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Abstract: In China, aquaculture costs have increased because of the increase in fish meal (FM)
prices. Plant proteins, such as soybean meal, have the potential to replace FM partially and thus
reduce the cost of aquatic feed. In this study, soybean meal (SBM) was fermented using compound
microorganisms (lactic acid bacteria, yeast, and Bacillus). Fermented soybean meal (FSBM) replaced
FM in the diet. The effect of replacing FM on largemouth bass was comprehensively evaluated at
three levels: macro (growth performance), microbial (bacterial diversity and metabolic), and gene (key
gene expression) levels. The results showed that FSBM increased the crude protein content by 7.45%
and decreased the phytic acid concentration by 48.66% compared with original SBM. Compared with
the control, the weight gain rate and feed conversion ratio showed no significant difference (p > 0.05)
when the replacement amount of FM was less than 30%. Compared with the 50% FSBM treatment,
the 10% and 30% treatments showed more steatosis in the liver slices. Although the replacement
of FSBM with less than 30% did not have a significant (p < 0.05) negative impact on body weight,
FSBM substitution adversely affected the height and width of the intestinal villi. The expression
levels of Hepcidin-1, Hepcidin-2, TGF-B1, and IL-10 in 30% and 50% FSBM treatments were lower than
those in the control, whereas the expression levels of SOD1 and SOD?2 in 30% FSBM treatment were
higher than those in the control group, and the expression level of SOD3a in 30% FSBM treatment
was equal to the control. In addition, FSBM substitution could affect the composition of intestinal
microorganisms and thus influence metabolic pathways, especially the biosynthesis of amino acids
and plant secondary metabolites.

Keywords: largemouth bass; fish meal; fermented soybean meal; microbial community

1. Introduction

In China, the rapid growth of aquaculture has led to a shortage of protein feed [1]. The
primary protein source in aquaculture is fish meal (FM) [2]. In recent years, the rising price
of FM has led to the rise in aquaculture costs [3]; consequently, finding alternative protein
sources for fish meal is a topic of concern [4].

Soybean meal (SBM) is a by-product of oil extraction and is widely used as a source
of animal protein. In China, the price of soybean meal containing 46% crude protein is
lower than 614.5 USD t~!. The amino acid composition of soybean meal is relatively well-
balanced, making it a viable alternative to fish meal [5]. The original soybean meal contains
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numerous anti-nutritional factors, such as oligosaccharides, phytic acid, lectins, and trypsin
inhibitors [6]. As expected, its direct application has negative effects on digestion and
absorption of nutrients, and thereby fish growth [7]. The concentration of these anti-
nutritional factors can be reduced through microbial fermentation. Refstie et al. [8], for
instance, demonstrated that fermentation with lactic acid bacteria significantly decreased
the level of trypsin inhibitors in soybean meal. Similarly, Hassaan et al. showed that
fermentation with Saccharomyces cerevisiae significantly reduced the phytic acid content [3].
In recent years, replacing fish meals with fermented soybean meal (FSBM) in aquaculture
has become a research hotspot. The preliminary effects of replacing fish meal on the growth
of catfish, Nile tilapia, rainbow trout, and grouper were investigated [9].

Perch is the fourth most popular freshwater fish in China, and it is favored by con-
sumers due to its rich nutrition. The cost of raising largemouth bass is approximately
2000-2300 USD t~!. The main expenses in the process of bass farming originate from labor,
electricity, fish medicine, and feed. According to previous studies, the cost of feeding perch
accounts for 30-70% of the total cost of aquaculture [10], whereas the cost of fish meal
accounts for over 50% of all feed ingredients. According to data from the U.S. Department
of Agriculture, global fish meal production remained between 4.4 and 4.9 million tons from
2012 to 2020. China is the largest fish meal consumption market in the world, and the
annual fish meal consumption is around 2 million tons. Some researchers have investigated
the viability of substituting FSBM for fish meal in perch cultures [11]. However, these
studies focused primarily on these growth performance indicators for perch. The compre-
hensive and in-depth evaluation of FSBM as an alternative to fish meal on perch requires
additional research. In the current study, we screened three types of microorganisms: Bacil-
lus amyloliquefaciens, Cyberlindnera jadinii, and Streptococcus thermophilus. Then, we mixed
Bacillus amyloliquefaciens, Cyberlindnera jadinii, and Streptococcus thermophilus at a ratio of
1:2:1 for the fermentation of soybean meal. Based on the principle of equal nitrogen and
energy of feed in the control and experimental treatment groups, fish meal was substituted
with FSBM at 0%, 10%, 30%, and 50%. The effect of replacing fish meal with FSBM on
largemouth bass was investigated at three levels: macro (growth performance), microbial
(bacterial diversity and metabolic), and gene (key gene expression). The results of this
experiment lend theoretical support to the substitution of FSBM for the fish meals.

2. Materials and Methods
2.1. Preparation Method of Fermented Soybean Meal

Soybean meal (China Grain Storage Oil (Tangshan) Co., Ltd., Tangshan City, China)
was acquired from the Taobao company (https://www.taobao.com) (accessed on 14 Jun
2022). A pulverizer (CLF-102, ChuangLi Instrument Factory, Wenling City, China) was used
to crush the soybean meal, which was then homogenized using a 0.425 mm sieve. The soy-
bean meal was then sterilized (121 °C, 30 min). Lactic acid bacteria, yeast, and Bacillus were
obtained from the National Biochemical Engineering Research Center (Nanjing, China).
B. amyloliquefaciens (0.5% v/v), C. jadinii (0.5% v/v), and S. thermophilus (1% v/v) were
cultured in Luria-Bertani (LB) (Solarbio, Beijing, China), Yeast Extract Peptone Dextrose
Medium (YPD) (Solarbio, Beijing, China), and lactic acid bacteria culture medium (MRS)
(Solarbio, Beijing, China) for 11, 13, and 18 h, respectively. B. amyloliquefaciens and S. ther-
mophilus at 2.5% (v/w) and C. jadinii at 5% (v/w) were inoculated into the sterilized soybean
meal. The number of microorganisms in the soybean meal was higher than 1 x 10° CFU g !
fresh matter at the beginning of fermentation. By adding 900 g of deionized water and
100 mL of inoculum to 1000 g of dried soybean meal, the water content of the digestion
system was controlled at approximately 50%. The soybean meal inoculated with microor-
ganisms was fermented in an incubator (SPX-150BIII, Tianjin Taist Instrument Co., Ltd.,
TianJin, China) (37 °C for 96 h). The FSBM was air-dried using a fan (MFS]-205, Hefei
Meiling Group Holdings Co., Ltd., Hefei, China) at room temperature and stored at 4 °C
before use.
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2.2. The Feed Preparation of Different Treatments

A basic feed (control) containing 35% (w/w) fish meal was formulated. FSBM was
used to replace 10%, 30%, and 50% of the fish meal so that the three treatments contained
equivalent nitrogen (46% crude protein) and energy (18.5 k] g~ ! energy) with the control
feed. Table 1 displays the proportion and composition of ingredients in the control and
experimental feeds. After mixing these ingredients thoroughly, they were granulated using
a granulator equipped with a 1 mm particle mold. After granulation, these feeds were
dried using a fan (MFS]-205, Hefei Meiling Group Holdings Co., Ltd., Hefei, China) at
room temperature and then stored at —20 °C.

Table 1. Ingredients and proximate composition of experimental diets (air dry basis, g kg ™').

Ingredients Control 10% FSBM 30% FSBM 50% FSBM
Fish meal 350 315 245 175
Fermented soybean 477 143.1 238.5

meal

Corn gluten meal 180 180 180 180

Wheat flour 145.8 132.7 106.3 80

Wheat gluten meal 80 80 80 80

Fish oil 20 20 20 20

Corn oil 20 21.3 232 25.7
Soybean phospholipid 30 30 30 30

Lysine 4 4 4 4

Arginine 6 6 6 6
Methionine 8 8 8 8
Monocalcium 20 20 20 20
phosphate

Mineral premix 5 5 5 5

Vitamin premix 5 5 5 5
Carboxymethyl 40 40 40 40
cellulose

Y,03 1 1 1 1
Microcrystalline 752 74.3 73.4 718
cellulose

Alpha starch 10 10 10 10
Proximate composition (% dry-matter basis)

Moisture 7.27 £0.031 7.4 £ 0.055 7.72 £ 0.046 7.84 £0.07
Crude Protein 45.97 +0.16 46.42 +0.22 45.98 £ 0.44 45.6 £ 0.1
Crude fiber 893 +£0.13 9.45+0.19 9.53 +0.59 11.32 £0.32
Ash 8.65 £ 0.07 8.74 £+ 0.09 9.33+0.24 9.34 +0.184
Crude lipid 10.86 £ 0.099 11.61 £0.19 11.55 £ 0.31 11.92 £0.2
NFE 25.59 23.59 23.61 21.82

GE (k]/g) 18.67 18.51 18.60 18.20

Note: Nitrogen-free extract (NFE) = 100 — (crude protein + crude lipid + crude fiber + ash). Gross energy (GE,
kJ g71) = (crude protein x 23.6) + (NFE x 17.2) + (crude lipid x 39.5). Vitamin premix (kg~! premix): vitamin A,
6,000,000 IU; vitamin D3, 1,000,000 IU; vitamin E, 5000 mg; vitamin K3, 1500 mg; vitamin B3, 5000 mg; vitamin B2,
3500 mg; vitamin B12, 100 mg; vitamin C, 2500 mg; niacinamide, 3800 mg; calcium pantothenate, 2000 mg; folic
acid, 200 mg; biotin, 300 mg; inositol, 6000 mg; methionine, 2000 mg; lysine, 5000 mg; zinc, 300 mg; iron, 2100 mg.
Mineral premix (mg kg*1 premix): CuSOy, 2000; KI, 100; FeSOy4, 10,000; MnSOy, 5000; NazSe;O3, 100; ZnSOy,
5000; CoClj, 200.

2.3. Experiment Process of Breeding Largemouth Bass

Largemouth bass were purchased from aquaculture farms (Guangzhou, Guangdong,
China). A total of 160 largemouth bass with similar shapes and sizes were randomly
selected as the experimental object. The average weight of these largemouth bass was
60.46 £ 0.19 g. Four water tanks (1.5 x 1.2 m) were used for fish farming, and the number
of largemouth bass was 40 in each tank. Each tank was equipped with an aeration pump to
ensure oxygen saturation. The fish were fed thrice daily (09:00, 14:00, and 19:00). In the first
and second months, the feeding amount for each fish was 0.5-1 g and 1-1.5 g, respectively.
Specifically, stopping snatching was used as a standard for stopping feeding. The natural
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environment was simulated by alternating between light and dark (12 h of light and then
12 h of darkness). Fish feces were removed, and two-thirds of the water was replaced daily.
During the experiment, parameters related to the breeding environment, including water
temperature and pH, were measured daily to ensure that largemouth bass had an optimal
environment for growth.

The entire breeding cycle lasted four months. Before the conclusion of the experi-
ment, the fish were starved for 24 h; anesthetized with tricaine methanesulfonate (MS-222)
(0.1 g L~1); and their weight, intestinal length, and liver weight were measured. The calcu-
lations for the survival rate (SR), weight gain rate (WGR), specific growth rate (SGR), feed
conversion ratio (FCR), visceral index (VSI), condition factor (CF), hepatosomatic index
(HSI), and feed efficiency (FE) were based on these fundamental parameters. After weigh-
ing, blood was drawn from the tail vein using a 1 mL disposable sterile syringe (Henan
Shuguang Huizhikang Biotechnology Co., Ltd., Luohe, China). To obtain blood plasma,
the blood was centrifuged at 4 °C at 3000 rpm (5810R, Eppendorf, Hamburg, Germany)
for 10 min after the blood was kept at room temperature for 3 h. The blood plasma was
stored at —80 °C for later determination of biochemical indicators. In each experiment, fish
liver and intestine were collected and fixed with a 10% formalin reagent for histological
examination. Additionally, three fish livers from each treatment group were stored in liquid
nitrogen and analyzed for key gene expression. The back muscles were collected for amino
acid composition analysis. The intestinal tract contents were collected and preserved at
—80 °C for analysis of the microbial community and metabolites.

2.4. Determination of Nutrient Availability

The feed was cleaned after feeding for 1 h, and then fish feces was collected after
cleaning for 2 h. ICP-OES (inductively coupled plasma-optical emission spectrometer)
determined the content of yttrium in feed and feces. Protein and fat in feed and feces
were determined based on the standard method in AOAC [12]. The apparent digestibility
coefficient of dry matter (ADDM), crude protein (ADCP), and crude lipid (ADCL) were
calculated based on the following formulas [11]:

ADDM (%) =100 x [1 — dietary Y,O3/faeces Y,Os] @)

ADCP (%) =100 x [1 — (dietary Y,O3 x faeces crude protein)/(faeces Y,O3 X dietary crude protein)] 2)

ADCL (%) =100 x [1 — (dietary Y03 x faeces crude lipid)/(faeces Y,O3 x dietary crude lipid)] 3)

2.5. Determination Method of Physicochemical Parameters

Crude protein, crude fat, ash, crude fiber, and water content were determined ac-
cording to the method of AOAC [12]. The feed crude protein was determined by the
Kjeldahl method using a semi-automatic Kjeldahl nitrogen determination instrument
(K9840, Haineng Future Technology Group Co., Ltd., Jinan, China). Crude protein content
was calculated by multiplying the nitrogen content by a factor of 6.25. The crude fat of feed
was determined by the Soxhlet extraction method with a fat analyzer (SOX406, Haineng
Future Technology Group Co., Ltd., Jinan, China). The feed was burned at 550 °C for 4 h in
a muffle furnace (KSL-1200X, Hefei Kejing Material Technology Co., Ltd., Hefei, China),
and the ratio of the weight of the remaining solid to the weight of the original feed was
recorded as the ash content. The crude fiber in feed was determined by a crude fiber
tester (F800, Haineng Future Technology Group Co., Ltd., Jinan, China). Based on Haug
and Lantzsch’s method [13], the phytic acid content was determined using an ultraviolet
spectrophotometer (Cary60, Agilent Technologies, Malaysia).

2.6. Determination Method of Blood Key Biochemical Parameters

The total protein, albumin, globulin, alanine aminotransferase, glutamic oxaloacetic
transaminase, glucose, and alkaline phosphatase in serum was determined by a Toshiba
Automatic Biochemical Analyzer (Toshiba TBA40FR, Japan) [3]. The contents of mal-
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ondialdehyde (MDA) were determined with kit A015-1 and A003-1 (Nanjing Jiancheng
Bioengineering Research Institute, Nanjing, China), respectively.

2.7. Determination of Amino Acid Content in Perch Muscle, SBM, and FSBM

The sample (50-200 mg) was put into the hydrolysis tube, and then 10 mL of 6 M
HCl was added to hydrolyze the sample for 22-24 h at 110 °C [1]. After hydrolysis, the
liquid sample was filtered using a 0.45 um membrane. Then, the volume was measured in
a 50 mL volumetric flask. A rotary evaporator was used for deacidification (2 mL sample).
Two mL of sample buffer solution was added to fully dissolve the sample when there was
a little solid or stain at the bottom of the rotary evaporator. Then, a 0.45 um filter was used
to filter samples. The amino acid analyzer determined the obtained samples” amino acid
content (Biochrom 30+, Biochrom, UK).

2.8. Methods of Fish Liver and Intestinal Tissue Sections

The liver and intestine were fixed in a 10% formalin solution, and then dehydrated.
The dehydrated samples were embedded in paraffin. The pathological sections (RM2016,
Shanghai Leica Instrument Co., Ltd., Shanghai, China) were used to conduct 2.5-4 um thick
continuous sections [11]. After coloration with hematoxylin and eosin, the morphology
of liver and intestinal tissues under an upright fluorescent microscope (NIKON ECLIPSE
E100, Nikon, Japan) was observed.

2.9. Quantitative Method of Key Gene Expression

The total RNA extraction kit (Shenggong, Shanghai, China) was used to extract RNA
from fish liver. The micro-UV spectrophotometer (NanoDrop One, Thermo Scientific, MA,
USA) was used to define the quality of RNA (purity and concentration). We used 1%
agarose gel electrophoresis to detect the integrity of RNA. A reverse transcription kit (Fast
King RT Kit (With gDNase, Tiangen Biochemical Technology Co., Ltd., Beijing, China) was
used to reverse transcribe total RNA into cDNA. In the current study, the genes related to
immunity (Hepcidin-1, Hepcidin-2, IL-1B, IL-15, IL-10, and TGF-p1), apoptosis (Caspase-3,
Caspase-8, and Caspase-9), and antioxidation (SOD1, SOD2, and SOD3a) were quantified.
The primers used for Q-PCR were referenced from a previous article [14]. All primer
sequences are shown in Table S1 in the Supplementary Material. Q-PCR was conducted
on the RT-PCR equipment (Quant Studio 3, Thermo Scientific, MA, USA). Q-PCR system
is 20 pL, including 2 pL of cDNA, 10 pL of 2x uper Real Pre-mix Plus, 0.6 uL of Forward
primer (10 pM), 0.6 pL of reverse primer (10 uM), 0.4 uL of 50 xRox Reference Dye, and
6.4 uL of RNA free water. We used 200 uL 96 orifice plate to perform q-PCR. g-PCR reaction
includes four stages: hold stage (95 °C 15 min), PCR stage (95 °C 10 s, 55 °C 30 s, and
72 °C 40 s), and melt curve stage (40 °C, 1 min, and 95 °C, 1 s). Each gene was set with
three replicates. To exclude potential contamination of reagents and DNA contamination of
extracted RNA, RNA-free water was used as the negative control instead of the template,
and the sample without reverse transcriptase was used as the positive control during the
PCR process. The relative expression of genes was calculated based on the 2 =44t method
according to the CT value [14].

2.10. DNA Extraction and 16S rRNA Gene Sequencing of Intestinal Microorganisms
This detailed method and steps can be found in the Supplementary Materials.

2.11. Detection Methods of Metabolites in Intestine (LC-MS/MS Analysis)
This detailed method and steps can be found in the Supplementary Materials.
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3. Results
3.1. Changes in Soybean Meal Properties before and after Fermentation (Amino Acid Phytic
Acid Content)

The total amino acid content of FSBM was 2.95% higher than that of SBM (Table 2).
The essential amino acids (valine, methionine, isoleucine, leucine, threonine, phenylalanine,
lysine, and arginine) in FSBM increased by 4.76%, 6.07%, 4.35%, 7.85%, 2.21%, 10.28%,
0.58%, and 3.02%, respectively, except for histidine, which decreased by 5%. The content
of non-essential amino acids increased by 0.06—24.34%. The crude protein content of SBM
increased by 7.45% (from 46.03% to 49.46%) after fermentation, whereas the phytic acid
content decreased by 48.66% (from 2.98% to 1.53%).

Table 2. Hydrolyzed amino acid, crude protein, and phytic acid content of soybean meal and
fermented soybean meal.

SBM (mg g~ Dry FSBM (mg g~ 1 Dry

The Type of Amino Acid Matter Basis) Matter Basis) Change (%)
Essential amino acid

Valine 19.343 20.263 +4.76
Methionine 10.535 11.175 +6.07
Isoleucine 26.410 27.559 +4.35
Leucine 33.681 36.324 +7.85
Threonine 17.776 18.168 +2.21
Phenylalanine 22.223 24.508 +10.28
Histidine 14.507 13.782 +5.00
Lysine 26.435 26.589 +0.58
Arginine 26.740 27.548 +3.02
Non-essential amino acid

Aspartic acid 45.331 45.359 +0.06
Proline 39.149 39.581 +1.10
Serine 22.291 22.423 +0.59
Glutamic acid 71.521 73.187 +2.33
Glycine 17.248 17.950 +4.07
Alanine 17.636 18.015 +2.15
Cysteine 2.633 3.274 +24.34
Tyrosine 17.741 18.198 +2.58
Total amino acid 431.2 443,903 +2.95
Crude protein 460.3 494.6 +7.45
Phytic acid 29.8 +0.2 15.3 £0.16 —48.66

Note: Data are presented as the means £ SD (n = 3).

3.2. Effect of FSBM Instead of Fish Meal on Growth Performance of Largemouth Bass

Table 3 displays the effects of FSBM as opposed to fish meal on the growth performance
of largemouth bass. The final body weight (FBW), weight gain rate (WG), specific growth
rate (SGR), feed efficiency (FE), visceral somatic index (VSI), and hepatosomatic index
(HIS) of largemouth bass decreased as the proportion of FSBM increased. When the
proportion replaced by FSBM exceeded 30%, the WG and FE of the largemouth bass
were significantly (p < 0.05) lower than those of the control group. The feed conversion
ratio (FCR) increased with an increase in the replaced ratio of FSBM, and the FCR of the
50% FSBM group was significantly (p < 0.05) higher than that of the control group. There
was no significant (p > 0.05) effect on the survival rate (SR) and plumpness of largemouth
bass among all treatments.
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Table 3. Growth performance of largemouth bass fed the experimental diets for 8 weeks.

Parameters Control 10% FSBM 30% FSBM 50% FSBM
IBW 60.45 + 0.69 2 60.39 + 0.422 60.72 4+ 0.54 2 60.28 + 0.92 2
FBW 172.99 + 6.65 2 162.65 £ 5.732 169.04 £ 6.26 2 130.32 £5.20°
SR 100 100 100 100

WG 186.18 £ 10.99 2 169.33 £9.492 178.39 £ 10.30 2 116.18 + 8.63°
SGR 1.88 & 0.069 2 1.77 + 0.063 P 1.83 + 0.066 2P 1.38 4+ 0.071 €
FCR 1.11 + 0.067 b 1.21 + 0.066 P 1.22 +0.070 b 1.79 +0.132
FE 90.12 +5.322 82.73 + 4.642 82.24 4+ 4.752 55.93 +4.16
VSI 837 +0.402 7.84 4+ 0.48 3P 739 +£0.16"P 7.66 £ 0.122b
CF 2.34+0.0382 2.32 +0.048 2b 2.30 £+ 0.032P 2.29 + 0.040 ®
HIS ! 2.54 +0.068 2 232 4+ 0.18 2P 1.79 £ 0.093 © 1.95 + 0.069 be

Note: Data are presented as the means & SD (n = 3). Values with different superscripts within the same row
are significantly different (p < 0.05). Initial body weight (IBW, g). Final body weight (FBW, g). Survival rate
(SR, %) =100 x (final fish number/initial fish number). Weight gain rate (WG, %) = 100 x (final body weight-
initial bodyweight)/initial body weight. Specific growth rate (SGR, % day~!) = 100 x (In final body weight-In
initial body weight)/days. Feed conversion ratio (FCR) = total dry diet consumed /weight gain. Feed efficiency
(FE, %) = 100 x weight gain/dry feed fed. Visceral somatic index (VSI, %) = 100 x (Viscera Weight/Fish
Weight). Condition factor (CF, %) = 100 x weight of fish (g)/(length of fish)® cm®. Hepatosomatic index (HSI,
%) =100 x (liver weight/body weight).

Table 4 displays the impact of the partial substitution of fish meal with FSBM on the
nutrient utilization rate of largemouth bass. The apparent digestibility of dry matter and
protein in the group containing 10% FSBM was than in the other groups. In addition, the
apparent digestibility of fat was in the 10%, 30%, and 50% FSBM treatments than in the
control group.

Table 4. Apparent nutrient digestibility coefficient (%) of the experimental diets in largemouth bass.

Control 10% FSBM 30% FSBM 50% FSBM
ADDM 72.09 £ 0.64 73.53 £ 0.06 68.02 £ 0.27 69.16 £ 0.04
ADCP 74.17 £ 0.10 75.64 + 0.29 68.43 £ 0.30 69.85 £ 0.85
ADCL 80.21 £ 0.44 83.39 £ 0.55 85.57 £0.25 84.22 £0.15

Note: Data are presented as the means & SD (n = 3). ADDM: apparent digestibility coefficient of dry matter;
ADCP: apparent digestibility coefficient of crude protein; ADCL: apparent digestibility coefficient of crude lipid.

3.3. Effect of FSBM Replacing Fish Meal on the Morphology of Key Organs (Intestine and Liver)

Figure 1a—-d depict the steatosis of liver cells resulting from various treatments. When
FSBM is substituted for fish meal, all treatments result in steatosis in liver cells. The
presence of malondialdehyde (MDA) in the blood also supports this claim. With FSBM
supplementation, MDA concentration increased gradually. Figure le-h show the mor-
phology of the distal intestine. Compared with the control group, when the substitution
amount of FSBM exceeded 30%, there were significant differences in villus height and
width, respectively (p < 0.05) (Table 5).

Table 5. Morphological of the distal intestinal tract of largemouth bass fed different diets for 8 weeks.

Control

10% FSBM

30% FSBM

50% FSBM

The height of intestinal villi (mm)
The width of intestinal villi (mm)
Muscle layer thickness (mm)

0.9571 4+ 0.0073 2
0.1606 £+ 0.0134 2
0.1867 4+ 0.25752

0.9437 4 0.0758 2
0.1345 + 0.1366 P
0.1608 4 0.0343 2

0.6888 + 0.0468 P
0.1332 £ 0.0130 P
0.1549 + 0.0113 2

0.7704 + 0.0518 b
0.1315 £ 0.0026 b
0.1668 = 0.0060 2

Note: Data are presented as the means & SD (n = 3). values with different superscripts in the same row differ
significantly (p < 0.05).
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Figure 1. Morphology of the distal intestine (magnification 5x) and histological sections of hepato-
cytes of the liver (HE-stained, 20 x) of largemouth bass fed different diets for 8 weeks. Blue arrow:
lamina propria width; orange arrow: villus width, green arrow: villus height, red arrow: hepatic
steatosis. (a): Control of the liver; (b): 10%FSBM of the liver; (c): 30%FSBM of the liver; (d): 50%FSBM
of the liver. (e): Control of the distal intestine; (f): 10%FSBM of the distal intestine; (g): 30%FSBM of
the distal intestine; (h): 50%FSBM of the distal intestine.

3.4. Effect of FSBM Replacing Fish Meal on Blood Biochemical Parameters

Table 6 displays the effect of replacing fish meal with FSBM on the biochemical indices
of largemouth bass serum. Compared to the control group, alanine aminotransferase (ALT)
and alkaline phosphatase (ALP) activities were elevated in the 10%, 30%, and 50% FSBM
treatments. In contrast, the levels of aspartate aminotransferase (AST), total protein (TP),
albumin (ALB), globulin (GLB), and glucose (GLU) were lower in the 10%, 30%, and 50%
FSBM groups than in the control group.
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Table 6. Serum biochemical parameters of largemouth bass fed the experimental diets for 8 weeks.

Control 10% FSBM 30% FSBM 50% FSBM

ALT (U/L) 1.2 2.2 1.3 1.7

AST (U/L) 13.2 124 11.6 12.7

TP (g/L) 20 14.4 18.5 13.3

ALB (g/L) 9.6 6.3 8.4 6

GLB (g/L) 10.4 8.1 10.1 7.3

GLU (mmol/L) 8.7 3.7 4.35 3.61

ALP (U/L) 64 95 102 70

Note: ALT: alanine aminotransferase; AST: aspartate aminotransferase; TP: total protein; ALB: albumin; GLB:
globulin; GLU: glucose; ALP: alkaline phosphatase.

3.5. Effect of FSBM Replacing Fish Meal on Key Gene Expression

The present study quantified three types of genes associated with immunity, an-
tioxidant activity, and cell apoptosis. Immune-related genes include pro-inflammatory
factor-related genes (IL-18 and IL-15), anti-inflammatory factor-related genes (IL-10 and
TGF-B1), and antimicrobial peptide-related genes (Hepcidin-1 and Hepcidin-2). In this study,
the reduced expression of the anti-inflammatory factor IL-10 in the 10% FSBM, 30% FSBM,
and 50% FSBM treatments might be due to the regulatory effect of probiotics in FSBM
(Figure 2a). This study showed that the expression levels of Hepcidin-1 and Hepcidin-2 genes
in the 30% FSBM and 50% FSBM groups were lower than those in the control group. The
expression levels of SOD1, SOD2, and SOD3a in the liver of the FSBM treatment groups
were greater than those of the control group. The apoptotic genes in this experiment include
Caspase-3, Caspase-8, and Caspase-9 (Figure 2c). The levels of Caspase-9 expression were
lower in the 10% FSBM, 30% FSBM, and 50% FSBM treatments than in the control. Caspase-3
and Caspase-8 expression levels were higher in the 10%, 30%, and 50% FSBM treatments
than in the control.
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Figure 2. Expression of genes of largemouth bass fed the experimental diets for 8 weeks. Bars with
different lower cases mean a significant difference (p < 0.05). 10%: 10%FSBM; 30%: 30%FSBM; 50%:
50%FSBM. (a): the relative gene expression related to immunity; (b): the relative gene expression
related to antioxidation; (c): the relative gene expression related to apoptosis antioxidation.
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3.6. Effects of Fermented Soybean Meal Replacing Fish Meal on Intestinal Microbial
Community Structure

Figure 3 illustrates the phylum and genus composition of microorganisms in different
treatments. In all treatments, the largemouth bass gut microbiota consists primarily of Fu-
sobacteria, Tenericutes, Proteobacteria, Firmicutes, and Actinobacteria. In the control group,
Proteobacteria (57.84%) and Fusobacteria (40.33%) were the predominant microorganisms.
As the proportion of FSBM substitution rises, Proteobacteria exhibited an increasing and
then decreasing trend. Firmicutes and Tenericutes were more prevalent in the 10% FSBM
treatment than in other groups. Fusobacteria and Actinobacteria were the predominant
bacterial groups in the 30% and 50% FSBM treatments. In all treatment groups, the rela-
tive abundance of Proteobacteria was lower than that in the control. The abundance of
Firmicutes was greater in all treatments than in the control. Cetobacterium, Mycoplasma,
Aeromonas, Plesiomonas, and Pediococcus are the dominant microorganisms at the genus
level. Cetobacterium (40.33%) and Plesiomonas were the most prevalent microorganisms
in the control group (12.34%). The abundance of Cefobacterium first increased and then
decreased as the proportion of fermented soybean meal substitution increased. Its relative
abundance was highest in the 30% FSBM treatment. Pediococcus was more prevalent in the
10% FSBM group than in the other treatment groups. The relative prevalence of Mycoplasma
was highest in the 50% FSBM group.
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Figure 3. Relative abundances of intestinal bacteria of largemouth bass fed the experimental di-
ets at the phylum level (a); Relative abundances of intestinal bacteria of largemouth bass fed the
experimental diets at the genus level (b).
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3.7. Effects of Fermented Soybean Meal Replacing Fish Meal on the Relationship between Metabolic
Pathways and Metabolites

Figure 4 demonstrates that replacing fish meals with FSBM altered metabolites in dis-
tinct metabolic pathways. As depicted in Figure 4, the metabolic pathways of biosynthesis
of amino acids and biosynthesis of plant secondary metabolites exhibited statistically sig-
nificant differences (p < 0.05) between the control and all treatments. The oxoglutaric acid
in both metabolic pathways was upregulated in the 10% FSBM treatment. However, there
was no significant change (p > 0.05) in the 30% and 50% FSBM treatments. The presence of
L—glutamic acid in the biosynthesis of amino acids and biosynthesis of plant secondary
metabolites metabolic pathways decreased in the 10% FSBM treatment. It increased in
the 30% FSBM treatment. Compared to the control, the 10% and 30% FSBM treatments
increased the concentration of N—acetylornithine in the metabolic pathway of biosynthe-
sis of amino acids. In contrast, the concentration of 5 —methylthioadenosine increased
and stearic acid decreased in the metabolic pathway of biosynthesis of plant secondary
metabolites. Cadaverine, in the metabolic pathway of the biosynthesis of plant secondary
metabolites, decreased in treatments containing 10% and 50% FSBM. N—Acetylglutamic
acid and alpha—ketoisovaleric acid in the metabolic pathway of amino acid biosynthesis
were predicted to be upregulated and downregulated in the 10% FSBM group compared
to the control group. In the metabolic pathway of amino acid biosynthesis, saccharopine
was upregulated in the 10% FSBM group and downregulated in the 50% FSBM group.
L—Asparagine, L—histidine, L—tryptophan, and L—lysine, which are involved in the
metabolic pathways of biosynthesis of amino acids and biosynthesis of plant secondary
metabolites, were downregulated in the 30% and 50% FSBM treatments.

(b) ;

(©

Figure 4. Bubble chart of KEGG pathways and changes in metabolites in metabolic pathways.
(a): 10%FSBM vs. control; (b): 30%FSBM vs. control; (c): 50%FSBM vs. control.
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As shown in Figure 5, oxoglutaric acid and N—acetylornithine were significantly
(p < 0.01) positively correlated with the genus Pediococcus, whereas L—glutamic acid and
cadaverine were significantly (p < 0.01) positively correlated with the Cetobacterium and
Plesiomonas, respectively. However, there was no significant (p > 0.05) positive correlation
between 5 —methylthioadenosine, stearic acid, N—acetylglutamic acid, alpha ketoiso-
valaric acid, and intestinal microorganisms, which changed along with the change in feed
composition. Figure 3 demonstrates that the relative abundance of Pediococcus was greater
in the 10% FSBM treatment than in the other treatments. Cetfobacterium showed a trend
of first increasing and then decreasing as FSBM increased. Its relative abundance was
highest in the 30% FSBM treatment. The abundance of Plesiomonas was lower in all groups
substituting fish meal with FSBM than in the control group. The increased abundance of
Pediococcus, Cetobacterium, and Plesiomonas led to increased concentrations of oxoglutaric
acid, N—acetylornithine, L—glutamic acid, and cadaverine, respectively.
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Figure 5. Heatmap of the correlation between gut microbiota and metabolites. The legend on the
right is the correlation coefficient, where red indicates a positive correlation and blue indicates a
negative correlation. *: p < 0.05, **: p < 0.01.

4. Discussion

Two factors can be attributed to increased amino acid and crude protein content.
First, due to the growth and metabolism of microorganisms, some carbon with solid
forms was converted into CO;, increasing the relative content of crude protein. Second,
microorganisms transformed a portion of inorganic nitrogen into amino acids, polypeptides,
and SCP (signal-cell protein). This result was consistent with that of Hong et al. [15],
who fermented soybean meal with Aspergillus oryzae GB107 and observed a significant
increase in crude protein content. After fermentation, the phytic acid content decreased
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significantly (p < 0.05), which might be attributed to improved phytase and phosphatase
activity [16,17]. Lin and Chen. [7] reported that the phytic acid degradation was pH-
dependent and that the optimal pH range for most phytases was between 4.0 and 6.0. The
pH of FSBM was decreased by lactic acid produced by S. thermophilus, which aided in
enhancing phytase activity.

In the current study, FE decreased as the proportion of replaced FSBM increased.
Lee et al. [18] discovered that soybean meal had a lower digestibility and utilization rate
than animal protein. Numerous studies have demonstrated that fermentation can reduce
anti-nutritional factors in SBM, thereby enhancing the growth performance of fish, the
digestibility of nutrients, and the intestinal microbiome [19]. Lee et al. [1] reported that
FSBM could replace 40% of fish meal by breeding rainbow trout and grouper without
impairing their growth or feed efficiency. For shrimp, the replacement proportion can reach
75% [7]. When the replaced FSBM exceeded a certain threshold, the growth performance
of the fish was impaired, and the FE decreased. This is attributable to three factors:
(1) the content of indigestible carbohydrate (oligosaccharide) in FSBM is higher than that
in fish meal, and protein digestibility is lower; (2) FSBM has low palatability, and anti-
nutritional factors are not completely eliminated; (3) the amino acids in soybean meal are
unbalanced [1]. This study demonstrated that FSBM could replace 30% of fish meal in the
diet of largemouth bass without adversely affecting their growth. A suitable substitution
can enhance the apparent digestibility of dry matter and protein. The presence of anti-
nutritional factors in soybean meal impairs the utilization of nutrients in animal feed by
inhibiting the activity of enzymes and causing adverse intestinal reactions [7]. In this study,
the content of anti-nutritional factors in FSBM decreased significantly (p < 0.05), which
could improve nutrient utilization. In addition, the enhancement of nutrient utilization
may be closely related to organic acids such as lactic acid. For instance, previous studies
have demonstrated that adding lactic acid to rainbow trout feed can improve nutrient
utilization [7]. In addition, as the concentration of organic acids increased, the solubility of
minerals also increased, which enhanced the utilization rate of nutrients [20].

Steatosis is a metabolic disorder caused by excess fatty acids entering the liver and a
high peroxidation level. Steatosis of liver cells is indicative of liver cell damage. Steatosis is
associated with an imbalance in the proportion of fatty acids [21]. Adding FSBM increased
the degree of steatosis, indicating that considering the proportion of essential fatty acids in
FSBM was worse than that in fish meals. Steatosis will cause dysfunction of liver function,
and then affect the absorption and metabolism of nutrients, resulting in an increase in
the feed-to-meat ratio. The intestine is an essential component of the digestive system.
Based on its morphology and function, the intestine can be divided into the proximal
intestine, midgut, and distal intestine. The distal intestine is the primary site for digestion
and absorption of nutrients [22]. The height and width of the villus determine the area of
contact between the mucosal epithelial cells and chyme, which is essential for digestion and
absorption. This indicates that the substitution of FSBM has negative effects on intestinal
morphology and absorption. In addition, the muscular layer is associated with intestinal
peristalsis, and its thickness can indicate intestinal peristalsis capacity. Due to the presence
of anti-nutritional factors in FSBM, which harmed the fish intestinal tract to a certain extent,
FSBM substitution in the current study may have reduced the thickness of the muscle
layer [11]. After intestinal injury, the utilization of nutrients was reduced, resulting in an
increase in feed usage and increased costs. Severe changes in intestinal morphology could
ultimately lead to small stature.

Serum biochemical indicators are considered the most important health status in-
dicators. ALT is an essential amino acid transaminase in mitochondria that plays a cru-
cial role in protein metabolism; its serum concentration is correlated with liver damage.
Soltan et al. [23] reported that substituting fish meal with plant protein increased ALT and
AST in tilapia serum. However, the results of this study demonstrated that substituting
FSBM for fish meal increased the concentration of ALT and decreased the content of AST.
The concentration of TP in serum can indicate the capacity for protein metabolism and
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synthesis. In this experiment, replacing fish meals decreased serum TP levels. Similarly, He
etal. [11] asserted that substituting fish meals with SBM and FSBM in breeding largemouth
bass decreased serum TP content. The low digestibility and utilization rate of protein
caused by the unbalanced amino acid composition of plant protein may account for the
decrease in serum TP [11]. GLB is a vital immune protein whose concentration correlates
with disease resistance. Alkaline phosphatase activity can predict organ dysfunction and a
high phosphatase concentration in serum indicates severe liver damage. The substitution
of fish meals with FSBM increased alkaline phosphatase activity in the current study. This
phenomenon was also observed in sturgeon breeding (Amur sturgeon) [24].

The main function of pro-inflammatory factors is to aggregate white blood cells into
infected or damaged tissues. IL-1B plays a crucial role during microbial invasion and
tissue damage because it can enhance phagocytosis, accelerate macrophage proliferation,
lysozyme synthesis, and white cell migration [25]. Many studies have shown that probi-
otics regulate the production of anti-inflammatory factors in animals [26]. The Hepcidin
gene plays a crucial role in iron metabolism and innate immunity. It is a regulator of iron
homeostasis and an antibacterial peptide. Iron is a necessary component of infectious
pathogens. Hepcidin restricts iron circulation by increasing its concentration, lengthening
iron retention in phagocytes. Iron restriction is an innate immune response that can combat
bacterial and viral infections in multicellular organisms [27]. For instance, Hu et al. [28]
reported that the iron-limiting ability of Hepcidin-1 not only has bactericidal activity but also
promotes the resistance of grass carp to Aeromonas hydrophila. Lee et al. [27] demonstrated
that the expression of Hepcidin genes significantly increased in all organs and blood of
olive flounder infected with pathogens. This study showed that the expression levels
of Hepcidin-1 and Hepcidin-2 genes in the 30% FSBM and 50% FSBM groups were lower
than those in the control, indicating that FSBM, to some extent, reduced the chance of
largemouth bass infection with pathogens. The antioxidant response is a crucial defense
mechanism exhibited by organisms. Therefore, any improvement in antioxidant activity
would be beneficial for the health of aquatic animals. Superoxide dismutase (SOD) can
decompose reactive oxygen species (ROS). SOD catalyzes the conversion of 0>~ to H,O, as
one of the main antioxidant defense mechanisms of oxidative stress [29]. In this experiment,
the expression levels of SOD1, SOD2, and SOD3a in the liver of the FSBM treatment groups
were greater than those of the control group, indicating that the antioxidant capacity of
largemouth bass was enhanced to a certain degree (Figure 2b). This may be because fermen-
tation increases the bioavailability of vitamins and extracellular polysaccharides, increasing
antioxidant capacity [30]. Apoptosis is a highly regulated form of cell death that is essential
for tissue homeostasis and organ development. The apoptosis process is separated into
external and internal pathways. Caspase-3 initiates cell apoptosis after ligands bind to
the death domain and activate external apoptotic pathways, followed by Caspase-8 acti-
vation [31]. The intrinsic apoptosis process, also called mitochondrial apoptosis, consists
of three steps. Initially, oxidative stress causes mitochondrial dysfunction. Mitochondrial
dysfunction plays a crucial role in the apoptotic signaling pathway. As ROS levels rise, lipid
peroxides accumulate, and cytochrome-c is released from the cytoplasm [32]. Then, a stress
that can activate Caspase-9 activates mitochondrial apoptosis. Finally, Caspase-9 induces
liver cell apoptosis and fibrosis through Caspase-3 [32]. In this experiment, the levels of
Caspase-9 expression were lower in the 10% FSBM, 30% FSBM, and 50% FSBM treatments
than in the control. Caspase-3 and Caspase-8 expression levels were higher in the 10%, 30%,
and 50% FSBM treatments than in the control. Consequently, substituting FSBM enhances
the external apoptotic pathway while diminishing the internal apoptotic pathway.

The gut microbiota is a complex symbiotic system that influences the host’s physiology,
nutrition, immunity, and metabolism [33]. Firmicutes consist of numerous types of lactic
acid bacteria, such as Streptococcus, lactic acid bacteria, and Leuconostoc, which are
regarded as probiotics and play a crucial role in the fish gut [22]. Dietary components
play a crucial role in determining the composition of the gut microbiota [34]. Intestinal
microorganisms and their metabolites play important roles in digestion, mucosal tolerance,
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immunity, and disease resistance. At the genus level, Plesiomonas was less abundant in all
treatments than in the control. Plesiomonas is a prominent member of the Proteobacteria.
P. shigellides is the only Plesiomonas species and a common intestinal pathogenic bacterium.
Infecting tilapia and grass carp with P. shigelloides can result in varying degrees of tissue
damage. The experimental results suggest that FSBM could prevent the colonization of
the intestine by P. shigellides [35]. Certain members of the genus Cetobacterium can convert
proteins and carbohydrates into vitamin B12 [35]. Mycoplasma is one of the most prevalent
microorganisms in the gut of largemouth bass. The relative abundance of Mycoplasma
was greater in the experimental groups than in the control groups. According to previous
studies, Mycoplasma plays an important role in fish health. For instance, Rimoldi et al. [36]
demonstrated that lactic acid and acetic acid produced by Mycoplasma in the intestine are
beneficial to the health of rainbow trout (Oncorhynchus mykiss). Pediococcus is a lactic acid
bacterial species. The majority of Pediococcus can produce pediocin bacteriocins, which
are lethal to Listeria monocytogenes [37]. Aeromonas possesses a vast array of virulence
factors that can cause diseases in fish. Aeromonas consists predominantly of A. hydrophila,
A. veronii, and A. caviae [38]. This study discovered that substituting fish meals with FSBM
increased the relative abundance of Aeromonas, which may increase the risk of infection in
largemouth bass.

Diet composition may alter the metabolic pathways associated with the gut micro-
biome. L—Asparagine, L—histidine, L—tryptophan, and L—lysine, which are involved in
the metabolic pathways of biosynthesis of amino acids and biosynthesis of plant secondary
metabolites, were downregulated in the 30% and 50% FSBM treatments. This could be due
to the imbalanced amino acid composition of FSBM compared to fish meals. Large-molecule
carbohydrates, which cannot be directly absorbed by the intestine, can be degraded by
intestinal microorganisms into small-molecule substances that are more readily absorbed
by the intestine. Consequently, intestinal microorganisms can influence the health status of
the host via metabolic products. Numerous substances, including amino acids, fats [39],
fructose, and glucose [40], can influence the composition of the intestinal microorganisms
in the host. Previous studies have demonstrated that microorganisms and metabolites
interact. On the one hand, microorganisms are capable of synthesizing and decomposing
metabolites. Metabolites, on the other hand, can stimulate or inhibit the growth of intestinal
microorganisms [41]. Figure 5 shows the correlation between intestinal microorganisms
and metabolites. Some metabolites showed a significant (p < 0.01) positive correlation with
certain bacteria and a negative correlation with others. This phenomenon suggests that
some microbial metabolites may have inhibitory effects on other microorganisms, resulting
in a change in the composition of the microbial community [41].

Large-scale aquaculture increases the risk of diseases in aquatic animals. Feeding
perch with FSBM can alter the microbial diversity of the fish intestine, thereby improving its
immunity and reducing disease, which will increase its economic value. The price of SBM
is cheaper than FM. Replacing part of FM using FSBM can reduce the initial investment
and improve its competitiveness in the market. Replacing part of FM using FSBM (lower
than 30%) does not have an adverse effect on the weight of the fish. Fish meat is the largest
edible portion, and excessive use of FSBM instead of FM can cause severe weight loss and
damage in the liver and intestines of bass, which is not conducive to growth, ultimately
leading to a serious reduction in the economic benefits.

5. Conclusions

Fermentation with a mixture of bacteria (lactic acid bacteria, yeast, and Bacillus) can
increase nutritional value (crude protein content and amino acid composition) and decrease
anti-nutritional factor content. Based on the current findings, it can be concluded that using
FSBM in feed containing 350 g kg~! fish meal can replace 30% of fish meal in the breeding
process of largemouth bass without affecting growth performance, feed digestibility, and
antioxidant gene expression. Substitution of FSBM can affect the composition of intestinal
microorganisms and, by extension, metabolic pathways, particularly the biosynthesis of



Fermentation 2023, 9, 520 16 of 18

amino acids and secondary metabolites in plants. This study provides theoretical support
for the substitution of FSBM for fish meal. If FSBM can be used to replace fish meal, it can
alleviate the current shortage of fish meal to some extent.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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PCR analysis.
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