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Dietary high b-conglycinin
reduces the growth through
enhancing hepatic lipid
peroxidation and impairing
intestinal barrier function of
orange-spotted grouper
(Epinephelus coioides)

Lulu Yang1, Xingqiao Zhao1, Yanxia Yin1, Kun Wang1,2,
Yunzhang Sun1,2 and Jidan Ye1,2*

1Xiamen Key Laboratory for Feed Quality Testing and Safety Evaluation, Fisheries College of Jimei
University, Xiamen, China, 2Fujian Engineering Research Center of Aquatic Breeding and Healthy
Aquaculture, Fisheries College of Jimei University, Xiamen, China
b-conglycinin is one of themajor soy antigen proteins in soybeanmeal (SBM) and

exhibits growth inhibition and intestinal health damage in grouper, but the

underlying mechanisms are still poorly understood. In this study, orange-

spotted grouper (Epinephelus coioides) was used to investigate whether the

poor growth performance induced by dietary b-conglycinin levels is associated

with intestinal structural integrity disruption, the intestinal apoptosis and

intestinal microbiota. The basal diet (FM diet) was formulated to contained 48%

protein and 12% fat without SBM supplementation. Fish meal protein in the FM

diet was replaced by SBM to prepare a high SBM diet (SBM diet). b-conglycinin at

3% and 7%were added into FM diets to prepare two diets (B-3 and B-7). Triplicate

groups of fish (20 fish/tank) were fed one of the experimental diets twice daily in

a feeding period of 8 weeks. Compared with FM diet, fish fed diets SBM and B-7

had decreased the growth rate, hepatosomatic index, whole-body lipid and ash

contents, and increased whole-body moisture content. However, the maximum

growth was observed for diet B-3 and was not different from that of FM diet. The

liver total antioxidant capacity and glutathione peroxidase activity, the muscle

layer thickness of middle and distal intestine, and themucosal fold length of distal

intestine were lower, while liver malondialdehyde content, intestinal diamine

oxidase activity, d-lactic acid and endotoxin contents, and the number of

intestinal apoptosis were higher in SBM and B-7 groups than that in FM and/or

B-3 groups. SBM and B-7 diets down-regulated the intestinal expression of tight

junction genes (occludin, claudin-3 and ZO-1), apoptosis genes (bcl-2 and bcl-

xL) and anti-inflammatory factor genes (IkBa, TGF-b1 and IL-10), but up-

regulated the intestinal expression of apoptosis genes (caspase-3, caspase-8

and caspase-9) and pro-inflammatory factor genes (NF-kB1, RelA, TAK1, IKK,
MyD88, TNF-a, IL-1b, and IL-8) vs FM and/or B-3 diets. The richness and diversity

indexes of OTUs, Chao1, ACE, Shannon and Simpson were not affected by dietary

treatments. The relative abundances of intestinal bacteria (phylum
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Proteobacteria and genus Vibrio) were generally higher, and relative abundance

of phylum Tenericutes was lower in SBM and/or B-7 groups than that in B-3

group. The above results indicate that high dietary b-conglycinin level, rather

than intermediate level could decrease liver antioxidant capacity, reshape the

intestinal microbiota, and impair the intestinal normal morphology through

disrupting the intestinal tight junction structure, increasing intestinal mucosal

permeability, and promoting intestinal apoptosis, which in turn triggers intestinal

inflammatory responses and the occurrence of enteritis, and ultimately leads to

poor growth performance in fish.
KEYWORDS

b-conglycinin, inflammatory response, intestinal microbiota, apoptosis, orange-
spotted grouper
1 Introduction

Aquaculture is an increasingly important contributor of protein

source to meet the demand of the steady growth of the world

population and the improvement of people’s living standards for

high-quality animal protein products (Han et al., 2018; Boyd et al.,

2022). As the main types of fish farming to produce food fish, semi-

intensive and intensive aquaculture relies heavily on artificial feeds

(Han et al., 2018). However, farmed marine fish require more high

quality feed protein than terrestrial animals (Zhao et al., 2021). Fish

meal (FM), a processed product of marine catches, is the priority of

protein ingredients for intensification and shift to farmed marine

fish due to its high nutritional value (Tacon, 2020). Over the past

decades, however, the limited marine fishery catches resources have

caused the stagnant production of FM (Han et al., 2018). Moreover,

the rapidly growing global aquaculture industry has exacerbated the

tight supply of FM (Han et al., 2018; FAO, 2020). Therefore, there is

a consensus in the industry to find suitable feed proteins to replace

FM (Hardy, 2010).

Soybean meal (SBM) is widely used in aquafeeds as the major

plant protein source, and is the most potential substitute for FM due

to its relatively high protein quality, massive production, and

availability over other plant proteins (Wang et al., 2017; Zhao

et al., 2021). However, most fishes, especially carnivorous fishes

have SBM intolerance when they receive a diet with a high level of

SBM (Baeverfjord and Krogdahl, 1996; Booman et al., 2018; Zhu

et al., 2021). It is well-known that many anti-nutritional factors

(ANFs) present in SBM provoke the response of intolerance, usually

accompanied with a reduction of fish ability to digest nutrients

(Chen et al., 2019), the so-called SBM-induced enteritis (SBMIE)

(Carmona, 2008; Bai et al., 2017). Among the ANFs, soy antigen

proteins are believed to be the main ANFs that induces SBMIE both

in mammals (He et al., 2015; Wu et al., 2016a; Wu et al., 2016b) and

fish (Ringø et al., 2006). The proteins have high thermal stability

(Soumeh et al., 2019) and strong immunogenicity (Hu et al., 2021),

and are difficult to deactivate to use conventional methods

(Jiang et al., 2015).
02
Soy antigen proteins belong to soy globulins and can be

subdivided into four types: 2S (a-conglycinin), 7S (b-conglycinin
and g-conglycinin), 11S (glycinin) and 15S (polymers of glycinin)

according to their sedimentation rates, of which, glycinin and b-
conglycinin account for about 40% and 30% of total soy globulin

respectively (Renkema, 2001; Zhu et al., 2011). The two types of

antigen protein, therefore, have become the major concern for

studying sensitization on animals and its underlying mechanisms

(He et al., 2015). Recent results showed that soy antigen proteins

have high antigenic activity (Li et al., 2017; Hu et al., 2021; Shan

et al., 2021), promote intestinal permeability (Han et al., 2019; Scott

et al., 2019; Zhang Y. L. et al., 2021), induce specific antigen-

antibody reactions and T lymphoid cell-mediated hypersensitivity

delay by stimulating the immune system (Gu et al., 2016a; Li et al.,

2020; Yin et al., 2021a; He et al., 2022), trigger apoptosis of intestinal

epitheliums (Peng et al., 2018; Duan et al., 2019a; Peng et al., 2019;

Wang et al., 2022; Yi et al., 2022) through the production of reactive

oxygen species (Li et al., 2019; Li et al., 2020; Zhang et al., 2020; Yi

et al., 2022), disrupt intestinal microbiota homeostasis (Han et al.,

2019; He et al., 2022) and develop into pathological reactions with

allergies and enteritis as the main symptoms (Zhang et al., 2013;

Booman et al., 2018; Zheng et al., 2020; Zhu et al., 2021), eventually

leading to poor growth (Zhao et al., 2021; Yi et al., 2022). Great

progress has been made in this regard in recent years, but the

research on the negative impact of soy antigen proteins on fish is

limited, and the underlying mechanisms involving enteritis and

allergy induced by soy antigen proteins in fish are still unclear.

Grouper is an important marine fish that has been farmed along

Southeast Asia coasts including the southeast coast of China

(Shapawi et al., 2019). The annual production of grouper in China

reached 204,119 tons in 2021, ranking third in the production of

marine fish farming in China (Bureau of Fisheries and Ministry of

Agriculture, 2022). Like other carnivorous fish, grouper also exhibit

high sensitivity and low tolerance to soybean by-products (Wang

et al., 2017; He et al., 2020; Zhao et al., 2021). As one of the main soy

antigen proteins, b-conglycinin has strong immunogenicity and can

cause enteritis in fish (Gu et al., 2016a; Li et al., 2017; Peng et al., 2018;
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Duan et al., 2019a; Li et al., 2020; Hu et al., 2021). Recently, the effects

of dietary soy antigen proteins on intestinal immune function and

intestinal microbiota of hybrid grouper (Epinephelus fuscoguttatus

♀× Epinephelus lanceolatus ♂) were investigated (He et al., 2022).

However, the effects of soy antigen proteins on the apoptosis of

intestinal epitheliums and intestinal permeability of grouper have not

been reported yet. In the present study, orange-spotted grouper

(Epinephelus coioides), another important grouper species, was used

as target fish was selected to investigate the effects of dietary b-
conglycinin inclusion levels on the growth, apoptosis of intestinal

epitheliums intestinal permeability and intestinal microbiota of

grouper to illustrate the relationship between intestinal health and

b-conglycinin and its mechanism of action, which provides a

reference for the rational development and utilization of soybean

by-products in feed of marine fish.
2 Materials and methods

2.1 Experimental diets and feeding trial

A basal diet (FM diet) was formulated to contain 48% protein and

12% lipid using FM, casein and gelatin as the protein source, fish oil,

soy oil and soy lecithin as the main lipid source, and corn starch as

the filler. On the basis of the FM diet, 60% FM protein was replaced

by SBM in the FM diet to make a high-SBM diet (SBM diet). To

determine the effects of antigen protein in SBM, the b-conglycinin
was included at two inclusion levels (3% and 7%) in the FM diet to

prepare two experimental diets (B-3 diet and B-7 diet). The dietary

3% and 7% b-conglycinin were calculated according to the

substitution of SBM for 30% and 60% FM protein, respectively.

The b-conglycinin inclusion levels were at the expense of the decrease
of casein and gelatin to ensure B-3 and B-7 diets contain protein and

lipid levels identical to FM and SBM diets. The b-conglycinin product
(purity 90.10%) was provided by Professor Guo Shuntang at China

Agricultural University. All feed ingredients were ground in a

hammer mill (GH-20B, Jiangyin Kejia Machinery Manufacturing

Co., Ltd., Jiangyin, Jiangsu, China) and passed through a 60-mesh

sieve, then weighed and uniformly mixed. The liquid ingredients

(marine fish oil and soy oil) were added to the dry feed ingredients,

and then freshwater was added tomake a dough. The dough was then

pelleted through a 3 mm die using cold press extrusion (CD4XITS,

South China University of Technology, Guangzhou, Guangdong,

China). The pellets were dried in a ventilated oven at 55°C for

24 h, then sealed in plastic bags and stored in a refrigerator at -20°C.

The feed ingredients and proximate composition of experimental

diets are shown in Table 1.

This experiment was conducted in a circulating water rearing

system with a temperature control device at Haikang Base of Fujian

Dabeinong Technology Company (Zhangzhou, Fujian, China).

Before the experiment, juvenile groupers were fed commercial feed

for 4-weeks of accommodation. A total of 240 fish with similar size

were randomly divided into 4 groups, each with triplicate tanks and at

a stocking density of 20 fish per tank. The fish in each group were fed

one of the diets twice daily (7:30 and 17:30) for a feeding period of 56

days. Uneaten feed was collected by siphoning 30 min after each
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feeding, then feces were removed. The collected uneaten feed was

dried for 24 h at 65°C and weighed for the calculation of feed intake.

After cleaning, the water body consumed by sewage cleaning was

refilled with sand-filtered fresh seawater until the reservoir water

returned to the original level. Dissolved oxygen was measured daily

and nitrite-N was monitored twice a week using a multi-parameter

photome (HI83200; Hanna Instruments, Woonsocket, Rhode

Island). During the experimental period, the dissolved oxygen level

was > 5.7 mg/L, the water temperature was 28.5°C, and ammonia

nitrogen content was < 0.23 mg/L.
2.2 Sample collection

At the end of the 56-day feeding trial, the fish in each tank were

caught and anesthetized with a dose of 100 mg/L solution of MS-222

(tricaine methane sulfonate, Sigma-Aldrich Shanghai Trading Co.

Ltd., Shanghai) and then the fish number and bulk weight were

recorded to determine weight gain rate (WGR), specific growth rate

(SGR), feed efficiency (FE), and feeding rate (FR). Ten fish per tank

were randomly caught and anesthetized with MS-222 (100 mg/L),

followed by individually weighing to determine the condition factor

(CF). Blood was then collected using a 2-mL heparinized syringe

from the caudal vein, followed by centrifugation (1027 g, 4°C and

10 min). Plasma samples were separated, pooled by tank, and stored

in a refrigerator at -80°C for the determination of diamine oxidase

(DAO) activity and the contents of d-lactic acid (D-Lac) and

endotoxin (ET). After hemostasis, the livers and intestines were

aseptically removed. The livers were weighed for the calculation of

hepatosomatic index (HSI). The intestine was washed with ice-cold

sterile PBS to remove the intestinal digesta. Then the liver and

intestinal samples were pooled in a tank and quickly frozen with

liquid nitrogen and stored at -80°C for the subsequent biochemical

analysis and the assay for intestinal microbiota. For the intestinal

histology observation and the terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling (TUNEL) detection, two fish were

caught from each tank and dissected to obtain the whole intestinal

tract, followed by the removal of digesta. The intestinal tract was then

divided into the proximal, middle, and distal segments (i.e. PI, MI,

and DI, respectively), according to the method described by

Anguiano et al. (2013). Another four fish per tank were randomly

captured, put in plastic bags, and stored at − 20°C until determination

of whole-body proximate composition analysis.
2.3 Proximate composition analysis

The proximate composition of ingredients, diets, and whole-

body fish samples were determined according to standard methods

of AOAC (1995).. Dry matter was determined by drying the

samples at 105°C to a constant weight. The crude protein was

determined by the Dumas combustion method (Elementar® Rapid

N, Alpha Resources LLC, Michigan, USA). The crude lipid content

was measured by the Soxtec extraction method by using Soxtec

Avanti 2050 (Foss Tecator AB). Ash was measured in the residues of

samples burned in a muffle furnace at 550°C for 8 h.
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2.4 Liver and plasma component analysis

The glutathione peroxidase (GSH-Px), superoxide dismutase

(SOD), catalase (CAT), total antioxidant capacity (T-AOC), and

malondialdehyde (MDA) in the liver samples were determined

using commercial kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, Jiangsu, China) according to the manufacturer’s

instructions. The diamine oxidase (DAO) activity and contents of

d-lactic acid (D-Lac), endotoxin (ET), and endothelin-1 (ET-1) in

plasma were determined using enzyme-linked immunosorbent assay

kits according to the protocols of the same manufacturer.
2.5 Histological analysis

After formalin fixation, all the intestine segments were removed

and washed with normal saline, then fixed in 4% Bouin’s solution

for 24 h, rinsed with 70% ethanol solution, and finally immersed in

70% ethanol solution until histological processing was performed

(Niu et al., 2021). The fixed intestine segments were embedded in
Frontiers in Marine Science 04
paraffin and 5-mm sections were cut by using a rotary microtome

(KD-2258S, China). The serial histological sections were then

mounted on glass slides, and stained with hematoxylin and eosin

for morphometric analysis. Pictures were examined under a light

microscope (Leica DM5500B, Germany), and digital images were

acquired and processed with a digital camera (Leica DFC450)

equipped with the image program LAS AF (Version 4.3.0 Leica).

Five slides were prepared for each intestine segment sample and 30

measurements were made to determine the mucosal fold number

(nMF), muscle layer thickness (tML), and mucosal fold

length (lMF).

For the detection of apoptotic cells, the TUNEL staining was

carried out using a TUNEL Apoptosis Detection Kit (Vazyme

Biotech, Nanjing, China) according to the manufacturer’s

instruction. Briefly, sections mounted on a slide were

deparaffinized with xylene and washed twice with deionized

water. The rehydrated sections were digested with proteinase K

for 4 min at 37°C. The samples were then covered with TdT

Reaction Buffer for 10 min at 37°C, followed by incubation in a

TUNEL reaction mix containing EdUTP and TdT enzyme for 1 h at
TABLE 1 Feed ingredients and proximate composition of experimental diets (on as fed basis, %).

Ingredients
Diets

FM SBM B-3 B-7

Peru fish meal1 52.00 22.00 52.00 52.00

Casein1 10.92 10.51 8.73 5.81

Gelatin1 2.73 2.63 2.18 1.45

Soybean meal1 – 47.00 – –

Marine fish oil1 0.82 3.52 0.82 0.82

Soy oil1 3.50 3.50 3.50 3.50

Soy lecithin1 2.00 2.00 2.00 2.00

b-conglycinin2 – – 3.00 7.00

Corn starch 24.21 5.02 23.95 25.05

Vitamin mix3 0.40 0.40 0.40 0.40

Mineral mix3 0.50 0.50 0.50 0.50

Stay-C 35% 0.02 0.02 0.02 0.02

Choline chloride 0.40 0.40 0.40 0.40

Sodium alginate 1.00 1.00 1.00 1.00

Ca(H2PO4)2 1.50 1.50 1.50 1.50

Nutrient level (analyzed values)

Dry matter 91.73 91.25 92.02 91.68

Crude protein 47.93 48.12 47.98 48.35

Crude lipid 11.77 11.59 11.84 11.71

Ash 15.50 10.14 14.30 14.24
1Peru fish meal: crude protein 69.01% and crude lipid 9.06%; Soybean meal: crude protein 45.50% and crude lipid 0.72%; Gelatin: crude protein 88.35% and crude lipid 0.21%; Casein: crude
protein 89.66% and crude lipid 0.13%; Corn starch: crude protein 0.41% and crude lipid 0.15%. All the ingredients except for b-conglycinin were obtained from Jiakang Feed Co. Ltd., Xiamen,
China.
2The b-conglycinin product (purity 90.10%) was provided by Professor Guo Shuntang at China Agricultural University.
3Vitamin premix and mineral premix is prepared according to the study of Qin et al. (2022).
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37°C. After incubation, the samples were washed twice with PBS for

5 min and subsequently incubated with streptavidin-HRP and DAB

working solution for 30 min at 37°C in the dark. Finally, the samples

were washed with 3% BSA in PBS (pH 7.4) for 5 min and

counterstained with DAPI. The slides were viewed under a

fluorescence microscope with green fluorescence set at 520 nm.

The cells stained red indicated apoptotic cells.
2.6 Intestinal microbiota assay

The total DNA of the intestinal samples was extracted using a

DNA extraction kit (Omega Bio-teK, Norcross, GA, USA)

according to the manufacturer’s instructions. The integrity and

quality, purity and quantity of DNA samples were assessed by

e lec trophores i s on a 1% (w/v) agarose ge l and the

spectrophotometer method (NanoDrop 2000, Wilmington, DE,

U.S. 260nm/280nm optical density ratio), respectively. The V3-V4

region of the 16S rDNA of intestinal bacteria was amplified by

polymerase chain reaction (PCR) using the forward primer 338F

(5’-ACTCCTACGGGAGGCAGCAG-3’) and the reverse primer

806R (5 ’-GGACTACNNGGGTATCTAAT-3 ’). The PCR

amplification system solution included 30 ng DNA sample (X), 1

mL forward primer (5 µM), 1 µL reverse primer (5 µM), 3 µL BSA (2

ng/µL), 12.5 µL 2xTaq Plus Master Mix and 7.5-X µL ddH2O. The

PCR amplification program consisted of pre-denaturation at 95°C

for 5 min; denaturation at 95°C for 45 s, annealing at 55°C for 50 s,

and extension at 72°C for 45 s, 32 cycles; extension at 72°C for

10 min. Subsequently, high-throughput sequencing was performed

using Illumina Miseq PE300 at Beijing Allwegene technology Co.,

Ltd (Beijing, China). A library of small fragments was constructed

using paired-end for sequencing, and the data was passed through

QIIME (v1.8.0) for the removal of low-quality sequences and

chimeras. Based on 97% sequence similarity, similar sequences

were assigned to the same operational taxonomic units (OTU).

Species classification information corresponding to each OTU was

obtained by comparing with the silva database, and alpha diversity

analysis (Shannon, ACE, and Chao1) was performed using Mothur

software (version 1.31.2). Based on the weighted uniface distance,

the heat map of the R (v3.1.1) software package was used for

clustering analysis. After the UniFrac algorithm, the information on

system evolution was used to compare the difference of species

communities among samples, and beta diversity analysis

was performed
2.7 RNA extraction and expression analysis

The total RNA was extracted from the intestinal samples using

TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. Isolated RNA was quantified using the

NanoDrop ND-2000 Spectrophotometer, and its integrity was

confirmed by agarose gel electrophoresis. The cDNA was

generated from 1 mg DNase-treated RNA and synthesized by a

PrimeScriptTM RT Reagent Kit with gDNA Eraser (TaKaRa,

Dalian, China). Real-time PCR was employed to determine
Frontiers in Marine Science 05
mRNA levels based on the TB GreenTM Premix Ex TaqTM II

(Tli RNaseH Plus) (TaKaRa, Dalian, China) using a

QuantStudioTM Real-Time PCR System (ABI) quantitative

thermal cycler. The fluorescent quantitative PCR solution

consisted of 10 mL TB Green Premix Ex TaqTM II (Tli RNaseH

Plus) (2×), 0.8 mL PCR forward primer (10 mM), 0.8 mL PCR reverse

primer (10 mM), 2.0 mL RT reaction (cDNA solution), and 6 mL
dH2O. The thermal program included 30 s at 95°C, 40 cycles at 95°C

for 5 s, 60°C for 30 s, and a melting curve step. The sequences of

primers are shown in Table 2. All amplicons were initially separated

by agarose gel electrophoresis to ensure that they were of the correct

size. b-actin served as the internal reference gene to normalize

cDNA loading. The gene expression levels of the target genes were

analyzed by the 2-DDCt method (Schmittgen and Livak, 2008) after

verifying that the primers were amplified with an efficiency of

approximately 100% (Hanaki et al., 2014), and the data for all

treatment groups were compared with the data for the

control group.
2.8 Statistical analysis

All data were presented as the mean and standard error of the

mean (SEM). The data were analyzed using a one-way analysis of

variance (ANOVA) to test for differences between treatments and

then the Student-Neuman-Keuls multiple comparison test was

performed after confirming the normality and homogeneity of

variance using the Kolmogorov-Smirnov test and Levene’s test in

SPSS Statistics 20.0 (SPSS, Michigan Avenue, Chicago, IL, USA).

The data expressed as percentages or ratios were subjected to the

data conversion before statistical analysis. P-values < 0.05 were

considered statistically significant.
3 Results

3.1 Growth performance and
proximate composition

The results of growth performance are presented in Table 3. The

SBM group had the lowest WG, SGR, and CF among all treatments

(P < 0.05). Group B-3 exhibited the highest WG and SGR, and the

values were higher (P < 0.05) than that of B-7 group, but were not

different (P > 0.05) from that of the FM group. The CF in the SBM

group was lower (P < 0.05) than that of other groups, and there was

no significant (P > 0.05) difference among other groups. There was

no difference (P > 0.05) in HSI between groups SBM, B-3 and B-7,

but they were higher (P < 0.05) than that in group FM. The FR of

the SBM group was lower (P < 0.05) than that of the B-3 group, but

not different (P > 0.05) from that in groups FM and B-7. The FE and

survival were not affected (P > 0.05) by dietary treatments.

Groups SBM, B-3 and B-7 had higher (P < 0.05) whole-body

moisture contents compared with the FM group, but no variation

was observed among the three groups. Groups FM, B-3 and B-7 had

higher (P < 0.05) whole-body lipid contents compared with group

SBM, but there was no variation (P > 0.05) among the three groups.
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Whole-body ash content followed a pattern similar to whole-body

lipid content, in response to dietary treatments. The whole-body

protein content did not differ (P > 0.05) across dietary treatments.
3.2 Liver antioxidant capacity

The liver T-AOC, GSH-Px activities in FM and B-3 groups were

generally higher (P < 0.05) than that in SBM and B-7 groups, except

that GSH-Px activity in the B-7 group was similar (P > 0.05) to that

of FM and B-3 groups (Table 4). The changes of liver MDA values

were opposite to that of T-AOC, in response to dietary treatments.

Dietary treatments did not affect liver activities of SOD and CAT (P

> 0.05). There were no significant differences (P > 0.05) in liver T-

AOC and MDA values, liver SOD and GSH-Px activities between

the B-3 group and FM group, and the same was true for the values

between the B-7 group and the SBM group.
3.3 Gut morphological analysis

As shown in Figure 1, the single-layer columnar epithelial cells

were tightly connected and a large number of goblet cells in the

intestinal mucosa were observed in the FM group. Compared with
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the FM group, the intestinal structure of MI and DI of the SBM

group was damaged, and there was an obvious irregular

arrangement of single-layer columnar epithelial cells, a significant

reduction in the number of goblet cells in the intestinal mucosa, and

many intestinal epithelial cells separated from lamina propria. Both

B-3 and B-7 groups exhibited slight damage to intestinal structure

compared with the FM group and the B-7 group had greater

intestinal structure damage in comparison with the B-3 group.

The SBM group had the thinnest tML value for MI among

treatments, and the value was lower (P < 0.05) than that of the FM

group, but not different (P > 0.05) from that of other groups

(Figure 2). The tML and lMF values for DI of SBM and B-7 groups

were lower compared with FM and B-3 groups. There were no

differences (P > 0.05) in tML and lMF values for DI between the B-3

group and FM group, and the same was true for DI between the B-7

group and SBM group. The tML for PI, lMF for PI and MI, and nMF

for PI, MI, and DI were not affected (P > 0.05) by dietary treatments.

As shown in Figure 3, the mRNA levels of genes (occludin,

claudin-3 and ZO-1) related to intestinal tight junction structure in

SBM and B-7 groups were down-regulated (P < 0.05) compared

with FM and B-3 groups. There were no significant differences (P >

0.05) in mRNA levels for the three genes between the B-3 group and

FM group, and the same was true for the three genes between the B-

7 group and SBM group.
TABLE 2 Primers for the intestinal genes.

Genes Forward (5’-3’) Reverse (5’-3’) Accession no.

caspase-3 GATGCTGCTGCTGCTATGC GCCGTCAGTGCCGTATATTATC XM_033633485

caspase8 TGCCTTGGTGGTATGCGTGCT GGTGAAGGGCGAGGTCAGTTCT XM_033649666.1

caspase9 GCCTGTGGAGGAGGTGAAAGAGA GCTGCTGGATGACATCGGAATGG XM_033629367.1

bcl-2 GTGCGTGGAGTGCGTTGAGAA CGCTCCCATCCTCTTTGGCTCT KY321170.1

bcl-xL AGTAACGGCTTGCTGGTCAA GCTGTGGTAGGCTGTGTCA MH513638.1

occludin GGCTACGGTGATCGTGTTGTGT CCGCCTCCATAACCTCCTCCAT XM_033622283.1

claudin3 GCATTGACGACGAGGCATCCAA GCCGACCAGGAGACAGGAATGA MK782153.1

ZO-1 CGGCAGATCAGCAATGGCAACC TGGTTCAGGCAGCGGAGGTAAC MK809396.1

NF-kB1 (P50) CTTACATTCGCCGCCTCAGT TGCAACAACGCCTTCAAACC JX856139.1

RelA (P65) TCTTCTCAGTCCAGCCCAAGGT GGTGGTAGAGGAGCAGGAGGAT EU219847.1

MyD88 GCATTGACGACGAGGCATCCAA GCCGACCAGGAGACAGGAATGA JF271883

IKK-a TGGCTGAGAGCGAACAAGTCCT AGCAGAGGCGGCACTGAAGAT KM669150.1

TAK1 TCTCAAGGGAGCAACGACAC GCAGGCAGACTCTCAACACT JX856141

IL-8 AAGTTTGCCTTGACCCCGAA TGAAGCAGATCTCTCCCGGT FJ913064.1

IL-1b GCAACTCCACCGACTGATGA ACCAGGCTGTTATTGACCCG EF582837.1

TNF-a GGATCTGGCGCTACTCAGAC CGCCCAGATAAATGGCGTTG FJ009049.1

IL-10 GTCCACCAGCATGACTCCTC AGGGAAACCCTCCACGAATC KJ741852.1

TGF-b1 GCTTACGTGGGTGCAAACAG ACCATCTCTAGGTCCAGCGT GQ503351.1

b-actin GATCTGGCATCACACCTTCT CATCTTCTCCCTGTTGGCTT AY510710.2
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3.4 Intestinal mucosal permeability

Table 5 showed that plasma DAO activity, and plasma D-lac

and ET contents in SBM and B-7 groups were higher (P < 0.05) than

that in FM and B-3 groups. There were no differences (P > 0.05) in

intestinal DAO activity, D-lac and ET contents between the B-3

group and FM group, and the same was true for the values between

the B-7 group and SBM group.
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3.5 Distal intestinal cell apoptosis

As shown in Figure 4, the number of intestinal cell apoptosis of

DI in groups SBM and B-7 showed obvious positive signaling

compared to that of FM and B-3 groups. The SBM group had the

highest number of intestinal cell apoptosis among treatments,

followed by the B-7 group, and the values of the SBM and B-7

groups were higher than that in FM and B-3 groups.
TABLE 4 Effects of b-conglycinin addition in diets on liver antioxidant indices of orange-spotted groupers in a 56-day feeding period.

Parameters
Diets2

FM SBM B-3 B-7

T-AOC (mmol/g) 0.38 ± 0.01b 0.25 ± 0.06a 0.37 ± 0.02b 0.25 ± 0.03a

GSH-Px (U/mg prot) 62.02 ± 1.13b 54.80 ± 0.71a 62.68 ± 2.97b 57.77 ± 1.41ab

CAT (U/mg prot) 7.02 ± 1.53 7.39 ± 1.00 7.95 ± 0.26 7.64 ± 0.54

SOD (U/mg prot) 204.43 ± 3.02 190.61 ± 8.22 201.73 ± 10.78 191.76 ± 1.41

MDA (nmol/mg prot) 3.08 ± 0.43a 6.27 ± 0.45b 3.32 ± 0.26a 5.27 ± 0.18b
1Statistical analysis was performed by one-way ANOVA, followed by Student-Neuman-Keuls multiple comparison test.
2FM, fish meal diet (basal diet); SBM, high soybean meal diet with 60% fish meal protein replacement and without b-conglycinin supplementation; B-3 and B-7, 3% and 7% b-conglycinin were
added in the FM diets, respectively.
3Values are presented as the means ± SEM (n = 3 tanks).
Values in the same row with different superscripts indicate significant differences (P < 0.05), while that with the same letter or no letter superscripts indicate no significant differences (P > 0.05).
T-AOC, total antioxidant capacity; GSH-Px, glutathione peroxidase; CAT, catalase; SOD, superoxide dismutase; MDA, malondialdehyde.
TABLE 3 Effects of b-conglycinin addition in diets on growth performance of orange-spotted groupers in a 56-day feeding period.

Parameters
Diets2

FM SBM B-3 B-7

Growth performance

IBW (g/fish)3 8.32 ± 0.13 8.19 ± 0.26 8.42 ± 0.15 7.95 ± 0.15

FBW (g/fish)3 61.52 ± 2.43c 43.91 ± 1.11a 65.56 ± 0.26d 51.61 ± 0.68b

WG (%)3 639.3 ± 18.0c 436.8 ± 15.3a 679.3 ± 11.4c 549.2 ± 3.6b

SGR (%/d)3 3.57 ± 0.04c 3.00 ± 0.05a 3.67 ± 0.03c 3.34 ± 0.01b

FE3 1.10 ± 0.03 1.07 ± 0.05 1.10 ± 0.02 1.10 ± 0.01

HSI (%)3 3.02 ± 0.13b 2.44 ± 0.04a 2.39 ± 0.03a 2.52 ± 0.09a

CF (g/cm3)3 2.66 ± 0.08b 2.45 ± 0.06a 2.63 ± 0.01b 2.78 ± 0.05b

FR (%/d) 1.24 ± 0.03ab 1.14 ± 0.04a 1.26 ± 0.02b 1.19 ± 0.01ab

Survival (%)3 100.00 100.00 100.00 98.33 ± 1.67

Proximate composition (%)

Moisture 67.61 ± 0.27a 71.08 ± 0.51b 69.76 ± 0.55b 70.90 ± 0.45b

Crude protein 18.08 ± 0.47 17.48 ± 0.18 17.56 ± 0.20 17.85 ± 0.31

Crude lipid 6.58 ± 0.20b 5.75 ± 0.16a 6.57 ± 0.13b 6.65 ± 0.22b

Ash 4.66 ± 0.10b 4.30 ± 0.09a 4.51 ± 0.14ab 4.33 ± 0.07a
1Statistical analysis was performed by one-way ANOVA, followed by Student-Neuman-Keuls multiple comparison test.
2FM, fish meal diet (basal diet); SBM, high soybean meal diet with 60% fish meal protein replacement and without b-conglycinin supplementation; B-3 and B-7, 3% and 7% b-conglycinin were
added in the FM diets, respectively.
3Values are presented as the means ± SEM (n = 3 tanks).
Values in the same row with different superscripts indicate significant differences (P < 0.05), while that with the same letter or no letter superscripts indicate no significant differences (P > 0.05).
WG (weight gain, %) = 100 × (final body weight (g/fish) - initial body weight (g/fish))/initial body weight (g/fish); SGR (specific growth rate, %/d) = 100 × (ln final body weight - ln initial body
weight)/days; FE (feed efficiency) = (final body weight - initial body weight)/feed intake (as fed basis, g/fish); FR (feeding rate, %/d) =100×(feed intake (g/fish)/((final body weight+initial body
weight)/2×days)); Survival (%) = 100 × final fish number/initial fish number; HSI (hepatosomatic index, %) = 100 × liver weight (g/fish)/body weight (g/fish); CF (condition factor) = 100×body
weight (g)/(body length (cm))3; IBW, initial body weight (g); FBW, final body weight (g).
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The mRNA levels of intestinal caspase-3, caspase-8 and

caspase-9 genes were higher (P < 0.05) and the bcl-2 and bcl-xL

genes were lower (P < 0.05) in SBM and B-7 groups than in FM

and B-3 groups (Figure 5). No differences (P > 0.05) in the values

for the five genes between the B-3 group and FM group were

observed, and the same was true for the five genes between SBM

and B-7 groups.
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3.6 Gut microbiota

As shown in Table 6, the richness and the diversity of bacterial

community in the intestine was not affected (P > 0.05) by

dietary treatments.

As shown in Figure 6A, the Proteobacteria (relative abundance

62.62%), Tenericutes (19.34%), Actinobacteria (9.92%), Firmicutes
FIGURE 1

Histological examinations of the proximal intestine (PI), mid intestine (MI), and distal intestine (DI) in the 4 groups of fish fed the diets in a 56-day
feeding period (magnification 100). FM, basal diet (control); SBM, high-soybean meal diet; B-3, 3% b-conglycinin addition in FM diet; B-7, 7% b-
conglycinin addition in FM diet; LP, lamina propria; GC, goblet cells.
FIGURE 2

Histological examinations of the proximal intestine (PI), middle intestine (MI), and distal intestine (DI) in the 4 groups of fish fed the diets in a 56-day
feeding period (magnification 100). Data are represented as means ± SEM (n = 3 tanks) and analyzed by one-way ANOVA. Values in the same row
with different superscripts indicate significant differences (P < 0.05), while that with the same letter or no letter superscripts indicate no significant
differences (P > 0.05). FM, basal diet (control); SBM, high-soybean meal diet; B-3, 3% b-conglycinin addition in FM diet; B-7, 7% b-conglycinin
addition in FM diet; tML, muscle layer thickness; lMF, mucosal fold length; nMF, mucosal fold number.
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(3.69%), Cyanobacteria (1.42%) and Bacteroidetes (1.12%) are the

dominant intestinal bacteria at the phylum level. The relative

abundances of the first four dominant phyla were listed in

Figure 6B. Compared with the FM group, the relative abundance

of Proteobacteria in the SBM group was higher (P < 0.05) than that

in the B-3 group, but was not different (P > 0.05) from those of other

groups. However, the relative abundance of Tenericutes in SBM and

B-7 groups were lower (P < 0.05) than that in FM and B-3 groups.

There was no difference in relative abundance of Actinobacteria

among treatments (P > 0.05). The relative abundance of Firmicutes

in the SBM group was lower (P < 0.05) than that in the FM group,

and was not different (P > 0.05) from B-3 and B-7 groups.

As shown in Figure 7A, the dominant bacterial genera in the

intestine of all four treatments were Achromobacter (relative

abundance 31.35%), Arthrobacter (9.64%), Vibrio (4.98%),

Bacillus (2.31%), Hyphomicrobium (1.50%), Sediminibacterium

(0.64%), Chroococcidiopsis (0.73%) and Enterovibrio (0.19%). The

relative abundances of the four most dominant genera were listed in

Figure 7B. The relative abundance of Vibrio in the SBM group was

higher (P < 0.05) than that in other groups, and there was no

difference among other groups. However, the abundances of the

Achromobacter, Arthrobacter and Bacillus were not affected (P >

0.05) by dietary treatments.
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3.7 mRNA expressions of intestinal
inflammatory factor genes

As shown in Figure 8, SBM and B-7 groups showed an

upregulated (P < 0.05) mRNA level for NF-kB1, RelA, TAK1,
IKK, MyD88, TNF-a, IL-1b, and IL-8 genes in comparison with

FM and B-3 groups. In contrast, SBM and B-7 groups showed a

downregulated (P < 0.05) mRNA level for IkBa, TGF-b1 and IL-10

genes. No differences (P > 0.05) of the 11 genes between the B-3

group and FM group was observed, and the same was true for the 11

genes between SBM and B-7 groups.
4 Discussion

4.1 Growth performance and
proximate composition

b-conglycinin is recognized as one of the main anti-nutritional

factors in SBM due to its strong immunogenicity (Hu et al., 2021).

In this study, two inclusion levels (3% and 7%) of b-conglycinin
identical to the SBM substitution for 30% and 60% FM protein

respectively were used to investigate its impacts on the growth
FIGURE 3

The expression of genes related to intestinal tight junction functions in the 4 groups of fish fed the diets in a 56-day feeding period. Data are
represented as means ± SEM (n = 3 tanks) and analyzed by one-way ANOVA. Bars for each gene with different superscripts indicate significant
differences (P < 0.05), while that with the same letter or no letter superscripts indicate no significant differences (P > 0.05). FM, basal diet (control);
SBM, high-soybean meal diet; B-3, 3% b-conglycinin addition in FM diet; B-7, 7% b-conglycinin addition in FM diet.
TABLE 5 Effects of b-conglycinin addition in diets on the plasma components in regard to intestinal mucosal permeability of orange-spotted
groupers in a 56-day feeding period.

Parameters
Diets2

FM SBM B-3 B-7

DAO (U/L) 20.78 ± 1.25a 25.46 ± 0.46b 20.51 ± 0.78a 25.11 ± 2.01b

D-Lac(nmol/mL) 3.66 ± 0.44a 5.88 ± 0.54b 3.74 ± 0.43a 5.37 ± 0.04b

ET (EU/L) 5.40 ± 0.31a 9.37 ± 0.05b 5.07 ± 0.69a 8.92 ± 0.20b
1Statistical analysis was performed by one-way ANOVA, followed by Student-Neuman-Keuls multiple comparison test.
2FM, fish meal diet (basal diet); SBM, high soybean meal diet with 60% fish meal protein replacement and without b-conglycinin supplementation; B-3 and B-7, 3% and 7% b-conglycinin were
added in the FM diets, respectively.
3Values are presented as the means ± SEM (n = 3 tanks).
Values in the same row with different superscripts indicate significant differences (P < 0.05), while that with the same letter or no letter superscripts indicate no significant differences (P > 0.05).
DAO, diamine oxidase; D-Lac, d-lactic acid; ET, endotoxin.
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performance of grouper. Unexpectedly, 3% b-conglycinin improved

growth and feed utilization in grouper than the FM diet. As

expected,7% b-conglycinin addition lowered the growth rate of

grouper compared with those fed the FM diet, the practice achieved

better growth and feed utilization in comparison with SBM diets.

Similarly, several studies have also reported a negative effect of

dietary high levels of b-conglycinin on the growth rate and feed

utilization of other fish species (Zhang et al., 2013; Li et al., 2017;

Duan et al., 2019a; Yin et al., 2021a; He et al., 2022). However, in

this study, fish fed diets 3% and 7% b-conglycinin had the HSI
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similar to the SBM group but exhibited reduced HSI vs the control.

The similar effect of dietary b-conglycinin addition was observed in

a study with Jian carp (Cyprinus carpiovar Jian) (Zhang et al., 2013).

Furthermore, both SBM and b-conglycinin diets promoted whole-

body moisture contents and reduced whole-body ash contents in

this study and previous studies with turbot (Scophthalmus

maximus) (Gu et al., 2016b) and barramundi (Lates calcarifer)

(Ma et al., 2018), which was generally paralleled with the HSI. This

may indicate the lower nutritional status of fish caused by the

feeding of high b-conglycinin diets, as observed in fish fed high
FIGURE 4

Changes of intestinal cell apoptosis in the 4 groups of fish fed the diets in a 56-day feeding period (magnification 200). PI, MI and DI represent the
proximal, mid and distal intestines respectively; red particles refer to apoptotic cells. FM, basal diet (control); SBM, high-soybean meal diet; B-3, 3%
b-conglycinin addition in FM diet; B-7, 7% b-conglycinin addition in FM diet.
FIGURE 5

The expression of intestinal cell apoptosis genes in the 4 groups of fish fed the diets in a 56-day feeding period. Data are represented as means ±
SEM (n = 3 tanks) and analyzed by one-way ANOVA. Bars for each gene with different superscripts indicate significant differences (P < 0.05), while
that with the same letter or no letter superscripts indicate no significant differences (P > 0.05). FM, basal diet (control); SBM, high-soybean meal diet;
B-3, 3% b-conglycinin addition in FM diet; B-7, 7% b-conglycinin addition in FM diet; bcl-2, B cell lymphoma 2; bcl-xL, B cell lymphoma xL.
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SBM diets. Consistent with the study with golden crucian carp

(Cyprinus carpio × Carassius auratus) (Li et al., 2019), whole-body

lipid contents of grouper fed b-conglycinin diets were not different

from those fed the FM diet, but higher than those fed the SBM diet.
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4.2 Liver antioxidant capacity

Like the SBM diet, fish fed 7% b-conglycinin diet exhibited

lower T-AOC value and GSH-Px activity, and increased MDA
TABLE 6 Richness and diversity index of bacterial community in intestinal samples of orange-spotted groupers in a 56-day feeding period.

Parameters
Diets2

FM SBM B-3 B-7

OTUs 245.00 ± 80.16 228.33 ± 113.87 243.33 ± 83.34 316.33 ± 119.26

Ace 473.72 ± 12.88 476.39 ± 85.51 403.79 ± 97.99 445.52 ± 94.64

Chao1 457.24 ± 28.78 380.55 ± 131.81 386.66 ± 9.83 338.79 ± 136.58

Shannon 2.81 ± 0.4 3.29 ± 0.16 2.82 ± 0.32 2.86 ± 0.39

Simpson 0.70 ± 0.07 0.80 ± 0.01 0.74 ± 0.04 0.75 ± 0.06
1Statistical analysis was performed by one-way ANOVA, followed by Student-Neuman-Keuls multiple comparison test.
2FM = basal diet (control); SBM = high-soybean meal diet; B-3 = 3% b-conglycinin addition in FM diet; B-7 = 7% b-conglycinin addition in FM diet.
3Values are presented as the means ± SEM (n = 3 tanks).
Values in the same row with different superscripts indicate significant differences (P < 0.05), while that with the same letter or no letter superscripts indicate no significant differences (P > 0.05).
OTUs, operation altaxonomic units; Ace, abundance-based coverage estimator.
B

A

FIGURE 6

The distal intestine microbiota at phylum levels in the four groups of fish fed the experimental diets in a 56-day feeding period. (A) Relative
abundances of the intestine microbiota and (B) Relative abundances for the top-four phylum level. Data are represented as means ± SEM (n = 3
tanks) and analyzed using ANOVA. Bars for each bacterium with different superscripts indicate significant differences (P < 0.05), while that with the
same letter or no letter superscripts indicate no significant differences (P > 0.05). FM, basal diet (control); SBM, high-soybean meal diet; B-3, 3% b-
conglycinin addition in FM diet; B-7, 7% b-conglycinin addition in FM diet.
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content in the liver compared with those fed the FM diet. This result

indicates high b-conglycinin addition can cause an enhancement in

hepatic lipid peroxidation, a reflection of hepatic oxidative damage

to some extent. The enhancement of hepatic lipid peroxidation by

high b-conglycinin was paralleled with the elevated MDA contents,

and declined T-AOC value and GSH-Px activity in our current

study and previous studies with Jian carp (Zhang et al., 2013) and

golden crucian carp (Li et al., 2019). However, this negative effect

was not rendered in fish fed 3% b-conglycinin diet in the present

study, and the same result was observed in golden crucian carp fed

2% b-conglycinin diets (Li et al., 2019). Therefore, the intermediate

b-conglycinin level is relatively safe for hepatic antioxidant damage

in fish.
4.3 Intestinal structural integrity

The intestinal structure integrity plays an important role in the

maintenance of normal digestion and absorption status and

intestinal disease resistance as wall as a crucial barrier against
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exogenous pathogens in fish (Song et al., 2022). For histology and

morphology, intestinal tML, lMF and nMF are usually used as

indicators to measure its digestion and absorption function (Niu

et al., 2021). In this study, 7% b-conglycinin addition decreased tML

and lMF of MI and DI, which agreed with the observations in other

fish species (Gu et al., 2016b; Duan et al., 2019a; Li et al., 2021; Luo

et al., 2023). Unlike 7% b-conglycinin diet, 3% b-conglycinin diet

did not show significant alterations in the intestinal morphology vs

FM diet. This indicates the dietary intermediate inclusion level of b-
conglycinin has no damage to intestinal structure of fish (Li

et al., 2021).

TLR2 gene deficient mice develop severe enteritis and bleeding,

accompanied by intestinal inflammation and cell apoptosis, as well

as intestinal mucosal barrier dysfunction mediated by intestinal

junction proteins, ZO-1, and claudin-3 (Gibson et al., 2008). In

order to better understand the effects of dietary b-conglycinin on

the intestinal structure integrity, the intestinal tight junction

function of fish at the mRNA level was determined in the present

study. Like high SBM diets, 7% b-conglycinin diets down regulated

the mRNA levels of claudin-3, occludin and ZO-1 of intestine vs FM
B

A

FIGURE 7

The relative abundance of intestine microbiota at genus levels in the 4 groups of fish fed the experimental diets in a 56-day feeding period.
(A) Relative abundances of the intestine microbiota and (B) Relative abundances for the top-four genus level. Data are represented as means ± SEM
(n = 3 tanks) and analyzed by one-way ANOVA. Bars for each bacterium with different superscripts indicate significant differences (P < 0.05), while
that with the same letter or no letter superscripts indicate no significant differences (P > 0.05). FM, basal diet (control); SBM, high-soybean meal diet;
B-3, 3% b-conglycinin addition in FM diet; B-7, 7% b-conglycinin addition in FM diet.
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diet. Our current results were supported by previous studies with

other fish when fed high b-conglycinin diets (Zheng et al., 2020; Yin

et al., 2021a). However, the mRNA levels of the three genes in fish

fed 3% b-conglycinin diets did not differ from that fed the FM diet.

Interestingly, an up-regulation of intestinal mRNA levels of

claudin-3 was reported in hybrid grouper fed 1.5% b-conglycinin
diet (Yin et al., 2021a). It can be seen that dietary high b-conglycinin
level rather than intermediate b-conglycinin level disrupts the

intestinal structure integrity by disrupting the function of

intestinal tight junction proteins of fish.

The intestinal mucosa provides an important barrier against

external bacterial invasion. When the intestinal mucosa barrier is

impaired, bacterial-derived substances such as ET and D-Lac are

able to invade deeper intestinal mucosal layers to enter the blood

circulation (Han et al., 2020). The increase of plasma DAO activity,

ET and D-Lac content caused by SBM addition is associated with

the decrease in the integrity of the intestinal structure or the

increase of intestinal mucosal permeability (Zhao et al., 2021). In

the present study, like SBM diets, fish fed 7% b-conglycinin diets

had higher plasma DAO activity, D-Lac and ET contents vs FM

diets. This was consistent with the previous study with turbot fed

8% b-conglycinin diet (Zheng et al., 2020). However, the adverse

effect was not triggered by 3% b-conglycinin diet. These results

indicate that high b-conglycinin could impair intestinal mucosa

barrier through increasing the intestinal permeability of fish.
4.4 Intestinal cell apoptosis

Intestinal cell apoptosis caused by dietary high b-conglycinin
inclusion is mediated by caspase family (Duan et al., 2019a; He

et al., 2022), as observed in other studies, that is, feeding high SBM

diets led to the up-regulation of intestinal apoptosis gene expression

(caspase-3, caspase-8 and caspase-9) (Zhang B. L. et al., 2022; Zhao

et al., 2023). In this study, the intestinal TUNEL fluorescence
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staining and the intestinal caspase-3, caspase-8 and caspase-9

mRNA expression levels were used to further determine the

effects of dietary b-conglycinin on intestinal apoptosis of grouper.

The results showed that both SBM and 7% b-conglycinin diets

enhanced the number of intestinal apoptotic cells and the

expression levels of caspase-3, caspase-8 and caspase-9 genes

compared with fish fed the FM diet, but this effect did not occur

in fish fed 3% b-conglycinin diet. These indicate that intestinal cell

apoptosis of fish could be triggered by dietary high b-conglycinin
through promoting the activation of intestinal caspases.

Besides the caspase-mediated intestinal apoptosis, the NF-kB
signaling pathway regulating intestinal apoptosis was determined in

this study. The activation of NF-kB can induce an up-regulation of

mRNA levels of bcl-2 and bcl-xL genes, as a result of a reduction in

mitochondrial membrane permeability and a block of cytochrome C

release to inhibit apoptosis (Leber et al., 2007). The cytokine TNF-a
acts as an activator of NF-kB signaling pathway, whose up-regulation

will stimulate NF-kB1/RelA to enter the nucleus and activates genes

with DNA binding sites for NF-kB, leading to the occurrence of

apoptosis, which in turn induces the down-regulation of mRNA

expression of downstream bcl-2 and bcl-xL genes (Heissmeyer et al.,

2001). In this study, down-regulated mRNA levels of bcl-2 and bcl-xL

genes and up-regulated mRNA levels of NF-kB and TNF-a genes

were observed in fish fed the SBM and 7% b-conglycinin diets, which

agreed with the results in a study with grass carp fed high b-
conglycinin diets (Duan et al., 2019a). Although there are few

research reports on the effect of dietary b-conglycinin levels on the

intestinal cell apoptosis of fish, glycinin, another major antigen

protein, has also been found to render this effect in other fish, that

is, high glycinin diets down-regulated intestinal bcl-2 mRNA

expression and up-regulated intestinal TNF-a mRNA expression

(Zhang Y. L. et al., 2021; Yi et al., 2022). Therefore, dietary high b-
conglycinin could enhance intestinal cell apoptosis by down-

regulating anti-apoptosis bcl-2 and up-regulating expression of pro-

apoptosis TNF-a through NF-kB signaling pathway.
FIGURE 8

The expression of intestinal inflammatory factor genes in the 4 groups of fish fed the diets in a 56-day feeding period. Data are represented as
means ± SEM (n = 3 tanks) and analyzed by one-way ANOVA. Bars for each gene with different superscripts indicate significant differences (P <
0.05), while that with the same letter or no letter superscripts indicate no significant differences (P > 0.05). FM, basal diet (control); SBM, high-
soybean meal diet; B-3, 3% b-conglycinin addition in FM diet; B-7, 7% b-conglycinin addition in FM diet; NF-kB1, nuclear factor kappa-B1; RelA,
transcription factor p65; TAK1, transforming growth factor activated kinase-1; IKK, inhibitor of kappa B kinase; MyD88, myeloid differentiation factor
88; IkBa, inhibitor of kB alpha; TNF-a, tumor necrosis factor-alpha; IL-1b, interleukin-1 beta; TGF-b1, transforming growth factor-beta 1.
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4.5 Intestinal microbiota

Numerous and complex intestinal microbiota are interdependent

with the host, forming a relatively independent intestinal microbiota

homeostasis, which is inseparable from nutrition, immunity and

metabolism (McKenney and Pamer, 2015). The intestinal

microbiota of fish is affected by the environment, temperature, and

especially by the source, composition and type of feed (Bereded et al.,

2022). For instance, high SBM diets decreased intestinal abundance of

Firmicutes and Actinobacteria and increased intestinal abundance of

Cyanobacteria and Tenericutes at the phylum level, as well as lowered

the abundances of Fictibacillus and Lactobacillus and increased

Mycoplasma at the genus level in largemouth bass (Micropterus

salmoides) (Chen et al., 2021). In the present study, the

predominant bacterial phyla in the intestine of grouper were

Proteobacteria, Tenericutes, Actinobacteria and Firmicutes.

Interestingly, the abundances of Proteobacteria were generally

higher in fish fed the SBM and 7% b-conglycinin diets than those

fed the 3% b-conglycinin and FM diets. The increased abundance of

Proteobacteria was also observed in largemouth bass fed SBM diets

(Ren et al., 2022) and hybrid grouper fed 6% b-conglycinin diets (Yin
et al., 2021b). Proteobacteria includes many pathogenic bacteria that

produce a large amount of lipopolysaccharides (Lin et al., 2020), and

which exacerbate stroke by activating NF-kB to produce large

amounts of pro-inflammatory cytokines (Hakoupian et al., 2021).

In contrast, the abundances of Tenericutes were higher in fish fed FM

and 3% b-conglycinin diets than those fed SBM and 7% b-
conglycinin diets. It is still unclear whether Tenericutes belongs to

one of beneficial bacterial phyla in fish, which needs further study

(Wang et al., 2021). The intestinal enrichment of Proteobacteria and

reduction of Tenericutes may reflect an imbalanced profile of

intestinal microbiota (Shin et al., 2015). In addition, our present

study showed that SBM and b-conglycinin diets reduced abundance

of Firmicutes, which was consistent with the results in hybrid grouper

fed 6% b-conglycinin diet (Yin et al., 2021b).

The genus Vibrio such as Vibrio anguallanim is harmful to many

fish species (Frans et al., 2011). In this study, the genus Vibrio is one

of the dominant bacterial genera in the intestine of fish fed SBM diet

(Figure 7A), which was consistent with the results in a previous study

with turbot fed SBM diet (Zhang W. et al., 2022). This might partly

explain the phenomenon that dietary high SBM can induce enteritis

in fish by providing the conditions for the colonization of

opportunistic pathogens in the intestine. However, dietary b-
conglycinin addition did not render the similar responses to SBM

diets, the changing tendency of intestinal bacterial composition of

high b-conglycinin diets is generally similar to that of FM diets, which

may be related to other anti-nutritional factors.
4.6 Gene expression of intestinal
inflammatory factors

The intestinal tract of fish is not only a place for digestion and

absorption of nutrient, but also an important organ for immune

defense. In addition to acting as a physical barrier, its epithelial cells
Frontiers in Marine Science 14
can also secrete cytokines and chemokines to regulate immune cells

and resist the invasion of pathogens (Ferguson et al., 2010). As an

important nuclear transcription factor, NF-kB is also involved in the

regulation of inflammation through inducing the expression of

various pro-inflammatory genes including TNF-a, IL-1b, IL-6, IL-
12 (Liu et al., 2022). IL-1b receptor-associated kinase is mobilized

through Myd88 to activate IRAKs when cells are stimulated by IL-1b.
Subsequently, a downstream molecular transformation growth factor

TAK1 is triggered. Then activates IkB kinase, resulting in degradation

of the IkB protein and released of NF-kB dimer. NF-kB1 and NF-kB
p65 (RelA) then entered the nucleus and bind to target genes in the

nucleus, promoting the release of pro-inflammatory factors (IL-8, IL-

1b, TNF-a) and inhibiting anti-inflammatory factors (IL-10, TGF-b1)
(Trung and Lee, 2020). In addition, TNF-a activates mitogen-

activated protein kinase kinase kinases (MAKKKs) by binding to

their receptors, and subsequently activates IkB protein, which in turn

activates NF-kB-related pathways and their downstream

inflammatory responses (Garg and Aggarwal, 2002).

Previous studies showed that the intestinal mRNA levels of RelA,

TNF-a, IL-1b, IL-8, Myd88, and/or IKK genes of fish were up-

regulated by high SBM diets (Gu et al., 2016b; Wang et al., 2017;

Zhang W. et al., 2021; Liu et al., 2022). Similarly, in this study, SBM

diets exhibited up-regulated intestinal mRNA levels of TNF-a, IL-1b,
Myd88, IKK-a, TAK1, RelA, NF-kB1, and IL-8 genes similar to 7% b-
conglycinin diets did, the down-regulated intestinal mRNA levels of

TGF-b1, IL-10, and IkBa genes were observed in fish fed both SBM

and 7% b-conglycinin diets. This finding was supported by the results
of previous studies on other fish fed 7% or 8% b-conglycinin diets

with an intestinal up-regulation of RelA, IKKa, IKKb, IKKg, IL-1b,
IL-8, and/orMyd88 and a down-regulation of TGF-b1, IL-10, and/or
IkBa genes (Duan et al., 2019b; Liu et al., 2019; He et al., 2022). The

above results showed that high b-conglycinin addition could cause

inflammation in the intestine through NF-kB pro-inflammatory

signaling pathway and related anti-inflammatory pathways.
5 Conclusions

The growth performance of fish could be restricted by dietary

high b-conglycinin, which was accompanied with the enhancement

of hepatic lipid peroxidation. Meanwhile, dietary high b-conglycinin
could increase the intestinal mucosal permeability and damage the

intestinal structural integrity by disrupting intestinal tight junction

structure and inducting intestinal apoptosis through promoting the

activation of intestinal caspases. Furthermore, dietary high b-
conglycinin could alter intestinal bacterial profile and provide the

conditions for the colonization of opportunistic pathogens in the

intestine, triggering intestinal inflammatory responses, thereby

promoting the occurrence of enteritis of the fish species.
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