567, 0.595
0.534 and 0.733, respectively). Meanwhile, no statistical
difference among groups was observed in cooking loss
and cohesiveness (P>0.05).
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Histology of Skeletal Muscle

Table 8 and Figure 2 demonstrated the significant
impact of dietary CVM protein level on white muscle
microstructure of grass carp. The muscle fiber diameter
and area clearly exhibited a firstly decreasing and then
rising trend with the increase of dietary protein content,
while the muscle density increased first and then
declined, which all can be fitted with a quadratic
regression model (P<0.05, R?=0.829, 0.682, 0.771).

Gene Expression Associated with Muscle Protein
Synthesis and Myogenesis

Figure 3 shows the relative expression of the genes
involved in protein synthesis. The mRNA of tor and s6k1
increased first and then decreased significantly in
response to the increasing level of dietary CVM protein
level in quadratic regression models (P<0.05, R?=0.841,
0.661), while the mRNA for 4ebp1 was linearly reduced
(P<0.05, R?>=0.888).

As presented in Figure 4, the mRNA levels of myh2,
myod and mstn significantly decreased first and then
increased thereafter (P<0.05, R?=0.879, 0.684, 0.870),
while the myh1, myh4, myf5, fgf6a, fgf6b mRNA levels
gradually increased and then decreased with increasing
dietary CVM protein level, which were explained by
quadratic regression models (P<0.05, R?=0.785, 0.773,
0.711, 0.760, 0.749). Moreover, expression of myh7 and
myog linearly increased with the increasing dietary
protein level, while mrf4 linearly decrease (P<0.05,
R2=0.759, 0.544, 0.740).

Discussion
Growth Performance and Serum Biochemical Indices

Protein requirement of grass carp varied largely
due to temperature, fish life stage and protein sources
(Wang et al.,, 2022). As a novel protein source, the
nutritional value of CVM is unclear in this fish, so the
dietary protein level was designed from 21% to 41%. In

Table 4. Effects of dietary protein level from C. vulgaris meal on serum physiological and biochemical indices of juvenile grass carp!

Diet treatments 2 AST (U/L) TP (g/L) GLU (U/L) BUN (mmol/L) TC (mmol/L) TG (mmol/L)
CvM35 84.67+2.40¢ 30.03+0.84° 5.31+0.05° 1.41+0.05 7.38+0.16° 1.69+0.05¢
CcVM42 69.67+1.45¢ 32.65+0.03%¢ 5.46+0.02° 1.48+0.02 6.36+0.22° 1.35+0.01¢
CcvM49 59.33+0.88% 32.87+0.88¢ 5.34+0.19° 1.15+0.06 6.35+0.20° 1.28+0.04°
CVM55 64.33+0.33%¢ 32.87+0.09¢ 5.28+0.10° 1.30+0.09 6.32+0.07° 1.23+0.03°
CVM62 63.00+2.89%¢ 30.40+0.52°b¢ 4.62+0.112 1.47+0.11 6.30+0.00° 1.060.022
CVM69 51.67+0.882 27.3740.35° 4.58+0.12? 1.27+0.03 6.04+0.08° 1.25+0.01°
PSE3 2.991 0.969 0.195 0.118 0.251 0.118
Orthogonal contrast (Pr >F) 4

Linear 0.000 0.000 0.000 0.285 0.001 0.000
Quadratic 0.004 0.000 0.006 0.213 0.018 0.000
Cubic 0.000 0.906 0.249 0.261 0.007 0.780
Regression

Model ® Linear Quadratic Linear NOS Linear Quadratic
R? 0.695 0.852 0.605 0.504 0.854
Pr>F 4 0.000 0.000 0.000 0.001 0.000

1Values are means of three replicates (n=3). 2 AST: aspartate transferase; TP: total protein; GLU: glucose; BUN: blood urine nitrogen; TC: total cholesterol; TG: triglyceride.
3 PSE: pooled standard error (n=3). 4 If statistical significance (P<0.05) was detected, the model that fits best the data was selected. > NOS: no structure

Table 5. Effects of dietary protein level on immune and antioxidation indices of grass carp

Diet treatments? LZM IgM c3 T-AOC MDA GSH-Px SOD CAT
(mmol/L) (mmol/L) (mmol/L) (U/mg) (mmol/mg) (U/mg) (U/mg) (mol/L)

CVM35 40.03+2.28>  7.72+0.10° 31.19#0.68  0.11+0.02°>  14.95+0.27?>  418.80+11.61°  143.78+0.86 39.18+1.98

CcVMm42 36.95+3.22>  7.88+0.04*  28.15+1.08  0.14+0.01°°  14.81+0.81%* 496.72+2.84° 130.6145.28  34.86+2.66

CVM49 35.45+1.34° 8.28+0.14¢ 27.91+2.73 0.09+0.01° 12.61+0.87° 557.38+18.93° 144.17+3.35 34.17+7.56

CVMS55 35.76x0.07°  8.30+0.09¢  28.77+1.73 0.19+0.02¢ 13.24+0.552 654.10+19.67¢  150.07+0.68  31.4943.96

CVM62 34.26+1.23>  7.7410.14®  28.50+1.74 0.1940.05¢ 15.00£0.56*  501.09+31.11°  114.69+0.68  30.31%+4.59

CVM69 28.05+0.47°  7.41+0.13%  29.37+2.94 0.21+0.00¢ 16.67+0.96° 384.70+25.14°  134.15+2.72  35.02%1.25

PSE 3 3.093 0.192 3.445 0.045 1.228 35.278 4.912 7.299

Orthogonal contrast (Pr >F)

Linear 0.001 0.067 0.750 0.004 0.150 0.889 0.002 0.299

Quadratic 0.365 0.000 0.454 0.437 0.002 0.000 0.066 0.318

Cubic 0.080 0.471 0.544 0.537 0.441 0.018 0.802 0.718

Regression

Model ® Linear Quadratic NOS Linear Quadratic Quadratic NOS NOS

R? 0.541 0.730 0.416 0.548 0.772

Pr>F*4 0.001 0.000 0.004 0.003 0.000

1Values are means of three replicates (n=3). 2 LZM: lysozyme; IgM: immunoglobulin M; C3: complement 3; T-AOC: total antioxidant capacity; MDA: malondialdehyde;
GSH-Px: Glutathione peroxidase; SOD: Superoxide dismutase; CAT: catalase. 3 PSE: pooled standard error (n=3). * If statistical significance (P<0.05) was detected, the

model that fits best the data was selected. > NOS: no structure
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this study, optimal dietary CVM protein inclusion
significantly increased the growth of grass carp,
indicating a range of CVM could be effectively used by
grass carp. Broken-line analysis on the relationship
between SGR and CVM protein level showed that the
optimal protein level was 36.54%. Kinds of literature
indicate that the optimal protein content of juvenile
grass carp is 35%~40% (Du et al., 2005; Liang et al.,
2022). This indicates that protein requirements of
juvenile grass carp could be met by CVM in this study.
However, the growth performance of the CVM62 and
CVM69 groups was nearly identical, which may be due
to the fact that excessive protein intake may cause the
body to convert it into energy instead of using it for
growth and metabolic processes, resulting in wasted
and inefficient energy use (Jin et al., 2015). The
improvement of fish growth resulting from the increase
in dietary protein level may be partly related to the
activation of the TOR signaling pathway, an important

nutrient-sensing process (Qin et al., 2019). In the
present work, tor and s6k1 expression significantly
increased in grass carp fed with higher CVM protein
diets, while the abundance of 4ebp1 mRNA decreased,
which showed a positive effect on the muscle protein
deposition (Fingar & Blenis, 2004).

The protein, energy, amino acid composition and
digestibility of C. vulgaris are similar to that of soybean
protein (Caporgno & Mathys, 2018). In previous studies,
soybean meal and CPC were used as single protein
sources to investigate their effects on the growth of
grass carp, and the optimal protein content based on
SGR was found to be 38.63% and 38.61%, respectively
(Liu et al., 2022; Wang et al., 2022). However, in the
current study, the optimal protein level (36.54%) was
somewhat lower, and at the optimal protein level, the
FE of CVM protein is higher than that of these two plant
proteins, indicating that CVM has good protein quality
and shows its potential use in aquafeed.

Table 6. Effect of dietary protein level from C. vulgaris meal on body proximate composition of grass carp (% in fresh sample)

Dietary protein level (%) Moisture (%) Crude protein (%) Crude lipid (%) Ash (%)
CVM35 73.77+0.41° 13.13£0.12b 8.15+0.314 3.2740.03b
CVM42 74.38+0.31b 13.43+0.04¢ 7.91+0.234 3.20£0.15P
CVM49 74.70+0.22b 13.37+0.17¢ 7.4410.10¢ 3.18+0.122b
CVM55 75.28+0.04¢ 13.1240.13b 7.25+0.35¢ 3.09+0.072b
CVM62 75.73+0.18¢4 13.07+0.03b 6.69+0.07° 3.00+0.112
CVM69 76.2110.08¢ 12.37+0.032 6.13+0.11° 3.10+0.082b
PSE 2 0.245 0.332 0.221 0.100
Orthogonal contrast (Pr >F) 3

Linear 0.000 0.000 0.000 0.006
Quadratic 0.861 0.000 0.688 0.376
Cubic 0.506 0.439 1.000 0.299
Regression

Model linear quadratic linear linear

R? 0.937 0.853 0.907 0.421
Pr>F 3 0.000 0.000 0.000 0.004

1Values are means of three replicates (n=3). 2 PSE: pooled standard error (n=3). 4 If statistical significance (P<0.05) was detected, the model that fits

best the data was selected.

Table 7. Effects of dietary protein level from C. vulgaris on muscle texture of grass carp

Diet Hardness Springiness Chewiness Resilience Gumminess Cohesiveness  Cooking loss
treatments (8) (s) (g/s) (%)
CVM35 650.80+17.372  0.55+0.02% 168.4612.35 0.15+0.01 342.72+2.384 0.4310.01 18.31+0.53
CVM42 732.32436.75b 0.59+0.07"¢ 214.57+10.26¢ 0.15+0.00b¢c 276.03+3.33P 0.41+0.00 16.45+0.11
CVM49 828.94+15.15¢ 0.65+0.03bc  191.48+21.94b¢ 0.17+0.01°¢ 229.63%9.522 0.40+0.01 17.26%0.34
CVM55 881.28+33.09¢ 0.71+0.01¢ 211.65+1.83¢ 0.14+0.002b 272.73+13.64° 0.42+0.00 17.13+£1.00
CVM62 817.6048.97¢ 0.56+0.062®  197.06+2.27b¢  0.13+0.012®  298.50+16.28b¢ 0.4240.02 17.83+0.02
CVM69 671.99+15.192  0.44+0.032 130.054+7.17°  0.13+0.012  331.34+18.25< 0.4040.01 17.38+0.70
PSE 2 40.543 0.077 18.057 0.000 21.114 0.000 0.978
Orthogonal Contrast (Pr>F) 3

Linear 0.037 0.182 0.031 0.003 0.688 0.171 0.928
Quadratic 0.000 0.001 0.000 0.012 0.000 0.495 0.213
Cubic 0.026 0.250 0.239 0.180 0.064 0.103 0.100
Regression

Model 4 Quadratic Quadratic Quadratic Quadratic Quadratic NOS NOS

R2 0.795 0.567 0.595 0.534 0.733

Pr>F 3 0.000 0.002 0.001 0.003 0.000

1Values are means of three replicates (n=3). 2 PSE: pooled standard error (n=3). 3 If statistical significance (P<0.05) was detected, the model that fits

best the data was selected. * NOS: no structure
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Table 8. Effects of dietary protein level from CVM on histomorphological indices of muscle fiber of grass carp

Diet treatments Area (um?) Diameter (um) Density (N/mm?)
CVM35 2024.69+106.55¢ 48.07+2.40b¢ 161.66+1.182
CvM42 1624.34+93.26° 44.41+1.81° 174.55+2.43b¢
CVM49 1288.203+55.892 35.70+3.882 181.88+0.63¢
CVM55 1263.87+129.852 35.98+1.682 179.8614.48¢
CVM62 1892.54+83.945¢ 48.53+1.11% 165.66+3.11%
CVM69 2179.07+£75.17¢ 51.76+0.94¢ 161.41+2.03°
PSE 2 162.38 3.81 4.56
Orthogonal Contrast (Pr>F) 3

Linear 0.050 0.139 0.552
Quadratic 0.000 0.000 0.000
Cubic 0.829 0.918 0.000
Regression

Model Quadratic Quadratic Quadratic
R? 0.829 0.682 0.771
Pr>F 3 0.000 0.000 0.000

1Values are means of three replicates (n=3). 2 PSE=pooled standard error (n=3). 3 If statistical significance (P<0.05) was detected,
the model that fits best the data was selected.

Figure 2 Muscle histology of grass carp fed different CVM protein level for 8 weeks (hematoxylin and eosin, x400).
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Figure 3 Effect of dietary C. vulgaris protein level on muscle protein synthesis gene expression. Q (quadratic) and L (linear) means
the model of the dependent variable across the graded level of protein by the orthogonal polynomial contrast, * means P<0.05.
Different letters (a ~ d) indicate significant differences among means (P<0.05).
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Figure 4. Effects of dietary C. vulgaris protein level on muscle growth related gene expressions. Q (quadratic) and L (linear) means
the model of the dependent variable across the graded level of protein by the orthogonal polynomial contrast, * means P<0.05.
Different letters (a ~ f) indicate significant differences among means (P<0.05).

According to the increase in HSI and the decrease
in AST, the increase in CVM protein in grass carp diet
improved the energy supply and health status of the
hepatopancreas(Raji et al., 2018). Moreover, increase in
dietary CVM protein level decreased the serum TG and
TC of grass carp. Dietary CVM may reduce blood lipids
by increasing protein phosphorylation and improving
insulin signaling pathway in hepatopancreas, skeletal
muscle and adipose tissue(Vecina et al., 2014). And this
lipid metabolism improvement effect was not observed
in previous studies (Liu et al., 2022; Wang et al., 2022).

Serum Immunity Capacity and Antioxidant Capacity

In teleost fish, IgM is the main antibody in the
serum that binds to specific pathogens to obtain specific
immunity (Abdelhamid et al., 2020), LYZ and C3, the
essential components in non-specific immune system of
teleost fish, are widely used to assess the immune
response (Zhu et al., 2019). In this study, a moderate
dietary protein inclusion (CVM49 and CVM55) showed
the highest IgM content, while lower or excess protein
level decreased the IgM, and the LYZ was significantly
lower in CVM69 group than in other groups, which
indicated that fish immunity was not consistent with
growth in response to dietary protein level variation and
the CVM has an immunomodulatory effect. Similar
results were also reported in grass carp using other
protein sources (Huang et al., 2016; Liu et al., 2022).
Possible explanation for the immune-enhancing effect
of appropriate dietary protein could the increasing
protein intake and feed utilization (Liu et al., 2022) .
Moreover, it was demonstrated that unsaturated fatty
acids and polysaccharides in C. vulgaris activate the
immune system of Nile tilapia after subacute exposure
to diazinon increasing IgM content (Abdelhamid et al.,
2020).

MDA indicates the extent of oxidative damage to
lipids and proteins (Maliwat et al., 2017). T-AOC reflects

the ability of antioxidants to scavenge harmful free
radicals in the blood and cells. GSH is essential for
eliminating free radicals as a non-enzymatic antioxidant
(Livingstone, 2001). In this study, with the increase in
dietary CVM protein level, MDA decreased first and then
increased while GSH-Px showed the opposite trend and
T-AOC showed a linear increase trend, which indicted
the moderate CVM protein inclusion also enhanced the
antioxidant capacity, similar with the immune response.
In another study, supplementing CVM in the diet of
young rainbow trout resulted in a significant reduction
of plasma MDA content and increased activity of GPX
(Chen etal., 2022). Similarly, dietary supplementation of
10% CVM in tilapia significantly increased serum GSH-PX
content and reduced MDA content (Galal et al., 2018).

Fish Chemical Composition

It was suggested that water and lipids tended to
change in opposite directions (Schulz & Oslage, 1976),
which was confirmed in this study. Fish lipid content
tended to decreased while moisture content increased
with the CVM protein level, which partly explains the
fast growth in the high protein groups. Similarly,
largemouth bass fed with a C. vulgaris diet had more
protein (Yu et al., 2022).

Flesh Quality and Related Gene Expression

Muscle firmness is an important determinant of
fish meat quality influencing the flavor of meat (Silva et
al., 2009). The current study showed that optimal
dietary CVM protein level increased muscle hardness,
springiness of grass carp. Similar results were reported
when using soybean meal or cottonseed protein
concentrate as dietary protein source in grass carp diet
(Liu et al., 2022; Wang et al., 2022). Changes in dietary
protein levels mainly lead to changes in muscle fiber
diameter and density, which affect fish hardness (Silva
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et al.,, 2009). The current study confirmed this, as
optimal dietary protein inclusion showed a relatively
higher value of hardness may be due to the higher fiber
density. In fish, myogenesis involves the specific
regulation of MRFs, with myod and myf5 controlling
myogenic cell proliferation and myog and mrf4 acting on
cell differentiation (Hernandez-Hernandez et al., 2017).
Dietary CVM protein level altered the expression of
MRFs genes with enhanced expression of myf5 and
myog genes and reduced expression of myod and mrf4
at optimal protein inclusion compared with low protein
diet, which finally regulate the muscle fiber diameter
and density and the muscle quality. Moreover, myog
plays a crucial role in muscle growth and homeostasis
(Ganassi et al., 2020). Though the reduction of myod
expression limited the transcription of myog gene, high
expression of myf5 has a complementary effect on myog
(Rudnicki et al., 1993).

Myosin is the most abundant muscle protein, and
subtypes of myh are considered as major and reliable
molecular markers of muscle fiber types (Valente et al.,
2013). Expression of myh may be controlled by the
expression of MRFs and then affect the composition
type of muscle fibers (Wang et al., 2022). The increased
expression of myh7 is related to the enhancement of
myog (Long et al., 2022). The greater number of type Ilb
muscle fibers encoded by myh4 also further corroborate
the higher hardness (Essén-Gustavsson et al., 1994).
Some studies have shown that mrf4 knockdown can up-
regulate the expression of genes encoding myosin heavy
chains, especially myh1, myhc4, myh2 (Moretti et al.,
2016). Moreover, the optimal CVM protein levels
significantly up-regulated fgféa, fgféb and down-
regulated mstn. Based on our previous work that fgf6a
plays a role in muscle regeneration by stimulating the
proliferation and migration of myoblasts, and fgf6b
plays a regulatory role in muscle hypertrophy (Xu et al.,
2019). Muscle growth is also regulated by mstn, which
normally inhibits skeletal muscle growth (McPherron et
al., 1997).

Conclusions

In  conclusion, dietary CVM protein level
significantly affected various indices of grass carp.
Appropriate inclusion of dietary CVM protein can
promote the growth performance, antioxidant capacity
and immunity of grass carp. Furthermore, appropriate
CVM protein inclusion regulates tor, s6k1 and 4ebpl
expression as well as gene expression associated with
myosin types and muscle development, partially
increasing grass carp body protein content and meat
quality. Based on the SGR of grass carp, the optimum
protein level provided by CVM in the diet is 36.54%.
Moreover, the results indicated that CVM has the similar
nutritional value and improves the feed efficiency of
grass carp compared to the traditional feed protein
source, such as soybean meal.
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