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Although fish steak meal (FSM) is a potentially available protein source, its efficiency as a fish meal (FM) substitute remains unclear
to date. To this end, this study was carried out to determine the effects of dietary FM replaced by FSM on growth performance,
antioxidant capacity, intestinal health and microflora, inflammatory response, and protein metabolism of large yellow croaker. Five
isolipidic and isonitrogenous diets were formulated by substituting FMwith FSM at levels of 0% (FSM0, control diet), 25% (FSM25),
50% (FSM50), 75% (FSM75), and 100% (FSM100), and were fed to juvenile large yellow croaker for 8 weeks. Compared with the
control diet, the replacement of 25% dietary FM with FSM did not markedly alter the weight gain (WG) and specific growth rate
(SGR). When the FM substitution level was over 25%, WG and SGR markedly reduced. The intestinal structure observation found
that the FSM75 and FSM100 diets markedly decreased villus height, villus width, and muscle thickness of the anterior intestine. The
FSM75 and FSM100 diets significantly decreased enzyme activities of amylase (AMS), lipase (LPS), trypsin, catalase (CAT), and total
superoxide dismutase (T-SOD) and the total antioxidant capacity (T-AOC), and increased the malondialdehyde (MDA) content in
the liver of large yellow croaker. The mRNA expression levels of intestinal barrier and inflammatory response-related genes
suggested that the FSM50, FSM75, and FSM100 diets significantly decreased the mRNA abundances of intestinal barrier-related
genes and anti-inflammatory response-related genes, and increased the mRNA abundances of proinflammatory gene il-6 in the
anterior intestine. The compositions of intestinal microflora displayed that the FSM50, FSM75, and FSM100 diets decreased relative
abundances of Firmicutes phylum and increased relative abundances of Proteobacteria phylum. In addition, the results of protein
expression levels showed that the phosphorylation level of mammalian target of rapamycin (mTOR) and 4E-binding protein 1 (4E-
BP1) in FSM75 and FSM100 groups were markedly reduced. In conclusion, FSM can replace up to 25% dietary FM without
compromising the growth performance, intestinal health, and protein metabolism of the large yellow croaker.

1. Introduction

It is well-known that fish meal (FM), an excellent protein
source, is largely utilized in aquatic feeds to meet the protein
requirement of aquaculture animals [1]. However, due to the
speedy development of aquaculture industry, there is a huge
imbalance in FM between rising demand and short supply

[2]. Therefore, it is of utmost importance to seek alternative
protein sources to FM for maintaining the healthy and sus-
tainable development of aquaculture industry. Although
great progress has been made in the exploration of alterna-
tive protein sources for FM substitution in recent years [3–5],
currently the pursuit of potential novel protein sources
remains a major issue and imperative.
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Fish steak meal (FSM), a fish processing byproduct, is
consisted of fish bones, guts, head, tail, skin, eyes, scales, and
fins. The FSM contains approximately 54.0% crude protein,
15.0% crude lipid, as well as 25.0% ash on a dry matter basis,
respectively. Additionally, similar to FM, the FSM possesses
some superior properties such as abundant polyunsaturated
fatty acids, good feeding attraction activities, and a certain
amount of unknown growth-promoting factors, which are
not found in other plant and animal protein sources. Nota-
bly, since bone and meat meal, and soybean meal are well
used in poultry and aquaculture feed industry, FSM has not
attracted enough attention in past 20 years, thereby hinder-
ing further development of FSM as a potential protein source
for FM replacement. To determine the potential of FSM as an
aquafeed protein source, several feeding trials have been
performed on some fish species, including Atlantic cod, rain-
bow trout, olive flounder [6–8]. However, to our knowledge,
the influences of FM replaced by FSM on large yellow
croaker Larimichthys crocea remain largely unknown.

In the cause of comprehensively understanding influ-
ences of FM replaced by other protein sources on aquacul-
ture animals, various indicators are incorporated into the
evaluation system, e.g., growth performance and antioxidant
capacity, intestinal health and microflora, muscle composi-
tion, and quality, and so on [4, 9]. There is no doubt that the
growth performance of fish is one of the most direct indexes
to evaluate the quality of aquaculture feed. Body redox
homeostasis is required for normal growth and development,
prevention of metabolic and immune diseases [10–12]. As
one of the important organs of aquatic animals, intestinal
tract not only plays crucial roles in the digestion and absorp-
tion of nutrients, but also resistance to the invasion of path-
ogenic microorganisms [13, 14]. Moreover, most researches
reveal that the fluctuation of intestinal microflora is closely
linked to the health of organisms [15]. Hence, maintaining
body redox homeostasis, intestinal health, and microflora
balance set up a strong foundation for promoting the healthy
growth of aquatic animals. With the improvement of people’s
living standards, the muscle quality of aquaculture animals
has been the main concern of popular consumers and inves-
tigators [16], indicating the importance of muscle quality
improvement in high-quality development of aquaculture.
Collectively, taking these indicators into account can give
us an extensive knowledge of potential protein resources,
which will help potential protein sources to be utilized more
appropriately.

Large yellow croaker is one of the most important mari-
culture fish in China. Its harvest in China is as high as 254,
224-metric tons in 2021 [17], thus leading to increased
demand for high-quality protein sources such as FM as well
as soybeanmeal. Notably, at present, the aquatic feed industry
faces two prominent problems: shortage of high-quality pro-
tein raw materials and their high price. Consequently, con-
tinuing to develop and utilize the potential protein sources
remains one of the most effective ways to tackle current chal-
lenges. Thus, the present study was performed on large yellow
croaker and explored the effects of FM replaced by FSM on
growth performance, antioxidant capacity, intestinal health

and microflora, inflammatory response, and protein metabo-
lism. It might provide some primary data for utilization of
FSM in artificial diets for large yellow croaker.

2. Materials and Methods

2.1. Experimental Diets and Animal Feeding. Five isolipidic
(crude lipid, 9.5%) and isonitrogenous (crude protein,
44.0%) diets were formulated by substituting FM by FSM
at levels of 0% (FSM0, control diet), 25% (FSM25), 50%
(FSM50), 75% (FSM75), and 100% (FSM100) (Table 1).
The FSM and FM were provided by the Fuzhou Haima
Feed Co. Ltd., (Fuzhou, China), and the nutritional compo-
sitions of FSM and FM were shown in Table 2. First, the
ingredients are crushed by a pulverizer and passed through
a 100-mesh sieve. Then, the ingredients other than fat
sources were added in turn and thoroughly mixed according
to the principle from small to large. At last, fish oil, soybean
oil, soybean lecithin, as well as water were added and the
mixture was stirred well for pelleting. The diameter of diet is
2mm. The dried diets were sealed with plastic bag, and
stored at −20°C.

The juvenile large yellow croaker was obtained from a
fishery company in Ningde (Fujian, China), and then accli-
mated for 2weeks in floating cages (4.0 m × 2.0 m × 2.5 m,
length×width× depth). After the acclimatation, 1,200 juve-
nile large yellow croaker (19.50 Æ 1.75 g) were randomly
assigned into 20 floating cages (1.0 m × 1.0 m × 1.5 m,
length×width× depth), and each group has four floating
cages (60 fish per floating cages). Fish were hand-fed to
apparent satiation twice daily (5:30 and 17:30) for 8 weeks.
During feeding trial, water temperature, dissolved oxygen
level, as well as ammonia nitrogen level were 28.0Æ 0.6°C,
6.5Æ 0.5mg L−1, and 0.15Æ 0.06mg L−1, respectively. The
photoperiod is 12 hr light and 12 hr dark in floating cages.

2.2. Animals Sampling. After 56 days of feeding, all the fish
were fasted for 24 hr and were anesthetized with 100 mg/L
MS-222 for sampling and acquiring the weight and number
of fish. For intestinal histological observation, the anterior
intestines from three fish per cage were scissored on ice and
then fixed in 4% paraformaldehyde solution. For monitoring
the changes of intestinal microflora, the anterior intestines
(mixed) from five fish per cage were isolated and collected
into a sterile frozen storage tube for 16S rDNA sequencing.
Meanwhile, the dorsal muscles (mixed) were also sampled for
determining the protein expression of protein metabolism-
related genes. Additionally, the livers (mixed) from the other
five fish per cage were sampled for determining the activity of
digestive enzymes, the oxidative stress-related parameters, and
the anterior intestines (mixed) were sampled for determining
the mRNA abundances of inflammatory response-related
genes. All the samples except for histological observation
both were stored at −80°C.

2.3. Analysis of Proximate Composition and Amino Acids
Profile. The method for proximate compositions analysis of
FSM, FM, and diets, and amino acid profiles analysis of FSM
and FM were based on the previous study by Xu et al. [18].

2 Aquaculture Nutrition



The moisture was measured by drying the sample to a con-
stant weight in an oven at 105°C. The ash content was deter-
mined using the burning method at 550°C in a muffle
furnace. The crude protein content was measured using the
Kjeldahl nitrogen method (N× 6.25) (Kjeltec 2200, FOSS,
Denmark). The Soxhlet method (Soxhlet extraction system
B-811) by petroleum ether extraction was used to determine
crude lipid content. The FSM and FM were freeze-dried, and
30mg of each sample was hydrolyzed using 15 mL 6 N HCl
solution at 110°C for 24 hr. Amino acid profile was deter-
mined by the automatic amino acid analyzer (L-8900,
Hitachi, Japan).

2.4. Intestinal Histological Observation. The preparation of
tissue section and staining was based on the previous study
by Zhang et al. [19]. The image acquisition of intestinal tissue
structure was realized by a microscope (CX31RTSF, Olym-
pus, Japan). The ImagePro Plus6.0 software was adopted to
determine muscle thickness (MT), villus height (VH), as well
as villus width (VW).

2.5. Assays of Hepatic Digestive Enzymes Activity and
Oxidative Stress-Related Parameters. The detailed procedures
for assays of digestive enzymes activity and oxidative stress-
related parameters were according to previous study by Yao
et al. [20]. The 0.1-g livers samples were homogenized in
0.9-mL ice-cold buffer (2-mM EDTA, 0.25-M sucrose,
0.02-M Tris-HCl, 0.5-mM phenyl methyl sulphonyl fluoride,
0.1-M sodium fluoride, and 0.01-M β-mercapto-ethanol, pH
7.4). They were then centrifuged at 2,500 g at 4°C for 10min.
The supernatant was used for the following analysis. The

TABLE 2: The nutritional composition of fish meal (FM) and fish
steak meal (FSM)1.

Index FM2 FSM2

Moisture (%) 7.64 7.09
Crude protein (%/dry matter) 72.28 54.15
Crude lipid (%/dry matter) 6.68 14.56
Amino acids (%/dry matter)

Essential amino acids
Arginine 4.35 3.68
Histidine 2.38 1.85
Isoleucine 3.26 2.35
Leucine 5.50 4.32
Lysine 5.76 4.57
Methionine 2.14 1.23
Phenylalanine 3.05 2.41
Threonine 3.11 2.45
Valine 3.83 2.64

Nonessential amino acids
Aspartic acid 6.4 4.38
Glutamic acid 10.53 9.76
Serine 2.87 2.05
Proline 2.67 2.49
Glycine 4.30 1.96
Alanine 4.76 2.53
Tyrosine 2.39 1.43
Cysteine 0.58 0.35

1Data are means of triplicate. No tryptophan was detected because of acid
hydrolysis. 2Fish meal (FM) and fish steak meal (FSM) were provided by the
Fuzhou Haima Feed Co. Ltd., (Fuzhou, China).

TABLE 1: Formulation and proximate composition of the experimental diets (% dry matter).

Ingredients
Diets

FSM03 FSM25 FSM50 FSM75 FSM100

Fish meal1 40 30 20 10 0
Fish steak meal1 0.00 13.34 26.68 40.03 53.38
Soybean meal1 12.00 12.00 12.00 12.00 12.00
Soybean protein concentrate1 10.00 10.00 10.00 10.00 10.00
Wheat flour1 15.00 15.00 15.00 15.00 15.00
Fish oil1 2.62 1.99 1.35 0.71 0.07
Soybean oil1 2.62 1.99 1.35 0.71 0.07
Soybean lecithin1 1.50 1.50 1.50 1.50 1.50
Ca(H2PO4)2 1.50 1.50 1.50 1.50 1.50
Choline chloride1 0.30 0.30 0.30 0.30 0.30
Mineral premix2 2.00 2.00 2.00 2.00 2.00
Vitamin premix2 3.00 3.00 3.00 3.00 3.00
Cellulose 9.46 7.38 5.32 3.25 1.18
Proximate composition

Crude protein 44.2 43.95 44.17 44.39 44.20
Crude lipid 9.76 9.31 9.55 9.71 9.67
Moisture 12.26 11.51 12.07 11.82 12.35
Ash 9.83 11.67 13.70 15.42 16.92

1These ingredients were purchased from the Fuzhou Haima Feed Co., Ltd., (Fuzhou, China). 2The component of vitamin premix and mineral premix were
based on the previous study [24]. 3FSM, fish steak meal.

Aquaculture Nutrition 3



activities of AMS, and LPS were measured at 660 nm and at
420 nm, respectively, using AMS and LPS assay kits (C016-1-1,
A054-1-1; Nanjing Jiancheng Bioengineering Institute; Nanj-
ing, China). The trypsin activities were measured at 253nm
using the Trypsin Assay Kit (A080-2; Nanjing Jiancheng Bio-
engineering Institute; Nanjing, China). The CAT and total
superoxide dismutase (T-SOD) activities were measured at
405 nm and at 550 nm, respectively, using CAT and T-SOD
assay kits (A007-1-1, A001-1-1; Nanjing Jiancheng Bioengi-
neering Institute; Nanjing, China). The T-AOC was deter-
mined at 405 nm with T-AOC assay kit (S0121; Beyotime
Biotechnology, Shanghai, China). The MDA contents were
determined using the Lipid Peroxidation MDA Assay Kit
(S0131S; Beyotime Institute of Biotechnology; Shanghai,
China).

2.6. Quantitative Real-Time PCR. The detailed procedures of
total RNA extraction and cDNA synthesis for anterior intes-
tine were based on the previous study by Zhang et al. [21].
The detailed information on primers were shown in Table 3.
The real-time quantitative PCR program was 95°C for 5min,
followed by 40 cycles of 95°C for 10 s, 58°C for 10 s, and
72°C for 20 s. The 2−ΔΔCt method was utilized to determine
fold-change of their gene expression to control (FSM0)
group.

2.7. Gut Microflora. The DNA sequencing was completed by
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China). The detailed experimental process was shown by
Wang et al. [22]. After sequencing work was completed,
the alpha-diversity, bacterial communities, and linear dis-
criminate analysis (LDA) both were well accomplished by
the bioinformatics analysis cloud platform of Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China).

2.8. Western Blot. The phosphorylation levels of mTOR and
4-EBP were measured to determine influences of FM
replaced by FSM on protein metabolism in the muscle of
large yellow croaker. The detailed procedures were according
to the previous study by Chen et al. [23]. The primary

antibodies are anti-rabbit mTOR (1 : 1000, #2972, Cell Sig-
naling Technology; MA, USA), anti-rabbit phospho-mTOR
(Ser2448) (1 : 1000, #5536, Cell Signaling Technology; MA,
USA), anti-rabbit 4E-BP1 (1 : 1000, #9452, Cell Signaling
Technology; MA, USA), anti-rabbit phospho-4E-BP1
(Thr37/46) (1 : 1000, #2855, Cell Signaling Technology;
MA, USA), anti-mouse β-actin (1 : 5000, AC004, ABclonal
Technology; Wuhan, China), as well as anti-rabbit β-tubulin
(1 : 5000, AC008, ABclonal Technology; Wuhan, China),
respectively. The secondary antibodies are HRP-conjugated
anti-rabbit IgG antibody (1 : 10000, 7074, Cell Signaling
Technology; MA, USA) and HRP-conjugated mouse anti-rabbit
IgG antibody (1 : 10000, 5127, Cell Signaling Technology; MA,
USA). Quantification of protein bands was accomplished by the
ImageJ software.

2.9. Statistical Analysis. The SPSS 19.0 software was used to
perform the statistical analysis. Results were shown as the
meanÆ SD (standard deviation). First, results were tested for
normality and homogeneity of variances. Then, results were
analyzed by the polynomial contrasts to determine the pattern
of linear and quadratic. At last, one-way ANOVA and Duncans
multiple range test were used to analyze the differences among
these results. The significance threshold was P<0:05.

3. Results

3.1. Growth Performance and Feed Utilization. Results
showed that replacing FM with FSM did not markedly alter
the survival rate (Table 4). Compared with control group, the
replacement of 25% FM with FSM did not markedly alter the
WG, SGR, feed conversion rate (FCR), as well as protein
efficiency ratio (PER) (Table 4). When the FM substitution
level was higher than 25%, WG, SGR, and PER markedly
reduced, and FCR markedly increased (Table 4).

3.2. Digestive Enzymes Activity and Antioxidant Parameters.
For digestive enzymes activity, compared with control diet,
the AMS, LPS, and trypsin activities markedly reduced when
the substitution level of FM by FSM was over 25% (Table 5).

TABLE 3: Primers used for real-time quantitative PCR.

Genes1 Forward primer (5′–3′) Reverse primer (5′–3′) Accession number

claudin-11 ACCTCCGCCATCAAGCA TGGGACAAAGAGCCACATC XM_010732201.3
il-10 AGTCGGTTACTTTCTGTGGTG TGTATGACGCAATATGGTCTG XM_010738826.3
il-1β CAGCTGTTCTCAAGTATGTGGC GTTGTAAATAGTGGGTGTGTCG XM_010736551.3
il4-13a TGGTACTGCTGGTCAATCCG TTTTGCCTTCAGCCAGATGT KU885454
il4-13b AGTTCTTCTGTCGCGCTGAG GCTATGTATGTGCGGTTGCTG KU885453
il-6 GCTGTTCTCAAGTATGTGGCG TGTTGTAAATAGTGGGTGTGTCG XM_010734753.3
occludin AGGCTACGGCAACAGTTATG GTGGGTCCACAAAGCAGTAA XM_010734512.3
pcna AGTTTGCCCGTATCTGCC CTCTTTGTCTACATTGCTGGTCT XM_010734227.3
tgfβ AGCAACCACCGTACATCCTG AGGTATCCCGTTGGCTTGTG XM_027280465.1
tnfα ACACCTCTCAGCCACAGGAT CCGTGTCCCACTCCATAGTT XM_010745990
zo-1 TGTCAAGTCCCGCAAAAATG CAACTTGCCCTTTGACCTCT XM_010731239.3
zo-2 ACCCGACCTGTTTGTTATTG ATGCCGTGCTTGCTGTC XM_027276911.1
β-actin GACCTGACAGACTACCTCATG AGTTGAAGGTGGTCTCGTGGA GU584189
1il-10, Interleukin-10; il-1β, interleukin-1β; il4-13a, interleukin-4-13a; il4-13b, interleukin-4-13b; il-6, interleukin-6; pcna, proliferating cell nuclear antigen; tgfβ,
transforming growth factor β; tnfα: tumor necrosis factor α; zo-1, zonula occludens-1; nd zo-2, zonula occludens-2.
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For antioxidant parameters, CAT activities in FSM75 and
FSM100 groups were obviously lower than those in the con-
trol group (Table 5). Compared with control group, T-SOD
activities in replacement groups significantly decreased
(Table 5). When replacement level of FM by FSM was over
25%, T-AOC markedly reduced compared with the control
diet (Table 5). MDA contents of FSM75 and FSM100 groups
were markedly higher than those in the control group
(Table 5). There were obvious negative linear and quadratic
trends between the replacement level of FMwith FSM and the
enzyme activities of AMS, LPS, trypsin, CAT, T-SOD, and T-
AOC. On the contrary, there were obvious positive linear and
quadratic trends between the substitution level of FM with
FSM and the MDA content.

3.3. Intestinal Morphology. Compared with control diet,
FSM25 and FSM50 diets did not markedly alter the VH, VW,
and MT of anterior intestine. Compared with control group,
anterior intestinal VH, VW, and MT significantly decreased in
FSM75 and FSM100 groups (Figure 1). There were significant
negative linear and quadratic trends between the substitution
level of FM with FSM and the VH, VW, and MT.

3.4. Relative mRNA Expression Levels of Intestinal Barrier
and Inflammatory Response-Related Genes in the Anterior
Intestine of Large Yellow Croaker. Compared with control
group, FSM50, FSM75, as well as FSM100 diets markedly

reduced mRNA abundances of proliferating cell nuclear antigen
(pcna), zonula occludens-1 (zo-1), as well as zo-2, but FSM25diet
did not markedly alter mRNA abundances of pcna, zo-1, as well
as zo-2 (Figure 2). There was no significant difference in mRNA
abundances of claudin-11 among five groups (Figure 2). Com-
pared with control group, replaced groups remarkedly reduced
mRNA abundance of occluding (Figure 2).

Compared with control group, the mRNA abundances of
interleukin-4/13a (il-4/13a), il-4/13b, and il-10 significantly
decreased when the substitution level of FM by FSM was over
25% (Figure 3(a)). Compared with control group, the mRNA
levels of transforming growth factor β (tgfβ) significantly
decreased in the other groups (Figure 3(a)). Compared
with control diet, FSM100 diet markedly increased mRNA
levels of il-1β, and FSM50, FSM75, and FSM100 diets signifi-
cantly decreased mRNA abundance of il-6 (Figure 3(b)).
Compared with control group, the mRNA levels of tumor
necrosis factor α (tnfα) markedly reduced in FSM75 and
FSM100 groups (Figure 3(b)).

3.5. The Influences of FM Replaced by FSM on the Intestinal
Microflora of Large Yellow Croaker. In general, 328 opera-
tional taxonomic units (OTUs) were identified and assigned
to 19 phyla, 35 classes, 87 orders, 142 families, 217 genera,
and 262 species. Results of alpha diversity for intestinal
microflora showed that compared with control group,
replaced group did not significantly alter alpha diversity

TABLE 4: Growth performance and feed utilization of large yellow croaker fed the different experimental diets (meanÆ SD, n= 4)1.

Index2
Diets P value

FSM0 FSM25 FSM50 FSM75 FSM100 ANOVA Linear Quadratic

FBW (g) 82.63Æ 7.82a 82.11Æ 7.22a 72.03Æ 9.19ab 72.92Æ 11.14ab 64.46Æ 6.05b 0.042 0.002 0.010
WG (%) 330.77Æ 30.77a 306.76Æ 13.41ab 279.81Æ 21.76bc 267.93Æ 14.83cd 232.85Æ 30.34d <0.001 <0.001 <0.001
SR (%) 66.25Æ 2.85 65.00Æ 4.90 65.42Æ 6.72 63.75Æ 6.72 62.08Æ 6.58 0.861 0.266 0.527
SGR (%/day) 2.60Æ 0.13a 2.50Æ 0.06ab 2.38Æ 0.10bc 2.33Æ 0.07c 2.14Æ 0.16d <0.001 <0.001 <0.001
FCR 1.53Æ 0.07c 1.64Æ 0.14bc 1.81Æ 0.24b 2.05Æ 0.11a 2.06Æ 0.09a <0.001 <0.001 <0.001
PER 1.48Æ 0.06a 1.40Æ 0.12ab 1.27Æ 0.18b 1.10Æ 0.06c 1.10Æ 0.05c <0.001 <0.001 <0.001
1Means in the same row sharing the same superscript letter are not significantly different. The significance threshold was P<0:05. 2FBW, final body weight; feed
conversion rate (FCR)= dry feed fed (g)/wet weight gain (g); FSM, fish steak meal; protein efficiency ratio (PER)=wet weight gain (g)/dry protein fed (g);
specific growth rate (SGR, %/day)= (Ln Wt− Ln W0)× 100/t; survival rate (SR, %)= 100× (Nt/N0); weight gain (WG, %)= (Wt−W0)× 100/W0. W0 and Wt

represent the initial, final body weight, respectively. N0 and Nt are initial and final number of fish.

TABLE 5: The digestive enzymes activity and oxidative stress-related parameters in the liver of large yellow croaker fed the different
experimental diets (meanÆ SD, n= 4)1.

Index2
Diets P value

FSM0 FSM25 FSM50 FSM75 FSM100 ANOVA Linear Quadratic

AMS (U/mg pro) 1.22Æ 0.08a 1.20Æ 0.06ab 1.10Æ 0.06b 0.95Æ 0.05c 0.86Æ 0.05c 0.023 0.001 0.003
LPS (U/g pro) 50.58Æ 1.81a 49.60Æ 3.26a 42.46Æ 2.86b 39.13Æ 1.64bc 34.95Æ 2.63c <0.001 <0.001 <0.001
Trypsin (U/mg pro) 98.80Æ 2.03a 96.42Æ 7.40ab 88.73Æ 1.27bc 85.60Æ 4.44c 84.54Æ 3.66c 0.007 <0.001 0.001
CAT (U/mg pro) 70.15Æ 1.85a 70.61Æ 3.52a 65.33Æ 4.87a 57.64Æ 4.18b 57.25Æ 3.04b 0.002 <0.001 <0.001
T-SOD (U/mg pro) 120.36Æ 9.61a 77.81Æ 10.28b b 71.04Æ 9.98bc 65.42Æ 6.54bc 59.93Æ 4.58c <0.001 <0.001 <0.001
T-AOC (U/mg pro) 0.50Æ 0.07a 0.45Æ 0.05ab 0.40Æ 0.02b 0.32Æ 0.03c 0.30Æ 0.03c 0.001 <0.001 <0.001
MDA (nmol/mg pro) 3.88Æ 0.30b 4.02Æ 0.39b 4.18Æ 0.13b 5.47Æ 0.41a 6.07Æ 0.36a <0.001 <0.001 <0.001
1Means in the same row sharing the same superscript letter are not significantly different. The significance threshold was P<0:05. 2AMS, α-amylase; CAT,
catalase; FSM, fish steak meal; LPS, lipase; MDA, malonyldialdehyde; T-AOC, total antioxidant capacity; and T-SOD, total superoxide dismutase.
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indexes such as sobs, shannon, simpson, ace, chao, and cov-
erage (Table 6). But there is an obvious downward trend for
ace and chao when substitution level of FM by FSM was over
25% (Table 6). Furthermore, the analysis of intestinal micro-
bial community structure suggested that there were 59, 16,
19, 48, and 51 unique OTUs for FSM0, FSM25, FSM50,
FSM75, and FSM100 groups, respectively (Figure S1). In
addition, the results exhibited that Fusobacteriota, Firmi-
cutes, as well as Proteobacteria were major bacterial phylum
(Figure 4(a); Figure S2). Notably, compared with control
group, relative abundances of Proteobacteria phylum were
increased and relative abundances of Firmicutes phylum
were decreased when the substitution level of FM by FSM
was over 25% (Figures 4(a) and 4(b)). The analysis of non-
metric multidimensional scaling (NMDS) revealed distinct

clustering between microbiota from fish fed FSM0, FSM25,
FSM50, FSM75, and FSM100 diets (Figure 5(a)). The LEfSe
analysis was conducted to identify the difference in intestinal
microbial community composition of large yellow croaker
fed FSM0, FSM25, FSM50, FSM75, and FSM100 diets. The
results indicated that compared with control diet, replaced
diets markedly reduced relative abundance of family Morax-
ellaceae, genus Bacillus, genus Marinobacterium, family
Nitrincolaceae, order Exiguobacterales, and class Brevinema-
tia (Figure S3; Figure 5(b)).

3.6. The Influences of FMReplaced by FSMon Phosphorylation
Level of mTOR (Ser2448) and 4E-BP1 (Thr37/46) in the Dorsal
Muscle of Large Yellow Croaker. Compared with control
group, FSM75 and FSM100 diets markedly reduced
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FIGURE 1: The effects of fish meal replaced by fish steak meal on anterior structure of large yellow croaker. (a) Representative image of anterior
intestine histochemistry (stained by haematoxylin and eosin). The scale bar= 200 μm. (b) Villus height. (c) Villus width. (d) Mucosal
thickness. FSM, fish steak meal; MT, mucosal thickness; VH, villus height; and VW, villus width. Values are shown as meanÆ SD
(n= 3). Letters (A–C) denote significance P<0:05.
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phosphorylation level of mTOR (Ser2448) in the dorsal
muscle of large yellow croaker (Figures 6(a) and 6(b)).
Compared with control group, the phosphorylation level
of 4E-BP1 (Thr37/46) in FSM25, FSM50, FSM75, and
FSM100 groups were markedly decreased (Figures 6(c)
and 6(d)). There were significant negative linear and qua-
dratic trends between the substitution level of FM with FSM
and the phosphorylation level of mTOR (Ser2448) and 4E-
BP1 (Thr37/46).

4. Discussion

In this study, we found that substituting dietary FM by FSM
made no significant difference on survival rate of large yellow
croaker. Consistently, similar results were also found in juve-
nile Japanese flounder [8, 24]. In Atlantic cod, Toppe et al.
[6] reported that fish bone meal (55.8% crude protein; 7.7%
crude lipid), called FSM, could replace up to 51% dietary FM
and its replacement did not significantly affect the WG, SGR,
FCR, and PER. In Japanese flounder, Uyan et al. [24] pointed
out that FSM (79.9% crude protein; 14.1% crude lipid), pre-
pared from the tuna muscle byproduct, could replace 50%
dietary FM without a decrease of growth performance and
FCR. In this study, our results suggested that without altering
growth performance and feed utilization, the FSM (54.15%
crude protein; 14.56% crude lipid) was capable of substitut-
ing 25% dietary FM for large yellow croaker. Notably, the
quality of FSM from different sources (fish species and con-
stituent parts) varies greatly. In addition to this, previous
studies have illustrated that the tolerance abilities of aquatic
animals to the same available protein sources are closely
associated with the species and growth stage of tested aquatic
animals [25]. Hence, it is not difficult for us to understand
the difference in the proportion of FSM replaced for dietary
FM among the different aquatic animals.

Apart from the growth performance and feed utilization,
the digestive enzymes activity was also an important index
for determining the potential of available protein sources as

dietary FM substitutes for aquatic animals [26]. The AMS,
LPS, and trypsin, three major digestive enzymes, are essential
for the initial degradation of dietary starch, lipid, and pro-
tein, respectively [26]. The higher digestive enzymes activity
represents the stronger digestive capacity. In this study, while
the FM substitution level was over 25%, the AMS, LPS, and
trypsin enzymes activity were significantly decreased. From
these findings, we could conclude that high-dietary FSM
inclusion level would dramatically undercut the digestive
capacity for large yellow croaker. Multiple works have con-
firmed that increment of digestive enzymes activity can
enhance feed utilization to a large extent and then improve
growth performance [27]. Consequently, we speculated that
the high-dietary FSM supplementation-induced decrease of
digestive enzymes activity might account for the reduction of
growth performance and feed utilization in FSM50, FSM75,
as well as FSM100 groups.

The body’s antioxidant capacity mirrors the organism’s
capability to scavenge external or internal stimuli-induced
overproduction of reactive oxygen species (ROS) [28]. The
reduction of antioxidant capacity will result in the redun-
dancy of ROS as well as oxidative stress, and further evoke
oxidative stress induced-lipid peroxidation and DNA dam-
age [29]. The body’s antioxidant capacity and oxidative stress
status are characterized by some antioxidant enzymes and
lipid peroxidation products such as CAT, SOD, T-AOC, and
MDA, etc. The SOD, the first antioxidant enzyme involved in
counteracting oxidative stress, catalyzes O2

−. to oxygen and
H2O2 [30]. The CAT then converts H2O2 into water through
a catalytic reaction [30]. The T-AOC is the comprehensive
embodiment of body’s total antioxidant capacity [27]. In this
study, compared with control diet, FSM75 and FSM100 diets
significantly decreased CAT activity, and replaced diets sig-
nificantly decreased T-SOD activity in the liver of large yel-
low croaker. Besides, when FM substitution level was over
25%, the T-AOC remarkably decreased. MDA is a signature
product of oxidative stress and the increment of MDA con-
tent implies an increase in oxidative stress damage [23]. On
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TABLE 6: The effects of fish meal replaced by fish steak meal on alpha diversity index of intestinal microbiota of large yellow croaker fed the
different experimental diets (meanÆ SD, n= 3).

Index FSM01 FSM25 FSM50 FSM75 FSM100

Sobs 69.67Æ 13.80 48.67Æ 15.95 42.67Æ 2.52 45.33Æ 11.68 56.00Æ 9.54
Shannon 1.43Æ 0.65 1.40Æ 0.31 1.45Æ 0.37 1.34Æ 0.53 1.11Æ 0.64
Simpson 0.40Æ 0.29 0.35Æ 0.14 0.32Æ 0.11 0.43Æ 0.25 0.54Æ 0.29
Ace 71.05Æ 12.33 74.11Æ 1.27 49.39Æ 7.57 47.27Æ 10.40 57.90Æ 10.55
Chao 70.69Æ 12.12 59.47Æ 10.61 48.48Æ 4.66 46.12Æ 11.29 57.43Æ 10.57
Coverage 0.9999Æ 0.0001 0.9997Æ 0.0001 0.9998Æ 0.0001 0.9999Æ 0.0000 0.9999Æ 0.0001
1FSM, fish steak meal.
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the contrary to the trend of antioxidant capacity, the MDA
content significantly increased when the FM substitution
level was over 25%. Taken together, these results suggested
that inappropriate dietary FSM addition would impair
hepatic antioxidant capacity and increase risk of hepatic oxi-
dative stress damage for large yellow croaker. Additionally, a
large amount-number of studies have illustrated that resist-
ing oxidative stress injury and maintaining redox homeosta-
sis is required for healthy growth of aquatic animals [27].
Therefore, in the context of exploring the feasibility of avail-
able protein sources as FM substitutes, the effects of tested
protein sources on antioxidant capacity and oxidative stress
status of aquatic animals should be fully concerned.

Several former literatures have clarified that maintaining
healthy morphology and structure of intestinal mucosa are of
great importance in nutrient absorption and resistance to
pathogenic microorganisms [13, 31]. The VH, VW, and
MT are well-applied to evaluate health status of intestinal
mucosal structure, and decrease of VH, VW, and MT indi-
cates intestinal mucosal structure damage. In current study,
we observed that the FSM75 and FSM100 diets obviously
decreased anterior intestinal VH, VW, and MT. The VH,
VW, and MT exhibited significant negative linear and qua-
dratic trends with the substitution level of dietary FM with
FSM. As a result, these data suggested that replacing exces-
sive dietary FM by FSM was not beneficial to maintain the
intestinal health of large yellow croaker. To my knowledge, it
was the first study that determined the pernicious influences

of excessive dietary FM replacement with FSM on the intes-
tinal health of large yellow croaker.

The intestinal mucosa mainly consisted of a single layer of
intestinal epithelial cells, which are sealed with intestinal tight
junction proteins (TJPs) [32]. Intestinal TJPs are one of themain
components of intestinal mechanical barrier [33]. The disrup-
tion of intestinal TJPs leads to the increase of permeability of
intestinal mucosa, which further induced the occurrence of
intestinal inflammation and intestinal mucosa structural injury
[34]. Thus, in the cause of identifying the mechanism of exces-
sive dietary FM replacementwith FSM-induced intestinalmuco-
sal structure damage, we determined the influences of dietary
FM replaced with FSM on intestinal barrier and inflammatory
response. The present study suggested that the transcripts levels
of intestinal barrier-related genes (pcna, zo-1, zo-2, and occludin)
and anti-inflammatory response-related genes (il-4/13a, il-4/13b,
il-10, and tgfβ) were significantly decreased, and the mRNA
abundances of proinflammatory gene il-6 were markedly
increased in FSM50, FSM75, and FSM100 groups. From these
results, we obtained that high-dietary FSM inhibited intestinal
barrier function and activated inflammatory response in anterior
intestine. Secombes et al. [35] argued that the risk of intestinal
inflammation was elevated when intestinal tight junction was
damaged. Consistent inflammation resulted in cell apoptosis and
ultimately triggered tissue injury [36]. Collectively, we supposed
that high-dietary FSM-induced intestinal mucosal structure
injury was attributed to the disruption of intestinal TJPs-trig-
gered-chronic inflammation.
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Recently, accumulating evidence has revealed that intes-
tinal health is not limited to the structural integrity and good
physiological functions capacity of intestinal tissue, and the
importance of a balanced and healthy microbial community
is also highly appreciated [37]. Many studies have suggested
a role for gut-resident microbes in modulating host health
such as the improvement of intestinal immune function and
metabolic remodeling [38]. Moreover, emerging results sug-
gest that composition of gut microbiota is tightly linked to
host diet [39]. Hence, it is meaningful for us to determine the
influence of dietary FM substitution by FSM on the intestinal
microflora of large yellow croaker. In this study, we found
that Fusobacteriota, Firmicutes as well as, Proteobacteria and
were major bacterial phylum. In line with the previous study,
similar results are also found in the large yellow croaker
larvae [40]. The results of intestinal microbial community
indicated that when substitution level of FM by FSM was
over 25%, relative abundances of Proteobacteria phylum
were increased, but relative abundances of Firmicutes phy-
lum were decreased. Proteobacteria is considered as a micro-
bial signature of dysbiosis in gut microbiota [41]. From this
perspective, we could acquire that high-dietary FM replace-
ment by FSM might induce microflora dysbiosis in intestine
of the large yellow croaker. Furthermore, after LEFSe analy-
sis, we found that replaced diets dramatically reduced the
relative abundances of genus Marinobacterium, genus Bacil-
lus, and genus Exiguobacterium. Marinobacterium is rich in
marine environments and plays important roles in carbon

source utilization and polyhydroxyalkanoate metabolism
[42]. Bacillus is viewed as a class of intestinal commensal
bacteria, and its spore form is universally utilized as a probi-
otic [43]. Exiguobacterium can survive in wide ranges of
salinity, temperature, as well as pH, and make use of the
various proteins and polysaccharides [44]. Hence, we specu-
lated that higher relative abundances of these bacteria might
contribute to the maintenance of health status of large yellow
croaker fed control diet.

In addition to the above-mentioned, the present study
also determined the influences of dietary FM replacement
with FSM on protein metabolism in the dorsal muscle of
large yellow croaker. Compared with control diet, FSM75
and FSM100 diets significantly decreased phosphorylation
levels of mTOR (Ser2448), and replaced diets significantly
reduced phosphorylation levels of 4E-BP1 (Thr37/46). The
mTOR is a critical nutrient-sensing protein that controls
multiple aspects of protein synthesis [45]. The phosphoryla-
tion of mTOR at the site of Ser2448 efficiently activates
mTOR activity and enhances protein synthesis [45]. The
mTOR activation modulates two crucial effectors of transla-
tion, 4E-BP1 and S6K [46]. mTORC1 phosphorylates 4E-
BP1 at multiple sites (Thr37/Thr46 and Ser65/Thr70), caus-
ing the dissociation of 4E-BP1 from eIF4E, which permits
eIF4F complex assembly and promotes 5′ cap-dependent
mRNA translation [47]. Therefore, these results suggested
that high-dietary FM substitution by FSM might impair pro-
tein deposition in muscle of the large yellow croaker.
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5. Conclusion

In current study, we determined previously unknown effects
of dietary FM replaced by FSM on growth performance,
antioxidant capacity, intestinal health and microflora,
inflammatory response, and protein metabolism of large yel-
low croaker. The current study illustrated that 25% dietary
FM was able to be substituted by FSM without weakening the
growth performance and intestinal health of large yellow
croaker. In addition, high level of dietary FM substitution
by FSM (over 25%) will ultimately cause adverse effects on

large yellow croaker. High inclusion of dietary FSM might
cause decreased growth performance by reducing digestive
enzymes activity, and induce intestinal mucosal structure
injury by disruption of intestinal TJPs-triggered chronic
inflammation.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon request.
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