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In this study, we evaluated the effects of fermented soybean meal (FSBM) or/and unfermented SBM replacing a portion of fish meal
(FM) on the growth performance, antioxidant capacity, immunity, and mechanistic target of rapamycin (mTOR) signaling pathway
of juvenile coho salmon (Oncorhynchus kisutch). Four groups of juvenile coho salmon (initial weight 152.23 4 3.21 g) in triplicate
were fed for 12 weeks on four different iso-nitrogen and iso-lipid experimental diets: GO diet (28% FM protein, control group), G1
diet (18% FM protein and 10% SBM protein), G2 diet (18% FM protein, 5% SBM protein, and 5% FSBM protein), and G3 diet (18%
FM protein and 10% FSBM protein). The main results were compared with the GO diet; the weight gain rate, specific growth rate, and
condition factor of juveniles in G3 were increased significantly (p <0.05). The content of muscle crude protein, the total protein,
glucose, albumin, total cholesterol in serum, and the total antioxidant capacity in the liver of juveniles in G3 was increased
significantly (p<0.05). The activities of pepsin, trypsin, a-amylase, and lipase in the intestine, the superoxide dismutase, catalase,
and alkaline phosphatase in the liver of juveniles in G3 were increased significantly (p<0.05). The expression levels of phospha-
tidylinositide 3-kinases, serine/threonine kinase, nTOR, and ribosomal protein S6 kinase 1 genes in the liver of juveniles in G3 were
upregulated significantly (p<0.05). The feed coefficient ratio, viscerosomatic index, the contents of muscle moisture, and malon-
dialdehyde in the liver of juveniles in G3 were decreased significantly (p <0.05). The expression levels of tumor necrosis factor a,
interleukin 1/, and interleukin 6 genes in the liver of juveniles in G3 were downregulated significantly (p <0.05). However, there was
no significant effect (p>0.05) on the survival rate, food intake, and muscle crude lipid and ash of juveniles among the experimental
groups. In conclusion, FSBM to replace a portion FM had a positive effect on the growth performance, protein deposition,
antioxidant enzyme activity, digestive enzyme activity, protein synthesis, and immune-related genes of juvenile coho salmon.

1. Introduction

As a result of its high protein and fat content, fish meals
(FMs) are frequently used in diets of carnivorous fish [1].
More than 70% of global aquaculture production depends on
FM, and diets containing higher levels of FM lead to better
fish growth and food conversion rate [2]. In recent decades,

the excessive development of fish wild populations has limited
the availability and price of FM, a major protein source in
aquaculture feedstuff [3]. To reduce feed costs and promote
the sustainable development of fish farming, it is important to
find alternative sources of FM in fish feed [4].

Aquaculture relies heavily on plant protein sources for
continuous growth and intensification [5], such as soybean
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meal (SBM), corn gluten meal, rapeseed, cottonseed, and
wheat protein concentrate [6]. In recent years, because of
its high protein content (about 43%—48%), reasonable amino
acid composition, wide source, and low price, SBM protein
has become a candidate protein source to replace FM protein
in aquatic feed [7, 8]. However, SBM contains a variety of
antinutritional factors, such as soybean globulin, trypsin
inhibitor, soybean lectin, and antivitamin [9-11], which hin-
der the efficient utilization of plant protein nutrition and
limit the digestion and absorption of aquaculture animals,
resulting in decreased growth performance [12, 13].

Nowadays, fermentation technology plays a significant
role in feed production [14]. After microorganism fermenta-
tion, huge amounts of antinutritional factors are degraded
[15]. Soybean protein is hydrolyzed into small molecular
amino acids, peptides, and water-soluble compounds, produc-
ing some unknown bioactive substances, thereby improving
the availability and palatability of feed nutrients [16]. The
study indicates that fermentation of SBM under appropriate
conditions is beneficial for preventing various physiological
abnormalities that occur in rainbow trout fed SBM, and fer-
mented SBM (FSBM) is a promising ingredient as the main
protein source in a non-FM diet for rainbow trout (Oncor-
hynchus mykiss) [17]. Tsai et al. [18] fed an FM or SBM diet
to Atlantic Salmon (Salmo salar L.), and the study has shown
that Atlantic Salmon were sensitive to the inclusion of SBM in
the diet, which can result in inflammation in the distal intes-
tine. Nimalan et al. [19] found the protein components of
fermented SBM feed could improve the digestion and absorp-
tion of feed and reduce the lamina propria width, which prob-
ably indicates the prevention of enteritis in Atlantic Salmon.
Studies on aquatic animals have shown that the protein com-
ponents of fermented SBM feed are more easily absorbed and
utilized than those of unfermented SBM feed [20, 21].

Coho salmon (Oncorhynchus kisutch) has gradually
become a vital choice for salmon farming because of its
polyunsaturated fatty acids, vitamins and minerals, delicious
taste, and high economic value [22-24]. FM is considered by
far the most advantageous protein source for coho salmon,
and 0.7 kg of marine protein was used to produce 1kg of
salmon protein, so the farmed salmon is thus a net producer
of marine protein [25]. However, there aren’t many reports
on coho salmon fed FSBM instead of FM. The substitution of
FM for FSBM was studied in coho salmon to integrate an
assessment of its effects. Bacillus pumilus has been widely
used in aquaculture research on account of its capacity to
produce amylase and cellulase, extracellular protease, and
antimicrobial peptide and has strong bacteriostatic ability.
The protease produced by the metabolism of B. pumilus
can help the fish digest the macromolecular protein in the
feed and enhance the immunity of the fish [26]. The selection
of B. pumilus as a fermentation strain, through the metabo-
lism of the strain to produce antibiotics, not only can reduce
the dependance of animals on antibiotics, promote growth
but also prevent diseases and can be used as a substitute for
antibiotics. In addition, B. pumilus has the characteristics of
simple nutritional requirements, rapid reproduction, rapid
metabolism, strong vitality, high temperature and high-
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pressure resistance, acid and alkali resistance, antioxidant,
high oxygen and low oxygen resistance, and has a strong sur-
vival ability in the gut, and is very suitable for solid-state fer-
mentation strains [27]. Therefore, the experiment aims at
evaluating the effects of B. pumilus FSBM or/and unfermented
SBMs replacing a portion of FM on the growth performance,
antioxidant, immunity, and mechanistic target of rapamycin
(mTOR) signaling pathway of juvenile coho salmon. The use of
FSBM in coho salmon feed fills the knowledge gap and pro-
vides a theoretical basis for the development and optimization
of coho salmon feed and commercial salmon culture.

2. Materials and Methods

2.1. Experimental Diets. The diet formula and approximate
composition are shown in Table 1. Based on previous studies,
protein from 10% FSBM could be substituted for FM protein
in aquaculture animals [28, 29]. Therefore, a series of four
different diets were designed for juvenile coho salmon,
including an iso-nitrogenous diet (about 43% dietary pro-
tein) and an iso-lipid diet (about 15% dietary lipid), the
control group (GO) contained 28% FM protein. In G1, G2,
and G3 groups, 18% of the protein was derived from FM
protein, in addition. 10% of the G1 group from unfermented
SBM protein, 10% of the G3 group from FSBM protein, and
the G2 group was composed of 5% unfermented SBM pro-
tein and 5% SBM protein.

B. pumilus was isolated from mangrove roots soil of
Maowei Sea at 21°81'66"'N, 108°58’46"'E in Qinzhou, China.
The fermentation parameters were optimized with the yield
of crude protein as a reference [30]. A preliminary fermen-
tation experiment in our laboratory determined the fermen-
tation conditions. The brief steps of SBM fermentation were:
first, the SBM and sterile water were mixed at the weight
ratio of 1:1.2 and sterilized at 121°C for 30 min; second,
after cooling to 25-30°C, 8% B. pumilus (v/m) was inocu-
lated and fermented for 36 hr at 37°C; third, the mixture was
dried at 30°C until the moisture content was below 100 g/kg.
The nutritional composition and anti-nutritional factor con-
tent of SBM and FSBM were determined by Shanghai Panrui
Technology Co., LTD (Shanghai, China), shown in Table 2.

All ingredients were ground to below 60 mesh and com-
bined in a roller mixer for 15min. The distilled water of
equal weight was added to the fine powder to make a stiff
dough, and a single screw extruder (Delun, Jinan Delun
Machinery Equipment Co., LTD, Jinan, China) was used to
obtain the feed particles with a diameter of 2.0 x 3.0 mm”.
Then the feed particles were dried in the airflow at 30°C until
the water content was less than 100 g/kg. The dried feed
particles were put into the sealing pockets and stored at
—20°C until for use.

2.2. Experimental Fish and Culture. A hatchery in Benxi
Rainbow Trout Breeding Farm, Liaoning, China, provided
juvenile coho salmon, and outdoor breeding experiments
were conducted at the rainbow trout farm in Nanfen, Liaoning,
China. All animal experiments were conducted in accordance
with the guidelines of Guangxi Minzu University, Nanning,
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TasLE 1: Experimental diet formula (g/100 g of dried feed) and proximate composition (%, dry matter percentage).
Ingredients GO Gl G2 G3
Fish meal 40.07 25.99 25.99 25.99
Soybean meal 0.00 21.20 10.76 0.00
Fermented soybean meal 0.00 0.00 7.95 15.89
Chicken meat powder 10.02 10.00 10.00 10.00
Shrimp meal 10.02 10.00 10.00 10.00
High gluten flour 17.88 17.84 17.84 17.84
a-Starch 3.01 3.01 3.01 3.01
a-Cellulose 8.53 0.00 2.49 5.31
Fish oil 4.01 5.51 551 551
Soybean oil 4.01 4.00 4.00 4.00
Ca(H,PO,), 1.01 1.01 1.01 1.01
Mineral premix' 0.52 0.52 0.52 0.52
Vitamin premix2 0.52 0.52 0.52 0.52
Choline chloride 0.30 0.30 0.30 0.30
Vitamin C 0.10 0.10 0.10 0.10

Approximate composition

Crude protein (%) 42.68 42.45 42.34 42.36
Crude lipid (%) 15.21 15.22 15.21 15.20
Ash (%) 7.26 7.64 7.54 7.33
Moisture (%) 9.52 9.57 9.53 9.49
Crude fiber (%) 3.35 4.60 441 4.20
Nitrogen-free extract (%) 21.98 20.52 20.97 21.42
Gross energy (M]/kg) 21.43 21.15 21.27 21.34

Note: lComposition (mg/kg mineral premix): AIK(SO4),-12H,0, 123.7; CaCl,, 17,879.8; CuSO,4-5H,0, 31.7; CoCl,-6H,0, 48.9; FeSO,-7H,0, 707.4;
MgSO,-7H,0, 4316.8; MnSO,-4H,0, 31.1; ZnSO,4-7H,0, 176.7; KCl, 1191.9; KI, 5.3; NaCl, 4934.5; Na,SeO;-H,0, 3.4; Ca(H,PO4),-H,0, 12457.0; KH,PO,,
9930.2. 2Composition (IU or g/kg vitamin premix): retinal palmitate, 10,000 IU; cholecalciferol, 4000 IU; a-tocopherol, 75.0 IU; menadione, 22.0 g; thiamine HCI,
40.0 g; riboflavin, 30.0 g; D-calcium pantothenate, 150.0 g; pyridoxine HCI, 20.0 g; meso-inositol, 500.0 g; D-biotin, 1.0 g; folic acid, 15.0 g; ascorbic acid, 200.0 g;
niacin, 300.0 g; cyanocobalamin, 0.3 g. All the feed materials above are provided by Shandong Conqueren Marine Technology Co., Ltd., Weifang, China. Fish
meal (Anchovy, Engraulis japonicus): protein content 69.88%, lipid content 8.00%. Soybean meal: protein content 46.81%, lipid content 1.84%. Fermented
soybean meal: protein content 55.21%, lipid content 1.93%. Chicken powder: protein content 62.00%, lipid content 12.00%. Shrimp powder: protein content
49.00%, lipid content 8.00%. High gluten flour: protein content 11.00%, lipid content 1.60%. Fish oil: Pacific herring, Clupea pallasi; Mackerel, Pneumatophorus

Jjaponicus.

TasLE 2: Nutritional composition and antinutritional factor content of soybean meal and fermented soybean meal.

Index

Soybean meal

Fermented soybean meal

Crude protein (%)
Crude lipid (%)

Crude fiber (%)

Crude ash (%)

Moisture (%)
Nitrogen-free extract (%)
Gross energy (kJ/kg)
Polypeptide (%)

Trypsin inhibitors (mg/g)
Glycinin (mg/g)
p-Conglycinin (mg/g)
Urease (U/g)

pH

46.81 £0.21
1.84 £0.05
8.8440.06
8.62£0.22
9.35+£0.21
24.54+0.14

3,373.20 £ 21.58

1.39+0.06

66.13 £1.58
141.13 +3.65
105.01 +=2.74
8.01£0.18

7.15£0.02

55.21£0.33
1.93 £0.09
6.13£0.11
7.45£0.19
9.64£0.15
19.64 £0.17

21.83£0.21
11.354+0.95
2415£1.75
26.39£1.16
1.09 £0.05
6.44 £ 0.04

3,412.90 +£22.36




China, and this research does not contain any studies with
human participants (approval number: GXUN 2021-006).

Before the experiment, the juveniles were fed with the GO
diet and acclimated in the net cages (1 x1x0.5m’) with
water temperatures between 10 and 18°C, Sewage inflow
>100 L/s, water surface current velocity >2 cm/s, dissolution
oxygen >6.0 mg/L, pH 7.5-8.0, and natural light for 2 weeks.

After being acclimatized for 2 weeks, for the formal
experiment, 390 fish (initial body weight 152.23 +3.21¢)
were selected, 30 of which were taken as the initial samples.
We divided the remaining 360 fish into four groups in
triplicate, resulting in 12 net cages with 30 fish per cage
(1x1x0.5m?). As described in acclimatization progress, juve-
nile coho salmon were cultured in the same aquaculture sys-
tem. The water was changed one-third a day. The juvenile coho
salmon were artificially fed three times (8:00, 12:00, and 16:00)
daily until they reached satiation. The juveniles were fed one of
the four diets abovementioned for 12 weeks (Table 1).

2.3. Sampling Procedures. After 24 hr of starvation, juvenile
coho salmon were separately sampled at 0 day and 12 weeks.
A 30mg/L dose of methanesulfonic acid tricaine (MS-222,
Adamas Reagent, China) was used to anesthetize all samples.
Then the body length and body weight of juvenile coho
salmon were individually measured. Twenty of the juveniles
were dissected for liver samples at 0 day, and another 10 were
taken for whole fish samples. At the end of 12 weeks, six fish
were randomly selected from each cage as samples, of which

[In (final body weight) (g)] — [In (initial body weight) (g)]
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three were serum, liver, muscle, stomach, and intestine sam-
ples, and the remaining three were whole fish samples. Blood
was taken from the caudal vein of coho salmon with a sterile
syringe and transferred to a 2 mL sterile enzyme-free centri-
fuge tube and placed at 4°C for 2 hr. Then the blood samples
were centrifuged at 3,500 g and 4°C for 15 min, and the super-
natant was serum. No anticoagulant was utilized to obtain a
serum sample. The liver and visceral mass were removed,
weighed, and collected in a 20 mL centrifuge tube, respec-
tively. All the samples were stored at —80°C before index
determination.

2.4. Calculations and Analytical Methods

2.4.1. Growth Performance. Survival rate (SR), weight gain
rate (WGR), specific growth rate (SGR), feed coefficient ratio
(FCR), condition factor (CF), hepatosomatic index (HSI),
viscerosomatic index (VSI), and food intake (FI) were calcu-
lated using the following formula:

final f fish
SR (%) — 100 % 1inal amount of fis (1)

initial amount of fish ’

final body weight (g) — initial body weight (g)

WGR =100
GR (%) X initial body weight (g)

(2)

SGR(%/day) = 100 x

total feed intake (g)

FCR = )
final body weight (g) — initial body weight (g)

body weight(g)
[body length (cm)]*’

CF (%) = 100 X

liver weight (g)

HSI (%) =1 —_—
SI(%) = 100 body weight (g)

VSI (%) = 100 x Visceraweight (g)
body weight (g)

_ total feed intake (g)

FI = . 8
days ®)

2.4.2. Evaluating the Approximate Composition of Feed and
Muscle. Fish feed and muscle samples were examined for
crude protein using the Kjeldahl apparatus (nitrogen 6.25)
(HGK-55, Shanghai Heguan Instrument, Shanghai, China),
crude lipid using ether extraction, ash using a muffle furnace
heated to 550°C for 10hr, and moisture using a 105°C
oven [31].

days ’ (3)

2.4.3. Serum Biochemical, Antioxidant, and Digestive Indexes
Analysis. Using commercial reagent kits produced by the
Nanjing Jiancheng Bioengineering Institute in Nanjing, China,
all indices were derived. The glucose (GLU) oxidase technique
was used to measure the GLU content at 505 nm. The choles-
terol oxidase (COD-PAP) technique was used to measure the
total cholesterol (T-CHO) level at 500 nm. The Coomassie
brilliant blue technique was used to measure the total protein
(TP) concentration at 595nm. The bromocresol green tech-
nique was used to assess the albumin (ALB) level at 630 nm.
The alkaline phosphate (AKP) activity was determined at
520 nm by the potassium ferricyanide oxidation method.

The samples of liver, stomach, and intestine were
homogenized with 0.9% normal saline at 4°C and then cen-
trifuged at 3,000 g for 10 min at the same temperature. For
biochemical examination, the supernatant was collected. A
colorimetric approach was used to measure the liver’s total
antioxidant capacity (T-AOC) at 520 nm. Using the ammo-
nium molybdate methodology, the liver’s catalase (CAT)
activity was measured at 405 nm. Using the xanthine oxidase
method, the liver’s superoxide dismutase (SOD) activity was
assessed at 550 nm. The thiobarbituric acid (TBA) method at
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TasLE 3: Forward and reverse primers of the genes for real-time quantitative PCR.
Gene Primer sequence Genbank Amplicon size (bp) TM (°C)
et F: CCARMGCCAACAGGGAGAA V— o ”
e BOATCCCIOMGGCMOMIS s .
axr F: GCAGCCATCCTACAAATC X 031514745 - @
mTOR® ARG A TS XM_020506200.2 139 60
S6K1° N O A XM_020465833.2 131 60
2 R TGTCTACCGGTTTGGTGTAGTCCT XM 0204758602 125 a0
“
TNF-a® F: GGCGAGCATACCACTCCTCT XM_020497470.2 125 60

R: TCGGACTCAGCATCACCGTA

Note: ' p-Actin, reference gene. *PI3K, phosphatidylinositide 3-kinases. >AKT, serine/threonine kinase, or protein kinase B (PKB). *mTOR, mechanistic target of
rapamycin. *$6K1, ribosomal protein S6 kinase 1. °IL-1f, interleukin 1. “IL-6, interleukin 6. *TNF-a, tumor necrosis factor a.

532 nm was used to assess the amount of malondialdehyde
(MDA) in the serum and liver. The activity of pepsin in the
stomach was measured at 660 nm by the phenol reduction
method. The activity of trypsin in the intestine was measured
at 253 nm according to the hydrolysis ability of the enzyme
itself. The activity of a-amylase in the intestine was measured
at 660 nm by iodine colorimetry. The activity of lipase in the
intestine was determined at 580 nm by the methylic resorufin
substrate method. All the above indexes were measured using
a microplate reader (Tecan Spark10M, Salzburg, Austria).

2.4.4. Real-Time Quantitative Polymerase Chain Reaction.
mTOR, ribosomal protein S6 kinase 1 (S6K1), serine/threo-
nine kinase (AKT), phosphatidylinositide 3-kinases (PI3K),
tumor necrosis factor a (TNF-a), interleukin 1/ (IL-1/), and
interleukin 6 (IL-6) gene expression levels were determined
using real-time quantitative polymerase chain reaction (RT-
qPCR). Utilizing Thermo Fisher Scientific’s Steady Pure Uni-
versal RNA Extraction Kit, total RNA from the liver was
extracted, and its integrity was assessed by electrophoresis
on 1.2% agarose gel and quantified by Nano Drop® 2000
spectrophotometer. Using the Evo M-MLV reverse tran-
scription kit reversed transcription of RNA into cDNA.
PCR conditions were set at 50°C for 30 min, 95°C for
5 min, and 5°C for 5 min. All kits were produced by Accurate
Biology Biotechnology Engineering Ltd., Changsha, China.

The genomic sequences of coho salmon for mTOR, S6K1,
AKT, PI3K, TNF-a, IL-1p, IL-6, and f-actin were obtained
from the NCBI database. ff-actin was selected as the internal
reference gene. As stated in Table 3, the forward and reverse
primers were created using Primer Premier 5.0 from Pre-
mier, Inc. and synthesized by Sangon Biotech (Shanghai)
Co., Ltd.

The RT-qPCR was carried out using an SYBR Green Pro
Taq HS qPCR kit from Accurate Biology Biotechnolo
Engineering Ltd., Changsha, China, and a LightCycler
96 RT-qPCR equipment from Roche, Switzerland. The

following RT-qPCR conditions were used, with a reaction
volume of 20 uL: 50°C for 30 min, 95°C for 5 min, and 5°C
for 5 min. The mTOR, S6K1, AKT, PI3K, TNF-a, IL-1§, and
IL-6 genes’ relative expression were determined using the
paac technique [32].

2.5. Statistical Analyses. The analyses were carried out using
SPSS version 25.0 (Chicago, IL, USA), and all data were
presented as means standard deviations (means & SD). Nor-
mal distribution, two-way analysis of variance (ANOVA),
and one-way ANOVA were employed for data analysis.
Tukey’s multiple range test was used to compare each
other. It is significantly different when p<0.05.

3. Results

3.1. Effect of Fermented Soybean Meal on the Growth
Performance. The final weight, WGR, SGR, and CF of G3,
as well as the HSI, VSI, and FCR of G1 and G2, were all
significantly greater (p<0.001) than those of the control
group (GO). However, the final body weight, WGR, SGR,
and CF of G1 and G2, and HSI, VSI, and FCR of G3 were
reduced significantly (p<0.001). There were no appreciable
variations in the SR (p = 0.728) and FI (p = 0.974) of the
juveniles among all groups, as shown in Table 4.

3.2. Effect of Fermented Soybean Meal on the Muscle
Composition. The muscle moisture (p<0.001) and crude
protein (p<0.001) of the G3 group were considerably higher
compared to the control group (GO0), while the muscle crude
protein (p<0.001) of the G1 group was significantly lower.
The muscle moisture (p = 0.228) between G1, G2, and GO,
as well as the muscle crude protein (p = 0.007) between G2
and GO, did not differ significantly. There were no significant
differences in the muscle crude lipid (p = 0.959) and ash
(p = 0.532) of the juveniles among all groups, as shown in
Table 5.
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TaBLE 4: Effects of replacing fish meal with fermented or/and unfermented soybean meal on survival and growth performance of juvenile
coho salmon.

Index GO Gl G2 G3 p-Value
Initial weight (g) 152.23 +£3.21 152.23 +3.21 152.23 +£3.21 152.23 +3.21 1.000
Final weight (g) 570.01 + 10.15" 458.33 +1.15¢ 529.33 +7.37° 602.05 + 3.01° <0.001
SR' (%) 93.33£1.92 91.11£2.94 92.22+222 94.44+1.11 0.728
WGR? (%) 27444 + 6.95° 201.08 + 3.46¢ 247.72 +4.65 295.49 +4.62° <0.001
SGR® (%/day) 1.57 +0.03° 1.314+0.01¢ 1.48 4 0.02° 1.64 4 0.02° <0.010
HSI* (%) 1.56 £ 0.02° 1.68 4 0.01% 1.64 +0.02° 1.51 40.04 0.332
VSI® (%) 10.45 +0.35° 11.60 + 0.38° 11.57 + 0.36% 9.644+0.41° <0.012
FCR® (%) 1.79 4 0.04° 2.36+0.01° 1.98 +0.02° 1.66 4 0.02¢ <0.011
CF’ (g/cm®) 1.85+0.04° 1.57 4+ 0.05¢ 1.68 4+ 0.03° 1.99 4+ 0.06° <0.011
FI (g) 751.77 £ 1.51 751.31 £2.09 751.78 £ 1.38 750.71 = 2.44 0.974

Notes: GO is the control group. G1 is the SBM group. G2 is the SBM and FSBM group. G3 is the FSBM group. All above data are mean =+ SD (n =3 X 3), which
means three parallel groups for each experimental group, and three fish samples for each parallel group, except SR is mean + SD (n =3 X 30), which means
three parallel groups for each experimental group and 30 fish samples for each parallel group. Different superscript letters in the same row indicate significant
differences among the data (p<0.05). 'SR, survival rate. WGR, weight growth rate. *SGR, specific growth rate. *HSI, hepatosomatic index. >VSI, visceroso-
matic index. °FCR, feed coefficient ratio. “CF, condition factor. *FI, food intake.

TastLe 5: Effects of replacing fish meal with fermented or/and unfermented soybean meal on the moisture, crude protein, crude lipid, and ash
in the muscle of juvenile coho salmon (%/g of wet weight).

Index GO Gl G2 G3 p-Value
Moisture (%) 75.18 £0.29° 75.32£0.36" 75.54 £ 0.61° 74.28 +0.43° 0.288
Crude protein (%) 1826 +0.27° 17.50 +0.18° 18.09 4 0.25° 19.00 +0.21* 0.007
Crude lipid (%) 494£0.11 5.01£0.13 4.99£0.19 497 £0.15 0.959
Ash (%) 1.47 £0.22 1.58£0.13 1.40 £0.08 1.39+0.14 0.532

Notes: GO is the control group. G1 is the SBM group. G2 is the SBM and FSBM group. G3 is the FSBM group. All above data are mean + SD (n =3 X 3), which
means three parallel groups for each experimental group and three fish samples for each parallel group. Different superscript letters in the same row indicate
significant differences among the data (p<0.05).

TasLE 6: Effects of replacing fish meal with fermented or/and unfermented soybean meal on serum biochemical indexes of juvenile coho
salmon.

Index GO Gl G2 G3 p-Value
GLU' (mmol/L) 5.81+£0.15° 413 £0.06¢ 477 4£0.14¢ 6.16 & 0.09* <0.001
T-CHO? (mmol/L) 4.71+0.15° 36240.11¢ 43240.14° 5.10+0.12° <0.001
TP? (g/L) 57.5441.12° 40.07 +1.37¢ 45.04 £2.11° 63.20 +1.35° <0.001
ALB* (g/L) 27.824£1.93° 18.82 4 0.95¢ 23.25+1.36° 33.08 £ 1.86" <0.001
AKP’ (U/mL) 19.81 4 1.55° 12.79 4+0.75¢ 16.07 4 0.83¢ 24.30 +1.31* <0.001

Notes: GO is the control group. G1 is the SBM group. G2 is the SBM and FSBM group. G3 is the FSBM group. All above data are mean + SD (n =3 X 3), which
means three parallel groups for each experimental group and three fish samples for each parallel group. Different superscript letters in the same row indicate
significant differences among the data (p<0.05). 'GLU, glucose. *T-CHO, total cholesterol. *TP, total protein. *ALB, albumin. >AKP, alkaline phosphatase.

3.3. Effect of Fermented Soybean Meal on the Serum
Biochemical Indexes. As shown in Table 6, although the
serum levels of the G1 and G2 groups were markedly lower
(p<0.001) than those of the control group (GO), the G3
group had markedly higher (p<0.001) serum levels of
GLU, T-CHO, TP, ALB, and AKP.

3.4. Effect of Fermented Soybean Meal on the Activities of
Digestive Enzyme. Pepsin, trypsin, lipase, and a-amylase
levels in the G3 group were substantially greater (p<0.001)
than in the control group (GO), although they were signifi-
cantly lower (p<0.001) in the G1 and G2 groups, as shown
in Table 7.

3.5. Effect of Fermented Soybean Meal on the Activities
of Antioxidant Enzyme. There was a significant increase
(p<0.001) in the content of T-AOC, CAT, and SOD activities
in the liver of the G3 group compared to the control group (GO0)
and an increase in MDA content in the liver of the G1 group
compared with the G2 group. Nevertheless, T-AOC, as well as
CAT and SOD activities and MDA content, were significantly
lower (p<0.001) in G1 and G2. as shown in Table 8.

3.6. Effect of Fermented Soybean Meal on the Relative
Expressions of Immunity and mTOR Signaling Pathway
Gene. The relative expressions of the IL-1f, IL-6, and TNF-«
genes in the liver of the G3 group were substantially lower
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TasLE 7: Effects of replacing fish meal with fermented or/and unfermented soybean meal on the activity of digestive enzyme in the stomach
and intestine of juvenile coho salmon.

Index GO Gl G2 G3 p-Value
Pepsin (U/mg) 15.48 + 0.45" 8.18+0.23¢ 12.23 4+ 0.38° 16.95 4 0.37° <0.001
Trypsin (U/mg) 2,368.31 + 130.02° 1,569.23 + 124.41¢ 2,122.64 + 88.39° 2,678.84 + 112.26° <0.001
a-Amylase (U/mg) 1.4340.03" 0.84+0.01¢ 1.2440.05° 1.5240.04* <0.001
Lipase (U/mg) 30.18 + 1.16" 24.7140.79¢ 27.55+ 0.82° 33.57 +0.94° <0.001

Notes: GO is the control group. G1 is the SBM group. G2 is the SBM and FSBM group. G3 is the FSBM group. All above data are mean + SD (n =3 X 3), which
means three parallel groups for each experimental group and three fish samples for each parallel group. Different superscript letters in the same row indicate
significant differences among the data (p<0.05).

TasLE 8: Effects of replacing fish meal with fermented or/and unfermented soybean meal on antioxidant capacity in the liver of juvenile coho
salmon.

Index GO Gl G2 G3 p-Value
T-AOC' (mmol/g) 246 +0.11° 156 +0.05° 1.96 -+ 0.08° 2.65+0.07° <0.001
CAT? (U/mg) 322.22417.34° 220.46 + 12.47¢ 268.95 +22.43¢ 364.45 £ 13.85" <0.001
soD? (U/mg) 827.56 +31.27° 493.26 + 16.43¢ 692.36 & 34.45° 890.25 £ 21.30% <0.001
MDA* (nmol/mg) 3.19 £0.20° 4.2940.14" 3.76 4+ 0.05 2.5440.12¢ <0.001

Notes: GO is the control group. G1 is the SBM group. G2 is the SBM and FSBM group. G3 is the FSBM group. All above data are mean + SD (n =3 X 3), which
means three parallel groups for each experimental group and three fish samples for each parallel group. Different superscript letters in the same row indicate
significant differences among the data (p<0.05). "T-AOC, total antioxidant capacity. *CAT, catalase. >SOD, superoxide dismutase. “MDA, malondialdehyde.

(p<0.001) than those of the control group (GO0), whereas those
of the G1 and G2 groups were significantly greater (p<0.001),
as shown in Figure 1.

The relative expressions of PI3K, AKT, mTOR, and S6K1
in the liver of the G3 group were considerably greater
(p<0.001) than those of the control group (GO), but those
of PI3K, AKT, mTOR, and S6KI in the G1 and G2 groups
were significantly lower (p<0.001). However, there was no
distinction between G2 and GO in terms of the relative
expression of mTOR (p = 0.122), as shown in Figure 1.

4. Discussion

In this study, substituting FSBM for a portion of the FM
significantly improved the growth performance in juvenile
coho salmon, while substituting unfermented SBM for a
portion of the FM significantly decreased these outcomes.
The findings demonstrated that some of the FM in the diet
for young coho salmon could be replaced by FSBM and that
this substitution impact was superior to that of unfermented
SBM. The reasons are supposed to be: first, due to the poor
palatability of SBM protein, led to a decrease in feed intake,
which led to a decrease in essential amino acid intake. The
imbalance of amino acid nutrition could lead to decreased
growth performance [33]. Second, the antinutrition factors
of SBM not only reduced the digestion and absorption of
plant protein but also reduced some bioactive factors in
feed, thus aggravating the imbalance of amino acids and
hindering the growth performance of fish [34, 35]. In addi-
tion, the anti-nutrition factors, as a class of highly allergenic
proteins, might cause fish body allergy, damage intestinal
mucosa, and reduce growth performance [36]. Third, when
SBM was fermented, the amount of antinutrition factors was
greatly reduced, the amount of crude protein was increased,

the amount of small molecular peptides and free amino acids
were also enhanced to some extent, and the nutritional value
was optimized [37, 38]. According to research by Li et al. [30]
and Wang et al. [39], Aspergillus awamori and Bacillus sub-
tilis dramatically decreased antinutritional components such
as raffinose, trypsin inhibitor, glycine, and glycine in SBM
while greatly increasing the palatability and nutrient utiliza-
tion efficiency of SBM. Fourth, this study used a highly efficient
protease-producing strain of B. pumilus, which could decom-
pose macromolecular proteins into more easily absorbed free
amino acids and polypeptide segments. Studies had found that
bacteria could metabolize carbohydrates in feed, promote the
synthesis of macromolecular proteins, and provide support for
fish growth and development [39]. El-haroun et al. [40] showed
that Bacillus spp. had the effect of decomposing potentially
harmful components in feed, producing a large number of
essential B vitamins such as vitamin B12 and biotin, and
improving food utilization and digestibility.

In this study, substituting FSBM for a portion of the FM
significantly improved the activity of the digestive enzymes
in juvenile coho salmon, while substituting unfermented
SBM for a portion of the FM significantly decreased these
outcomes. The reasons are supposed to be: first, soy meal in
feed can damage intestinal epithelial cells, interfere with the
function of digestive enzymes, and impair intestinal absorp-
tion [41]. In addition, the lack of bioactive peptides related to
digestion was also an important reason for affecting growth
and digestion [14]. Second, the antinutrition factors of SBM
could reduce the activities of trypsin, amylase, pepsin, lipase,
and other digestive enzymes [42]. For example, trypsin inhi-
bitors could bind to trypsin to inactivate it [43], and phytic
acid could bind to the basic protein residues of trypsin and
pepsin to reduce enzyme activity [5]. Digestion and nutrient
absorption by aquatic animals were mostly carried out by
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Ficure 1: Effect of replacing a portion fish meal with unfermented and/or fermented soybean meal on the relative expression of phospha-
tidylinositide 3-kinases (PI3K), serine/threonine kinase (AKT), mechanistic target of rapamycin (mTOR), ribosomal protein S6 kinase 1
(S6K1), interleukin 1f (IL-1p), interleukin 6 (IL-6), and tumor necrosis factor a (TNF-a) gene in the liver of juvenile coho salmon. 3-Actin
was the internal reference gene. All above data are mean &= SD (n = 3 X 3), which means three parallel groups for each experimental group and
three fish samples for each parallel group. GO is the control group. G1 is the SBM group. G2 is the SBM and FSBM group. G3 is the FSBM
group. Different superscript letters in the same row indicate significant differences among the data (p<0.05).

digestive enzymes, and the activities of the enzymes directly
reflected the body’s capacity for digestion [14]. In this study,
FSBM could enhance the activity of digestive enzymes; one of
the reasons might be the destruction of antinutrition factors.
Similar results were found that feeding FSBM to Atlantic
salmon may boost health and growth physiology in fish by
promoting intestinal lactic acid bacteria growth, having a
prebiotic-like effect, and promoting proximal intestine health
by increasing mucin production [44].

The protein content of the animal body represents the
degree of absorption and utilization of feed protein to a cer-
tain extent [34]. The study found that substituting FSBM for
FM dramatically boosted the muscle protein content of juve-
nile coho salmon but had no discernible impact on crude lipid
and ash levels. This was in line with observations in large-
mouth bass [45] and rainbow trout (O. mykiss) [34]. The
reasons are supposed to be due to the increase of bioactive
peptide content and protease activity during the fermentation
process, and the free amino acids and small molecular pep-
tides in the feed increased, which enhanced the digestion and
absorption of protein and amino acids, thus facilitating the
deposition of protein in juvenile salmon [46]. However,

previous studies had shown that there was no significant effect
on the muscle compositions of largemouth bass [45] fed the
diets which substituted FSBM for a portion of the FM. In
addition, Japanese seabass (Lateolabrax japonicus) [46] and
Giant grouper (Epinephelus lanceolatus) [47] fed the diets
including a portion of FSBM in place of FM could decrease
crude protein and crude lipid contents, and increase the con-
tent of moisture. The particular causes of the above incon-
sistencies may be connected to the type and size of aquatic
animals, fermentation strains, feed mix, and other factors, and
the specific reasons need further study.

In fish nutrition research, serum biochemical indicators
are gradually used as one of the criteria for measuring the
health and organ function of aquatic animals and which are
influenced by feed ingredients [48, 49]. In fish, serum TP and
ALB can indicate protein metabolism and synthesis, as well
as amino acid utilization efficiency [50]. The content of
serum GLU and T-CHO can be used as an indicator of the
body’s utilization of nutrients and an important reference
index for GLU and lipid metabolism [50, 51]. AKP, as an
important part of the detoxification system, is considered to
be a potential indicator of stress response and is clinically
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used for disease diagnosis [52, 53]. According to the study’s
findings, substituting FSBM for a portion of FM could boost
the blood protein level, metabolic ability, and immunological
activity of juvenile coho salmon. A high-quality protein sub-
stitute for an FM could be an FSBM. The reasons might be
that after fermentation by probiotics, the antigen compo-
nents such as f-conglycinin subunits and soybean globulin
peptides in SBM were partially or completely decomposed,
and then FSBM may boost the physiological functions of fish
liver and intestine, and enhance the absorption and utiliza-
tion of nutrients like GLU, protein, and lipid [54]. Similarly,
T-CHO, AKP, and GLU contents in the serum of rainbow
trout [40] and juvenile turbot (Scophthalmus maximus L.)
[55] could be increased by substituting FSBM for a portion
of FM.

Excessive oxygen free radicals can cause oxidative dam-
age, and lipid peroxidation is the main problem caused by
the imbalance of the antioxidant system [14]. The antioxi-
dant system depends on T-AOC, SOD, and CAT enzyme
activity, and MDA level is a key indicator of potential anti-
oxidant capability and the ultimate product of oxidative
damage [56]. TNF-a, IL-1f as well as IL-6, are the proin-
flammatory cytokines in innate immunity, and the upregula-
tion of proinflammatory cytokines indicates the occurrence
of inflammation [57]. In this study, while substituting unfer-
mented SBM for a portion of FM could significantly reduce
the activities of antioxidant enzymes and improve the rela-
tive expressions of proinflammatory genes in juvenile coho
salmon, substituting FSBM for a portion of FM could signif-
icantly increase the activities of antioxidant enzymes and
improve the relative expressions of proinflammatory genes.
The findings demonstrated the coho salmon’s immune sys-
tem and antioxidant capacity could both be improved by
FSBM. The reasons are supposed to be: first, Fish may expe-
rience oxidative stress due to antinutritional components in
plant protein sources, which could be substantially decreased
by microbial fermentation of SBM, increasing antioxidant
capacity [58]. Studies had shown that probiotic fermentation
could remove pf-conglycinin, soya-saponin, and soybean
agglutinin that affect intestinal health or cause inflammatory
response [10, 59]. Second, the lipophilic aglycone released
from isoflavone glycosides in FSBM was an effective free rad-
ical scavenger, and fermentation could effectively improve the
bioavailability of isoflavones [60]. In addition, polyphenols
were the main natural antioxidants in legumes [39]. The
release of bound phenols by microorganisms during fermen-
tation increased the total phenol content, thereby enhancing
antioxidant activity [61]. Third, free amino acids such as tyro-
sine, methionine, histidine, tryptophan, and lysine were gen-
erally considered antioxidants, and FSBM could improve
antioxidant capacity by increasing the content of free amino
acids [62]. In addition, fermentation improved antioxidant
activity by increasing the bioavailability of vitamins and extra-
cellular polysaccharides [63]. Fourth, the fermentation pro-
cess could promote the release of bioactive peptides with
immunomodulatory effects in plant proteins [64]. In addi-
tion, the bacteria itself contains f-glucan, mannose, and other
oligosaccharides that may have immune stimulation [65].

Similar studies have shown that Lee et al. [47] used SBM
fermented with Bacillus subtilis increased the activities of
SOD and CAT of rockfish. SBM fermentation with Lactobacil-
lus plantarum instead of FM could effectively improve the activ-
ity of T-AOC of juvenile turbot [66]. Replacing a FM with FSBM
reduced the expression of pro-inflammatory factors IL-1f3,
IL-12, IL-32, and TNF-a in the intestinal tissue of juvenile
pearl gentian grouper (Epinephelus fuscoguttatusQ x E. lan-
ceolatusd) [67]. Compared with unfermented SBM, the
expressions of intestinal proinflammatory factors IL-1f3, IL-
8, and TNF-a were significantly decreased in turbot fed with
Enterococcus faecium FSBM [68].

The mTOR could respond to extracellular growth fac-
tors, amino acids, nutrients, insulin, and other stimuli [69].
The activation of mTOR induced by these stimuli was medi-
ated by PI3K [70]. AKT was a downstream effector of PI3K,
which recruited and activated the cell membrane and indi-
rectly activated the mTOR complex [71]. mTOR regulated
the phosphorylation and activation of the downstream target
ribosomal protein S6 kinases (S6Ks) [72]. The body regu-
lated various physiological activities such as protein synthe-
sis, cell growth, proliferation, and cell cycle through the
PI3K-AKT-mTOR signaling pathway. The positive regula-
tion of the mTOR pathway by nutrients was characterized by
increased expression of AKT and S6Ks [73]. In this study,
substituting FSBM for a portion of the FM significantly
increased the expression of the genes mTOR, AKT, PI3K,
and S6K1 in the liver of juvenile coho salmon, while substi-
tuting FSBM for a portion of the FM significantly decreased
the expression of the genes mTOR, AKT, PI3K, and S6K1 in
the liver of juvenile coho salmon. The results showed that
FSBM could significantly increase the protein synthesis in
the liver of juvenile coho salmon, which was consistent
with the higher protein content and higher protease activity
in the muscle and serum of the G3 group. The reasons are
supposed to be: first, fermentation improved the absorption
and utilization of nutrients such as protein in SBM. Higher
protein and amino acid content in feed could activate the
mTOR signaling system [73]. Second, the intake of protein
could lead to increase insulin levels in the blood and insulin-
induced PI3K-AKT-mTOR signaling pathway gene expres-
sion to promote protein synthesis [74]. Studies on rainbow
trout had shown that the plant protein sources to replace FM
would reduce the expressions of mTOR pathway-related
genes and cause growth inhibition, while the FSBM to
replace FM would positively regulate mTOR pathway-related
genes [74]. The increase in protein synthesis is beneficial to
protein deposition, which is the basis for the growth and
development of aquatic animals [75].

5. Conclusion

In summary, the SBM protein fermented by B. pumilus to
replace 10% FM protein had a positive effect on the growth
performance, protein deposition, antioxidant enzyme activity,
digestive enzyme activity, protein synthesis, and immune-
related genes of juvenile coho salmon. This study provides a
support for the application of FSBM in coho salmon feed.



10

Data Availability

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

Ethical Approval

All animal experiments were conducted in accordance with
the guidelines of Guangxi Minzu University, Nanning, China,
and this research does not contain any studies with human
participants (approval number: GXUN 2021-006).

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Q. Zhang contributed to conceptualization, data curation, for-
mal analysis, funding acquisition, investigation, methodology,
project administration, validation, visualization, and writing—
review and editing. M. Guo contributed to data curation, for-
mal analysis, investigation, methodology, resources, software,
validation, visualization, and writing original draft. F. Li
contributed to investigation, methodology, validation, and
visualization. M. Qin contributed to investigation, method-
ology, validation, and visualization. Q. Yang contributed to
investigation, methodology, validation, and visualization.
H. Yu contributed to investigation, methodology, validation,
and visualization. J. Xu contributed to funding acquisition,
resources, software, validation, and visualization. Y. Liu con-
tributed to conceptualization, data curation, formal analysis,
funding acquisition, investigation, methodology, project
administration, software, supervision, validation, visualiza-
tion, and writing—review and editing. T. Tong contributed
to data curation, funding acquisition, validation, and writing
—review and editing. Qin Zhang and Mengjie Guo contrib-
uted equally to this work.

Acknowledgments

This work was supported by grants from Scientific Research
Foundation for the Introduced Talents of Guangxi Minzu
University (2018KJQD14), the National Natural Science
Foundation of China (U20A2064), Innovation Driven Devel-
opment Special Fund Project of Guangxi (AA17204044),
Innovation Team Fund Project of Young Xiangsi Lake Scho-
lars of Guangxi Minzu University (2018RSCXSHQNO02), and
Shandong Provincial Key Research and Development Pro-
grams (2019]JZ22Y020710).

References

[1] H.-M. Habte-Tsion, X. Ge, B. Liu et al., “A deficiency or an
excess of dietary threonine level affects weight gain, enzyme
activity, immune response and immune-related gene expres-
sion in juvenile blunt snout bream (Megalobrama amblyce-
phala),” Fish & Shellfish Immunology, vol. 42, no. 2, pp. 439-
446, 2015.

[2] M. J. Lee,J. Kim, S. I. Baek, and S. H. Cho, “Substitution effect
of fish meal with meat meal in diet on growth performance,

Aquaculture Nutrition

feed consumption, feed utilization, chemical composition,
hematology, and innate immune responses of rockfish (Sebastes
schlegeli),” Aquaculture, vol. 571, Article ID 739467, 2023.

[3] M. Carvalho, S. Torrecillas, D. Montero et al., “Insect and

single-cell protein meals as replacers of fish meal in low fish

meal and fish oil diets for gilthead sea bream (Sparus aurata)

juveniles,” Aquaculture, vol. 566, Article ID 739215, 2023.

S. Rahimnejad, S. Hu, K. Song et al., “Replacement of fish meal

with defatted silkworm (Bombyx mori L.) pupae meal in diets

for Pacific white shrimp (Litopenaeus vannamei),” Aquacul-

ture, vol. 510, pp. 150-159, 2019.

[5] D. M. Gatlin, F. T. Barrows, P. Brown et al., “Expanding the
utilization of sustainable plant products in aquafeeds: a
review,” Aquaculture Research, vol. 38, no. 6, pp. 551-579,
2007.

[6] R. W. Hardy, “Utilization of plant proteins in fish diets: effects
of global demand and supplies of fishmeal,” Aquaculture
Research, vol. 41, no. 5, pp. 770-776, 2010.

[7] H. M. Azarm and S.-M. Lee, “Effects of partial substitution of

dietary fish meal by fermented soybean meal on growth

performance, amino acid and biochemical parameters of
juvenile black sea bream Acanthopagrus schlegeli,” Aquacul-

ture Research, vol. 45, no. 6, pp. 994-1003, 2014.

S. Refstie, T. Storebakken, and A. J. Roem, “Feed consumption

and conversion in Atlantic salmon (Salmo salar) fed diets with

fish meal, extracted soybean meal or soybean meal with
reduced content of oligosaccharides, trypsin inhibitors, lectins

and soya antigens,” Aquaculture, vol. 162, no. 3-4, pp. 301-

312, 1998.

[9] X.-D. Duan, L. Feng, W.-D. Jiang et al., “Dietary soybean
p-conglycinin suppresses growth performance and inconsis-
tently triggers apoptosis in the intestine of juvenile grass carp
(Ctenopharyngodon idella) in association with ROS-mediated
MAPK signalling,” Aquaculture Nutrition, vol. 25, no. 4,
pp. 770-782, 2019.

[10] M. Gu, Q. Jia, Z. Zhang, N. Bai, X. Xu, and B. Xu, “Soya-
saponins induce intestinal inflammation and barrier dysfunc-
tion in juvenile turbot (Scophthalmus maximus),” Fish &
Shellfish Immunology, vol. 77, pp. 264-272, 2018.

[11] R. W. Hardy, “Alternate protein sources for salmon and trout
diets,” Animal Feed Science and Technology, vol. 59, no. 1-3,
pp. 71-80, 1996.

[12] W.-D. Jiang, K. Hu, J.-X. Zhang et al., “Soyabean glycinin
depresses intestinal growth and function in juvenile Jian carp
(Cyprinus carpio var Jian): protective effects of glutamine,”
British Journal of Nutrition, vol. 114, no. 10, pp. 1569-1583,
2015.

[13] L. Pan, J. Liu, M. H. Farouk etal, “Anti-nutritional
characteristics and mechanism of soybean agglutinin,” Biocell,
vol. 45, no. 3, pp. 451-459, 2021.

[14] Z.Duan, C. Zhang, L. Huang et al., “An evaluation of replacing
fish meal with fermented soybean meal in diet of hybrid
snakehead (Channa argus X Channa maculata): growth,
nutrient utilization, serum biochemical indices, intestinal
histology, and microbial community,” Aquaculture Nutrition,
vol. 2022, Article ID 2964779, 13 pages, 2022.

[15] Q. Zhang, F. Li, M. Guo etal, “Growth performance,
antioxidant and immunity capacity were significantly affected
by feeding fermented soybean meal in juvenile coho salmon
(Oncorhynchus kisutch),” Animals, vol. 13, no. 5, Article ID
945, 2023.

[16] J. Wacyk, M. Powell, K. Rodnick, K. Overturf, R. A. Hill, and
R. Hardy, “Dietary protein source significantly alters growth
performance, plasma variables and hepatic gene expression in

=

[8

—_



Aquaculture Nutrition

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

rainbow trout (Oncorhynchus mykiss) fed amino acid balanced
diets,” Aquaculture, vol. 356-357, pp. 223-234, 2012.

T. Yamamoto, Y. Iwashita, H. Matsunari et al., “Influence of
fermentation conditions for soybean meal in a non-fish meal
diet on the growth performance and physiological condition of
rainbow trout Oncorhynchus mykiss,” Aquaculture, vol. 309,
no. 1-4, pp. 173-180, 2010.

T.-Y. Tsai, L. H.H. Hernandez, T.G. Gaylord, and
M. S. Powell, “Effects of dietary soybean meal inclusion on
calcium-binding protein expression and inflammatory gene
markers in liver and intestine of Atlantic Salmon (Salmo salar
L.),” Aquaculture Reports, vol. 30, Article ID 101624, 2023.
N. Nimalan, S. L. Sgrensen, A. Feckaninové et al., “Supple-
mentation of lactic acid bacteria has positive effects on the
mucosal health of Atlantic salmon (Salmo salar) fed soybean
meal,” Aquaculture Reports, vol. 28, Article ID 101461, 2023.
Z.Ding, Y. Zhang, ]. Ye, Z. Du, and Y. Kong, “An evaluation of
replacing fish meal with fermented soybean meal in the diet of
Macrobrachium nipponense: growth, nonspecific immunity,
and resistance to Aeromonas hydrophila,” Fish & Shellfish
Immunology, vol. 44, no. 1, pp. 295-301, 2015.

M. S. Hossain, Y. Zhang, and B. C. Small, “Evaluation of a corn
fermented protein with solubles (CFPS) as a complete soybean
meal replacer in practical diets for Atlantic salmon (Salmo
salar),” Aquaculture, vol. 566, Article ID 739198, 2023.

L. P. Gaffney, R. A. Leggatt, A. F. Muttray, D. Sakhrani,
C. A. Biagi, and R. H. Devlin, “Comparison of growth rates
between growth hormone transgenic and selectively-bred
domesticated strains of coho salmon (Oncorhynchus kisutch)
assessed under different culture conditions,” Aquaculture,
vol. 528, Article ID 735468, 2020.

T. Nakano, S. Hayashi, and N. Nagamine, “Effect of excessive
doses of oxytetracycline on stress-related biomarker expres-
sion in coho salmon,” Environmental Science and Pollution
Research, vol. 25, pp. 7121-7128, 2018.

H.-R. Yu, M.-]. Guo, L.-Y. Yu et al, “Effects of dietary
riboflavin supplementation on the growth performance, body
composition and anti-oxidative capacity of Coho Salmon
(Oncorhynchus  kisutch) Post-Smolts,” Animals, vol. 12,
no. 22, Article ID 3218, 2022. .

T. Ytrestgyl, T. Synngve Aas, and T. Asgérd, “Utilisation of
feed resources in production of Atlantic salmon (Salmo salar)
in Norway,” Aquaculture, vol. 448, pp. 365-374, 2015.

K. Ghosh, S. K. Sen, and A. K. Ray, “Characterization of bacilli
isolated from the gut of rohu, Labeo rohita, fingerlings and its
significance in digestion,” Journal of Applied Aquaculture,
vol. 12, no. 3, pp. 33-42, 2002.

H. T. T. Thy, N. N. Tri, O. M. Quy et al., “Effects of the
dietary supplementation of mixed probiotic spores of Bacillus
amyloliquefaciens 54A, and Bacillus pumilus 47B on growth,
innate immunity and stress responses of striped catfish
(Pangasianodon hypophthalmus),” Fish & Shellfish Immunol-
ogy, vol. 60, pp. 391-399, 2017.

M. He, X. Li, L. Poolsawat et al., “Effects of fish meal replaced
by fermented soybean meal on growth performance, intestinal
histology and microbiota of largemouth bass (Micropterus
salmoides),” Aquaculture Nutrition, vol. 26, no. 4, pp. 1058~
1071, 2020.

Y.-L. Shiu, S.-L. Hsieh, W.-C. Guei, Y.-T. Tsai, C.-H. Chiu, and
C.-H. Liu, “Using Bacillus subtilis E20-fermented soybean
meal as replacement for fish meal in the diet of orange-spotted
grouper (Epinephelus coioides, Hamilton),” Aquaculture
Research, vol. 46, no. 6, pp. 1403-1416, 2015.

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

[43]

11

C. Li, B. Zhang, H. Zhou et al., “Beneficial influences of dietary
Aspergillus awamori fermented soybean meal on oxidative
homoeostasis and inflammatory response in turbot
(Scophthalmus maximus L.),” Fish & Shellfish Immunology,
vol. 93, pp. 8-16, 2019.

Association of Official Analytical Chemists (AOAC), Official
Methods of Analysis of Official Analytical Chemists Interna-
tional, Vol. 1, AOAC International, Arlington, VA, USA, 16th
edition, 2005.

T. D. Schmittgen and K. J. Livak, “Analyzing real-time PCR
data by the comparative Ct method,” Nature Protocols, vol. 3,
pp. 1101-1108, 2008.

M. Xue and Y. Cui, “Effect of several feeding stimulants on diet
preference by juvenile gibel carp (Carassius auratus gibelio),
fed diets with or without partial replacement of fish meal by
meat and bone meal,” Aquaculture, vol. 198, no. 3-4, pp. 281-
292, 2001.

D. G. Choi, M. He, H. Fang, X. L. Wang, X. Q. Li, and
X.J. Leng, “Replacement of fish meal with two fermented
soybean meals in diets for rainbow trout (Oncorhynchus
mykiss),” Aquaculture Nutrition, vol. 26, no. 1, pp. 37-46,
2020.

B. Van Vo, D.P. Bui, H. Q. Nguyen, and R. Fotedar,
“Optimized fermented lupin (Lupinus angustifolius) inclusion
in juvenile barramundi (Lates calcarifer) diets,” Aquaculture,
vol. 444, pp. 62-69, 2015.

H. Yang, Y. Bian, L. Huang et al., “Effects of replacing fish meal
with fermented soybean meal on the growth performance,
intestinal microbiota, morphology and disease resistance of
largemouth bass (Micropterus salmoides),” Aquaculture
Reports, vol. 22, Article ID 100954, 2022.

C.-H. Liu, Y.-L. Shiu, and J.-L. Hsu, “Purification and
characterization of trypsin from the pyloric ceca of orange-
spotted grouper, Epinephelus coioides,” Fish Physiology and
Biochemistry, vol. 38, pp. 837-848, 2012.

C.-H. Chi and S.-J. Cho, “Improvement of bioactivity of
soybean meal by solid-state fermentation with Bacillus
amyloliquefaciens versus Lactobacillus spp. and Saccharomyces
cerevisiae,” LWT-Food Science and Technology, vol. 68,
pp. 619-625, 2016.

Z. Wang, M. Yang, L. Wang, K. Lu, K. Song, and C. Zhang,
“Bacillus subtilis LCBS1 supplementation and replacement of
fish meal with fermented soybean meal in bullfrog (Lithobates
catesbeianus) diets: effects on growth performance, feed
digestibility and gut health,” Aquaculture, vol. 545, Article ID
737217, 2021.

E. R.EL-Haroun, A. M. A.-S. Goda,and M. A. K. Chowdhury,
“Effect of dietary probiotic Biogen® supplementation as a
growth promoter on growth performance and feed utilization
of Nile tilapia Oreochromis niloticus (L.),” Aquaculture
Research, vol. 37, no. 14, pp. 1473-1480, 2006.

S. Rahimnejad, J.-J. Zhang, L. Wang, Y. Sun, and C. Zhang,
“Evaluation of Bacillus pumillus SE5 fermented soybean meal
as a fish meal replacer in spotted seabass (Lateolabrax
maculatus) feed,” Aquaculture, vol. 531, Article ID 735975,
2021.

L. C. Wang, C. Wen, Z. Y. Jiang, and Y. M. Zhou, “Evaluation
of the partial replacement of high-protein feedstuff with
fermented soybean meal in broiler diets,” Journal of Applied
Poultry Research, vol. 21, no. 4, pp. 849-855, 2012.

D. H. Yu, S. Y. Gong, Y. C. Yuan, and Y. C. Lin, “Effects of
replacing fish meal with soybean meal on growth, body
composition and digestive enzyme activities of juvenile Chinese



12

(44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

sucker, Myxocyprinus asiaticus,” Aquaculture Nutrition,
vol. 19, no. 1, pp. 84-90, 2013.

N. Catalan, A. Villasante, J. Wacyk, C. Ramirez, and J. Romero,
“Fermented soybean meal increases lactic acid bacteria in gut
microbiota of Atlantic Salmon (Salmo salar),” Probiotics &
Antimicrobial Proteins, vol. 10, pp. 566-576, 2018.

M. He, Y. Yu, X. Li et al,, “An evaluation of replacing fish meal
with fermented soybean meal in the diets of largemouth bass
(Micropterus salmoides): growth, nutrition utilization and
intestinal histology,” Aquaculture Research, vol. 51, no. 10,
pp. 4302-4314, 2020.

X. F. Liang, L. Hu, Y. C. Dong et al., “Substitution of fish meal
by fermented soybean meal affects the growth performance
and flesh quality of Japanese seabass (Lateolabrax japonicus),”
Animal Feed Science and Technology, vol. 229, pp. 1-12, 2017.
S. M. Lee, H. M. Azarm, and K. H. Chang, “Effects of dietary
inclusion of fermented soybean meal on growth, body
composition, antioxidant enzyme activity and disease
resistance of rockfish (Sebastes schlegeli),” Aquaculture,
vol. 459, pp. 110-116, 2016.

S. Yao, S. Yagi, R. Uozumi et al, “A high portal venous
pressure gradient increases gut-related bacteremia and
consequent early mortality after living donor liver transplan-
tation,” Transplantation, vol. 102, no. 4, pp. 623-631, 2018.
S. Dossou, S. Koshio, M. Ishikawa et al., “Effect of partial
replacement of fish meal by fermented rapeseed meal on
growth, immune response and oxidative condition of red sea
bream juvenile, Pagrus major,” Aquaculture, vol. 490,
pp. 228-235, 2018.

K. R. Grant, “Fish hematology and associated disorders,” Clinics
in Laboratory Medicine, vol. 35, no. 3, pp. 681-701, 2015.

H. Feng, D. Peng, X.-F. Liang, F. Chai, S. Tang, and J. Li,
“Effect of dietary hydroxyproline supplementation on Chinese
perch (Siniperca chuatsi) fed with fish meal partially replaced
by fermented soybean meal,” Aquaculture, vol. 547, Article ID
737454, 2022.

T. Mohammadian, M. Nasirpour, M. R. Tabandeh,
A. A. Heidary, R. Ghanei-Motlagh, and S.S. Hosseini,
“Administrations of autochthonous probiotics altered juvenile
rainbow trout Oncorhynchus mykiss health status, growth
performance and resistance to Lactococcus garvieae, an
experimental infection,” Fish & Shellfish Immunology, vol. 86,
pp. 269-279, 2019.

V. Aliko, M. Qirjo, E. Sula, V. Morina, and C. Faggio,
“Antioxidant defense system, immune response and erythron
profile modulation in gold fish, Carassius auratus, after acute
manganese treatment,” Fish & Shellfish Immunology, vol. 76,
pp. 101-109, 2018.

T. Wagner and J. L. Congleton, “Blood chemistry correlates of
nutritional condition, tissue damage, and stress in migrating
juvenile chinook salmon (Oncorhynchus tshawytscha),”
Canadian Journal of Fisheries and Aquatic Sciences, vol. 61,
no. 7, pp. 1066-1074, 2004.

Y.-L. Shiu, S.-L. Wong, W.-C. Guei, Y.-C. Shin, and C.-H. Liu,
“Increase in the plant protein ratio in the diet of white shrimp,
Litopenaeus vannamei (Boone), using Bacillus subtilis E20-
fermented soybean meal as a replacement,” Aquaculture
Research, vol. 46, no. 2, pp. 382-394, 2015.

Z. Dan, W. Zhang, J. Zheng et al., “Effects of fishmeal
substitution by four fermented soybean meals on growth,
antioxidant capacity and inflammation responses of turbot
juveniles (Scophthalmus maximus L.),” Aquaculture, vol. 560,
Article ID 738414, 2022.

(57]

(58]

[59]

[60]

[61]

[62]

[64]

[65]

[66]

[67]

(68]

(69]

Aquaculture Nutrition

C. Cheng, S. C. Park, and S. S. Giri, “Effect of Pandanus
tectorius extract as food additive on oxidative stress, immune
status, and disease resistance in Cyprinus carpio,” Fish &
Shellfish Immunology, vol. 120, pp. 287-294, 2022.

Y.-R. Wang, L. Wang, C.-X. Zhang, and K. Song, “Effects of
substituting fishmeal with soybean meal on growth perfor-
mance and intestinal morphology in orange-spotted grouper
(Epinephelus coioides),” Aquaculture Reports, vol. 5, pp. 52—
57, 2017.

A. Sitja-Bobadilla, S. Pefia-Llopis, P. GoOmez-Requeni,
F. Médale, S. Kaushik, and J. Pérez-Sanchez, “Effect of fish
meal replacement by plant protein sources on non-specific
defence mechanisms and oxidative stress in gilthead sea bream
(Sparus aurata),” Aquaculture, vol. 249, no. 1-4, pp. 387-400,
2005.

L. G. Buttle, A. C. Burrells, J. E. Good, P.D. Williams,
P.J. Southgate, and C. Burrells, “The binding of soybean
agglutinin (SBA) to the intestinal epithelium of Atlantic
salmon, Salmo salar and Rainbow trout, Oncorhynchus mykiss,
fed high levels of soybean meal,” Veterinary Immunology and
Immunopathology, vol. 80, no. 3-4, pp. 237-244, 2001.

C.-H. Lin, Y.-T. Wei, and C.-C. Chou, “Enhanced
antioxidative activity of soybean koji prepared with various
filamentous fungi,” Food Microbiology, vol. 23, no. 7, pp. 628-
633, 2006.

O. A. Adebo and I. G. Medina-Meza, “Impact of fermentation
on the phenolic compounds and antioxidant activity of whole
cereal grains: a mini review,” Molecules, vol. 25, no. 4,
Article ID 927, 2020.

W. Wang and E. G. De Mejia, “A new frontier in soy bioactive
peptides that may prevent age-related chronic diseases,”
Comprehensive Reviews in Food Science and Food Safety,
vol. 4, no. 4, pp. 63-78, 2005.

M. Verni, V. Verardo, and C. Rizzello, “How fermentation
affects the antioxidant properties of cereals and legumes,”
Foods, vol. 8, no. 9, Article ID 362, 2019.

H. Kiihlwein, D. L. Merrifield, M. D. Rawling, A. D. Foey, and
S.J. Davies, “Effects of dietary f-(1,3)(1,6)-D-glucan
supplementation on growth performance, intestinal morphol-
ogy and haemato-immunological profile of mirror carp
(Cyprinus carpio L.),” Journal of Amimal Physiology and
Animal Nutrition, vol. 98, no. 2, pp. 279-289, 2014.

L. Wang, H. Zhou, R. He, W. Xu, K. Mai, and G. He, “Effects of
soybean meal fermentation by Lactobacillus plantarum P8 on
growth, immune responses, and intestinal morphology in
juvenile turbot (Scophthalmus maximus L.),” Aquaculture,
vol. 464, pp. 87-94, 2016.

W. Zhang, B. Tan, J. Deng et al., “Effects of high level of
fermented soybean meal substitution for fish meal on the
growth, enzyme activity, intestinal structure protein and
immune-related gene expression and intestinal flora in
juvenile pearl gentian grouper,” Aquaculture Nutrition,
vol. 27, no. 5, pp. 1433-1447, 2021.

C. Li, B. Zhang, C. Liu et al, “Effects of dietary raw or
Enterococcus faecium fermented soybean meal on growth,
antioxidant status, intestinal microbiota, morphology, and
inflammatory responses in turbot (Scophthalmus maximus
L.),” Fish & Shellfish Immunology, vol. 100, pp. 261-271, 2020.
Z. Wu, X. Yu, J. Guo et al., “Effects of replacing fish meal with
corn gluten meal on growth performance, intestinal microbiota,
mTOR pathway and immune response of abalone Haliotis
discus  hannai,” Aquaculture Reports, vol. 23, Article ID
101007, 2022.



Aquaculture Nutrition

(70]

(71]

(72]

(73]

(74]

(75]

[76]

B. Cheatham, C. J. Vlahos, L. Cheatham, L. Wang, J. Blenis,
and C. R. Kahn, “Phosphatidylinositol 3-kinase activation is
required for insulin stimulation of pp70 S6 kinase, DNA
synthesis, and glucose transporter translocation,” Molecular
and Cellular Biology, vol. 14, no. 7, pp. 4902-4911, 1994.

N. Hay and N. Sonenberg, “Upstream and downstream of
mTOR,” Genes & Development, vol. 18, pp. 1926-1945, 2004.
N. Sonenberg and A.G. Hinnebusch, “Regulation of
translation initiation in eukaryotes: mechanisms and biological
targets,” Cell, vol. 136, no. 4, pp. 731-745, 2009.

L. Seiliez, S. Panserat, M. Lansard et al., “Dietary carbohydrate-
to-protein ratio affects TOR signaling and metabolism-related
gene expression in the liver and muscle of rainbow trout after a
single meal,” American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, vol. 300, no. 3,
pp. R733-R743, 2011.

M. Lansard, S. Panserat, I. Seiliez et al., “Hepatic protein kinase
B (Akt)-target of rapamycin (TOR)-signalling pathways and
intermediary metabolism in rainbow trout (Oncorhynchus
mykiss) are not significantly affected by feeding plant-based
diets,” British Journal of Nutrition, vol. 102, no. 11, pp. 1564—
1573, 2009.

K. Ono, M. Tanaka, T. Ikeji et al., “Acute effects of lactic acid-
fermented and enzyme-digested soybean on protein synthesis
via mTOR signaling in the skeletal muscle,” Bioscience,
Biotechnology, and Biochemistry, vol. 84, no. 11, pp. 2360-
2366, 2020.

M. S. Hassaan, M. A. Soltan, and A. M. Abdel-Moez,
“Nutritive value of soybean meal after solid state fermentation
with Saccharomyces cerevisiae for Nile tilapia, Oreochromis
niloticus,” Animal Feed Science and Technology, vol. 201,
pp. 89-98, 2015.

13





