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Preface

With the development of the aquatic feed industry, new feedstuff and feed additives have been

developed. Studies will be needed to ascertain their digestibility along with the composite nutritional

value of the formulation to the particular targeted species. This reprint focuses on the application

of new feedstuffs and additives in aquaculture species’ growth and immunity, especially recently

developed feedstuff and additives.

As requirements for aquafeeds increase, shortages are anticipated in various ingredients,

especially widely used proteinaceous resources such as fish meal. Technological developments are

being explored to enhance the usage of plant and animal feedstuffs in aquafeeds. Examples include

chicken meal, enzymatic soybean meal, fermented cottonseed meal, stickwater hydrolysate, and

meal. Feed additives can promote growth, feed utilization, and the health of aquatic animals. Several

different types of feed additives, such as tryptophan, Myo-Inositol, and Chinese herbal medicine,

including Astragalus membranaceus, Coptis chinensis, Ginkgo biloba Leaves, and Lentinus edodes, are

reported in this reprint. This applied information on a wide range of specific ingredients for use

in commercial aquaculture.

We deeply thank all of the authors and reviewers who have participated in this Special Issue.

This work was supported by Zhejiang Province R&D Plan (2023C02024) and the Zhejiang Provincial

Natural Science Foundation of China under Grant No. LTGN23C190003.

This reprint should be useful to students, researchers, fish nutritionists and feed formulators. We

hope this reprint will fulfill its intended purpose of serving as an important and valuable reference

resource.

Qiyou Xu, Jianhua Ming, Fei Song, Changle Qi, and Chuanpeng Zhou

Editors
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Effect of Dietary Supplementation on the Growth and
Immunity of Fish and Shellfish

Changle Qi 1, Qiyou Xu 1,*, Jianhua Ming 1, Fei Song 2 and Chuanpeng Zhou 3

1 College of Life Science, Huzhou University, Huzhou 313000, China; qichangle1989@163.com (C.Q.);
mingjianhua686@163.com (J.M.)

2 Department of Biology, South China Normal University, Guangzhou 510631, China; sophioe@163.com
3 South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences,

Guangzhou 510300, China; chpzhou@163.com
* Correspondence: 02655@zjhu.edu.cn

With the rapid development of aquaculture, the shortage of high-quality dietary ingre-
dients has become a critical problem limiting the sustainable development of aquaculture.
Therefore, the innovation of new feed materials, especially protein and lipid sources, is of
great significance for the healthy development of the aquaculture feed industry. Over the
past few decades, a variety of new, high-quality dietary ingredients have been developed
successfully with the advent of new technologies. Unfortunately, the database of precise
nutritional requirements based on new feed ingredients is not yet perfect, although a
preliminary database of nutritional requirements for aquatic animals (based on traditional
ingredients) has been established. In addition, feed additives can promote animal growth
and improve animal health, which provides important support for the development of
functional feed. Therefore, this Special Issue focuses on the application of feed ingredients
and additives in aquaculture, especially those more recently developed.

An accurate and reliable method for evaluating the growth performance of aquatic
animals is the basic premise of scientific research on the effects of feed ingredients and
additives. Traditionally, the condition factor is an empirical indicator and is positively
correlated with body weight [1]. It was widely used as a morphological parameter to assess
the growth or nutritional status of aquatic animals. However, the growth stages of fish
and different feed formulations can lead to deviations from the ideal growth status, which
may cause misjudgments [2]. In this Special Issue, the weight–length relationship and
condition factor of Gibel carp (Carassius auratus CAS V) at different growth stages and
feed formulations are investigated. The results indicate that the evaluation of fish growth
requires considering diverse indicators such as weight, length, body depth, body width,
and carcass ratio, as well as the condition factor, to avoid misjudging the actual growth
situation [3]. This study provides a more accurate method for the evaluation of the effects
of feed ingredients and additives on the growth of aquatic animals.

Protein is an important nutrient, and fish meal is an ideal high-quality protein source
for aquatic animals [4]. Unfortunately, the production of fish meal is limited, and the
supply exceeds the demand, leading to the increasing price of fish meal [5]. Therefore,
replacing fish meal with plant protein of stable yield and low price is an important direc-
tion for aquatic animal nutrition [6,7]. However, plant protein sources cannot completely
replace fish meal due to the anti-nutritional factors [8]. Some studies have found that new
technological methods such as fermentation, hydrolysis, and enzymatic hydrolysis can
eliminate anti-nutritional factors and improve the utilization of feed ingredients [8–10]. In
this Special Issue, a study reported that the use of 25% dietary fermented cottonseed meal
(FCSM) to partially replace fish meal improved nutrient absorption and reduced intestinal
inflammation. However, a high proportion of FCSM negatively affected the intestinal
microflora and nutrient absorption [11]. Stickwater hydrolysate (SWH) is obtained by

Fishes 2024, 9, 176. https://doi.org/10.3390/fishes9050176 https://www.mdpi.com/journal/fishes1
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adding hydrolytic enzymes, which can improve the growth performance and feed utiliza-
tion of fish [12]. In this Special Issue, it is reported that substituting fish meal with SWH
or stickwater hydrolysate meal (SWM) does not adversely affect growth or meat quality.
Moreover, replacing 15% fish meal with SWH and 5% fish meal with SWM can enhance the
immunity of yellow catfish [13]. Similarly, another study in this Special Issue also reported
that enzymatic soybean meal can completely replace fish meal in the juvenile Gibel carp’s
diets without causing adverse impacts on growth performance, antioxidant capacity, or
the structure of liver and intestinal tissues [14]. Both of these studies found that partial
replacement could even improve the antioxidant capacity and immunity of fish [13,14]. In
summary, new technological methods such as fermentation, hydrolysis, and enzymatic
hydrolysis can improve the utilization of feed ingredients and enhance the intestinal health
of aquatic animals.

The quality of formula feed not only depends on the feed ingredients and their
reasonable combination, but is also closely related to feed additives [7]. Feed additives can
promote growth, feed utilization, and the health of aquatic animals [4]. Several different
types of feed additives, particularly Chinese herbal medicines, are reported in this Special
Issue. For example, it has been reported that Coptis chinensis supplementation effectively
enhances the ability of tilapia to resist Streptococcus agalactiae infection by modulating
various antioxidant enzymes, immune factors, antimicrobial enzymes, and antimicrobial
peptides [15]. Similarly, another two studies in this Special Issue reported that both extracts
of Astragalus membranaceus (EAms) and extract of Ginkgo biloba leaves (EGb) can improve the
growth performance and antioxidant capacity of Jian Carp (Cyprinus carpio var. Jian) [16,17].
In summary, Chinese herbal medicines can be considered as potential natural antioxidants
for aquatic animals.

Nutrients, both as feed ingredients and additives, are closely related to the growth
and health of aquatic animals. This Special Issue showcases a collection of original research
that highlights the latest discoveries on the applications of new feed ingredients and
additives for aquatic animals. It can provide references for the development of high-quality
formula feed.
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Effects of Partial Substitution of Fish Meal with Soybean
Products and Chicken Meal on Growth, Antioxidant Capacity
and Intestinal Microbiota of Penaeus monodon
Wanli Yang 1,†, Song Jiang 1,2,3,†, Qibin Yang 1,2,3, Jianhua Huang 1, Jianzhi Shi 2, Yundong Li 2, Yukai Yang 1

and Falin Zhou 2,*

1 Shenzhen Base of South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences,
Shenzhen 518121, China; ywllxt@163.com (W.Y.); tojiangsong@163.com (S.J.); yangqibin1208@163.com (Q.Y.);
hjh210440@sina.com (J.H.)

2 Key Laboratory of Aquatic Product Processing, Ministry of Agriculture and Rural Affairs, South China Sea
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Sanya Tropical Fisheries Research Institute, Sanya 572018, China

* Correspondence: zhoufalin@aliyun.com
† These authors contributed equally to this work.

Abstract: The aim of this experiment was to investigate the effects of the partial substitution of fish
meal with soybean products and chicken meal on the growth performance, antioxidant capacity and
intestinal microbiota of Penaeus monodon. A total of 450 healthy, consistent shrimp were randomly
divided into five groups, with three replicates per group and 30 shrimp per replicate. The proportion
of fish meal substituted with soybean products and chicken meal in the five feed groups was 0%
(FM), 40% (40SC), 60% (60SC), 80% (80SC) and 100% (100SC). The experiment lasted for 8 weeks.
The results showed that, compared to the FM group, the 40SC and 60SC groups had a decrease in
WG and SR, but there was no significant difference (p > 0.05). In contrast, compared to the FM group,
the FCR in the 100SC group was significantly increased (p < 0.05), while there was no significant
difference among the FM and 40SC, 60SC and 80SC groups (p > 0.05). Compared to the FM group,
the ACP in the 80SC and 100SC groups significantly increased (p < 0.05), while the 40SC and 60SC
groups had no significant difference (p > 0.05). The AKP in the 100SC group was significantly higher
than that in the FM group (p < 0.05), while there were no significant differences among the other
four groups (p > 0.05). There were no significant differences in T-AOC and T-SOD among all the
treatment groups (p > 0.05). The next-generation sequencing of the intestinal microbiota showed
that Proteobacteria was the most abundant phylum in the five groups, accounting for 37.67%, 66%,
40%, 40% and 43.33%, respectively. Compared to the FM group, the Fusobacteriota in the other four
groups decreased significantly (p < 0.05). The functional prediction of FAPROTAX indicated that
no functional components were observed which are harmful to the body. Considering the effects
on growth performance, antioxidant capacity and intestinal microbiota, it is feasible to use soybean
products and chicken meal to replace 60% of fish meal in the feed of P. monodon.

Keywords: Penaeus monodon; growth performance; antioxidant capacity; intestinal microbiota

Key Contribution: A. An appropriate substitution ratio did not affect the growth performance and
antioxidant capacity of P. monodon, and the intestinal microbiota of P. monodon remained stable
and did not cause damage to the organism. B. A high substitution ratio can affect the growth and
immunoenzyme activity of P. monodon.
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1. Introduction

Penaeus monodon, also known as grass shrimp and black tiger shrimp, is a genus of
shrimp belonging to the genus Penaeus and family Penaeus. P. monodon is the largest
individual in the genus Penaeus, with a body mass of 500 g and an average body length
of 300–350 mm from maturity. The average body mass is about 350–400 g [1]. P. monodon
is a valuable edible shrimp with a large body, a delicious taste and strong vitality. So,
P. monodon is one of the most important marine shrimp breeding varieties in China.

With the rapid development of the aquaculture industry, the demand for aquatic feed
is increasing. In aquaculture, feed costs can be as high as 50% [2]. Fish meal has good
palatability and has always been an indispensable source of high-quality protein in aquatic
feed [3]. It occupies a very high proportion in feed formulas, usually accounting for 20%
to 60% of aquatic feed [4]. Fish meal is an unsustainable protein resource. In China, the
source of fish meal is mainly imported, resulting in its high cost. The cost of buying fish
meal accounts for half of the total breeding cost, so finding new and efficient materials that
can replace fish meal protein has become a research hotspot in the aquatic feed industry.
At present, many protein sources have been used to replace fish meal in order to achieve
the purpose of reducing the use of fish meal in feed, such as poultry by-product meal [5],
meat and bone meal [6], soybean meal [7], blood meal [8], cottonseed meal [9], peanut
meal [10], rapeseed meal [11], soybean protein concentrate [12] and so on. Soybean meal
has been proven to be one of the plant protein sources with a good effect on replacing
fish meal. Some studies have found that using a certain amount of soybean meal as a
substitute for part of fish meal had no significant effect on the growth performance of
Litopenaeus vannamei [13]. According to a report by the FAO, currently, poultry meat is
ranked in the top category of animal protein in the world. Chicken meal made from the
waste, residual mince and offal generated during meat processing has attracted much
attention from the animal protein source production market due to its rich nutritional value,
high digestibility, amino acid balance and high biological conversion rate [14]. Studies
have shown that chicken meal is a high-quality animal protein source for farmed fish [15].
In the process of breeding, differences in feed nutrient composition and raw materials will
affect the antioxidant capacity and intestinal microbiota of aquatic animals. Studies have
shown that using chicken meal as a substitute for 40% of fish meal could have negative
effects on the liver and intestines of Micropterus salmoides [16]. The substitution of fish
meal with chicken meal can reduce the antioxidant activity of Trachinotus ovatus [17]. And
the intestinal microbiota of Procambarus clarkii can be changed when the additive amount of
soybean meal is higher than 40% [18]. There have been many reports which have tested only
one of them, while the effect of combining soybean products and chicken mea is unknown.

This study was conducted to study the effects of partially and completely substituting
fish meal with soybean products and chicken meal on the growth performance, digestive
enzymes, antioxidant capacity of the hepatopancreas, and the intestinal microbiota of
P. monodon. The results from the current study will enhance our understanding of the effect
of soybean products and chicken meal on P. monodon and provide basic data and a reference
for the formulation and optimization of feed for P. monodon.

2. Materials and Methods

2.1. Experiment Materials

The experiment was conducted at the Shenzhen Base of the South China Sea Fisheries
Research Institute, Chinese Academy of Fishery Sciences. The shrimp used in the experi-
ment were of a new variety selected by the research team. The shrimp were taken out of
the breeding pond and temporarily raised in an 8 m3 tank for three days; commercial feed
(Guangdong Dongteng Feed Co., Ltd., Guangzhou, China) was fed during this period, and
feeding was stopped the day before the experiment began. The body mass of the shrimp
was 3.44 ± 0.03 g.
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2.2. Experiment Feeds

According to the nutritional requirements of P. monodon, five kinds of iso-nitrogen and
iso-lipid diets were designed, and the substitution ratios of the fish meal were 0% (FM), 40%
(40SC), 60% (60SC), 80% (80SC) and 100% (100SC), respectively. Additional crystal amino
acids were added to meet the amino acid requirements of the shrimp. Methionine and
cystine were hydrolyzed using oxidative acid hydrolysis, and the rest of the amino acids
were hydrolyzed via acid hydrolysis. The chicken meal, soybean meal and other materials
were purchased through the company Guangdong Kingkey Smart Agri Technology Co.,
Ltd., in Guangzhou, China. All the ingredients were ground into a powder, sieved through
an 80-hole mesh and thoroughly mixed with oil and water. The 1.5 mm-diameter doughs
were extruded using a twin screw extruder (F-26, South China University of Technology,
Guangzhou, China), cut into pelletized feeds using a pelletizer (G-500, South China Univer-
sity of Technology, Guangzhou, China), steamed in a 90 ◦C electric oven for 2 h, dried in
an air-conditioned room and then stored at −20 ◦C in a refrigerator until used. The feed
formulations and the contents of various nutrients are shown in Table 1.

Table 1. Formulation and nutrient levels of the experimental diets (% dry matter).

FM 40SC 60SC 80SC 100SC

Fish meal 25.00 15.00 10.00 5.00 0.00
Soybean meal 23.00 23.50 23.50 24.50 24.50
Chicken meal 0.00 4.50 6.50 8.50 11.00
Peanut hull 14.00 14.00 14.00 14.00 14.00
Wheatmeal 23.20 22.30 22.19 21.36 21.11
Beer yeast 3.00 3.00 3.00 3.00 3.00

Shrimp med 3.00 3.00 4.00 4.00 4.00
Soy protein concentrate 0.00 4.50 6.00 8.00 10.00

Soybean lecithin 1.00 1.00 1.00 1.00 1.00
Fish oil 1.55 1.65 1.70 1.80 1.85

Soybean oil 1.55 1.65 1.70 1.80 1.85
Vitamin C polyphosphate 0.10 0.10 0.10 0.10 0.10

Cholesterol 0.50 0.50 0.50 0.50 0.50
Vitamin premix (Prawn) 1.00 1.00 1.00 1.00 1.00
Mineral premix (Prawn) 1.00 1.00 1.00 1.00 1.00

Ca(H2PO4)2 1.00 1.75 2.05 2.45 2.85
Lysine hydrochloride (78%) 0.00 0.21 0.31 0.41 0.53

Methionine (99%) 0.00 0.10 0.14 0.19 0.24
Threonine (98%) 0.00 0.09 0.13 0.18 0.23

Carboxymethyl cellulose 1.00 1.00 1.00 1.00 1.00
Taurine (99%) 0.10 0.15 0.18 0.21 0.24

Total 100.00 100.00 100.00 100.00 100.00
Crude protein 39.92 40.00 39.91 39.93 39.89

Crude lipid 7.26 7.22 7.19 7.25 7.26
Methionine 0.83 0.83 0.83 0.83 0.83

Lysine 2.58 2.58 2.58 2.58 2.58
Threonine 1.63 1.63 1.63 1.63 1.63

Taurine 0.27 0.26 0.26 0.26 0.26
Total phosphorus 1.31 1.31 1.29 1.29 1.30

Note: vitamin premix: VA, 18 mg/kg; VD3, 5 mg/kg; VE, 150 mg/kg; VC, 500 mg/kg; VB1, 16 mg/kg; VB6,
20 mg/kg; VB12, 6 mg/kg; VK3, 18 mg/kg; riboflavin, 40 mg/kg; inositol, 320 mg/kg; calcium-D-pantothenate,
60 mg/kg; niacinamide, 80 mg/kg; folic acid, 5 mg/kg; biotin, 2 mg/kg; ethoxyquin, 100 mg/kg; b. mineral
premix: Na, 30 mg/kg; K, 50 mg/kg; Mg, 100 mg/kg; Cu, 4 mg/kg; Fe, 25 mg/kg; Zn, 35 mg/kg; Mn, 12 mg/kg;
I, 1.6 mg/kg; Se, 0.2 mg/kg; Co, 0.8 mg/kg.

2.3. Feeding Management

Four hundred and fifty shrimp with a uniform size, normal body color and healthy
body mass were randomly selected and divided into breeding barrels (500 L). Each group
was set up with 3 replicates and 30 shrimp in each replicate. The shrimp were fed three
times daily at 8:00, 15:00 and 22:00. The uneaten pellets and feces were removed by a siphon

6



Fishes 2024, 9, 42

method, and the exuviae and dead shrimp were removed with a dredge. The feed surplus
in the pellet tray was observed 1 h and 2 h after feeding, respectively. The feeding amount
was increased or decreased according to the condition of the remaining pellets, and the
daily feeding amount was 2% to 5% of the body mass of the shrimp. The water was treated
by sand filtering. During the feeding experiment, the water temperature was maintained at
27–32 ◦C, with a salinity of 28–32 ppt, a pH of 7.5–8.0, an ammonia nitrogen concentration
of 0–0.2 mg/L and a dissolved oxygen concentration of 6–7 mg/L. The feeding experiment
lasted for 8 weeks.

2.4. Sample Collection and Index Measurement

After the test, the shrimp were starved for 24 h, and the surface moisture of the shrimp
was dried with a towel. The number of shrimp in each glass fiber bucket was calculated,
and the total weight (accurate to 0.01 g, Puchun JE2002) was taken to calculate the survival
rate, the weight gain rate and the feed conversion rate of shrimp in each feed group.
The calculation formula is as follows:

Survival rate (%) = 100 × initial number
final number

Weight gain rate (%) = 100 × final average mass(g)− initial average mass(g)
initial average mass(g)

FCR =
feed amount(g)

final average mass(g)− initial average mass(g)

2.5. Composition Analysis of Whole Shrimp

After the experiment, five shrimp were taken from each breeding barrel and stored
at −20 ◦C for a later assessment of their whole body composition. The moisture content
was measured after the shrimp were oven-dried at 105 ◦C to a constant weight. And the
ash content was measured by burning them in a muffle furnace for at least 5 h at 550 ◦C.
The crude protein content (N × 6.25) was measured by the Kjeldahl method (Kjeltec™8400;
FOSS, Hilleroed, Denmark). The crude lipid content was measured by soxhlet extraction
using the soxhlet system HT (Soxtec System HT6, Tacator, Sweden) [19].

2.6. Determination of Antioxidant Enzymes in Hepatopancreas of Shrimp

After the experiment, five shrimp were taken from each breeding barrel. Hepatopan-
creas tissue was taken. After freezing treatment with liquid nitrogen, the tissue was stored
at −80 ◦C for the determination of antioxidant enzymes. Acid phosphatase (ACP), alkaline
phosphatase (AKP), total superoxide dismutase (T-SOD) and total antioxidant activity
(T-AOC) were tested using a commercial test kit (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) according to the manufacturer’s instructions.

2.7. Determination of Intestinal Microbiota in Shrimp

After the experiment, three shrimp were taken from each breeding barrel. The in-
testines were taken, frozen with liquid nitrogen and then stored at −80 ◦C. By extracting
the total genomic DNA of a sample using the universal primers 16SrRNA or ITS (Internal
Transcribed Spacer) for PCR amplification and then sequencing the highly variable region
and identifying the strain, the microbial diversity in the sample can be analyzed through
sequencing. We obtained classification tables for species annotation by comparing the
current ASV sequences with those in the green genes (16 S rRNA) database. Based on the
results of a recent study, the mi-biome diversity of five groups of experimental animals
was analyzed by evaluating α-diversity indices as well as β-diversity metrics (using the
principal coordinate analysis method). FAPROTAX [20] is a database that was manually
constructed by Louca et al. It is more suitable for functional annotation in the biochemical
processes of marine environments and lakes (sulfur, nitrogen, hydrogen and carbon cycles).
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2.8. Data Statistics and Analysis

The statistical analysis was performed using SPSS 21.0 (SPSS Inc., Michigan Avenue,
Chicago, IL, USA) for Windows. The effect was tested by a one-way ANOVA. When
there were significant differences (p < 0.05), the groups’ means were further compared by
Duncan’s multiple range test. The results were presented as the means ± SD (n = 3).

3. Results

3.1. Growth Performance and Feed Utilization of P. monodon

The effects of the substitution ratio on the growth performance of P. monodon are shown
in Table 2. The nutritional composition of P. monodon is shown in Table 3. There was no sig-
nificant difference in the nutritional composition among all the groups (p > 0.05). With
an increase in the substitution ratio, the WGs in all the treatment groups decreased.
Compared to the FM group, the WGs in the 80SC and 100SC groups significantly de-
creased (p < 0.05), while those of the 40SC and 60SC groups had a tendency to decrease,
but there was no significant difference (p > 0.05). Similarly, the SRs in the 80SC and
100SC groups significantly decreased compared with the FM group (p < 0.05), while there
was no significant difference in the survival rate among the FM, 40SC and 60SC groups
(p > 0.05). Compared to the FM group, the FCR in the 100SC group was significantly
increased (p < 0.05), while there was no significant difference among the FM and 40SC,
60SC and 80SC groups (p > 0.05).

Table 2. Effects of different substitution ratios on the growth performance of P. monodon.

Items
Diets

FM 40SC 60SC 80SC 100SC

IW (g) 3.41 ± 0.01 3.44 ± 0.01 3.47 ± 0.02 3.42 ± 0.03 3.46 ± 0.03
FW (g) 13.70 ± 0.45 c 13.22 ± 0.85 bc 13.38 ± 1.23 c 11.52 ± 0.74 ab 10.44 ± 0.08 a

WG (%) 302.26 ± 12.02 c 283.69 ± 25.01 bc 285.98 ± 35.84 bc 236.65 ± 24.64 ab 201.90 ± 1.95 a

SR (%) 82.67 ± 0.02 c 80.67 ± 0.01 bc 80 ± 0.02 bc 76.67 ± 0.01 b 71.33 ± 0.01 a

FCR 1.33 ± 0.08 a 1.42 ± 0.15 ab 1.48 ± 0.29 ab 1.51 ± 0.09 ab 1.78 ± 0.14 b

Note: IW: initial body weight; FW: final body weight; SR: survival rate; WG: weight gain rate; FCR: feed
coefficient ratio. Data are expressed as mean ± SD (n = 3). Means with different superscripts are significantly
different (p < 0.05).

Table 3. Nutritional composition of P. monodon.

Items
Diets

FM 40SC 60SC 80SC 100SC

Moisture 74.00 ± 0.31 74.42 ± 0.71 74.81 ± 0.55 74.28 ± 0.71 72.32 ± 0.47
Crude protein 73.42 ± 1.06 73.58 ± 0.48 74.04 ± 0.16 73.29 ± 0.77 72.83 ± 0.47

Crude fat 7.13 ± 0.18 6.95 ± 0.20 5.97 ± 0.56 6.16 ± 0.74 6.69 ± 0.09
Crude ash 16.20 ± 0.28 15.91 ± 0.71 16.60 ± 0.10 16.65 ± 0.56 14.50 ± 0.47

Note: unit: %.

3.2. Hepatopancreas Antioxidant Capacity of P. monodon

The activities of ACP, AKP, T-AOC and T-SOD in P. monodon are shown in Figure 1.
Compared to the FM group, the ACP activity (Figure 1a) in the 80SC and 100SC groups
significantly increased (p < 0.05), while that of the 40SC and 60SC groups had a tendency to
increase, but there was no significant difference (p > 0.05). The AKP activity (Figure 1b) in
the 100SC group was significantly high (p < 0.05), while there were no significant differences
among the other four groups (p > 0.05). There were no significant differences in the T-AOC
(Figure 1c) and T-SOD (Figure 1d) activities among all the treatment groups (p > 0.05).
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Figure 1. Hepatopancreas antioxidant capacity of P. monodon. (a): ACP activity; (b): AKP activity;
(c): T-AOC activity; (d): T-SOD activity. Means with different letters are significantly different
(p < 0.05).

3.3. Composition and Rationality Analysis of Intestinal Microbial ASVs in P. monodon

As shown in Figure 2a, a total of 354 ASVs were obtained by 16SrDNA high-throughput
sequencing. According to the analysis of the Wayne diagram, 42 ASVs were present in the
five test groups, no unique ASV was found in the 60SC group and one unique ASV was
found in all the other groups. The Shannon–Wiener curve (Figure 2b) [21] considers both
species’ evenness and richness. When the curve tends to be flat, it indicates that the amount
of sequencing data is large enough. A species accumulation curve can show whether a
species increased along with an increase in sample size, so it is an effective tool to determine
whether a sample size is sufficient. The curve in Figure 2c gradually inclines and then flattens,
proving that the species in the samples did not increase with the increase in the sample size
or the number of ASVs in the data analysis. The results indicated that the microbial diversity
was sufficient to be fully detected, and the sequencing data were reasonable.

Figure 2. Composition and rationality analysis of intestinal microbial ASVs in P. monodon. (a) Venn
diagram; (b) Shannon index; (c) species accumulation box diagram.
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3.4. The Richness and Diversity of Intestinal Microbiota in P. monodon

The inter-group difference analysis of the α diversity index was evaluated. A box-
type diagram of the inter-group difference analysis is shown in Figure 3a. The Shannon
indexes of the 100SC, 80SC and 60SC groups were close to that of the FM group. Based
on the Jaccard, bray Curtis, unweighted unifrac and weighted unifrac distances, a PCoA
analysis was performed (Figure 3b). The sample distances in the FM and 60SC groups were
relatively close. The sample distances of the 100SC and 40SC groups were far away. This
proved that the species composition structure in the 60SC group was similar to that of the
FM group.

 

Figure 3. The richness and diversity of intestinal microorganisms in P. monodon. (a) Index group-
difference box chart; (b) PCoA analysis chart.

3.5. Intestinal Microbiota Composition of P. monodon

The analysis of the intestinal contents of P. monodon encompassed multiple taxonomic
levels, specifically the phylum, order, family and genus. The phylum was chosen as the
representative taxonomic level for this study. As shown in Figure 4a,b, at the phylum level,
Proteobacteria, Bacteroidota and Actinobacteriota formed the core microbiota. Proteobacte-
ria was the most abundant phyla in the five groups, accounting for 37.67%, 66%, 40%, 40%
and 43.33%, respectively (Table 4). Compared to the FM group, the Fusobacteriota in the
other four groups decreased significantly (p < 0.05). There were no significant differences
in the other bacteria among the five groups (p > 0.05).

3.6. Functional Gene Prediction Analysis of Intestinal Microbiota and Functional Prediction
of FAPROTAX

The PCA analysis is presented in Figure 5, which was performed based on the func-
tional abundance table of metabolic pathways predicted by PICRUSt2. The pictures from
left to right are the pathway level, protein level and enzyme level. We found that among
the three levels, the 100SC and 40SC groups were far apart on the PCA diagram, while
on the contrary, the 80SC, FM and 60SC groups were closer together on the PCA diagram,
indicating that their functional compositions were similar.
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Figure 4. Intestinal microbiota composition of P. monodon. (a) Circos plot; (b) histogram of relative
abundance of species.

Table 4. Distribution of the top 10 microbial phylum levels in the intestinal contents of P. monodon in
different treatment groups.

Phylum
Group

FM 40SC 60SC 80SC 100SC

Proteobacteria 37.67 ± 19.03 66.00 ± 9.00 40 ± 21.70 40 ± 15.10 43.33 ± 19.29
Bacteroidota 33.00 ± 18.36 14.00 ± 3.00 34.00 ± 7.81 40.00 ± 25.06 24.67 ± 16.65

Actinobacteriota 10.67 ± 7.37 12.33 ± 11.50 14.33 ± 7.23 10.67 ± 4.04 13.67 ± 10.12
Firmicutes 0.80 ± 1.04 3.02 ± 2.98 0.30 ± 0.10 3.53 ± 5.60 9.06 ± 13.83

Verrucomicrobiota 1.43 ± 1.40 1.10 ± 0.85 6.23 ± 6.24 2.67 ± 1.52 3.50 ± 2.78
Desulfobacterota 3.08 ± 5.12 1.53 ± 1.46 0.40 ± 0.53 1.17 ± 0.72 3.13 ± 2.42

Fusobacteriota 13.33 ± 10.40 a 1.13 ± 0.81 b 3.03 ± 3.56 b 0.84 ± 10.3 b 10.6 ± 0.90 b

Planctomycetota 0.38 ± 0.54 0.16 ± 0.14 0.63 ± 0.58 0.30 ± 0.30 0.38 ± 0.53
Patescibacteria 0.37 ± 0.11 0.15 ± 0.05 0.37 ± 0.54 0.05 ± 0.04 0.17 ± 0.21
Dependentiae 0.01 ± 0.11 0.15 ± 0.15 0.27 ± 0.30 0.08 ± 0.10 0.06 ± 0.06

Note: data are expressed as mean ± SD (n = 3). Means with different superscripts are significantly different
(p < 0.05).

FAPROTAX is more complete for analyzing the classification and function of marine
microorganisms. The results are shown in Figure 6. In all the groups, the abundances of
chemoheterophya and aerobic chemoheterotrophy were high, while the fermentation and
nitrate reduction rates were relatively low. Intracellular parasites, aromatic compound
degradation and human-associated factors were not found.
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Figure 5. PCA dimensionality reduction analysis diagram. (a) PCA analysis at pathway level;
(b) PCA analysis at protein level; (c) PCA analysis at enzyme level.

Figure 6. FAPROTAX functional abundance heat map.

4. Discussion

The growth performance of aquatic animals is generally expressed by the WG, SR, FCR,
etc. [22]. Yan et al. [23] found that replacing 50% of fish meal protein with soybean meal
did not have a negative impact on the growth of L. vannamei, but a higher substitution level
would lead to a significant decrease in the WGR and SGR. Zhang et al. also found that the
proportional replacement of 20% of fish meal with SPC and peanut bran had no significant
effect on the growth performance of P. monodon [24]. Studies have shown that a high
proportion of plant protein replacing fish meal may inhibit the growth and feed utilization
of aquatic animals [25]. In a study by Daniela et al., using soybean meal as a substitute
for part of fish meal did not inhibit the growth performance of Centropomus viridis [26].
A study by Wu et al. also showed that replacing an appropriate amount of fish meal with
chicken meal did not inhibit the growth of Micropterus salmoides [27]. In a study by Yu et al.,
replacing part of fish meal with soy protein concentrate also had no significant effect on
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the growth performance of L. vannamei [28]. Similar conclusions were found in studies by
Chen [29] and Wang et al. [30]. In this study, we used chicken meal and soybean products
as substitutes for part of fish meal, and with an increase in substitution ratio, the WGs
and SRs in all the treatment groups were decreased. The WGs and SRs in the 80SC and
100SC groups significantly decreased compared to those in the FM group, but there was no
significant difference, although those in the 40SC and 60SC groups had a slight decrease.
The FCR showed a decreasing trend; the FCR in the 100SC group significantly increased
(p < 0.05), while there was no significant difference between the FM group and the 40SC,
60SC and 80SC groups (p > 0.05). These results are similar to those of other studies and prove
that it is feasible to partially replace fish meal with soybean products and chicken meal.

Oxidative stress is one of the response mechanisms of animal organisms to environ-
mental stress. Changes in the diet of aquatic animals may affect their antioxidant capacity
and immunoenzyme activity. Under environmental stress, many reactive oxygen species
will be produced in the body, resulting in organism damage [31]. P. monodon has a relatively
complete antioxidant system, which can maintain an organism’s homeostasis [32]. SOD
plays a crucial role in the balance between oxidation and antioxidants in the body and is
an important antioxidant oxidase in maintaining a normal metabolism [33]. ACP is an
important enzyme in macrophages and plays an important role in the immune response of
shrimp [34]. Jiang et al. found that using concentrated dephenolized cottonseed protein
(CDCP) as a partial substitute for fish meal did not have a significant effect on the SOD and
malondialdehyde (MDA) contents of P. monodon [35]. This is consistent with the conclusion
of Cui et al. that using soybean meal, fermented soybean meal and cottonseed meal as a
substitute for 50% of fish meal did not have a negative impact on the growth performance
and antioxidant capacity of juvenile Eriocheir sinensis [36]. The study by Wu et al. showed
that replacing an appropriate amount of fish meal with chicken meal can improve the
antioxidant capacity and immunity of Micropterus salmoides [27]. An experiment which
used fish soluble pulp as a partial substitute for fish meal to feed Macrobrachium rosenbergii
did not cause significant differences in the SOD and hepatopancreas ACP contents among
all the groups [37]. In our experiment, there was no significant difference between the
T-SOD and T-AOC contents among all the groups, indicating that using chicken meal and
soybean products as substitutes for part of fish meal would not have a significant effect on
the antioxidant capacity of P. monodon. The ACP content in the 80SC and 100SC groups
was significantly increased compared to that in the FM group (p < 0.05), while that in
the 40SC and 60SC groups had a slight increase, but there was no significant difference
(p > 0.05). The AKP content in the 100SC group was significantly high, while there were no
significant differences among the other four groups (p > 0.05), indicating that a long-term
high substitution level would cause the organism to be continuously subjected to stress.
The 40SC, 60SC and FM groups did not have significant differences among their ACP and
AKP contents, which proved that the substitutions had no effect on the organisms.

Intestinal microbiota refers to the large number of microorganisms present in the
intestinal tract of animals, which they rely on to live and help animals carry out a variety
of physiological and biochemical functions. Changes in aquatic animal feed could have
some impact on the intestinal microbiota [38]. 16SrRNA is located on the small subunit of
the ribosome of prokaryotic cells, including ten conserved regions and nine hypervariable
regions, among which the conserved regions have little difference among bacteria and
the hypervariable regions are specific to the genus or species and vary between them.
Therefore, 16SrDNA can be used as a characteristic nucleic acid sequence to reveal bio-
logical species and is the most suitable index for bacterial phylogeny and classification
identification. Although the OTU clustering method can effectively overcome sequencing
errors, it reduces the accuracy of classification, and some sequences below a set threshold
cannot be accurately distinguished. The method of de-noising is recommended. OTUs have
been given a new name, ASVs (Amplicon Sequence Variants) [39,40]. Intestinal probiotics
can promote the body’s digestion and absorption of food and competitively inhibit the
growth of intestinal harmful microorganisms, thus maintaining the ecological balance in

13



Fishes 2024, 9, 42

the body and promoting the healthy growth of the body [41]. The functional prediction of
FAPROTAX in this paper does not detect the functional components that are harmful to the
body. Many studies have shown that Proteobacteria are the dominant bacteria in the gut of
shrimp [42,43], and some members of this phyla are involved in the nitrogen cycle and the
mineralization of organic compounds [44,45]. In this study, Proteobacteria were the most
abundant bacteria in the five groups, accounting for 37.67%, 66%, 40%, 40% and 43.33%,
respectively. Compared to the FM group, the abundance of Fusobacteriota in the other
four groups decreased significantly. Fusobacteriota are conducive to food digestion and
absorption [46]. In the present study, the abundance of Fusobacteriota in the substitution
groups decreased significantly, so we speculated that it may be due to the anti-nutritional
factors in soybean products, which can hinder the absorption and utilization of proteins.
This also explains why the WG in the substitution groups decreased. The results in this
study were consistent with the results in a previous study on L. vannamei [47].

5. Conclusions

Using soybean products and chicken meal as substitutes for 40% and 60% of fish
meal did not affect the growth performance and antioxidant capacity of P. monodon, and
the intestinal microbiota of P. monodon remained stable and did not cause damage to the
organism. However, a high substitution ratio can affect the growth and immunoenzyme
activity of P. monodon. Considering the effects on growth performance, antioxidant capacity
and intestinal microbiota, it is feasible to use soybean products and chicken meal to replace
60% of fish meal.
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Abstract: Fish meal (FM) constitutes the main, expensive component in aquatic diets. However, the
supply of FM is no longer sufficient to sustain global aquaculture production. This study had the
primary goal of assessing if the replacement of FM with enzymatic soybean meal (ESBM) can affect
the performance of growth and immunological response in juvenile Gibel carp. Juvenile fish with an
initial weight of 45.02 ± 0.03 g were arbitrarily assigned to 18 fish cages of 1 m3 each, then fed with
diets of different levels of ESBM (0% (control group), 4%, 8%, 12%, 16%, and 20%) for 159 days. These
diets corresponded, respectively, to the replacement levels of 0% (control group), 20%, 40%, 60%, 80%,
and 100% FM by ESBM. For the parameters of growth and whole-body composition, no obvious
differences were found between the control group and other replacement levels (p > 0.05). Similarly,
none of the replacement levels showed significant effects for alanine transaminase (ALT), total
cholesterol (TC), alkaline phosphatase (ALP), and glucose (GLU) levels (p > 0.05). Malondialdehyde
(MDA) levels, as well as the activities of superoxide dismutase (SOD) and total antioxidant capacity
(T-AOC) in plasma, were not significantly affected at all replacement levels, according to the findings
of this study (p > 0.05). The replacement level of 60% significantly increased the activities of catalase
(CAT), whereas the replacement levels of 20% and 100% markedly decreased the activities of this
enzyme (p < 0.05). Hepatic and intestinal tissues in this study did not show obvious alterations at all
levels of replacement.

Keywords: enzymatic soybean meal; Gibel carp (Carassius auratus gibelio); growth performance;
replacement levels; health

Key Contribution: ESBM can completely replace FM meal in the diet of Gibel carp.

1. Introduction

Aquatic animal protein significantly contributes to global food security and the supply
of animal protein [1]. With an astounding production of 2.75 million tons in 2020, the Gibel
carp (Carassius auratus gibelio) is among the major freshwater fish species in the world [2].
This fish species is mostly cultivated in China and has a number of desirable qualities,
including good growth rates, excellent taste, suitability for culture systems, and a high
level of stress tolerance [3].

Feeding costs can account for up to 70% of an aquaculture enterprise’s overall operat-
ing costs [4]. Protein is the most expensive resource in aquafeeds. Fish meal is the ideal
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source of protein in aquafeeds because it has a balanced amino acid profile, which is rich in
vitamins, minerals, and other nutrients that are vital for fish [5]. Normally, the commercial
diet for Gibel carp contains 15–20% fish meal, which is a lot for an omnivorous fish [6].
On the other hand, as fish meal is an expensive ingredient in the commercial diet and a
premium source of protein, its price has been rising quickly alongside the development
of intensive aquaculture [7]. As a result, the world’s fish-meal yield is not sufficient to
meet the feeding industry’s demand for production. Finding alternative protein sources is
therefore essential because it can reduce the cost of fish feeds. Soybean is one of the best
and most affordable options to use as a substitute for fish meal in commercial aquafeeds. It
has been proven to have the best amino acid profile of all the protein-rich plant feeds for
satisfying the needs of fish in terms of essential amino acids [8–10]. However, studies have
shown that antinutritional factors (ANFs) like tannins, phytic acid, and trypsin inhibitors
can have a negative impact on fish growth performance, intestinal health, and immune
response [11–13]. Due to these ANFs, soybean meal needs to be treated to improve its
utilization rate by fish. Different processing methods have been employed to minimize
or remove ANF components in feeds made from soybean, although some of these proce-
dures often have some defect such as protein loss, commercial viability, and environmental
sustainability [14]. With different advantages associated with enzymatic hydrolysis, this
treatment method is the most efficient and extensively used technique to upgrade the value
of plant-origin proteins [15]. Enzymatic preprocessing of foods can successfully eliminate
the antinutritional components in soybean meal and enhance nutrient digestibility [16],
with a significant beneficial impact of preprocessing seen on several fish species’ growth
performance [17].

ESBM has been applied with excellent results to the farming of other animals like
poultry and pork; however, little information is available on enzymatic soybean meal when
used to replace fish meal in fish diets. Hence, the assessment of the effects of replacing FM
with ESBM on the growth performance and immune response in juvenile Gibel carp was
the main aim of this feeding experiment.

2. Materials and Methods

2.1. Experimental Diets

The commercial diet formula design of Gibel carp was adopted in the experimental
feed, and the FM replacement levels were 0% (control group), 20%, 40%, 60%, 80%, and
100% with ESBM, which were, respectively, 0%, 4%, 8%, 12%, 16%, and 20% of the diet
(Table 1). The raw feed ingredients were combined with additives, calcium dihydrogen
phosphate, and amino acids. After that, the mixture was crushed using a 60-mesh sieve.
Next, an appropriate amount of water was added, and the expanded feed was granulated
into pellets of 1.0–1.5 mm using an expanding feed machine and lastly sun-dried for use.

2.2. Fish and Experimental Rearing Conditions

The fish breeding base of the Freshwater Fisheries Research Centre (FFRC) provided
the juvenile Gibel carp. The experiment was conducted in the water-flow concrete fish pond
of 2000 square meters and 3 m depth, and the water condition was controlled; dissolved
oxygen (DO) was maintained at >5.0 mg/L, while pH was kept at 7.5–8.2 and aerators were
used to maintain a good level of DO. For acclimatization to the experimental conditions,
the fish were kept under observation for two weeks before the start of the experiment.
During that period, the fish were fed with commercial feed (obtained from Wuxi Tongwei
Feedstuffs Co., Ltd., Wuxi, China; crude protein 35%, crude lipid 7%) to acclimate to the
experimental environment, and the feeding frequency was three times (7:30, 12:30, and
5:30 p.m.) daily to apparent satiation each time. The health, size, and weight of the juvenile
Gibel carp were the same, and the average initial weight (IW) was 45.02 ± 0.03 g. Six groups
of fish were fed with diets of different FM replacement levels. The feeding frequency was
three times (7:30, 12:30, and 5:30 p.m.) daily to apparent satiation each time, and the amount
of feed in each cage was recorded to enable the calculation of growth parameters at the end
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of the experiment. There were three experimental replicates in each group, with 15 test
fish for each, and 18 cages (1 m × 1 m × 1 m) were used as outdoor pond cages. The
experiment’s duration was 159 days.

Table 1. Formulation and composition of experimental fish diet.

Raw Material (%)
Replacing FM with ESBM Levels

0 20% 40% 60% 80% 100%

Fish meal 1 15 12 9 6 3 0
Chicken meal 1 5 5 5 5 5 5
Soybean meal 1 15 15 15 15 15 15
Enzymatic soybean meal 2 0 4 8 12 16 20
Cottonseed meal 1 5.5 5.5 5.5 5.5 5.5 5.5
Rapeseed meal 1 24 24 24 24 24 24
Wheat meal 1 14.33 14.33 14.33 14.33 14.33 14.33
Rice bran 1 15.65 13.64 11.62 9.60 7.57 5.55
Soybean oil 0.67 1.29 1.92 2.55 3.18 3.81
Monocalcium phosphate 2.00 2.33 2.66 3.00 3.33 3.66
Vitamin premix for
omnivorous fish 3 0.2 0.2 0.2 0.2 0.2 0.2

Trace element premix for
omnivorous fish 4 2 2 2 2 2 2

Lysine (98.5%) 0.30 0.33 0.36 0.39 0.43 0.46
DL-methionine 0.10 0.13 0.16 0.18 0.21 0.24
Vitamin C phosphates 0.05 0.05 0.05 0.05 0.05 0.05
Choline chloride 0.2 0.2 0.2 0.2 0.2 0.2

Proximate Composition (dry basis)

Moisture (%) 8.56 8.51 8.47 8.51 8.55 8.47
Crude protein (%) 35.31 35.26 35.32 35.31 35.32 35.33
Gross energy (MJ/kg) 15.31 15.29 15.28 15.26 15.22 15.21
Crude lipid (%) 7.83 7.79 7.81 7.83 7.84 7.83
Crude fiber (%) 7.62 7.35 7.08 6.81 6.53 6.26
P (%) 1.47 1.45 1.46 1.48 1.46 1.48

1 Fish meal, chicken meal, rapeseed meal, cottonseed meal, soybean meal, wheat meal, and rice bran were
received from Wuxi Tongwei Feedstuffs Ltd. Fish-meal composition (%, dry matter): arginine, 3.17; histidine,
1.44; isoleucine, 2.55; leucine, 4.22; lysine, 4.32; methionine, 1.66; phenylalanine, 2.36; threonine, 2.43; valine,
2.93; tryptophan, 0.66; moisture, 8.92; crude protein, 60.30; crude lipid, 7.67; crude ash, 14.30; crude fiber, 1.01;
phosphorus, 2.88. 2 Enzymatic soybean meal was provided by Jiangsu Fuhai Biotechnology CO., LTD (Nantong,
China). ESBM composition (%, dry matter): arginine, 2.96; histidine, 1.25; isoleucine, 2.36; leucine, 3.36; lysine,
3.00; methionine, 0.68; phenylalanine, 2.30; threonine, 1.82; valine, 2.33; tryptophan, 0.61; moisture, 6.01; crude
protein, 49.70; crude lipid, 2.41; crude ash, 6.83; crude fiber, 3.21; phosphorus, 0.31. 3 Vitamin premix and trace
element premix for omnivore fish were purchased from Wuxi Hanove animal health product Co., Ltd. in Wuxi,
China. Vitamin premix (IU or mg/kg of premix): vitamin A, 800,000 IU; vitamin D3, 150,000–250,000 IU; vitamin
E, 4500 IU; vitamin K3, 600 mg; thiamin, 800 mg; riboflavin, 800 mg; calcium pantothenate, 2000 mg; pyridoxine
HCl, 2500 mg; cyanocobalamin, 8 mg; biotin, 16 mg; folic acid, 400 mg; niacin, 2800 mg; inositol, 10,000 mg;
vitamin C, 10,000 mg. 4 Trace element premix (g/kg of premix): magnesium sulphate, 1.0–1.5; ferrous sulphate,
15–30; zinc sulphate, 8–13.5; cupric sulphate, 0.35–0.8; and manganese sulphate, 2–6; rice chaff and zeolite were
used as a carrier.

2.3. Collection of Samples

Before sampling, fish were kept under starvation for 24 h to allow the evacuation
of the digestive system. Prior to the sample collection, the total number of fish in every
cage was assessed and the weight was measured to determine the growth parameters.
MS-222 (100 mg/L) was used to anesthetize the collected fish. From every cage, five fish
were arbitrarily taken for analysis of whole-body composition. Three fish were randomly
selected from each cage for sampling and sedated with 100 mg/L MS-222; then, the blood
samples were taken through the caudal vein and centrifuged (3000 rpm, 10 min, at 4 ◦C)
for separating from the plasma. The liver and intestine samples were also taken for tissue
structure examination. The collected intestine and hepatic samples were kept at −80 ◦C for
further examination.
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2.4. Chemical Analysis

Moisture content, crude protein, crude lipid, and ash were determined by taking as a
reference the protocols established by the Association of Official Analytical Chemists [18].
The methods and testing equipment of plasma biochemical indices and antioxidant indices
are shown in Table 2, which displays the specific procedures, kits, and equipment used in
this study.

Table 2. Main methods and analyzing equipment.

Item Methods and Testing Equipment

Moisture Dried to constant weight in an oven at 105 ◦C.

Protein Determined by Hanon K1100 auto Kjeldahl apparatus (Jinan Hanon Instruments Co., Ltd.,
Jinan, China).

Lipid Determined by Hanon SOX606 auto fat analyzer (Jinan Hanon Instruments Co., Ltd.,
Jinan, China).

Ash Determined by burning at 550 ◦C for 5 h in an XL-2A intelligent muffle furnace (Hangzhou
Zhuochi Instruments Co., Ltd., Hangzhou, China).

Alanine transaminase (ALT)

All plasma parameters were determined by assay kits (Mindray Bio Medical Co., Ltd.,
Shenzhen, China) with a Mindray BS-400 automatic biochemical analyzer (Mindray Medical
International Ltd., Shenzhen, China).

Total cholesterol (TC)
Glucose (GLU)
Alkaline phosphatase (ALP)
Albumin (ALB)
Triglyceride (TG)
Aspartic transaminase (AST)
Total protein (TP)

Total antioxidant capacity (T-AOC)

All hepatic antioxidant parameters and MDA levels were tested according to instructions of
assay kits purchased from Jian Cheng Bioengineering Institute (Nanjing, China).

Superoxide dismutase (SOD)
Catalase (CAT)
Glutathione (GSH)
Glutathione peroxidase (GPx)
Malondialdehyde (MDA)

2.5. Hematoxylin and Eosin (HE) Staining

Hematoxylin and eosin (HE) staining was used to assess the hepatic and intestinal his-
tology, referring to a previous study [19]. The tissue was first fixed with 4% formaldehyde,
washed with water, dehydrated with ethanol, made transparent with methyl salicylate,
and immersed in paraffin, then cut on a microtome at a thickness of 5μm, followed by HE
staining. Finally, sample photomicrographs were taken before the tissue was examined
under a microscope.

For the intestine, the tissue slices were placed on the device using the panoramic
slice scanner, and they were then slowly moved in front of the scanner’s lens. The tissue
information from the tissue slices was scanned and imaged as they moved, creating a
folder that comprised all of the tissue information from the tissue slices. CaseViewer2.4
scanning software was used to select the target area of the tissue for imaging. During
imaging, the whole field of view was filled with the tissue as far as possible to ensure that
the background light of each photo was consistent. Following imaging, the lengths of the
villous epithelium and mucosal layer were measured at five different locations within each
segment using Image-Pro Plus 6.0 analysis software, and the matching number of goblet
cells were counted. The number of goblet cells per unit length = the number of goblet
cells/the length of the villous epithelium.

2.6. Statistics Analysis

The tissue’s target area for imaging was chosen using CaseViewer2.4 scanning software.
The lengths of the villous epithelium and mucosal layer were measured at five different
locations within each segment using Image-Pro Plus 6.0 analysis software, and the matching
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number of goblet cells were counted. In addition, data are mean value ± standard deviation.
Data analysis was carried out using the statistical software for social sciences (SPSS) for
Windows version 22.0. To determine whether there were any significant differences between
the means of the various treatments, one-way analysis of variance (ANOVA) was utilized,
and Tukey’s multiple range statistics was used to show where the means were different
(p < 0.05).

3. Results

3.1. Growth Performance

The results (Table 3) reveal that none of the growth parameters at all replacement
levels was significantly affected compared to the control group (p > 0.05).

Table 3. Growth parameters and physical indices of Gibel carp fed with the experimental diets over
159 days 1.

Parameters
Replacement Levels

0% 20% 40% 60% 80% 100% p Value

2 IW (g) 45.00 ± 0.23 45.02 ± 0.13 44.98 ± 0.12 45.05 ± 0.13 45.05 ± 0.23 45.00 ± 0.15 0.99
3 FW (g) 229.89 ± 4.62 231.44 ± 0.51 226.62 ± 3.57 231.95 ± 2.85 230.45 ± 1.17 229.03 ± 2.24 0.31
4 FCR 1.27 ± 0.03 1.21 ± 0.02 1.22 ± 0.02 1.20 ± 0.08 1.26 ± 0.08 1.30 ± 0.05 0.21
5 SGR (%/d) 1.03 ± 0.011 1.03 ± 0.003 1.02 ± 0.010 1.03 ± 0.008 1.02 ± 0.006 1.02 ± 0.008 0.61
6 WGR (%) 410.86 ± 9.35 414.13 ± 2.54 403.80 ± 7.93 414.87 ± 6.86 411.56 ± 4.82 408.97 ± 6.18 0.41
7 VSI (%) 5.77 ± 1.12 6.23 ± 1.04 6.89 ± 0.66 6.60 ± 0.92 6.64 ± 0.34 6.68 ± 0.81 0.27
8 SR (%) 97.78 ± 3.85 100.00 97.78 ± 3.85 95.56 ± 7.70 97.78 ± 3.85 97.78 ± 3.85 0.90
9 HSI (%) 4.19 ± 0.96 4.53 ± 0.71 5.36 ± 1.19 4.97 ± 0.91 5.28 ± 0.40 5.21 ± 0.88 0.16
10 CF (g/cm3) 2.57 ± 0.31 2.62 ± 0.07 2.74 ± 0.20 2.64 ± 0.14 2.50 ± 0.11 2.47 ± 0.07 0.09

1 Data are mean values ± standard deviation (n = 3). 2 IW: initial weight. 3 FW: final weight. 4 Feed conversion
ratio (FCR) = total feed intake in dry matter basis (g) ÷ weight gain (g). 5 Specific growth rate (SGR, %/d) =
[ln (mean final weight)-ln (mean initial weight) ÷ days] × 100. 6 Weight gain rate (WGR, %) = [final weight
(g)-initial weight (g) × 100] ÷ initial weight (g). 7 Viscerosomatic index (VSI, %) = Viscera weight (g) ÷ body
weight (g) × 100, 8 Survival rate (SR, %) = (final number of fish ÷ initial number of fish) × 100. 9 Hepatosomatic
index (HSI, %) = Hepatopancreas weight (g) ÷ body weight (g) × 100. 10 Condition factor (CF, g/cm3) = (body
weight ÷ standard length3) × 100.

3.2. Whole-Body Composition

The results (Table 4) indicate that none of the whole-body composition indices at all
replacement levels were affected compared to the control group (p > 0.05).

Table 4. Whole-body composition of Gibel carp fed with the experimental diets over 159 days 1.

Parameter
(% Wet Matter)

Replacement Levels

0% 20% 40% 60% 80% 100% p Value

Moisture 75.39 ± 0.40 76.12 ± 0.84 75.78 ± 0.59 75.59 ± 0.90 76.00 ± 0.83 75.72 ± 0.94 0.87
Crude protein 16.83 ± 0.78 16.61 ± 0.31 16.11 ± 0.59 17.10 ± 0.84 16.69 ± 0.61 16.72 ± 0.61 0.83
Crude lipid 1.84 ± 0.10 1.70 ± 0.04 1.66 ± 0.12 1.64 ± 0.16 1.61 ± 0.02 1.66 ± 0.10 0.16
Crude ash 4.77 ± 0.12 4.69 ± 0.24 4.65 ± 0.37 4.55 ± 0.13 4.32 ± 0.12 4.58 ± 0.35 0.37

1 All data are mean values ± standard deviation (n = 3 × 3).

3.3. Plasma Biochemical Indices

Table 5 shows the results of the plasma biochemical parameters obtained at the end
of this study. Plasma alanine transaminase (ALT), total cholesterol (TC), glucose (GLU),
alkaline phosphatase (ALP), and albumin (ALB) levels of the fish under study were not
significantly affected in all treatments (p > 0.05). The level of plasma triglyceride (TG) was
reduced proportionally as the level of ESBM increased. Compared with the control group,
the replacement level of 100% significantly increased the AST activity (p < 0.05). In addition,
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the replacement level of 80% significantly increased the content of TP compared to the
control group (p < 0.05).

Table 5. Biochemical parameters of blood plasma in Gibel carp fed the experimental diets over
159 days 1.

Parameter
Replacement Levels

0% 20% 40% 60% 80% 100% p Value

ALB (g/L) 11.13 ± 0.82 11.11 ± 0.84 11.53 ± 1.46 10.75 ± 0.94 12.66 ± 2.26 11.74 ± 1.64 0.14
ALT (U/L) 4.60 ± 1.53 4.43 ± 0.69 5.15 ± 0.73 4.24 ± 0.79 4.69 ± 1.25 5.19 ± 1.19 0.41
AST (U/L) 100.28 ± 14.17 a 98.94 ± 12.41 a 108.85 ± 24.13 ab 111.81 ± 10.83 ab 114.61 ± 12.82 ab 123.19 ± 11.79 b 0.02
TC (mmol/L) 5.73 ± 0.63 5.50 ± 0.35 5.60 ± 0.50 5.40 ± 0.59 5.73 ± 0.23 5.46 ± 0.48 0.65
TG (mmol/L) 1.91 ± 0.23 c 1.70 ± 0.11 ab 1.76 ± 0.15 bc 1.57 ± 0.13 ab 1.63 ± 0.20 ab 1.51 ± 0.18 a 0.01
GLU (g/L) 6.11 ± 1.64 6.92 ± 1.21 5.62 ± 1.21 5.85 ± 1.04 6.64 ± 1.29 6.94 ± 0.78 0.15
TP (g/L) 36.74 ± 1.15 a 36.85 ± 2.02 a 37.74 ± 3.57 ab 36.30 ± 2.35 a 40.92 ± 4.43 b 38.79 ± 4.63 ab 0.04
ALP (U/L) 12.21 ± 4.71 9.58 ± 3.57 12.15 ± 4.99 10.14 ± 3.09 12.13 ± 4.38 11.88 ± 4.12 0.68

1 All data are mean values ± standard deviation (n = 3 × 3). On the same row, different superscripted values
represent significant differences (p < 0.05).

3.4. Results of Plasma Antioxidants Indices

The findings of plasma antioxidant indices are shown in Table 6. Malondialdehyde
(MDA) levels, as well as the activities of superoxide dismutase (SOD) and total antioxidant
capacity (T-AOC) in plasma, were not significantly affected at all replacement levels,
according to the findings of this study (p > 0.05). The highest activity of catalase (CAT)
was observed in the group at the 60% replacement level, which was significantly higher
than the control group (p < 0.05). Compared with the control group, 20% replacement
showed a significant increase in the content of glutathione (GSH) (p < 0.05). Furthermore,
the activities of glutathione peroxidase (GPx) were significantly increased in the groups at
the 40% and 60% replacement levels compared to the control group (p < 0.05).

Table 6. Antioxidant parameters in blood plasma of Gibel carp fed with the experimental diets over
159 days 1.

Parameters
Replacement Levels

0% 20% 40% 60% 80% 100% p Value

T-AOC (U/mL) 0.38 ± 0.02 0.40 ± 0.03 0.37 ± 0.05 0.38 ± 0.02 0.39 ± 0.02 0.38 ± 0.03 0.49
SOD (U/mL) 22.22 ± 1.07 22.80 ± 0.92 22.46 ± 0.96 22.71 ± 0.46 22.82 ± 0.95 22.07 ± 1.37 0.56
CAT (U/mL) 21.79 ± 7.49 abc 13.79 ± 6.65 a 30.78 ± 7.47 cd 34.66 ± 9.76 d 25.90 ± 11.50 bcd 17.55 ± 10.05 ab 0.01
GSH (mg/L) 30.56 ± 9.93 ab 51.24 ± 20.15 c 36.84 ± 23.21 abc 47.92 ± 21.33 bc 30.28 ± 8.71 ab 26.30 ± 9.25 a 0.04
GPx (μmol/L) 104.70 ± 42.39 a 118.16 ± 36.44 a 178.74 ± 10.42 c 165.08 ± 41.42 bc 119.09 ± 44.16 a 128.95 ± 30.09 ab 0.01
MDA (nmol/mL) 14.17 ± 5.50 12.52 ± 3.34 12.77 ± 4.24 13.80 ± 2.47 13.16 ± 4.17 9.88 ± 2.40 0.30

1 All data are mean values ± standard deviation (n = 3 × 3). On the same row, different superscripted values
represent significant differences (p < 0.05).

3.5. Results of Hepatic Tissue Structure

As shown in Figure 1, the hepatocytes at 0%, 20%, 40%, 60%, 80%, and 100% re-
placement levels were arranged in double rows into plates, and the plates were scattered
around the central veins. The hepatocytes were irregular polygons with centered nuclei
and vacuolated cytoplasm (black arrows). There was no obvious expansion of hepatic
sinusoids and no obvious inflammatory cell infiltration.

3.6. Results of Intestine Tissue Structure

Among all replacement levels of FM with ESBM, none showed a significantly changed
villous epithelium length, number of goblet cells, or number of goblet cells per unit length.
In addition, as displayed in the following Figure 2, the structure of each layer of intestinal
tissue at 0%, 20%, 40%, 60%, 80%, and 100% replacement levels was clear. The intestinal
villi were abundant and arranged regularly, the mucosal epithelial cells were not exfoliated,
and many goblet cells were seen without obvious abnormalities (Table 7). This indicates
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that the structure of intestinal tissue of Gibel carp is not damaged when FM is completely
replaced with ESBM in the diet.

 

Figure 1. Sections of hepatic tissue structure in Gibel carp fed with the experimental diets over
159 days. The hepatocytes were arranged in double rows into plates, and the plates were scattered
around the central veins. The hepatocytes were irregular polygons with centered nuclei and vac-
uolated cytoplasm (black arrow). The number 1 represents 40× and the number 2 represents 200×
observation multiples in each image.

Table 7. Intestinal tissue structure in Gibel carp fed with the experimental diets over 159 days 1.

Replacement Levels
(%)

Thickness of Mucosal
Layer (mm)

Length of the Villous
Epithelium (mm)

Number of
Goblet Cells

Number of Goblet Cells
per

Unit Length (Cell/mm)

0 0.48 ± 0.14 0.54 ± 0.12 14.93 ± 7.19 27.66 ± 10.52
20 0.33 ± 0.05 0.46 ± 0.02 12.90 ± 6.65 27.81 ± 13.26
40 0.41 ± 0.03 0.55 ± 0.03 13.00 ± 5.30 23.74 ± 8.95
60 0.52 ± 0.22 0.69 ± 0.30 15.47 ± 5.67 22.98 ± 3.33
80 0.40 ± 0.05 0.55 ± 0.03 11.47 ± 3.65 20.70 ± 6.37
100 0.43 ± 0.07 0.61 ± 0.13 24.13 ± 7.71 39.70 ± 9.21

p Value 0.58 0.64 0.23 0.19
1 Data are presented as mean value ± standard deviation (n = 3 × 3).
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Figure 2. Sections of intestinal tissue structure in Gibel carp fed with the experimental diets over
159 days. The 1 and 2 in each group represent different intestines at 10× viewing multiples.

4. Discussion

Due to the rising demand for FM and the rapid expansion of the aquafeed industry, the
price of FM has climbed significantly during the past years [20]. Cheap plant proteins have
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typically been employed as FM replacements in aquafeed diets to promote the aquaculture
industry [21]. The results of this study show that the growth performance of Gibel carp
is not significantly affected, including FW, FCR, SGR, and WGR, when the FM is entirely
replaced with ESBM. This indicates that ESBM is a good alternative for FM in the diet of
Gibel carp. Liu et al. [22] also provided a similar suggestion after studying the effect of
the substitution of FM with ESBM in the feed of juvenile largemouth bass (Micropterus
salmoides). The capacity of ESBM to replace FM in aquatic diets is correlated to the increase
in nutritional status and reduction in antinutritional factors when soybean is treated with
enzymes. However, the study performed on rainbow trout (Oncorhynchus mykiss) fry sug-
gests that the replacement level of FM with ESBM should be 50% [23]. This dissimilarity
may come from different fish species on which the studies were conducted. Furthermore,
the SR was not significantly affected at all the replacement levels. Samira et al. [23] found
similar results in the study carried out on rainbow trout fry fed with ESBM (HP310) as a
replacement for FM in the diet. Fan et al. [24] also gave the same suggestion in their experi-
ment conducted on Pacific white shrimp (Litopenaeus vannamei), where FM was replaced
with ESBM. The important indicators that represent the body lipid, lean, and growth of fish
include the CF, HSI, and VSI [25]. The fish’s nutritional status can be determined using the
HSI, which is an indirect indicator of hepatic glycogen content. Lower values may indicate
stress, and both the HSI and VSI are used to determine whether energy is being diverted
away from organ or tissue growth in order to evade stress [26]. In the current study, no
significant differences in the HSI and VSI were found at all replacement levels; therefore,
total replacement of FM with ESBM did not disturb glycogen and carbohydrate energy
reserves. Liu et al. [22] also suggested similar results in juvenile largemouth bass.

Whole-body composition can indicate directly and indirectly an animal’s growth [27,28].
The results of this study showed that the moisture, crude lipids, protein, and ash contents
of juvenile Gibel carp were not significantly affected by any replacement levels. Similar
results for moisture, crude protein, and ash contents after replacing FM with SBM were
also found in the hybrid of Carassius auratus gibelio ♀ × Cyprinus carpio ♂ [29]. Furthermore,
Samad et al. [30] suggested that replacement of FM with fermented soybean meal had no
significant impact on the crude protein and ash contents of Japanese seabass (Lateolabrax
japonicus). However, previous studies have stated that soybean can reduce crude lipid
content in rainbow trout fry [23]. Additionally, the study of Duan et al. [31] confirmed that
the replacement of FM with fermented soybean lessens the level of crude lipid in the fish
body of hybrid snakehead (Channa argus × Channa maculate). These dissimilarities could
be caused by differences in fish species, experimental setups, and methods of soybean
processing. Plasma biochemical parameters reflect fish metabolism and health status [32].
Information on the state of fish health and protein metabolism is detected using plasma TP
and ALB [33]. In addition, fish immunity is also correlated with plasma TP and ALB [34].
The replacement of FM with graded levels of ESBM did not significantly affect the plasma
ALB level compared to the control group. However, the 80% replacement level of FM
with ESBM was significantly improved compared to the control group. In contrast, it
was reported by Ajani et al. [35] that the level of plasma TP is reduced when the FM
is completely replaced by soybean with or without methionine fortification in the diet
of Nile tilapia (Oreochromis niloticus). This difference can be caused by the presence of
ANFs in raw soybean and the difference in fish species studied; however, enzymolysis was
shown to effectively reduce the levels of these ANFs in this study. Fish plasma GLU is
regarded as a stress indicator, and its level reflects the energy produced by a stressor [36].
In this study, the level of plasma glucose was not significantly modified at all replacement
levels, which indicates that total replacement of FM with ESMB does not significantly
disturb the energy homeostasis of Gibel carp. Ye et al. [37] also reported the same results of
plasma glucose in juvenile obscure puffer (Takifugu obscurus). The findings of this study
also demonstrated that, except at the 40% replacement level, other replacement levels
significantly decreased the level of TG in comparison to the control group. On the other
hand, TC was not significantly modified by different replacement levels. As the dietary

25



Fishes 2023, 8, 423

ESBM level grew, the body’s overall crude lipid content decreased, which is correlated to
the declining trend of plasma TC and TG. These results agree with the previous report
that replacement of fish meal with defatted and fermented soybean meals could lower
the level of TC compared to FM in pompano (Trachinotus blochii) [38], which is mainly
caused by the presence of high concentrations of estrogenic isoflavones [39]. ALT and
ALP are enzymes that contribute to the metabolism of protein; the level of these enzymes
may indicate fish health status [40]. At all replacement levels, there were no significant
modifications in the level of plasma ALT and ALP compared to the control group, which
showed that the liver and protein metabolism of Gibel carp were not impaired by the entire
replacement (100%) of FM with ESBM. T-AOC is a frequently used analyte to assess the
antioxidant defense for combatting against the free radicals caused by a given disease [41].
There was no significant difference in the activity of T-AOC between the control group and
all replacement levels. Lin et al. [25] also found similar results in juvenile pompano fish
(Trachinotus ovatus). The level of MDA in fish plasma can be utilized as an indication of
oxidative damage because it is one of the byproducts of cell membrane lipid peroxidation
and is regarded as an indirect biomarker of lipid peroxidation [42]. All replacement levels
of FM with ESBM in this study had no significant influence on the plasma MDA level
compared to the control group. This indicated that the replacement (FM with ESBM) of
these ingredients did not cause damage to the health of Gibel carp. Different results have
been observed in studies of other fish species like redlip mullet (Liza haematocheila) [7],
where FM was replaced with soybean, and Japanese seabass [31], where FM was replaced
with fermented soybean. These contradictory findings could be the result of different
fish species and various soybean-processing techniques. SOD, CAT, and GPx are crucial
indicators of the body’s capacity to defend against oxidative cell damage [27]. Catalase is a
typical enzyme that may be found in almost all living things that are exposed to oxygen,
including bacteria, plants, and mammals. It helps hydrogen peroxide break down into
water and oxygen. It is a crucial enzyme in preventing reactive oxygen species (ROS) from
oxidatively harming the cell.

In this study, no significant differences were observed in SOD activity between the con-
trol group and all other replacement levels. This indicated that the full replacement (100%)
of FM with ESBM did not significantly disturb the mitochondrial oxidative metabolism
of fish cells and did not cause oxidative stress in Gibel carp. GPx eliminates hydrogen
peroxide and lipid peroxides generated during metabolism; in addition, it also catalyzes the
reduction in glutathione. In this study, the 40 and 60% replacement levels of FM by ESBM
significantly improved the activities of GPx; however, lower and higher levels of substitu-
tion did not affect the activities of GPx. Huaxing et al. [25] also reported the same results in
juvenile pompano fed on soy protein peptide. Furthermore, at the replacement level of 60%,
CAT activity was significantly improved compared to the control group. Liu et al. [22] also
found the change in CAT activity in juvenile largemouth bass when the FM was replaced by
enzyme-treated soybean in diets. As a result, ESBM is capable of producing small peptides
with features that increase the body’s antioxidant capacity by neutralizing free radicals,
preventing lipid peroxidation, and chelating metal ions [22]. A perfect indicator of the fish’s
good nutrition is the liver and intestine’s histological condition [43]. The findings of this
feeding experiment showed that none of the replacement levels affected the hepatic and
intestinal tissue structure in Gibel carp. These results indicated that ESBM could be used
as an FM replacement without causing problems in food digestion, nutrient absorption,
and metabolism in Gibel carp. Muhammad et al. [43] and Fotini et al. [44], respectively,
stated that fermented soybean meal may contribute to the histological, morphological,
and functional alterations in African catfish (Clarias gariepinus) liver tissues, and processed
soybean resulted in the accumulation of lipids within hepatocytes of gilthead sea bream
(Sparus aurata). The dissimilarities may be due to the difference in fish species and the low
content of antinutritional factors in ESBM [23,28,45].
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5. Conclusions

In general, ESBM could completely replace FM in ration formulation for juvenile Gibel
carp’s diets without causing adverse impacts on growth performance, antioxidant capacity,
and the structure of liver and intestine tissues. Furthermore, the partial replacement could
even improve the antioxidant capacity of juvenile Gibel carp.
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Abstract: The present study was conducted to investigate the effects of dietary fermented cottonseed
meal (FCSM) substitution for fish meal on intestinal enzymatic activity, inflammatory and physical-
barrier-related gene expression, and intestinal microflora of juvenile golden pompano. The 375 golden
pompanos were divided into 15 groups of 25 fish each, with three replicates for each experimental
group. The fish were fed five experimental diets (0 (FM), 12.5% (CSM12.5), 25% (CSM25), 50%
(CSM50), and 100% (CSM100) substitution levels) for 8 weeks. The fish were reared and fed the
experimental diets under a natural-day light cycle. Compared with the control group, the activities of
AMY (amylase) enzymes in the CSM12.5 group and all other groups were elevated (p < 0.05). The
CSM25 group exhibited a considerable up-regulation of IL-10 (Interleukin-10) expression relative
to the FM group (p < 0.05). With an increase in dietary FM substitution with FCSM from 0 to
25%, the relative expressions of NF-κB (Nuclear factor kappa-B), IL-1β (Interleukin-1 beta), and
IL-8 (Interleukin-8) were down-regulated. In this study, the relative expressions of ZO-1 (zonula
occluden-1) and Occludin were up-regulated, and those of Claudin-3 and Claudin-15 significantly
up-regulated, when the FCSM substitution ratio was 25%. The results of high-throughput sequencing
of the intestinal microflora showed that ACE indices the lowest in the CSM25 group, which was
significantly different from those in the CSM100 group (p < 0.05). The CSM50 group had the highest
Shannon and Simpson indices and the highest community diversity. In addition, replacing a high
percentage of fish meal with FCSM can negatively affect the intestinal flora of fish. In this study, the
25% substitution ratio improved nutrient absorption, reduced intestinal inflammation, improved
intestinal physical barrier damage, did not affect intestinal microecology, and had no adverse effects
on fish. However, substitution of a high proportion of FM with FCSM negatively affects the intestinal
microflora and nutrient absorption capacity of fish.

Keywords: fermented cottonseed meal; substitution; intestinal enzymatic activity; gene expression;
intestinal microflora

Key Contribution: A. Appropriate substitution ratio could improve nutrient absorption, reduce
intestinal inflammation, and improve intestinal physical barrier damage while not affecting intestinal
microecology. B. Replacing a high percentage of fish meal with fermented cottonseed meal can
negatively affect the intestinal flora of fish.
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1. Introduction

Golden pompano (Trachinotus ovatus) is a valuable edible fish with thornless flesh,
a tender texture, and a delicious taste, with the unique aroma of the trevally family. It is dis-
tributed in the Atlantic, Indian, and Pacific Oceans’ tropical and subtropical seas. In China,
the coasts of Guangdong, Guangxi, Hainan, and Fujian are main growing regions [1]. The
demand for protein raw materials (e.g., fishmeal or soybean meal) is rising as aquaculture
production increases. Import policies have a significant impact on the aquaculture indus-
try, since fishmeal and soybean meal are import-dependent. To fulfill the rising domestic
demand for protein raw materials, guarantee a continuous supply of aquatic products,
and maintain global food security, it is crucial to discover and develop novel, effective,
sustainable, and environmentally friendly protein sources.

The ability of the intestines to digest and absorb nutrients is crucial for fish, especially
stomachless fish, and is considered to be an important indicator of the overall health
of the body [2]. There are large amounts of microflora in the intestines of fish which
live in symbiosis with the fish and are known as the normal intestinal flora. Fish with
normal intestinal flora can have better digestion and receive essential nutrients which
strengthen their natural defenses and immunity [3]. Dysbacteriosis has the potential to
trigger enteritis, leading to diminished appetite, stunted growth, and potentially fatal
outcomes in fish [4]. An effective and properly controlled intestinal barrier is crucial for
safeguarding the organism against food antigens and its indigenous intestinal bacteria [5].
As a result, research on the structure and changes of fish intestinal microflora has recently
gained attention in the aquaculture industry.

Cottonseed meal (CSM) serves as a valuable source of protein of superior quality. The
utilization of this nutrient-dense resource as animal feed, however, encounters obstacles
due to the presence of free gossypol (FG) [6]. FG-containing diets can have negative effects
on animal growth, digestive health, and reproduction. Fermentation technology allows for
efficient separation of cottonseed phenols in cottonseed meals, raising the crude protein
level of the raw material and producing small peptides and growth-promoting factors that
enrich the nutrition of cottonseed protein [7]. The application of fermented cottonseed
protein in mackerel culture was investigated, and it was found that the survival and weight
gain rates of mackerel in the group with fermented cottonseed protein were significantly
higher than those in the control group [8]. It was discovered that using 23% FCSM to
replace 9% soybean meal and 15% cottonseed meal promoted the growth of grass carp,
reduced the feed coefficient, and improved nonspecific immunity [9]. Most current research
on fermented cottonseed protein is gathered in livestock and poultry, with little focus
on aquatic animals. Based on these findings, this study was conducted to investigate the
effects of the replacement of fish meal (FM) with FCSM on the intestinal enzymatic activity,
inflammatory and physical-barrier-related gene expression, and intestinal microflora of
juvenile T. ovatus.

2. Materials and Methods

2.1. Preparation of Experimental Diets

Fish meal, casein, soybean protein concentrate, and soybean meal were added as pro-
tein sources, and fish oil and soybean lecithin were added as lipid sources. Five isoproteic
and isolipidic experimental diets were formulated with different levels of replacement of
FM with FCSM, specifically, 0 (FM), 12.5% (CSM12.5), 25% (CSM25), 50% (CSM50), and
100% (CSM100), respectively; the feed formulations and the contents of various nutrients
are shown in Table 1. To eliminate the effect of limiting amino acids, lysine and methionine
were added to each group, respectively, so that the amino acid content of each group
of feeds was balanced; the amino acid composition of the experimental feeds is shown
in Table 2. All the ingredients were ground into powder, sieved through 60 mesh, and
thoroughly mixed with oil and water; the 2.5 mm and 3.0 mm diameter long doughs
were extruded using a twin screw extruder (F-26, South China University of Technology,
Guangzhou, China), cut into pelletized feeds using a pelletizer (G-500, South China Uni-
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versity of Technology, Guangzhou, China), and then stored at −20 ◦C in a refrigerator
until used.

Table 1. Formulation and nutrient levels of the experimental diets (% dry matter).

Ingredients
Fermented Cottonseed Meal Substitution Percentage/%

FM CSM12.5 CSM25 CSM50 CSM100

Fish meal 40 35 30 20 0
Soy protein concentrate 16 16 16 16 16

Soybean meal 4 4 4 4 4
Fermented cottonseed meal 0 5.1 10.2 20.5 40.9

Corn starch 17.7 16.2 14.7 11.7 5.8
Porcine blood cell protein powder 2 2 2 2 2

Beer yeast powder 2 2 2 2 2
Fish oil 7.3 7.7 8.1 8.9 10.5

Vitamin and mineral premix 1 1 1 1 1 1
Ca(H2PO4)2 0.5 0.5 0.5 0.5 0.5

Choline chloride 0.5 0.5 0.5 0.5 0.5
Lecithin 1 1 1 1 1

Microcrystalline cellulose 7.5 8.4 9.1 10.7 13.8
Betaine 0.5 0.5 0.5 0.5 0.5
Lysine 0 0.1 0.3 0.5 1

Methionine 0 0 0.1 0.2 0.5

Nutrient levels
Ash 12.08 12.03 12.01 10.35 7.99

Crude protein 43.89 43.65 43.31 43.62 43.49
Crude lipid 11.30 11.54 11.71 11.85 12.02
Crude fiber 7.29 7.83 8.46 10.04 12.93

Nitrogen free extract 24.71 24.95 24.52 24.13 23.57
Free gossypol (mg/kg) 64.7 95.9 88.6 171.0 190.0

1 Vitamin and mineral premix provided by Shenzhen Jingji Zhinong Times Co., Ltd. (mg kg−1 diet). The
formulation includes the following amounts of vitamins and minerals per kilogram: vitamin A at a minimum of
450,000 IU, vitamin B1 at a minimum of 1000 mg, vitamin B2 at a minimum of 1000 mg, vitamin B6 at a minimum
of 1500 mg, vitamin B12 at a minimum of 5 mg, vitamin K3 at a minimum of 800 mg, inositol at a minimum of
12,000 mg, D-Pantothenic acid at a minimum of 3500 mg, nicotinic acid at a minimum of 2000 mg, folic acid at
a minimum of 500 mg, D-Biotin at a minimum of 5 mg, vitamin D3 at a range of 300,000 to 400,000 IU, vitamin E
at a minimum of 8000 IU, Na2SeO3 at 20 mg, CuSO4·5H2O at 24 mg, FeSO4·H2O at 266.65 mg, ZnSO4·H2O at
100 mg, MnSO4·H2O at 120 mg, Ca (IO3)2 at 50 mg, CoSO4·7H2O at 10 mg, Mg at 20 g, and zeolite at 4380.55 mg.

2.2. Fish and Experimental Conditions

The feeding trial was conducted in a seawater pond at the Shenzhen Base of the
South China Sea Fisheries Research Institute of the Chinese Academy of Fishery Sciences
(Shenzhen, China). For two weeks, juvenile golden pompanos were acclimated to the ex-
perimental system and fed commercial diets (Guangdong Yuequn Biotechnology Co., Ltd.,
Guangzhou, China). At the outset of the feeding experiment, the fish were fasted for 24 h
and then weighed. The fish were randomly assigned into 18 cages, with 25 uniformly sized
fish per cage (5.6 ± 0.14 g) for 8 weeks. Experimental fish were fed different experimental
diets twice daily, at 6:00 and 18:00, until they appeared to be satiated. During the feeding-
trial period, the water temperature was maintained at 28.3–33.3 ◦C. Dissolved oxygen
was higher than 6.0 mg/L. The salinity and ammonia were in the range of 20–25‰ and
0.05–0.1 mg/L, respectively. The photoperiod was the natural-day light cycle throughout
the experimental period. The protocols for all fish were approved by the Ethical Committee
of the South China Sea Fisheries Research Institute.
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Table 2. Proximate amino acid profiles of experimental diets (g/100 g).

Amino Acids
Fermented Cottonseed Meal Substitution Percentage/%

FM CSM12.5 CSM25 CSM50 CSM100

Aspartic acid 2.73 2.71 2.72 2.72 2.54
Threonine 1.15 1.14 1.13 1.08 0.95

Serine 1.04 1.07 1.11 1.15 1.10
Glutamic acid 3.92 4.07 4.26 4.47 4.30

Glycine 1.63 1.49 1.44 1.25 0.83
Alanine 1.72 1.72 1.67 1.54 1.28
Cystine 0.24 0.25 0.26 0.26 0.26
Valine 1.42 1.41 1.38 1.34 1.26

Methionine 0.54 0.51 0.57 0.52 0.59
Isoleucine 1.09 1.08 1.04 0.98 0.87
Leucine 2.17 2.17 2.13 2.09 1.88
Tyrosine 0.69 0.68 0.72 0.71 0.72

Phenylalanine 1.13 1.19 1.23 1.30 1.37
Lysine 2.02 1.98 1.98 1.89 1.59

Histidine 0.72 0.74 0.75 0.76 0.74
Arginine 1.69 1.77 1.90 2.19 2.60
Proline 1.44 1.41 1.35 1.30 1.18
Total 25.3 25.4 25.6 25.6 24.1

2.3. Collection of Samples

By the end of the feeding trial, all the fish were deprived of diets for 24 h. Fish that were
put under anesthesia were treated with diluted MS-222 (Sigma, St. Louis, MO, USA). Three
fish per cage were anesthetized and sampled. The digestive contents of four fish from each
cage were collected and were then quickly frozen in liquid nitrogen, followed by storage at
−80 ◦C. To reduce the impact of interindividual differences, intestinal contents from each
treatment were mixed for the analysis of intestinal microbiota. Mid-intestines from three
fish in each cage were frozen in liquid nitrogen and then stored at −80 ◦C until total RNA
was extracted. Three fish in each cage had a section of their gut frozen in liquid nitrogen,
which was subsequently kept at −80 ◦C until the enzyme activity was determined.

2.4. Measurement and Analysis
2.4.1. Intestinal Enzymes Activities Measurements

Intestinal samples were homogenized in sterilized physiological saline (0.86%, pH = 7.4;
1:9, w/v) by a handheld homogenizer. Then the samples were centrifuged for 15 min
(2000 r/min, 4 ◦C) and the supernatant removed for the quantification of chymotrypsin,
lipase, and α-amylase using commercial kits (Beijing Huaying Biotechnology Research
Institute, Beijing, China).

2.4.2. Free Cotton Phenol Content Measurements

The free cotton phenol content analysis of diets was determined according to the
standard methods of the American Oil Chemists Society (AOCS 2009; method Ba 7b-96) [10].
All samples were analyzed with an 8453 ultraviolet-visible spectrophotometer (Agilent
Technologies Co., Ltd., Qingdao, China).

2.4.3. Quantitative Real-Time PCR

Total RNA was extracted from intestinal tissues using the Animal Total RNA Isolation
Kit (FOREGENE Co., Ltd., Chengdu, China), and the integrity and quality of the RNA were
detected using the NanoDropOne Micro Spectrophotometer (Thermo Scientific, Waltham,
MA, USA). The cDNA was obtained by reverse transcription using the PrimeScriptTM RT
reagent kit with a gDNA Eraser kit (Takara, Kusatsu City, Japan). The reaction conditions:
37 ◦C for 15 min, 85 ◦C for 5 s, and 4 ◦C. The obtained cDNA was stored at −20 ◦C. The
primer sequences of the target gene and the internal reference gene β-Actin for real-time
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fluorescence quantitative PCR are shown in Table 3. All primer pairs required for real-time
fluorescence quantitative PCR were synthesized by Sangon Biotech (Shanghai) Co., Ltd.
(Shanghai, China). Real-time fluorescence quantitative PCR was performed on the Quant
Studio Dx PCR instrument (ABI, Foster City, CA, USA). The expression of these genes was
quantified by the 2−ΔΔCT method [11].

Table 3. The primers for real-time fluorescence quantification PCR.

Gene Sequence Reference

β-Actin-qF TACGAGCTGCCTGACGGACA
[12]

β-Actin-qR GGCTGTGATCTCCTTCTGCA
il-1β-qF CGGACTCGAACGTGGTCACATTC

[12]il-1β-qR AATATGGAAGGCAACCGTGCTCAG
IL-8-qF TGCATCACCACGGTGAAAAA

[12]IL-8-qR GCATCAGGGTCCAGACAAATC
TNF-α-qF CGCAATCGTAAAGAGTCCCA

[12]TNF-α-qR AAGTCACAGTCGGCGAAATG
il-10-qF CTCCAGACAGAAGACTCCAGCA

[12]il-10-qR GGAATCCCTCCACAAAACGAC
NF-κB-qF TGCGACAAAGTCCAGAAAGAT

[12]NF-κB -qR CTGAGGGTGGTAGGTGAAGGG
ZO-1-qF TTTGTGGCAGGAGTTCT

[12]ZO-1-qR TTCTTGTTGGGGATGAT
Occludin-qF TACGCCTACAAGACCCGCA

[12]Occludin-qR CACCGCTCTCTCTGATAAA
Claudin-3-qF CTCCTCTGCTGCTCCTGTCC

[12]Claudin-3-qR CGTAGTCTTTCCTTTCTAACCCTG
Claudin-15-qF AAGGTATGAAATAGGAGAAGGGC

[12]Claudin-15-qR TGGTTTGATAAGGCAGAGGGTA

2.4.4. Gut Microflora

The microbial DNA extraction was performed using Hi Pure Soil DNA Kits (Magen,
Guangzhou, China). The 16S rDNA V4 region of the ribosomal RNA gene was amplified us-
ing the polymerase chain reaction (PCR) technique. The primers used for this amplification
were Arch519 (CAGCMGCCGCGGTAA) and Arch915R (GTGCTCCCCCGCCAATTCCT).
In a duplicate 50 μL combination, the components included 5 μL of 10 × KOD buffer, 5 μL
of 2.5 mM dNTPs, 1.5 μL of each primer (5 μM), 1 μL of KOD Polymerase, and 100 ng of
template DNA for PCR reactions. The AxyPrep DNA Gel Extraction Kit, manufactured by
Axygen Biosciences in Union City, CA, U.S., was employed to extract amplicons from 2%
agarose gels. The ABI Step One Plus Real-Time PCR System, manufactured by Life Tech-
nologies in Foster City, USA, was employed for the purpose of quantification. In accordance
with established techniques, the purified amplicons were combined in equimolar propor-
tions and subjected to paired-end sequencing (2 × 250) using an Illumina platform. The
raw data underwent splicing and filtering processes in order to create a refined dataset. The
construction of operational taxonomic units was carried out, and the final feature table and
feature sequences were created using the Divisive Amplicon Denoising Algorithm method.

2.5. Statistical Analysis

The experimental data were presented as mean ± SEM. Statistical analysis was per-
formed using SPSS 26.0 software ( IBM Corporation, Somers, NY, USA) for Windows. Before
performing analysis of variance (ANOVA), the normality and homogeneity of experimental
data were tested using the Kolmogorov–Smirnov test and Levene’s test, respectively. After
passing the test, the experimental data were subjected to a one-way analysis of variance.
When there were significant differences, the group means were further compared with
Duncan’s multiple-range test, and a probability of p < 0.05 was considered significant.

34



Fishes 2023, 8, 466

3. Results

3.1. Intestinal Enzymatic Activity of T. ovatus

The effects of dietary fish meal substitution by fermented cottonseed meal on the
intestinal enzymatic activity of golden pompano are shown in Table 4. The LPS content
levels of the FM, CSM12.5, and CSM25 groups were not significantly different (p > 0.05),
with the highest content being found in the CSM12.5 group. There was a tendency towards
an increase in chymotrypsin activity in the intestine of golden pompano at a substitution
rate of 25%, which was significantly lower in the CSM12.5 and CSM50 groups (p < 0.05).
As the substitution level of a fermented cottonseed meal increased, the AMY activity in
the substitution group was significantly higher than that in the FM group (p < 0.05), and
the highest activity of AMY in the intestine of golden pompano was observed when the
substitution rate reached 25%.

Table 4. Effects of fish meal substitution by fermented cottonseed meal on an index of intestinal
digestive enzymes of T. ovatus.

Enzyme
Fermented Cottonseed Meal Substitution Percentage/%

FM CSM12.5 CSM25 CSM50 CSM100

LPS (U/mg) 26.26 ± 0.66 a 26.3 ± 1.43 a 26.02 ± 1.76 a 21.53 ± 0.32 b 21.2 ± 1.25 b

Chymotrypsin (U/mg) 49.92 ± 2.17 ab 42.23 ± 0.93 c 51.69 ± 3.99 a 43.03 ± 0.3 c 46.24 ± 1.59 bc

AMY(U/mg) 236.33 ± 6.45 d 290.11 ± 3.63 c 405.72 ± 10.24 a 304 ± 6.84 b 290.22 ± 3.98 c

LPS: Lipase; AMY: Amylase. Data are expressed as means ± SEM (n = 3). Means with different superscripts are
significantly different (p < 0.05).

3.2. Intestinal Immune-Related Gene Expression of T. ovatus

The gene expressions of the intestinal NF-κB-related signaling pathway in golden
pompano after ingestion of different levels of experimental diets are shown in Figure 1.
Compared with FM and CSM25, the expression of IL-1β and TNF-α of the fish in the group
fed with CSM12.5, CSM50, and CSM100 was notably increased (p < 0.05). Compared with
the FM group, the relative expression of the IL-8 gene in the intestine of golden pompano
was not significantly different between the FM, CSM25, and CSM50 groups (p > 0.05), with
the highest expression being found in the CSM100 group, which was significantly different
from the other groups (p < 0.05). The expression of IL-10 of the fish in the CSM12.5 dietary
group was significantly upregulated (p < 0.05). The relative expression of the NF-κB gene
was significantly lower in the intestine of golden pompano at different levels in the FCSM
substitution group compared to the FM group (p < 0.05), with the highest expression found
in the CSM100 group.

3.3. Intestinal Physical-Barrier-Related Gene Expression of T. ovatus

The expression of physical-barrier-related genes in golden pompano after ingestion of
different levels of FCSM are shown in Figure 2. The relative expression of the ZO-1 gene
was lowest in the CSM50 group, which was lower than the FM group (p < 0.05), while
the relative expression was significantly higher in the CSM12.5 and CSM100 groups. The
relative expression of the Occludin gene was highest in the CSM100 group, and the levels
of the CSM12.5 and CSM100 groups were significantly higher than that of the FM group
(p < 0.05); additionally, there was no significant difference between the CSM25 and FM
groups (p > 0.05). The relative expression of the Claudin-3 gene was significantly affected by
the substitution of FM by FCSM (p < 0.05), with the highest relative expression found in the
CSM25 group. When the level of FCSM substitution was 50%, the relative expression of the
Claudin-15 gene in the intestine of golden pompano was significantly (p < 0.05) lower than
in all other groups. Meanwhile, the CSM12.5 group, CSM25 group, and CSM100 group
were significantly higher than the FM group (p < 0.05).
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Figure 1. Effect of fermented cottonseed meal substitution for fish meal on immune-related gene
expression of T. ovatus. Data are expressed as means ± SEM (n = 3). Means with different superscripts
are significantly different (p < 0.05).

Figure 2. Effects of fish meal substitution by a fermented cottonseed meal on the barrier-related
gene expression. Data are expressed as means ± SEM (n = 3). Means with different superscripts are
significantly different (p < 0.05).
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3.4. Intestinal Microbiota
3.4.1. Analysis of Microbial OTUs and Alpha Diversity of Intestinal Flora

The curve of intestinal microflora dilution (Figure 3) of juvenile golden pompano
in different treatment groups tends to be flat, with sequencing coverage ≥ 99.96%. This
indicates that the sequencing depth of the intestinal microflora of each group of golden
pompano is reasonable and can cover the vast majority of species in the sample. A grand
number of 1,549,208 sequencing reads of good quality were acquired.

Figure 3. Effects of fish meal substitution by a fermented cottonseed meal on the dilution curve of
the intestinal flora of T. ovatus.

From the Venus plot of OTUs of golden pompano in different treatment groups
(Figure 4), the total number of OTUs between groups was 71. The alpha diversity metrics
were computed by analyzing the rarefaction curves at the operational taxonomic units
(OTUs) level for each experimental meal. Table 5 displays the Chao1, ACE, Shannon,
and Simpson indexes. The CSM100 group had the highest ACE indices and the largest
community richness, which was not significantly different from the other groups (p > 0.05).
Compared with the remaining groups, the CSM25 group had the lowest ACE and Chao1
indices and the lowest community richness, while the CSM100 group had the highest ACE
and Chao1 indices and the highest community richness. The CSM50 group had the highest
Shannon index and Simpson index, and the highest community diversity. The Shannon
index and Simpson index in the CSM50 group differed significantly from those of the other
groups (p < 0.05) (Table 5).

Figure 4. Venus map of OTUs of the intestinal flora of T. ovatus in different treatment groups.
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Table 5. Diversity statistics of intestinal samples of juvenile T. ovatus in different treatment groups.

Item
Group

FM CSM12.5 CSM25 CSM50 CSM100

OTU 166.7 ± 11.09 158.25 ± 8.06 139.25 ± 7.85 154.75 ± 27.92 195.00 ± 59.57
Ace 189.67 ± 15.13 176.73 ± 1.76 161.73 ± 14.21 165.01 ± 9.89 191.77 ± 22.51

Chao1 183.38 ± 18.21 169.74 ± 3.1 157.15 ± 9.73 156.37 ± 9.01 187.16 ± 21.13
Shannon 1.86 ± 0.08 bc 1.68 ± 0.11 c 2.34 ± 0.29 ab 2.71 ± 0.26 a 1.88 ± 0.29 bc

Simpson 0.61 ± 0.03 b 0.57 ± 0.06 b 0.7 ± 0.1 ab 0.78 ± 0.05 a 0.64 ± 0.06 ab

ACE: The ACE index is utilized as a means to approximate the abundance of operational taxonomic units (OTUs)
within a given ecological community. It has been observed that higher ACE values exhibit a positive correlation
with the overall diversity and richness of the microbial community. Chao1: The number of OTU in the community
was estimated by Chao1 algorithm, and the value of Chao1 was positively correlated with the total number of
species. Shannon: The index considers both the abundance and evenness of the community, and there is a positive
correlation between its value and the richness and evenness of the community. Simpson: The index was used
to estimate microbial diversity in samples, and the values were negatively correlated with community diversity.
Data are expressed as means ± SEM (n = 4). Means with different superscripts are significantly different (p < 0.05).
a,b,c Means (±SEM) values within the row unlike superscript letters were significantly different (p < 0.05).

3.4.2. Analysis of Intestinal Flora Composition and Relative Abundance

The analysis of the intestinal contents of juvenile golden pompano encompassed
multiple taxonomic levels, specifically, phylum, order, family, and genus. Phylum and
genus were chosen as representative taxonomic levels for this study.

As shown in Figure 5, at the phylum level, Proteobacteria and Firmicutes formed the
core microflora. Proteobacteria were the most abundant phyla in the control group and
CSM25 group, accounting for 49.4% and 52.16%, respectively. Firmicutes was the most
abundant phylum in CSM12.5, CSM50, and CSM100, accounting for 61.46%, 51.71%, and
52.83%, respectively. There were no significant differences among the five groups, except
for Fusobacteria and Planctomycetes (p > 0.05) (Table 6).

Figure 5. Distribution of the top 10 microbial phylum levels in the intestinal contents of T. ovatus in
different treatment groups.

As shown in Figure 6, at the genus level, Photobacterium and Paraclostridium formed
the core microflora. The dominant genera in the intestinal flora of T. ovatus were Photobac-
terium and Paraclostridium, which accounted for 52.5% and 44.86% of the total species,
respectively. Photobacterium is the most abundant genus in the FM group and CSM25.
There were significant differences among the five groups, except for Lysinibacillus, Bacillus,
and Aerococcus (p < 0.05) (Table 7). The Fusobacteria levels of CSM100 were significantly
lower than those of all other groups (p < 0.05). There was no significant difference in
Planctomycetes levels for CSM12.5, CSM25 and CSM50 (p > 0.05), and the FM group and
CSM100 were significantly higher than all other groups (p < 0.05).
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Table 6. Distribution of the top 10 microbial phylum levels in the intestinal contents of T. ovatus in
different treatment groups.

Phylum
Group

FM CSM12.5 CSM25 CSM50 CSM100

Firmicutes 49.36 ± 6.73 61.46 ± 30.38 47.14 ± 23.64 51.71 ± 14.17 52.83 ± 13.50
Proteobacteria 49.40 ± 6.44 37.84 ± 30.28 52.16 ± 23.64 41.16 ± 12.34 43.82 ± 10.15
Fusobacteria 0.11 ± 0.03 a 0.10 ± 0.01 a 0.10 ± 0.04 a 0.07 ± 0.04 a 0.01 ± 0.00 ab

Cyanobacteria 0.45 ± 0.13 0.19 ± 0.02 0.20 ± 0.02 0.26 ± 0.12 0.40 ± 0.38
Actinobacteria 0.22 ± 0.08 0.14 ± 0.02 0.16 ± 0.02 0.21 ± 0.13 0.30 ± 0.29

Tenericutes 0.17 ± 0.09 0.14 ± 0.10 0.11 ± 0.03 0.09 ± 0.07 0.29 ± 0.42
Planctomycetes 0.05 ± 0.03 b 0.03 ± 0.01 ab 0.01 ± 0.00 ab 0.02 ± 0.02 ab 0.06 ± 0.02 a

Bacteroidetes 0.10 ± 0.06 0.02 ± 0.00 0.04 ± 0.02 0.03 ± 0.02 0.10 ± 0.13
Patescibacteria 0.02 ± 0.01 0.01 ± 0.00 0.02 ± 0.01 0.02 ± 0.02 0.13 ± 0.17

Verrucomicrobia 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.09 ± 0.14

Data are expressed as means ± SEM (n = 4). Means with different superscripts are significantly different (p < 0.05).

Figure 6. Distribution of the top 10 microbial genus levels in the intestinal contents of T. ovatus in
different treatment groups.

Table 7. Distribution of the top 10 microbial genus levels in the intestinal contents of juvenile T. ovatus
in different treatment groups.

Genus
Group

FM CSM12.5 CSM25 CSM50 CSM100

Photobacterium 48.34 ± 6.37 a 41.44 ± 24.84 ab 39.41 ± 18.01 ab 21.91 ± 3.84 b 42.26 ± 9.75 ab

Paraclostridium 4.07 ± 1.85 b 53.97 ± 1.43 a 17.58 ± 3.88 ab 13.16 ± 8.79 ab 32.97 ± 19.24 ab

Clostridium_sensu_stricto_11 2.16 ± 1.42 b 29.93 ± 10.68 ab 31.67 ± 20.52 a 19.98 ± 10.36 ab 8.58 ± 9.41 ab

Staphylococcus 34.36 ± 10.65 a 1.44 ± 0.77 b 1.88 ± 1.48 b 3.87 ± 2.35 b 5.54 ± 5.45 b

Vibrio 0.71 ± 0.13 ab 4.70 ± 4.47 ab 12.28 ± 8.86 ab 18.62 ± 11.27 a 0.63 ± 0.30 b

Lysinibacillus 0.23 ± 0.04 0.30 ± 0.32 0.21 ± 0.03 0.15 ± 0.12 0.02 ± 0.01
Enterococcus 3.92 ± 1.66 a 0.11 ± 0.05 b 0.13 ± 0.03 b 0.23 ± 0.09 b 0.48 ± 0.29 b

Bacillus 0.20 ± 0.05 0.13 ± 0.07 0.19 ± 0.08 0.33 ± 0.31 0.14 ± 0.23
Cetobacterium 0.11 ± 0.03 a 0.10 ± 0.0 a 0.10 ± 0.04 a 0.07 ± 0.04 a 0.01 ± 0.00 b

Aerococcus 0.41 ± 0.20 0.05 ± 0.03 0.02 ± 0.01 0.74 ± 0.37 1.58 ± 0.79

Data are expressed as means ± SEM (n = 4). Means with different superscripts are significantly different (p < 0.05).
a,b Means (±SEM) values within the row unlike superscript letters were significantly different (p < 0.05).
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3.4.3. Analysis of β Diversity of Intestinal Flora

Non-measured multidimensional analysis (NMDS) is a commonly used β diversity
analysis method. As the basis for community structure research, NMDS analysis is often
used to compare the differences between different ecosystems and reflect the heterogeneity
of biological species due to the environment. The points in the graph represent the sample,
and the distance between the points reflects the degree of sample difference; the closer
the distance, the higher the similarity. Points in the same circle represent no significant
difference between the samples, and points in the non-intersection circle represent sig-
nificant differences between the samples. As can be seen from Figure 7, the FM group
intersects with the CSM12.5 group, but does not intersect with any other groups. The
CSM25 group intersects with the CSM12.5 group and the CSM50 group and does not
intersect with any other groups. The CSM50 group intersects with the CSM25 group and
does not intersect with any other groups. The CSM100 group intersects with the CSM12.5
group but does not intersect with any other groups. The CSM12.5 group is not intersected
with the CSM50 group and is intersected with all other groups. This means that there is no
significant difference between the FM group and the CSM12.5 group (p > 0.05), while there
is a significant difference with all other groups (p < 0.05). There is no significant difference
between the CSM25 group and the CSM12.5 group or the CSM50 group (p > 0.05), and
there is a significant difference with all other groups (p < 0.05). There is no significant
difference between the CSM50 group and the CSM25 group (p > 0.05), and the former
is significantly different from each of the other groups (p < 0.05); there is no significant
difference between the CSM100 group and the CSM12.5 group (p > 0.05), and the former
is significantly different from each of the other groups (p < 0.05). There is a significant
difference between the CSM12.5 group and the CSM50 group (p < 0.05), and the former is
not significantly different from any of the other groups (p > 0.05). There was an intersection
between the CSM25 group and the CSM50 group, indicating that when the amount of
FCSM in the feed was 25%, there was no significant difference in the intestinal microbial
composition than with the addition of 50% in T. ovatus (p > 0.05). There was an intersection
among the CSM25 group, the CSM12.5 group, and the CSM100 group, indicating that
when the amount of FCSM in the feed was 25%, there was no significant difference in the
intestinal microbial composition than with the addition of 12.5% and 100% in T. ovatus
(p > 0.05).

Figure 7. NMDS analysis at the OTU level of T. ovatus in different treatment groups.

4. Discussion

Fish meal (FM) is widely utilized as a protein source in commercial aquafeeds due
to its well-balanced composition of essential amino acids, vitamins, and minerals, and
its palatability [10]. In recent years, the increasing demand for animal nutrition has led
to a search for sustainable protein sources of both plant and animal origin, due to the
limited availability of fishmeal [13]. Cottonseed meal is digested relatively well by fish and
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crustaceans [14]. When markets are favorable, CSM is an economical alternative protein
source for use in aquatic animal feeds. Furthermore, it is generally highly palatable to most
aquatic animals [14].

The intestinal tracts of animals serve as complex microbial ecosystems that har-
bor dynamic communities of microorganisms. These microorganisms play various roles,
such as absorbing nutrients, improving energy production, and maintaining immune
homeostasis [15]. The process of digestion is related to the activity of digestive enzymes, in-
cluding chymotrypsin and α-amylase. These enzymes play a crucial role in breaking down
nutrients, as they facilitate the digestion process [16]. In the present study, the intestinal
amylase content levels in the CSM12.5 and CSM25 groups were higher than that in the FM
group. The chymotrypsin and AMY activity levels in the intestine were higher than in the
FM group when the substitution rate reached 25%. AMY activity reflects the absorption
and utilization of nutrients by fish [17]. Protease is an important proteolytic enzyme in fish
intestine, and its activity can reflect the ability of fish to decompose feed protein [18]. These
findings indicated that 25% substitution of FCSM for FM boosted the activity of digestive
enzymes and improved nutrient uptake, which in turn improved growth performance of
T. ovatus. In this study, when 50–100% of FM was replaced by FCSM, the activity levels of
LPS and chymotrypsin were lower than those of the control group. This may be due to the
lower digestion and absorption ability of FCSM as compared to fish meal. A similar phe-
nomenon was also observed in a previous study by Sillago sihama Forsskál [19]. Research
findings indicate that the American redfish species (Sciaenops ocellatus) has demonstrated
proficient ability in digesting cottonseed meal [20].

The significant function of pro- and anti-inflammatory cytokines in the maintenance of
tissue and immunological homeostasis has been well established [21]. The pro-inflammatory
cytokines, which include TNF-α and IL-8, have a variety of effects that cause inflammation [22].
Interleukin-1β (IL-1β) plays a crucial role in both the onset and amplification of the inflam-
matory response, which ultimately leads to intestinal damage [23]. Inflammatory cytokine
IL-8 is a component of the immune response, and disruption of the balance of these cy-
tokines is key to the pathophysiology of inflammatory bowel disease [24]. In epithelial
tissues, NF-κB signaling is crucial for preserving immunological homeostasis. Thus, NF-κB
appears to exhibit two sides in chronic inflammation: on the one hand, NF-κB activation
increases and continues to induce inflammation and tissue damage, but on the other hand,
inhibition of NF-κB signaling also disrupts immune homeostasis and triggers inflamma-
tion and disease [22]. In the present study, TNF-α, IL-1β, IL-8, and NF-κB gene expression
levels were all significantly decreased at the level of 25% FCSM replacement. In contrast,
excessive substitution levels significantly increased TNF-α, IL-1β, IL-8, and NF-κB gene
expression levels, indicating that higher substitution levels of FCSM can induce inflamma-
tory responses in the intestine. IL-10 is an anti-inflammatory factor which plays a role in
down-regulating inflammatory response and antagonizing inflammatory mediators [25].
Gene expression of the pro-inflammatory factor IL-10 was significantly higher than that
of the control group at 12.5%, 25% and 50% substitution levels, suggesting that intestinal
inflammation improves at appropriate substitution ranges.

The intestinal tract in fish is widely recognized as a significant physical barrier, and
maintaining its structural integrity is essential for effectively resisting foreign antigens [26].
The presence of compromised or diminished physical barrier function within the intesti-
nal tract of fish is associated with an elevated susceptibility to pathogen infection and
a hindered ability to suppress pathogen growth [12]. ZO-1 is involved, in its function as
a scaffolding protein, by determining the tightness of the epithelial barrier and contributing
to the polarity of the epithelial cells [5]. The extracellular loop of Occludin goes straight
into the TJ complex and interacts with the transmembrane domain to alter the permeability
of extracellular selectivity [27]. In the present study, the mRNA transcript levels of ZO-1
were up-regulated, but the relative expression levels of the Occludin gene in the CSM25
and FM groups were not significantly different. Claudin-3 is a tightening TJ protein that
aids in sealing the paracellular intestinal barrier [28]. In this study, the Claudin-3 gene had
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the highest relative expression in the CSM25 group, indicating that the intestinal barrier
closure was strongest at the 25% substitution level. Claudin-15 is widely distributed in the
tight junctions of the villi and crypt cells of the small and large intestines. In this study,
the relative expression of Claudin-15 in the CSM12.5, CSM25, and CSM100 groups was
significantly higher than that in the FM group, suggesting that the structural integrity of
intestinal intercellular structures was better in the CSM12.5, CSM25, and CSM100 groups.
The results of the above studies suggest that appropriate substitution ratios can ameliorate
golden pompano intestinal physical barrier damage induced by FCSM. This is similar to
the results of a study on the genes related to the improvement of intestinal tight junction
in yellow catfish by fermented rapeseed meal [29]. Therefore, FCSM may alleviate the
damage, associated with cottonseed meal, to the intestinal structure of golden pompano by
degrading anti-nutritional factors, thereby improving the intestinal health of fish.

The microbial ecosystem of animals consists of microbial communities and their host
microenvironment. The intestinal microenvironment consists of intestinal microorganisms
and is the most critical microenvironment of the animal body [30]. The intestinal microbiota
play a crucial role in various physiological processes, including metabolism, nutrient
absorption, growth and development, and immune function. Therefore, it is very important
for body health to investigate changes in fish intestinal flora. In the present study, the OTU
Wayne diagram found that 71 OTU were common in all groups, indicating that there are
still inherent core flora at different levels of FCSM addition in the same culture environment.
These results suggested that the tested variations in diet did not exert large, long-term
alterations on the intestinal microbiota of golden pompano.

Intestinal bacterial microflora level is closely related to digestive function and overall
gastrointestinal health [31]. In terms of community composition, we found that the domi-
nant intestinal bacteria of the golden pompano belonged to three phyla: Proteobacteria,
Firmicutes, and Tenercutes [32]; this has also been reported for the turbot [33]. Proteobacteria
can catabolize feed ingredients [34]. The increased abundance may allow T. ovatus to ab-
sorb nutrients from the feed. Proteobacteria, a class of bacteria characterized by their
Gram-negative cell wall structure, serves a significant function in the breakdown and
fermentation of polysaccharides, proteins, and various organic substances. Moreover, they
constitute the prevailing microbial population within the intestinal ecosystem of numer-
ous fish species [35]. It is well known that many kinds of Vibrio, Photobacterium, and
Mycoplasma are pathogenic bacteria [19,36]. These microorganisms are found within the
gastrointestinal tract. The degradation of the aquatic environment leads to an escalation in
nutrient deficits and physiological dysfunctions, hence heightening the vulnerability of fish
to these infections [37]. Research shows that the balance of the intestinal microflora was
altered primarily by probiotic supplementation and, to a lesser extent, by the energy content
of the diet [33]. The majority of Fusobacteriales strains identified in fish intestinal samples
are attributed to Cetobacterium, a prevalent and extensively distributed species found
within the gastrointestinal tracts of fish [38]. In this experiment, the dominant intestinal
flora of the golden pompano was composed of Firmicutes and proteobacteria. However, with
the change in the proportion of FCSM instead of fishmeal in feed, the absolute dominant
flora between the groups also changed. At the phylum level, the dominant phylum of the
control group for the CSM12.5 group, CSM50 group, and CSM100 group was firmicutes,
while the dominant phylum of the CSM25 group was proteobacteria. The results of the
above studies showed that the substitution of FM by FCSM did not lead to changes in the
dominant strains of the intestinal flora of golden pompano.

At the genus level, the dominant genera in the intestinal flora of the T. ovatus are
Photobacterium and Paraclostridium. Photobacterium, a bacterium classified as Gram-negative,
has a combination of anaerobic and aerobic characteristics, displaying both respiratory
and fermentative metabolic pathways. The inclusion of Bacillus probiotics in the diet has
been found to promote the proliferation of lactic acid bacteria within the gastrointestinal
system, leading to a decrease in pH levels. Consequently, this creates an unfavorable envi-
ronment for the growth and survival of pathogenic bacteria, such as E. coli and Salmonella
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spp. [39]. Photobacterium, a Gram-negative bacterium, is partly anaerobic and has respira-
tory and fermentative metabolism types. Photobacterium can infect the shrimp Litopenaeus
vannamei to cause its mortality, and may be a common pathogen of shrimps [19]. The
Photobacterium levels in the CSM25 group and CSM50 group were significantly lower
than that in the control group, indicating that the abundance of Photobacterium decreased
when the amount of FCSM added to the feed was 25–50% [40].

Beta diversity analysis is mainly used to compare differences in the overall structure
of microbial communities in each sample. Non-metric multidimensional scaling (NMDS) is
a data analysis method that simplifies the research objects of multidimensional space to
low-dimensional space for locating, analysis, and classification while retaining the original
relationship between objects [41]. In this experiment, we found that the gut microbial
composition of the FM group was significantly different from that of the CSM12.5, CSM25,
CSM50, and CSM100 groups, and that there were significant differences in the composition
of the CSM12.5 and CSM50 groups and the CSM25 and CSM100 groups, indicating that
varying levels of fermented cotton meal substitution in the feeds resulted in significant
differences in gut microbial composition. Complex microbiota interactions may explain the
fact that fermented fishmeal increased the diversity of the gut microbiota of the vanabin
carp, a finding which is similar to the results of our study [42].

5. Conclusions

In conclusion, by analyzing the intestinal enzyme activity, inflammation, physical
barrier-related gene expression, and intestinal microecology of juvenile golden pompano
(T. ovatus), this investigation demonstrated in its results that FCSM replacement of FM
affected the intestinal health status of the fish. Replacing 25% of FM with FCSM had no
significant effect on LPS and chymotrypsin in juvenile golden pompano, but AMY activity
was significantly increased. However, when 50–100% was replaced, LPS and chymotrypsin
were significantly reduced, indicating that the substitution of 25% FM by FCSM did not
affect intestinal digestion. It was demonstrated that an appropriate substitution ratio
could improve nutrient absorption, reduce intestinal inflammation, and improve intestinal
physical barrier damage, while not affecting intestinal microecology. However, substitution
of a high proportion of FM with FCSM negatively affects the intestinal microflora and
nutrient absorption capacity of fish.
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Abstract: An eight-week feeding experiment was conducted to evaluate the effects of replacing fish
meal with stickwater hydrolysate (SWH) or stickwater hydrolysate meal (SWM) on the growth, serum
biochemical parameters, intestinal digestive enzyme activity, and muscle quality of yellow catfish
(Tachysurus fulvidraco). The control diet (CON) contained 30% fish meal and the remaining five diets
were substituted for fish meal with 2.5% (SWM2.5), 5% (SWM5) SWM, and 5% (SWH5), 10% (SWH10),
and 15% (SWH15) SWH, respectively. The results showed that there were no significant differences
in weight gain rate, feed conversion rate, survival rate, hepatosomatic index, and viscerosomatic
index among the groups. The substitution of fish meal with SWH significantly augmented the
serum triglyceride and total cholesterol levels, whereas urea nitrogen content exhibited a reduction
proportional to the replacement ratio. The incorporation of SWH led to a notable rise in glutamate-
pyruvate transaminase activity, albeit with a gradual decline as the substitution ratio escalated.
Relative to the CON group, the SWH5 group displayed a significant reduction in serum superoxide
dismutase activity and a significant elevation in serum catalase activity. The substitution of fish
meal with SWM yielded noticeable increments in the activities of complement 3, immunoglobulin
M, and alkaline phosphatase. Neither SWH nor SWM exerted a substantial influence on intestinal
amylase activity. Regarding muscle characteristics, neither SWH nor SWM showed a marked effect
on hardness and springiness; however, adhesiveness, cohesiveness, gumminess, and chewiness
properties exhibited enhancement as the proportion of fish meal replacement increased. In conclusion,
within this experimental context, substituting fish meal with SWH and SWM did not adversely impact
the growth and meat quality of yellow catfish. Specifically, replacing 15% fish meal with stickwater
hydrolysate and 5% fish meal with stickwater hydrolysate meal contributed to an enhanced immune
capacity in yellow catfish to a certain extent.

Keywords: Tachysurus fulvidraco; fish meal substitution; stickwater hydrolysate (meal); growth; serum
biochemistry; serum immunity

Key Contribution: Substituting fish meal with SWH and SWM did not adversely impact the growth
performance and contributed to an enhanced immune capacity in yellow catfish.

1. Introduction

Over the last few years, the rapid development and expansion of aquaculture have
highlighted a growing concern regarding the shortage of raw materials for aquatic feed,
particularly protein feedstuffs [1]. Recently, protein feedstuffs, exemplified by fish meal,
are currently experiencing global scarcity, leading to an imbalance between supply and
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demand that subsequently drives up fish meal prices and, consequently, escalates aquacul-
ture production costs [2]. These factors seriously restrict the sustainable development of
aquaculture, and reducing the content of fish meal in compound feed has become a hot
spot in current research. Fish meal has always been an indispensable high-quality protein
source in aquatic feed due to its high content of essential amino acids and fatty acids, good
palatability, and less anti-nutritional factors [3]. However, the majority of plant protein
sources that contain antinutritional factors, such as free gossypol, phytic acid, and soybean
antigen proteins, have the potential to stunt growth, reduce digestive enzyme activity,
and decrease immunity of aquatic animals [4–6]. Moreover, plant-derived protein sources
exhibit markedly lower contents of minor nitrogenous compounds, such as peptides, free
amino acids, and taurine in comparison to animal-derived counterparts. Several of these
compounds, including antigenic proteins, gossypol, and its derivatives, phytic acid, and
tannins, hold the capacity to exert adverse impacts on fish growth and overall health [7].
Therefore, the exploration of innovative animal protein sources as substitutes for fish meal
stands as a paramount research focus in contemporary aquaculture [8].

In industrial fish meal production lines, stickwater is extracted from the liquid pro-
duced during the fish meal pressing process. Stickwater hydrolysate (SWH) is obtained by
adding hydrolytic enzymes, such as pineapple proteinase or a solution of pa-paya protease,
to stickwater at temperatures below 50–55 ◦C for 3–5 h. [9]. Owing to the substantial pres-
ence of suspended particulates, encompassing proteins, peptides, amino acids, biogenic
amines, and trimethylamine oxides, among others, stickwater also encompasses minor
quantities of oil constituents and trace elements, all of which bestow an indispensable
impact upon the overall nutritional profile of fish [10]. Research has demonstrated that the
addition of stickwater to the feed improves the growth performance and feed utilization
of juvenile snakehead (Ophiocephalus argus) [11]. Over the years, plenty of studies have
demonstrated that hydrolyzed fish proteins obtained by protease-mediated hydrolysis not
only induce fish feeding but also promote fish growth [10–12].

Yellow catfish (Tachysurus fulvidraco), is one of China’s important economic aquaculture
fish, and the production of it has been growing steadily, reaching 587,800 tonnes in 2022 [13].
The proportion of fish meal in its compound feed is as high as 28–35%, which is much
higher than that of many other freshwater cultured fish [14]. Therefore, this study aimed
to evaluate the effects of replacing fish meal with stickwater hydrolysate and its meal
on the growth, serum biochemical, immune indexes, intestinal digestive enzyme activity,
and muscle quality of yellow catfish. This provides a theoretical basis for improving the
application of enzymatic hydrolysis of stickwater hydrolysate and stickwater hydrolysate
meal in fish feed and effectively reducing the cost of aquaculture.

2. Materials and Methods

2.1. Preparation of the Experimental Diet Stickwater Hydrolysate (Meal)

The SWH used in this study was supplied by Zhejiang Fengfu Marine Organism
Products Co. Ltd. (Zhoushan, China). The chemical composition and peptide content
of fish meal (FM), stickwater hydrolysate (SWH), and stickwater hydrolysate (SWM) are
shown in Table 1. The free amino acid composition of FM, SWH, and SWM is shown in
Table 2. It can be seen from Tables 1 and 2 that the peptide content, acid-soluble protein,
and free amino acid content of SWH and SWM are significantly higher than FM.

Table 1. Nutrient levels of FM, SWH, and SWM (DM basis).

Items FM SWH SWM

Moisture% 8.27 42.10 2.69
Crude protein% 72.48 70.64 75.54

Crude fat% 9.72 4.43 1.13
Ash% 12.37 14.72 15.01

ASP% 1 4.08 65.47 71.09
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Table 1. Cont.

Items FM SWH SWM

Peptide molecular weight distribution/u 2

<180 Da 1.97 (48.31) 15.76 (24.06) 16.27 (22.89)
500–180 Da 0.81 (19.78) 20.69 (31.61) 29.98 (42.17)
1000–500 Da 0.16 (3.86) 9.4 (14.33) 9.66 (13.59)

2000–1000 Da 0.19 (4.62) 8.32 (12.73) 7.41 (10.43)
3000–2000 Da 0.16 (3.97) 4.04 (6.19) 2.95 (4.15)
5000–3000 Da 0.24 (5.94) 3.81 (5.82) 2.42 (3.40)

10,000–5000 Da 0.25 (6.13) 2.73 (4.18) 1.54 (2.17)
>10,000 Da 0.30 (7.39) 0.72 (1.08) 0.85 (1.20)

1 The content of acid soluble protein (ASP) was analyzed by the Kjeldahl method (GB/T22729-2008) in the
Analysis and Testing Center, Hunan Agricultural University (Changsha, China). 2 The peptide molecular weight
distribution was measured by HPLC (GB/T22729-2008) in the Analysis and Testing Center, Hunan Agricultural
University (Changsha, China). The values outside brackets were the contents of acid soluble protein, and the
values inside brackets were the percentages of peptide content.

Table 2. Composition of free amino acids of FM, SWH, and SWM (g/100 g, dry matter).

Items FM SWH SWM

Valine 0.01 0.13 0.60
Methionine 0.02 0.06 0.18
Isoleucine 0.01 0.72 0.91
Leucine 0.02 1.43 1.21

Phenylalanine 0.01 0.84 0.79
Histidine 0.01 0.41 0.42

Lysine 0.03 0.78 0.75
Arginine 0.01 0.26 0.65

Threonine 0.00 0.42 0.64
Tryptophan 0.01 1.82 0.98

Aspartic acid 0.01 0.08 0.19
Serine 0.01 0.06 0.15

Glutamic acid 0.00 0.02 0.01
Glycine 0.24 0.51 0.47
Alanine 0.02 0.86 0.83
Cystine ND 1 ND 0.12
Tyrosine 0.01 0.12 0.32
Proline 0.02 0.27 0.26

Total amino acid 0.44 8.79 9.48
1 “ND” indicates that it cannot be measured.

This experiment consisted of a total of six treatment groups, designated as the control
group, two groups in which SWM replaced 2.5% and 5.0% of fish meal, and three groups
in which SWH replaced 5%, 10%, and 15% of fish meal. These groups were labeled as
CON, SWM2.5, SWM5, SWH5, SWH10, and SWH15. Before feed preparation, the feed
raw materials were crushed, screened through a 60-mesh sieve, and weighed accurately
according to the formula. The mixture of raw materials was blended from small to large
proportions, and the trace components were evenly mixed using the stepwise expansion
method. All dry matter raw materials were mixed first, followed by the oil source and
water, which were mixed separately and thoroughly blended. The mixed raw materials
were then processed using a single-screw extrusion-type feed puffing machine to produce
pellet feed with particle size of 1.5 mm and 2.0 mm, with a ratio of 3:7. The pellet feed was
air-dried in a cool place and stored for later use. The composition and nutrient levels of
basic diet are shown in Table 3. The free amino acid and total amino acid composition of
experimental diet are shown in Tables 4 and 5.
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Table 3. Composition and nutrient levels of experimental diet (air-dry basis), percentages.

Ingredients CON SWM2.5 SWM5 SWH5 SWH10 SWH15

Fish meal 30.00 27.50 25.00 25.00 20.00 15.00
Stickwater hydrolysate meal 2.23 4.46

Stickwater hydrolysate 5.13 10.26 15.39
Soybean meal 18.00 18.00 18.00 18.00 18.00 18.00

Cottonseed meal 4.00 4.00 4.00 4.00 4.00 4.00
Rapeseed meal 4.00 4.00 4.00 4.00 4.00 4.00

Beer yeast 6.00 6.00 6.00 6.00 6.00 6.00
Corn gluten meal 5.00 5.00 5.00 5.00 5.00 5.00

Fish oil 0.00 0.24 0.49 0.47 0.93 1.40
High-protein flour 24.00 24.00 24.00 24.00 24.00 24.00

Ca(H2PO4)2 1.50 1.50 1.50 1.50 1.50 1.50
Soybean oil 3.40 3.40 3.40 3.40 3.40 3.40

Premix 1 1.20 1.20 1.20 1.20 1.20 1.20
Choline chloride 0.50 0.50 0.50 0.50 0.50 0.50
Antioxidants 2 0.01 0.01 0.01 0.01 0.01 0.01

Mould inhibitor 3 0.03 0.03 0.03 0.03 0.03 0.03
Wheat middling 2.36 2.39 2.41 1.76 1.16 0.56

Nutrient composition 4

Crude protein 38.85 38.74 38.68 38.81 38.64 38.75
Crude fat 8.09 8.15 8.24 8.14 8.08 8.11
Crude ash 11.15 11.23 11.19 11.32 11.27 11.21

1 Premix provides KCl 200 mg, KI (1%) 60 mg, CoCl2·6H2O (1%) 50 mg, CuSO4·5H2O 30 mg, FeSO4·H2O 400 mg,
ZnSO4·H2O 400 mg, MnSO4·H2O 150 mg, Na2SeO3·5H2O (1%) 65 mg, MgSO4·H2O 2000 mg, Zeolite Powder
3645.85 mg, VB1 12 mg, Riboflavin 12 mg, VB6 8 mg, VB12 0.05 mg, VK3 8 mg, Inositol 100 mg, Pantothenic
Acid 40 mg, Niacin Acid 50 mg, Folic Acid 5 mg, Biotin 0.8 mg, VA 25 mg, VD 35 mg, VE 50 mg, VC 100 mg,
Ethoxyquin 150 mg, and Wheat Flour 2434.15 mg per kilogram of diets; 2 The main component of Antioxidant
is Ethoxyquin; 3 The main component of Mould Inhibitor is Calcium Propionate; 4 Nutrient compositions were
calculated values.

Table 4. Free amino acid compositions of experimental diet (air-dry basis, g/kg).

Items CON SWM2.5 SWM5 SWH5 SWH10 SWH15

Essential amino acid
Valine 0.26 0.46 0.90 0.57 0.91 1.12

Methionine 0.08 0.15 0.27 0.13 0.29 0.36
Isoleucine 0.23 0.37 0.62 0.38 0.56 0.74
Leucine 0.47 0.60 1.07 0.68 1.22 1.39

Phenylalanine 0.21 0.29 0.51 0.37 0.59 0.76
Histidine 1.46 1.51 2.24 1.49 2.46 2.67

Lysine 0.37 0.54 0.92 0.54 0.82 1.08
Arginine 0.97 1.12 1.93 1.67 2.19 2.85

Threonine 0.18 0.22 0.46 0.29 0.41 0.52
Tryptophan 0.19 0.21 0.30 0.22 0.27 0.34

Non-essential amino acid
Aspartic acid 0.24 0.31 0.50 0.32 0.43 0.67

Serine 0.18 0.24 0.49 0.34 0.52 0.79
Glutamic acid 0.55 0.71 1.12 0.83 1.25 1.69

Glycine 0.25 0.76 1.20 0.62 0.88 1.42
Alanine 1.21 1.46 2.27 1.54 1.87 2.32
Cystine 0.02 0.03 0.10 0.03 0.09 0.14
Tyrosine 0.22 0.33 0.69 0.36 0.63 0.72
Proline 0.39 0.45 0.68 0.44 0.53 0.71

Total amino acid 7.48 9.76 16.27 10.82 15.92 20.29
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Table 5. Total amino acid compositions of experimental diet (air-dry basis, g/kg).

Items CON SWM2.5 SWM5 SWH5 SWH10 SWH15

Essential amino acid
Valine 2.11 2.06 2.01 1.98 2.12 2.06

Methionine 0.83 0.74 0.79 0.68 0.88 0.86
Isoleucine 1.89 1.78 1.75 1.74 1.83 1.81
Leucine 3.50 3.39 3.32 3.40 3.51 3.46

Phenylalanine 1.96 1.91 1.88 1.87 1.99 1.91
Histidine 1.49 1.36 1.42 1.55 1.52 1.58

Lysine 2.56 2.33 2.38 2.37 2.46 2.43
Arginine 2.68 2.73 2.70 2.69 2.62 2.72

Threonine 1.75 1.62 1.64 1.68 1.76 1.69
Tryptophan ND 1 ND ND ND ND ND

Non-essential amino acid
Aspartic acid 3.98 3.94 4.02 3.85 4.01 3.94

Serine 1.93 1.91 1.88 1.87 1.89 1.81
Glutamic acid 7.43 7.74 7.92 7.44 7.58 7.55

Glycine 2.25 2.57 2.64 2.61 2.40 2.32
Alanine 2.62 2.55 2.76 2.68 2.66 2.61
Cystine 0.12 0.16 0.21 0.19 0.20 0.14
Tyrosine 1.14 1.23 1.19 1.21 1.17 1.30
Proline 1.94 2.02 2.11 2.20 2.13 1.95

Total amino acid 40.18 40.04 40.62 40.01 40.73 40.14
1 “ND” indicates that it cannot be measured.

2.2. Experimental Design

Juvenile yellow catfish were purchased from a commercial farm and reared in cages
at Chetianjiang Reservoir, Loudi, China. Fish were acclimatized to 2.0 m × 1.5 m × 1.5 m
floating cages. Nine-hundred juvenile yellow catfish (initial body weight of 9.99 ± 0.02 g)
were divided equally and randomly into six groups. Each group was fed in triplicate for a
period of 56 days. The experimental yellow catfish were fed with 1.5 mm grain size feed in
the early stage and 2.0 mm grain size feed in the late stage for better palatability. The fish
were fed by the experimental diet twice per day according to 3–5% of body weight. The
physicochemical parameters of the water were kept at optimal conditions during the culture
period: temperature (27.3 ± 3.6 ◦C), pH (7.1 ± 0.3), dissolved oxygen (6.65 ± 0.25 mg/L),
ammonia (0.01 ± 0.005 mg/L), and nitrite (0.01 ± 0.004 mg/L).

2.3. Sample Collection and Determination Method
2.3.1. Growth Parameters

At the end of the breeding trial, the yellow catfish were fasted for 24 h and weighed
to determine growth performance. Total mantissa, total body weight, and total feeding
volume of experimental fish in each cage were recorded. Five fish were randomly selected
from each cage, body length, body weight, visceral mass, and liver mass were measured,
and growth indicators were calculated.

The growth performance was evaluated in terms of Survival Rate (SR), Weight Gain
Rate (WGR), Feed Conversion Ratio (FCR), Condition Factor (CF), Hepatosomatic Index
(HSI), and Viseromatic index (VSI), which were calculated using the following formula.

Survival rate (SR, %) = Nf/Ni × 100

Weight gain rate (WGR, %) = (Wt − Wo)/Wo × 100

Feed conversion rate (FCR) = total amount of the feed consumed (g)/(Wt − Wo)

Condition factor (CF, g/cm3) = Wt × 100/(body length)3

50



Fishes 2023, 8, 566

Hepatosomatic index (HSI, %) = liver weight (g)/Wt × 100

Viserosomatic index (VSI, %) = visceral weight (g)/Wt × 100

where Ni and Nf are the initial and final numbers of fish, and Wo (g) and Wt (g) are the
initial and final weights.

2.3.2. Serum Biochemical, Antioxidant, and Immune Parameters

Five yellow catfish were randomly selected from each cage, and blood was collected
from the tail vein with a sterile syringe, placed in a 1.5 mL enzyme-free tube, stood at 4 ◦C
for 24 h, was centrifuged at 3000× g for 10 min, and the upper layer of serum was collected
and stored at −80 ◦C until use.

The concentrations of Triglycerides (TG), Total Cholesterol (TCHO), Urea Nitroge
(UN), Glutamic Oxalacetic Transaminase (GOT), Glutamate Pyruvic Transaminase (GPT),
Superoxide Dismutase (SOD), Malondialdehyde (MDA), Complement 3 (C3), Complement
4 (C4), Immunoglobulin M (IgM), Alkaline Phosphatase (AKP), and Catalase (CAT) in
serum were determined by the commercial kit from Nanjing Jianxian Biotechnology Co.,
LTD (Nanjing, China). The determination method refers to the instruction of the kit.

2.3.3. Digestive Enzyme Activity Analysis

At the end of the culture experiment, three yellow catfish were randomly selected
from each cage after 24 h of fasting, and the intestinal tissues were rapidly isolated, washed
with normal saline, packed in 1.5 mL enzyme-free centrifuge tubes, and stored at −80 ◦C
until use. The activities of trypsin and amylase in the intestine were determined by the
commercial kit from Nanjing Jianxian Biotechnology Co., LTD (Nanjing, China).

2.3.4. Muscle Texture Determination

Three yellow catfish were randomly selected from each cage, and the TPA (TMS-PRO,
FTC, Sterling, VA, USA) was used to measure the texture parameters of muscle hardness,
adhesiveness, cohesiveness, springiness, gumminess, and chewiness. The test conditions
consisted of 2 consecutive compressional sessions at a constant rate of 30 mm/min with a
deformation of 60% of the original length and an initial force of 0.1 N.

2.4. Statistical Analysis

The experimental data were analyzed by one-way analysis of variance (ANOVA),
and Duncan’s multiple-range test was used to compare the difference between the means.
All results are expressed as means ± standard deviation of the means, and all statistical
analyses were performed using SPSS 19.0. Differences were considered significant at
p-value < 0.05.

3. Results

3.1. Growth Performance

There were no significant differences in final weight, WGR, FCR, SR, HSI, and VSI
among all groups (p > 0.05). However, the WGR and VSI of experimental yellow catfish
were reduced by 5% SWM and 5% SWH instead of fish meal (Table 6).

3.2. Serum Biochemical Indexes

The levels of TG, TCHO, and GPT in the SWM2.5 and SWM5 groups were significantly
increased (p < 0.05), and the levels of UN and GOT were not significantly changed (p > 0.05).
The TG and TCHO in the SWH5, SWH10, and SWH15 groups were significantly increased
(p < 0.05), and the UN content showed a downward trend with the increase in replacement
ratio (p < 0.05). The SWH10 group exhibited a notable rise in GOT activity, while the
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introduction of SWH as a replacement for fish meal resulted in a substantial elevation in
GPT activity (p < 0.05) (Table 7).

Table 6. Growth performance of experimental yellow catfish.

Index CON SWM2.5 SWM5 SWH5 SWH10 SWH15

Initial weight (g) 9.97 ± 0.01 10 ± 0.01 10 ± 0.02 9.98 ± 0.01 10.01 ± 0.01 9.99 ± 0.001
Final weight (g) 50.37 ± 0.77 50.90 ± 0.51 47.92 ± 4.88 47.7 ± 2.68 50.77 ± 1.35 50.93 ± 0.66

WGR (%) 405.24 ± 8.22 403.52 ± 6.25 379.3 ± 49.48 377.84 ± 27.03 407.38 ± 13.15 409.89 ± 6.67
SGR (%) 2.7 ± 0.03 2.69 ± 0.06 2.63 ± 0.28 2.6 ± 0.09 2.71 ± 0.04 2.71 ± 0.02
SR (%) 100.00 100.00 100.00 100.00 100.00 98.00

FCR 1.48 ± 0.03 1.50 ± 0.07 1.63 ± 0.2 1.6 ± 0.11 1.47 ± 0.05 1.45 ± 0.02
HIS (%) 2.07 ± 0.09 2.14 ± 0.09 1.99 ± 0.21 2.11 ± 0.14 2.16 ± 0.08 1.96 ± 0.09
VSI (%) 18.12 ± 0.4 16.96 ± 0.86 16.02 ± 1.64 15.35 ± 0.7 16.22 ± 0.66 15.44 ± 0.63

CF 1.83 ± 0.03 1.97 ± 0.04 1.89 ± 0.08 1.89 ± 0.11 1.86 ± 0.04 1.98 ± 0.1

Table 7. Serum biochemical indexes of experimental yellow catfish.

Index CON SWM2.5 SWM5 SWH5 SWH10 SWH15

TG (mmol/L) 2.92 ± 0.16 a 4.04 ± 0.51 b 4.57 ± 0.23 b 3.47 ± 0.29 a 6.28 ± 0.6 b 6.81 ± 1.21 b

TCHO (mmol/L) 5.58 ± 0.11 a 6.8 ± 0.2 b 9.36 ± 0.09 c 7.92 ± 0.35 b 6.7 ± 0.92 ab 7.5 ± 0.22 b

UN (mmol/L) 5.09 ± 0.16 b 4.59 ± 0.04 a 5.27 ± 0.06 b 4.53 ± 0.08 b 4.65 ± 0.16 b 3.36 ± 0.14 c

GOT (U/L) 23.81 ± 1.59 a 24.68 ± 0.74 a 22.7 ± 0.58 a 23.89 ± 0.55 a 32.2 ± 2.37 b 27.81 ± 0.34 ab

GPT (U/L) 1.19 ± 0.05 a 2.34 ± 0.15 b 2.22 ± 0.14 b 3.24 ± 0.17 c 2.16 ± 0.35 b 1.25 ± 0.08 a

Values with different superscripts in the same row are significantly different (p < 0.05).

3.3. Serum Antioxident Indexes

The SOD activity in SWM5 group was significantly lower than that in the CON group
(p < 0.05). The serum CAT activity in the SWM2.5 and SWM5 groups increased with the
increase in replacement ratio, and the activity in the SWM5 group was significantly higher
than that in the CON group (p < 0.05). MDA content did not change significantly (p > 0.05),
but its content showed an increasing trend with the increase in substitution ratio (Table 8).

Table 8. Serum antioxidant indexes of experimental yellow catfish.

Index CON SWM2.5 SWM5 SWH5 SWH10 SWH15

SOD (U/mL) 66.65 ± 2.8 b 63.39 ± 2.12 b 45.01 ± 2.09 a 64.79 ± 1.42 b 73.68 ± 2.84 c 53.16 ± 1.86 a

CAT (U/mL) 1.84 ± 0.09 a 2.42 ± 0.37 ab 3.42 ± 0.11 b 2.68 ± 0.19 b 2.8 ± 0.18 b 2.63 ± 0.3 b

MDA
(mmol/mL) 8.77 ± 0.07 8.77 ± 0.27 8.84 ± 0.22 8.75 ± 0.24 9.06 ± 0.67 9.27 ± 0.44

Values with different superscripts in the same row are significantly different (p < 0.05).

3.4. Serum Immune Indexes

Substitution of fish meal by SWM significantly increased serum C3 and IGM activities
(p < 0.05). The C3 and IGM activities in the SWH5 group were significantly lower than that
in the CON group (p < 0.05), but its content showed an increasing trend with the increase
in substitution ratio. Moreover, the IGM activity was significantly increased in the SWH15
group (p < 0.05). The AKP activity was significantly higher in the SWM2.5 and SWH10
groups than in the CON group (p < 0.05), but its activity decreased when the substitution
ratio increased (Table 9).

3.5. Digestive Enzyme Activities in the Intestine

There was no statistically significant influence (p > 0.05) on the Amy activity among
the different diets (p > 0.05). However, the intestinal Amy activity in the SWH10 group
had the highest difference. The substitution of 2.5% and 5% of fish meal with SWM or
SWH demonstrated no significant impact on the intestinal Try activity of yellow catfish
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(p > 0.05). However, when 15% of fish meal was replaced by SWH, a notable enhancement
in intestinal Try activity was observed (p < 0.05). (Table 10).

Table 9. Serum immune indexes of experimental yellow catfish.

Index CON SWM2.5 SWM5 SWH5 SWH10 SWH15

C3 (g/L) 0.4 ± 0.04 a 0.58 ± 0.07 ab 0.77 ± 0.15 b 0.24 ± 0.003 b 0.36 ± 0.03 a 0.43 ± 0.03 a

IGM (g/L) 0.7 ± 0.06 a 0.91 ± 0.07 ab 1.07 ± 0.14 b 0.54 ± 0.03 a 0.76 ± 0.05 ab 1.04 ± 0.33 b

AKP (King’s
unit/100 mL) 4.12 ± 0.23 a 4.59 ± 0.02 b 4.26 ± 0.13 ab 4.35 ± 0.19 ab 4.56 ± 0.18 b 4.08 ± 0.28 a

Values with different superscripts in the same row are significantly different (p < 0.05).

Table 10. Digestive enzyme activities in the intestine of experimental yellow catfish.

Index CON SWM2.5 SWM5 SWH5 SWH10 SWH15

Amy (U/mg) 1.87 ± 0.1 1.7 ± 0.34 1.27 ± 0.12 1.46 ± 0.11 2.02 ± 0.21 1.76 ± 0.27
Try (U/mg) 663.56 ± 35.46 a 672.95 ± 30.62 a 589.69 ± 37.69 a 610.34 ± 34.77 a 661.36 ± 33.3 a 463.88 ± 19.73 b

Values with different superscripts in the same row are significantly different (p < 0.05).

3.6. Muscle Textural Indexes

The hardness, adhesiveness, and chewiness of muscle in the SWM2.5 and SWM5
groups did not change significantly (p > 0.05). The adhesiveness and cohesiveness of
the SWM5 group was significantly higher than the CON group (p < 0.05). The SWM2.5
group had the highest gumminess. There was no significant difference in hardness and
springiness among the SWH5, SWH10, and SWH15 groups (p > 0.05), and SWH5 group
had the highest hardness and springiness (Table 11).

Table 11. Muscle textural indexes of experimental yellow catfish.

Index CON SWM2.5 SWM5 SWH5 SWH10 SWH15

Hardness (N) 5.08 ± 0.33 5.13 ± 0.39 4.75 ± 0.23 5.5 ± 0.28 5.24 ± 0.33 5.35 ± 0.36
Adhesiveness (N.mm) 0.03 ± 0.002 a 0.02 ± 0.002 a 0.06 ± 0.002 b 0.06 ± 0.002 b 0.07 ± 0.003 b 0.07 ± 0.001 b

Cohesiveness (Ratio) 0.49 ± 0.02 a 0.57 ± 0.02 b 0.68 ± 0.01 c 0.65 ± 0.01 c 0.63 ± 0.01 bc 0.6 ± 0.01 b

Springinesse (mm) 1.71 ± 0.07 1.76 ± 0.07 1.82 ± 0.06 1.8 ± 0.04 1.75 ± 0.03 1.7 ± 0.06
Gumminess (N) 3.54 ± 0.26 a 4.48 ± 0.22 b 3.63 ± 0.13 a 3.88 ± 0.19 b 4.02 ± 0.15 b 3.28 ± 0.16 a

Chewiness (mJ) 5.29 ± 0.38 a 6.1 ± 0.48 a 5.84 ± 0.27 a 6.59 ± 0.28 b 6.82 ± 0.34 b 5.4 ± 0.32 a

Values with different superscripts in the same row are significantly different (p < 0.05).

3.7. Body Composition

There was no significant difference in moisture content, crude fat, and crude ash of
experimental yellow catfish in the SWM2.5 and SWM5 groups (p > 0.05). Substitution of
fish meal by SWH resulted in significantly higher crude fat than that of the CON group,
and the substitution group showed an upward trend in crude fat (Table 12).

Table 12. Body composition of experimental yellow catfish.

Index CON SWM2.5 SWM5 SWH5 SWH10 SWH15

Moisture content 71.22 ± 0.62 71.59 ± 0.56 71.61 ± 0.52 70.97 ± 1.02 70.34 ± 0.06 70.71 ± 0.42
Crude fat 28.5 ± 0.47 28.2 ± 0.45 29.7 ± 0.52 30.7 ± 0.32 31.1 ± 0.47 31.8 ± 0.52
Crude ash 13.58 ± 0.17 14.05 ± 0.11 14.14 ± 0.3 13.96 ± 0.12 14.11 ± 0.1 14.03 ± 0.5

4. Discussion

SWH and SWM represent new sources of animal protein which are enzymatic hydrol-
ysis products of the industrial production of fish meal by-products. This not only reduces
the amount of fish meal but also enhances its utilization rate. A previous study found that
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replacing 60% of Peruvian super steam fish meal with stickwater hydrolyzsate combined
with plant protein diet did not affect feeding, feed efficiency, or growth performance of
pearl gentiana grouper (Epinephelus lanceolatus ♂× E. fuscoguttatus ♀). [15]. In this study, the
substitution of 2.5% and 5% of fish meal with SWM, and the replacement of 5%, 10%, and
15% of fish meal with SWH, had no significant effect on the weight gain rate, specific growth
rate, survival rate, and feed conversion rate of yellow catfish, which was similar to the
results of the study of Atlantic salmon (Salmo salar L.) [16]. This may be attributed to SWH
and SWM being rich in water-soluble proteins, small peptides, and free amino acids. These
ingredients are different from other animal and plant protein sources of unique nutrients,
among which taurine [17,18] and small peptides [19] have a certain growth-promoting
effect on fish. However, excessive substitution of fish meal with SWM can result in growth
inhibition in certain fish species, such as red sea bream (Pagrus major) [20] and sea bass
larvae (Dicentrarchus labrax) [21]. The results of our experiment also revealed that the
growth performance of yellow catfish decreased when 5% of fish meal was replaced with
SWM, as compared to the CON group. The primary reason for this may be the excessive
presence of small peptides and free amino acids in the diet due to high levels of SWH and
SWM replacing fish meal, resulting in amino acid saturation and competition in amino acid
transport mechanisms [22], leading to an imbalance in amino acid absorption in the bodies
of yellow catfish.

Another aspect that can illustrate the growth performance of fish is the activity of in-
testinal digestive enzymes. Intestinal digestive enzymes degrade macromolecular nutrients
in feed into small molecular nutrients, such as amino acids and glucose. Their activity levels
directly affect the fish’s ability to digest and absorb nutrients [23]. Shi et al. demonstrated
that replacing 10% of fish meal with stickwater hydrolysate in the compound diet of rice
field eel (Monopterus albus) significantly improved the digestive enzyme activities of the
fish [24]. In this study, substituting fish meal with SWM did not affect the amylase activity
of yellow catfish, but it exhibited a decreasing trend and had no impact on trypsin activity.
The substitution of fish meal with SWH did not affect the amylase activity of Pelteobagrus
fulvidraco, with the highest activity observed in the SWH10 group. However, when fish
meal was replaced by 15% SWH, trypsin activity was significantly lower than that in the
CON group. The main reason for this is that SWH contains biogenic amines, which are
products of protein degradation. The high concentration of biogenic amine will have certain
negative effects on the biological organism [25], and excess free amino acids can reduce the
organism’s ability to consume and utilize protein [26,27].

Serum physiological indicators can reflect the health and physiological status of fish.
Serum cholesterol and triglycerides play a crucial part in human health, and to a certain
extent reflect the ability of liver fat metabolism and lipid absorption [28]. The results of
this study showed that SWM and SWH significantly increased the serum total cholesterol
and triglyceride levels of yellow catfish when replacing fish meal, indicating that SWM
and SWH had an inhibitory effect on liver fat metabolism. This finding is consistent with
the results reported by Wu et al. in grass carp (Ctenopharyngodon idella) [29]. In this study,
serum urea nitrogen decreased after fish meal replacement with SWH and SWM. This
may be attributed to the increase in small molecular substances in enzymatic hydrolysates,
which promoted protein decomposition and accelerated nitrogen excretion, ultimately
reducing urea nitrogen production [30,31]. Transaminases related to protein metabolism
in aquatic animals mainly exist in the liver cells of the body. These enzymes metabolize
and transform proteins through transamination and deamination processes. When the
body’s liver cells experience inflammation and toxic reactions, damaged liver cells release
a significant amount of liver transaminase into the bloodstream, resulting in elevated
serum transaminase levels [32,33]. This study demonstrated that the activities of glutamate
pyruvic transaminase (GPT) and glutamic oxalacetic transaminase (GOT) in the serum of
yellow catfish increased with an increase in SWH replacement rate, suggesting that a high
replacement rate may cause some degree of liver damage in yellow catfish. Serum GOT
and GPT activities increased with higher levels of dietary SWH and SWM supplementation,
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consistent with the findings in turbot [34] and yellow catfish [35]. It is possible that an
increase in the substitution ratio leads to an increase in biogenic amines in the diet, causing
damage to the fish’s liver, subsequently resulting in higher transaminase levels in the
bloodstream, which negatively impacts the animals’ health [36].

Complement is an essential component of antimicrobial defense and is mainly com-
posed of complement 3 (C3) and complement 4 [37]. Alkaline phosphatase (AKP), a
phosphohydrolase, is a crucial nonspecific immune marker and an evaluation indicator
reflecting the health status of aquatic animals [38]. Various studies have demonstrated that
fish have developed specific immune response systems, including cellular and humoral
immunity [39]. Immunoglobulins play a significant role in the humoral immunity of fish.
Immunoglobulin M (IgM) is one of the most important immunoglobulins in fish and is
the first antibody produced when the body is stimulated by antigens [40]. This study
revealed that as the proportion of SWH and SWM replacing fish meal increased, the levels
of C3, AKP, and IgM in the serum of yellow catfish exhibited an upward trend. In a study
involving largemouth bass (Micropterus salmoides), it was observed that adding an appro-
priate amount of small peptides to the diet could enhance its immune capacity [41]. Small
peptides generally refer to oligopeptides containing between two and three amino acids,
which can be completely absorbed and utilized by the body, playing a pivotal role in amino
acid digestion, absorption, and metabolism [42]. These results suggest that substituting a
portion of the fish meal with SWM and SWH in the diet can enhance the immunity of yellow
catfish, which may be attributed to the presence of small peptides in SWH and SWM.

In addition, the overall antioxidant capacity of the organism’s defense system of fish
is closely related to the degree of health, including the enzymatic antioxidant system and
non-enzymatic antioxidant system [43]. The enzymatic antioxidant system relies on the role
of various antioxidant enzymes in the body, while the non-enzymatic antioxidant system
relies on the role of metalloproteins, amino acids, and vitamins [44]. Superoxide dismutase
(SOD) is a vital part of the enzymatic antioxidant system in animals, and its activity reflects
the ability to scavenge reactive oxygen free radicals in animals. SOD can convert harmful
superoxide free radicals into H2O2 through a reaction [45]. Catalase (CAT) is an antioxidant
enzyme present in nearly all organisms. Its primary role is to catalyze the decomposition
of hydrogen peroxide into water and oxygen, thereby removing H2O2 from the body to
prevent cell damage caused by H2O2. As one of the key enzymes in the biological defense
system, CAT provides an antioxidant defense mechanism for the body [46]. The results
indicate that replacing fish meal with 10% SWH significantly improved the antioxidant
capacity of yellow catfish. Malondialdehyde (MDA) is a product of lipid peroxidation, and
its content indirectly reflects the content of reactive oxygen species and the degree of lipid
peroxidation in tissues and cells [47]. The findings from this experiment revealed that the
replacement of fish meal with SWH and SWM increased the serum MDA content of yellow
catfish as the replacement ratio increased. Xu et al. found that substituting fermented fish
soluble pulp for fish meal could significantly reduce MDA content in the serum of juvenile
turbot [16]. This may be attributed to the presence of a certain amount of MDA in SWH
and SWM. In Cao et al.’s study, it was observed that fish stickwater has the characteristics
of high moisture, high fat, and high unsaturation, making its quality more susceptible to
destruction due to fat oxidation. MDA is the end-product of lipid oxidation, and the degree
of rancidity in fish soluble pulp affects its MDA content [48].

The texture parameters of fish muscle are important indicators for evaluating the taste
of fish. These parameters depend on muscle hardness, viscosity, cohesiveness, springiness,
gumminess, chewiness, and other factors [49]. Consumers typically prefer meat that is
firm and elastic, making muscle texture a key consideration for consumers. In general,
the greater the hardness and viscosity of the fish, the better its taste. Hardness is a crucial
texture parameter that reflects the internal bonding force within the sample [50]. It has been
demonstrated that greater viscosity results in meat that is chewier and crisper, mimicking
the mouthfeel of natural muscles [51]. The results indicated that replacing fish meal with
SWM had no significant impact on the hardness, viscosity, and chewiness of the meat.
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However, with an increase in the replacement ratio, the meat’s hardness and chewiness
decreased while viscosity increased. The replacement of fish meal with SWH had no
significant effect on the hardness and viscosity of yellow catfish meat, with the highest
values for hardness and viscosity observed at a replacement ratio of 5%. Substituting 2.5%
and 5% of fish meal with SWM, as well as replacing 5%, 10%, and 15% of fish meal with
SWH, had no significant effect on the moisture content, crude fat, and crude ash of yellow
catfish. This suggests that replacing fish meal with SWH and SWM does not adversely
affect the muscle quality of yellow catfish.

5. Conclusions

In conclusion, the substitution of fish meal by 2.5% and 5% SWM, and 5%, 10%,
and 15% SWH did not affect the growth performance of yellow catfish. Specifically, the
substitution of fish meal by 5% SWM and 15% SWH contributed to an enhanced immune
capacity in yellow catfish to a certain extent. However, the substitution of fish meal by 5%
SWM and 15% SWH will inhibit the antioxidant capacity of fish, and also cause damage to
the liver of fish.
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Abstract: The intracohort cannibalism present in tropical gar larvae (A. tropicus) generates great
problems in its culture, as in other fish species around the world. The addition of tryptophan
(Trp) (10, 20, and 30 g/kg) and a control diet (CD) without Trp were evaluated in A. tropicus larvae
regarding growth, survival, cannibalism, behavior, digestive enzymatic activity, and genes related
to aggressiveness and/or cannibalism in two stages: 0–13 days after hatching (DAH); and only
cannibals (14–24 DAH). In the first stage, no differences were observed in growth parameters;
cannibalism was lower with the use of Trp, with the lowest percentage being the 10 g/kg Trp
treatment (56.75 ± 2.47%) compared to CD (64.75 ± 1.76%). In the second stage, survival was greater
in 10 g/kg Trp (75.00 ± 7.07%) than in CD (23.33 ± 5.77%). Thus, cannibalism was lower with
10 g/kg Trp (20.0 ± 10.0%) compared to CD (76.66 ± 5.77%). Cannibal larvae fed with 10 g/kg Trp
had a greater enzymatic activity in acid and alkaline proteases and leucine aminopeptidase, as well
as the overexpression of avpi1, crh, and htr1a and the subexpression of tph1, th, sstr1, and hdc (p < 0.05).
No aggressive behaviors were recorded in the larvae fed with the 10 g/kg Trp treatment, unlike those
fed with CD. The use of 10 g/kg Trp improves survival and reduces cannibalism in A. tropicus larvae.

Keywords: intracohort cannibalism; mitigation; survival; fish larvae; behavior

Key Contribution: The use of 10 g/Kg of Trp in the diet improves survival and reduces cannibalism
in A. tropicus larvae. Cannibal larvae of A. tropicus show a greater growth due to the “jumper” effect,
unlike non-cannibal larvae.

1. Introduction

In fish, around 390 species have been documented that show some type of cannibalism,
a behavior that occurs most of the time throughout their life or exclusively in the early
stages of development (larvae and/or juvenile) [1]. Tropical gar (Atractosteus tropicus)
shows cannibalism in the larvae stage (10 DAH (days after-hatching)) in captivity and in the
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wild [2,3]. This species is considered of importance; it has economic value due to its culture
and fishing, as well as ecological and cultural value in Mexico and Central America [4,5].
However, the presence of cannibalism in the early stages of development limits the growth,
survival, and profitability values of the production. For example, Frías-Quintana et al. [6]
reported, for A. tropicus in laboratory conditions, survival and cannibalism values of
24% and 33%, respectively. In another study, Palma-Cancino et al. [7] used co-feeding
(commercial diet and Artemia nauplii) on A. tropicus larvae; cannibalism was recorded with
complete (11 DAH) and incomplete (21 DAH) ingestion, obtaining survival values ranging
from 1 to 33%. The problem is magnified because the fish that are not consumed but
are injured by the attacks die. When modifying the diet of A. tropicus larvae with a low
concentration of polyunsaturated fatty acid, similar cannibalism values (40%) and survival
values ranging from 15 to 30% continued to be found [8].

Because of this, different strategies have been evaluated in several species to mitigate
cannibalism in fish, one of them being the incorporation of Tryptophan (Trp) in the diet.
Trp is an essential amino acid, which is the precursor of 5-hydroxytryptamine (5-HT) (sero-
tonin) [9], a neurotransmitter responsible for controlling appetite [10], reproduction [11],
and physiological processes related to immunity and intestinal homeostasis [12]. It has
been observed that the administration of Trp in the fish Aequidens pulcher and Apteronotus
leptorhynchus reduced their aggressiveness [13,14]. Meanwhile, the administration of the
inhibitor 5-HT (p-chlorophenylalanine) increased aggressiveness in Cichlasoma meeki [15].
Likewise, the incorporation of Trp at concentrations of 2, 4, and 6 ppm and 2 and 3% in the
diet induced a significant decrease of 50% in the cannibalism of Pabda (Ompok bimaculatus)
larvae [16,17].

Therefore, the objective of this work is to evaluate the effect of Trp administration in
the diet of A. tropicus larvae, as a possible mitigant of cannibalistic behavior. The rate of
cannibalism, survival, growth, enzymatic activity, and the expression of genes related to
cannibalism and behavior are analyzed.

2. Materials and Methods

2.1. Biological Material

The A. tropicus larvae were obtained for this experiment by inducing a female (3.4 kg,
91 cm) to spawn using the hormone LHRHa (Sigma-Aldrich, Taufkirchen, Germany)
(30 μg/kg fish−1) applied intramuscularly. Subsequently, the female and three males
(1.6 kg, 35 cm, no hormone induction) were placed in a circular tank (2000 L) with raffia
thread to simulate the natural spawning site. The above was conducted with the broodstock
batch from the Laboratorio de Fisiología en Recursos Acuáticos (LAFIRA) from Division
Academica de Ciencias Biologicas of the Universidad Juarez Autonoma de Tabasco.

2.2. Experimental Design

The present study consisted of two stages. In the first stage, three concentrations of Trp
(10, 20, and 30 g/kg) and a control diet (CD; no Trp) were evaluated; this stage lasted from
day 3 to 13 DAH of larvae. Larvae (n = 200, 0.018 ± 0.001 g; 1.28 ± 0.09 cm) were placed in
circular-shaped 70 L tanks (2.8 larvae/L). Each treatment was carried out in triplicate. The
feeding regime was as follows: after yolk sac absorption (3 DAH), co-feeding was supplied;
treatment diet and Artemia nauplii were administered for additional five days. At the end
of the co-feeding, fish were fed only with the formulated feed, four times per day (8:00,
12:00, 16:00, and 20:00 h) ad libitum. In the second stage, only cannibal larvae were selected
and fed with Trp (10 g/kg) and CD. Treatments were carried out in triplicate with 10 fish
per replicate (0.14 larvae/L). This stage lasted from 14 to 24 DAH. Fish were weighted
and sized at the beginning and at the end of each stage and cannibalism was quantified.
For both stages, the tanks were connected to a recirculation system powered by a 0.5 HP
water pump (Jacuzzi, JWPA5D-230A, Delavan, WI, USA) and a 1500 L reservoir for solid
deposition and a biological filter. A partial daily exchange of 10% water was carried out
by siphoning feces and uneaten feed. The water quality parameters were daily monitored
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temperature (27.36 ± 0.6 ◦C), dissolved oxygen (4.8 ± 0.4 mg/L, oximeter YSI 85; Yellow
Springs, OH, USA), and pH (7.1 ± 0.3, HANNA HI 991001, Nusfalau, Romania).

2.3. Formulation and Preparation of the Experimental Diets

The formulation of the diets was carried out using the software MIXITWIN v.5.0.
(Microsoft Windows, Washington, DC, USA), following Álvarez-González et al. [18]. The
macronutrients were weighed and mixed, followed by the incorporation of micronutrients.
In this step, we added tryptophan (Sigma-Aldrich, Taufkirchen, Germany reagent grade,
≥98%) in the different concentrations mentioned. This was followed by the addition of
liquid ingredients. To achieve an adequate mixture, water was added 400 mL/kg per diet
and mixed 15 min with each addition (a total of 60 min of mixing time per diet). The
mixture was passed through a meat grinder (Torrey, M-22RI, Nuevo Leon, Mexico) and
pellets were oven dried at 55 ◦C for 12 h (Coriat, HC-35-D, Ciudad de Mexico, Mexico).
Finally, the pellets were manually ground and sieved to particles smaller than 0.5 mm
(used during co-feeding) and larger than 0.7 mm (used after co-feeding). Diets were stored
in hermetic plastic bags at −20 ◦C for later use. For all diets, the proximal components
(moisture, ash, lipids, and protein) were analyzed according to AOAC [19] (Table 1), lipids
(Table 2), and amino acids (Table 3).

Table 1. Composition of the experimental diets with different concentrations of Trp and CD.

Trp (g/kg)
Ingredients CD 10 20 30

Fish meal a 305.4 305.4 305.4 305.4
Renderer meal a 300.0 300.0 300.0 300.0

Soy meal a 150.0 150.0 150.0 150.0
Corn starch b 67.1 67.1 67.1 67.1

Oil soy c 116.5 116.5 116.5 116.5
Cellulose d 30.0 20.0 10.0 0.0

Tryptophan d 0.0 10.0 20.0 30.0
Premix vit-min e 15.0 15.0 15.0 15.0

Grenetine f 10.0 10.0 10.0 10.0
Vit C g 5.0 5.0 5.0 5.0
Vit E h 1.0 1.0 1.0 1.0

Proximate composition (g/100 g dry matter), except energy

Energy (kJ/g) 17.91 17.53 17.39 17.48
Protein 44.00 45.00 46.00 47.00

Ether extract 16.38 16.59 16.41 16.48
Fibre 1.05 1.12 1.07 1.01
Ash 13.43 13.23 13.02 12.93

NFE 1 25.14 24.06 23.5 22.58
a Marine and agricultural proteins S.A. de C.V., Guadalajara, Jalisco; b IMSA Corn Industrializer S.A de C.V.
Guadalajara, Jalisco, México; c Ragasa industries S.A. de C.V.; d Sigma-Aldrich Quimica S. de R.L. de C.V.;
e Vitamin premix composition g, mg, or International Units per kg of diet: Vitamin A, 10,000,000 IU; Vitamin D3,
2,000,000 IU; Vitamin E, 100,000 IU; Vitamin K3, 4.0 g; Thiamine B1, 8.0 g; Riboflavin B2, 8.7 g; Pyridoxine B6, 7.3 g;
Vitamin B12, 20.0 mg; Niacin, 50.0 g; Pantothenic acid, 22.2 g; Inositol, 0.15 mg; Nicotinic Acid, 0.16 mg; Folic
Acid, 4.0 g; Biotin, 500 mg; Vitamin C, 10.0 g; Choline, 0.3 mg, Excipient q.s., 2 g; Manganese, 10 g; Magnesium,
4.5 g; Zinc, 1.6 g; Iron, 0.2 g; Copper, 0.2 g; Iodine, 0.5 g; Selenium, 40 mg; Cobalt, 60 mg; Excipient q.s., 1.5 g;
f D’gari, food and diet products relámpago S.A. de C.V.; g ROVIMIX® STAY-C® 35-DSM, Guadalajara, México;
h GELPHARMA, S.A. de C.V. NFE 1 = nitrogen-free extract: 100-(%protein-%ethereal extract-%ash-%fibre).
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Table 2. Analysis of the total fatty acids in the experimental diets used for A. tropicus larvae.

Trp (g/kg)
Fatty Acids (%) CD 10 20 30

C13:0 7.0 10.2 9.7 7.9
C14:0 1.2 1.3 1.2 1.2
C16:0 16.7 17.0 17.0 17.4
C17:0 ND ND ND ND
C18:0 5.8 6.0 6.0 6.1
C23:0 ND ND ND ND

ΣSFA 30.7 34.4 33.9 32.7
C16:1n7 2.0 2.1 2.1 2.2
C18:1n9 21.0 20.4 20.5 21.1
C18:1n7 1.6 1.8 1.8 1.8

ΣMUFAS 24.6 24.3 24.5 25.1
C18:2n6 34.9 32.0 32.3 32.6
C18:3n3 0.3 4.3 4.3 4.3
C18:4n3 4.7 ND ND ND
C20:3n3 0.5 0.6 0.7 0.7
C20:4n6 0.3 ND ND ND
C20:5n3 1.6 1.7 1.8 1.7
C22:5n3 0.4 0.4 0.4 0.4
C22:6n3 1.9 2.2 2.2 2.4

ΣPUFAS 44.6 41.3 41.6 42.2
NID 0.0 0.0 0.0 0.0

100.0 100.0 100.0 100.0

Table 3. Analysis of the total amino acids in the experimental diets used for A. tropicus larvae.

Trp (g/kg)
Amino Acid CD 10 20 30

Essential amino acids

HIS 1.1 1.0 1.2 1.0
ARG 5.2 5.6 5.4 5.3
THR 1.7 1.6 1.7 1.7
VAL 1.7 1.6 1.6 1.6
MET 0.5 0.5 0.2 0.2
LYS 5.7 5.0 5.3 5.5
ILE 1.3 1.2 1.3 1.3
LEU 3.5 3.2 3.5 3.5
PHE 1.4 1.2 1.4 1.4

subtotal 22.1 20.9 21.5 21.7

Non-essential amino acids

ASP 2.4 2.2 2.4 2.4
SER 2.3 2.2 2.4 2.3
GLU 5.8 5.7 6.0 6.0
GLY 7.0 8.2 7.1 6.9
ALA 3.4 3.7 3.6 3.5
TYR 1.5 1.3 1.4 1.5

subtotal 22.3 23.4 22.9 22.7

Others

TAU 0.6 0.7 0.6 0.6
Total 45.0 45.0 45.0 45.0

Tryptophan (mg/g) 10.60 19.74 32.42 44.21
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2.4. Growth Indexes and Feed Quality

Weight and length were measured as follows: At the beginning of the experiment
(3 DAH) and at the end of the experiment (13 DAH) as well as in the second phase
(14–24 DAH). The individual weight of each organism was determined by using an analyt-
ical balance (A&D Company, Limited mod.HR-250, Seoul, Republic of Korea). The total
length was calculated by analyzing the photographs taken of the organisms, through a
transparent container with a scale using the software ImageJ 1.51j8 (U.S. National Insti-
tutes of Health, Bethesda, MD, USA). The following biometrics were calculated as follows:
Survival (S): (final fish number/initial fish number) × 100; feed intake (FI): total feed
intake per experimental unit/number of rearing days; absolute weight gain (AWG): final
weight (g)—initial weight (g); specific growth rate (SGR): [(ln final weight − ln initial
weight)/days] × 100; feed conversion ratio (FCR): (feed intake, g dry matter)/(fish weight
gain, g); condition factor (K): [(wet weight (g) × total length − 3 (cm)] × 100; and protein
efficiency ratio (PER): fish live weight gain (g)/dry protein fed (g). Visually deformed
organisms (scoliosis, crossbite, lower jaw reduction, and without eyes) were identified and
counted by monitoring organisms with erratic swimming, high pigmentation, and visible
malnutrition. These organisms were collected after death, and the deformity was confirmed
visually using a stereomicroscope (Carl Zeiss mod. Stemi DV4, Göttingen, Germany). The
percentage of deformed organisms was calculated using the following formula: Deformity
(D) (fish with deformities/initial fish number) × 100. Also, the coefficient of variation
(%) (CV) ((standard deviation of individual weight/mean individual weight) × 100) and
the size heterogeneity (weight) (SH) ((final coefficient of variation/initial coefficient of
variation)) were calculated.

2.5. Collection of Biological Samples

All procedures were performed according to the Official Mexican Norm (NOM-062-
ZOO-1999) [20] of Animal Welfare and with the Declaration of Helsinki.

At the end of the experiment of the first stage, 15 larvae per treatment were euthanized
with a cold temperature shock; larvae were in a tray and then placed in an ultra-freezer at
−80 ◦C (Lexicon II ultra-low freezer, Singapore) for 3 min, and then dissected to determine
the effect of Trp on growth, digestive enzymes, gene expression, and cannibalism. In the
second stage, nine larvae per treatment were used, and the same euthanized protocol was
used. For the analysis of the enzymatic activity, the larvae were preserved at −80 ◦C. Finally,
to analyze the gene expression, the larvae were preserved in RNAlater buffer according to
the manufacturer’s instructions (Invitrogen, Waltham, MA, USA) at −80 ◦C. Whole larvae
were used in all analyses.

2.6. Cannibalism

In both stages, cannibalism was measured by monitoring larvae 30 min before and
60 min after each feeding. The criteria to determine cannibalism was the following: attack
by bites (a fish attacks another fish by bites without the attacker ingesting the prey),
partial cannibalism (one fish partially eats another fish), and complete cannibalism (one
fish entirely eats another fish). These three behaviors are classified as cannibalism. The
formula (fish with cannibalistic behavior/initial fish number) × 100) was used to quantify
cannibalism in each treatment. The attacking larvae (cannibal) and the attacked larvae
(non-cannibal) were counted with the weight and size being registered. Five larvae were
sampled for molecular analysis and five for enzymatic activity, as described earlier.

2.7. Digestive Enzyme Activity

For the quantification of digestive enzymes, we followed the Shuangyao et al. [21]
protocol: The larvae were manually macerated inside 1.5 mL tubes on ice. For this, 100 mg
of tissue were placed in a total volume of 0.5 mL and centrifuged at 12,000× g at 4 ◦C for
15 min. The supernatant was recovered and stored at −80 ◦C in 30 μL aliquots. Soluble
protein was determined using the Bradford assay [22]. For the quantification of acid
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proteases, 0.5% hemoglobin solubilized in 100 mM glycine-HCl pH 2 buffer was used as
a substrate. Alkaline proteases were quantified using 0.5% casein solubilized in 50 mM
Tris-HCl and 10 mM CaCl at pH 9 [23]. In both assays, the samples were incubated at 37 ◦C,
and the reaction was stopped using 0.5 mL of 20% trichloroacetic acid and centrifuged at
16,000× g for five minutes. Absorbance was read at 280 nm. The extinction coefficient (ε)
to calculate the activity of acid and alkaline proteases was 0.005 mL/μM cm. To quantify
trypsin activity, 1 mM BAPNA (Nα-Benzoyl-DL-Arginine-P-nitroanilide) dissolved in
50 mM Tris-HCl was used as a substrate, in pH 8 at 37 ◦C. Trypsin was read at 410 nm
using an ε of 8800 mL/μM cm [24]. The Maroux et al. [25] method was used to determine
the activity of leucine aminopeptidase, where 0.1 M leucine p-nitroanilide dissolved in
DMSO with 50 mM sodium phosphate was the substrate, at pH 7.2, and incubated at 37 ◦C.
Absorbance was measured at 410 nm with an ε of 8800 mL/μM cm. Lipase activity was
determined using β-naphthyl acetate (100 mM) dissolved in 50 mM Tris-HCl at as substrate,
at pH 7.5, with sodium taurocholate (100 mM) at 37 ◦C. The reaction was stopped with
0.72 N TCA. Fast Blue (100 mM) and a 1:1 ethanol/ethyl acetate mixture was added, and
the absorbance was quantified at 540 nm using ε d 0.02 mL/μM cm [26].

The enzyme activity was determined using the following equations: units by mL
(U/mL) = [Δabs × final reaction volume (mL)]/[ε × time (min) × volume extracted
(mL)] − 1; specific activity (U/mg protein) = U mL/mg of soluble protein; and the molar
extinction coefficient (ε).

2.8. RNA Extraction and Quantitative Reverse Transcription PCR (RT-qPCR)

Total RNA was extracted from complete larvae samples using Trizol (Invitrogen,
Waltham, MA, USA), according to the manufacturer’s protocol. The concentration and
purity of RNA samples were assessed by the ratio between the absorbance at 260 and
280 nm in a spectrophotometer (Jenway GenovaNano, Cole-Parmer, Staffordshire, UK).
RNA (1 μg) was reverse-transcribed (RT) using the SuperScript II kit (Invitrogen, Waltham,
MA, USA), with a final volume of 20 μL. RT reactions were performed in a thermocycler
(Mastercycler nexus GSX1, Eppendorf AG, Hamburg, Germany). The standard RT program
used was as follows: 5 min at 65 ◦C, 10 min at 25 ◦C, 50 min at 42 ◦C (cDNA strand
extension), 15 min at 70 ◦C (reverse transcriptase inactivation), and finally 20 min at 37 ◦C.
Somatostatin receptor 1 (sstr1), tyrosine hydroxylase (th), histidine decarboxylase (hdc),
corticotropin-releasing hormone (crh), 5-hydroxytryptamine (serotonin) receptor 1A, G
protein-coupled (htr1a), gonadotropin releasing hormone 1 (gnrh1), arginine vasopressin-
induced 1 (avpi1), and tryptophan hydroxylase 1 (tph1) for A. tropicus were designed
from the species transcriptome (NCBI Accession: PRJNA395289) [27]. These genes were
selected due to their influence on aggressive behaviors and interactions with specific
neurotransmitters [28,29] (Table 4). The RT-qPCR was performed in a CFX96 Real-Time
System (BioRad, Hercules, CA, USA) using 5 μL of EvaGreen Supermix (BioRad), 0.5 μL
primers mix, and 4.5 μL of cDNA for a final volume of 10 μL. The RT-qPCR program was
used at: 50 ◦C for 2 min, 95 ◦C 10 s, followed by 40 cycles at 95 ◦C 15 s, and 62 ◦C 1 min.
β-actin was used as the reference gene [30]. The relative gene expression was calculated as
the fold-change compared to the control and using the 2−ΔΔCt formula [31].
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Table 4. Oligonucleotide design for the real-time polymerase chain reaction (qPCR) of aggressive
genes in A. tropicus larvae.

Protein Gen Primers (5′-3′) Alignment Temperature (◦C)

Somatostatin receptor 1 sstr1 FW: CCTCAGCATTGACCGCTACA
RV: AATACCGCCATCCACTGACG 60

Tyrosine hydroxylase th FW: GGACCAGATGTACCAGCCAG
RV: GCAGTTCATCCCTCGCAGAT 59

Histidine decarboxylase hdc FW: GCATTTCGACTGCACTGCTT
RV: CTTCGGCTGAGTGGGATCTG 59

Corticotropin-releasing hormone crh FW: AACGTCAACAGGGCTTTCCA
RV: TCTTCCCGTCAGGTCTTCCA 60

5-hydroxytryptamine (serotonin)
receptor 1A, G protein-coupled htr1a FW: AAGCGCAGTGTGGAACCTAA

RV: GCTGTCGGGGTATTAGGCAG 60

Gonadotropin-releasing hormone 1 gnrh1 FW: AGTCAGCACTGGTCATACGG
RV: CTCACCTCCTCCGCAATGTC 59

Dopamine receptor D1 drd1 FW: TTTTTGGCCCTTTGGCTCATT
RV: AAGTTCAAAATGGAGGCTGTGG 59

Arginine vasopressin-induced 1 avpi1 FW: AGGGAGGACCACTGAAGATGA
RV: CCAGCAGAGGACAAGTCTGC 60

Tryptophan hydroxylase 1 tph1 FW: CCCCCGTATCGAGTTCACAG
RV: AGGGGCAGGTTCTTGAGGTA 60

2.9. Effect of the Mitigants on the Ethology of Cannibal Larvae

We identified the effect of Trp (10 g/kg) on the cannibalistic behavior and/or ethology
in the second stage experiment, comparing it to the larvae fed with the control diet (CD).
Cannibal larvae were placed in 15 × 10 × 8 cm fish tanks. To reduce the effect of stress
caused by the transference of the larvae to the experimental tanks, an acclimation time
of 15 min was allowed. Subsequently, 15 min video recordings were made (Gopro Hero
7 Silver, Monterey, CA, USA). Two larvae per tank were evaluated under the following
challenges: without shelter, with rocks, and with artificial vegetation. The videos were
analyzed using Tracker 5.1.5 (Free Software Foundation, Inc., Franklin Street Boston, MA,
USA) and BORIS 7.9.24 [32], which allow the identification and measurement of aggressive
behavior and shelter preference (rocks and artificial vegetation). The same experiment was
carried out on CD-fed larvae to determine the effects of Trp on cannibalism.

2.10. Statistics Analysis

Normality (Kolmogorov–Smirnov) and homoscedasticity (Bartlett) tests were per-
formed. A one-way ANOVA was carried out for all the analysis, and in the case of finding
differences, a posteriori test of unequal N HSD (Tukey) was used. A Student’s t-test was
used to compare among treatments where applicable. To analyze the gene expression data,
non-parametric Kruskal–Wallis and Nemenyi posteriori tests were used. All tests were
performed using the software Prism V. 9.0 with a significance value of 0.05.

3. Results

3.1. Growth Indexes and Survival

In the first stage, no significant differences were observed in the weight and total
length between A. tropicus larvae fed with the Trp diets and CD (Figure 1). Likewise,
no significant differences were observed in survival; however, the larvae fed with Trp
presented a slight tendency of better survival (Table 5). There were no differences in AWG,
SGR, FCR, PER, K, CV, and SH (p < 0.05). At the end of this stage, the distribution of the
weights and sizes of the fish did not show significant differences among the treatments
(Figure 2).
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Figure 1. Growth in the weight (g) and total length (cm) of A. tropicus larvae fed with different Trp
concentrations and the control diet (CD). Values are mean ± SD.

Table 5. Growth performance and feed utilization indexes of A. tropicus larve fed with different
concentrations of Trp and the CD (mean ± standard deviation, SD).

Trp (g/kg)
CD 10 20 30

Initial weight (g) 0.018 ± 0.001 0.018 ± 0.001 0.018 ± 0.001 0.018 ± 0.001
Final weight (g) 0.022 ± 0.0003 0.023 ± 0.001 0.023 ± 0.001 0.023 ± 0.001

Initial total length (cm) 1.28 ± 0.09 1.28 ± 0.09 1.28 ± 0.09 1.28 ± 0.09
Final total length (cm) 1.78 ± 0.05 1.81 ± 0.02 1.83 ± 0.03 1.80 ± 0.03

S (%) 28.25 ± 1.76 34.75 ± 5.30 28.66 ± 1.04 29.75 ± 1.76
FI (g/d) 0.031 ± 0.001 0.031 ± 0.003 0.031 ± 0.003 0.031 ± 0.001

AWG (g/fish) 0.004 ± 0.0003 0.005 ± 0.0008 0.005 ± 0.001 0.005 ± 0.00004
SGR (%/d) 5.07 ± 0.52 5.35 ± 0.29 5.53 ± 0.38 5.24 ± 0.39

FCR 7.23 ± 0.85 6.68 ± 0.53 5.77 ± 0.46 5.64 ± 0.02
PER 0.13 ± 0.01 0.15 ± 0.1 0.15 ± 0.04 0.15 ± 0.04

K 0.39 ± 0.02 0.39± 0.01 0.37± 0.01 0.38± 0.02
CV (%) 6.43 ± 2.98 8.63 ± 2.23 8.20 ± 3.05 6.95 ± 0.05

SH 0.71 ± 0.33 0.96 ± 0.25 0.91 ± 0.34 0.77 ± 0.006

Significant differences among the diets are indicated by different letters (p < 0.05). FI: feed intake; AWG: absolute
weight gain; SGR: specific growth rate; S: survival; FCR: feed conversion rate; PER: protein efficiency rate; K:
condition factor; CV: coefficient of variation; SH: size heterogeneity.

Figure 2. Wet weight (g) and total length (cm) class distribution by cannibalism effect in A. tropicus
larvae fed with Trp and CD.
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3.2. Cannibalism and Deformities

In all treatments where Trp was administered, the percentage of cannibalism was lower
(56.75–64.25%) compared to that where CD was administered. The lowest percentage of
cannibalism was observed for 10 g/kg Trp (56.75 ± 2.47%) and the highest value occurred in
the larvae of the CD treatment (64.75 ± 1.76%), presenting a significant difference (p < 0.05).
The percentage of fish with deformities was 5.75 ± 0.43%, and no differences were observed
between treatments (p > 0.05) (Figure 3).

Figure 3. Cannibalism, survival, and deformity percentages in A. tropicus larvae fed with different
Trp concentrations. Values are mean ± SD. Significant differences among the diets are indicated by
different letters (p < 0.05).

The larvae identified as cannibals and non-cannibals had an average weight of
0.025 ± 0.002 g and 0.023 ± 0.003 g, respectively (t-test, p = 0.007). The larvae identified as
cannibals had a total size of 1.83 ± 0.09 cm, and the larvae identified as non-cannibals a
total size of 1.72 ± 0.10 cm (Figure 4) (t-test, p < 0.0001). The average difference recorded
between the weight of a cannibal fish and its prey was 0.003 ± 0.003 g (16.12 ± 13.44%). In
total size, the average difference between the cannibal fish and its prey was 0.15 ± 0.06 cm
(8.96 ± 3.72%).

To continue to stage two, based on the results obtained, the 10 g/kg Trp diet was
selected in which the lowest percentage of cannibalism and the highest survival occurred.
The administration of this feed was continued only to larvae identified as cannibals for
10 more days.
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Figure 4. Wet weight (g) (n = 60) and total length (cm) (n = 45) of A. tropicus cannibal and non-cannibal
larvae. Values are mean ± SD.

3.3. Growth Indexes and Survival of Cannibals

The cannibal larvae of the CD treatment obtained a greater final weight (0.179 ± 0.03 g),
compared to those treated with 10 g/kg Trp (0.080 ± 0.01 g) (t-test, p = 0.0224). The same
was observed for the total size (3.68 ± 0.34 cm in CD and 2.72 ± 0.18 cm in 10 g/kg Trp)
(Figure 5) The highest survival was recorded in the 10 g/kg Trp group with 75.00 ± 7.07%,
presenting significant differences compared to the CD group (30.00 ± 17. 32%) (t-test,
p = 0.0044). The AWG (0.13 ± 0.03) (t-test, p = 0.019), SGR (14.62 ± 2.87) (t-test, p = 0.029),
and PER (0.17 ± 0.01) (t-test, p = 0.041) were higher for CD. Also, the CD group showed a
higher CV (55.64 ± 6.84) compared to the treatment of 10 g/kg Trp (26.74 ± 14.20) (t-test,
p = 0.015) and SH (6.07 ± 0.75), showing significant differences compared to the 10 g/kg
Trp group (t-test, p = 0.012). The FCR value for the 10 g/kg Trp treatment was 12.43 ± 1.60,
showing a significant difference compared to the CD group (5.66 ± 0.62) (t-test, p = 0.030).
FI and K did not show any differences (Table 6).

Table 6. Growth performance and feed utilization indexes of A. tropicus cannibal larvae fed with
10 g/kg Trp and CD (mean ± standard deviation, SD).

CD 10 g/kg Trp

Initial weight (g) 0.049 ± 0.004 0.048 ± 0.006
Final weight (g) 0.179 ± 0.03 * 0.080 ± 0.02

Initial total length (cm) 2.16 ± 0.11 2.19 ± 0.08
Final total length (cm) 3.68 ± 0.34 * 2.72 ± 0.18

S (%) 23.33 ± 5.77 75.0 ± 7.07 *
FI (g/d) 0.72 ± 0.07 0.76 ± 0.08

AWG (g/fish) 0.13 ± 0.03 * 0.03 ± 0.01
SGR (%/d) 14.62 ± 2.87 * 5.81 ± 3.18

FCR 5.66 ± 0.62 12.43 ± 1.60 *
PER 0.17 ± 0.01 * 0.05 ± 0.03

K 0.35 ± 0.02 0.39 ± 0.01
CV (%) 55.64 ± 6.84 * 26.74 ± 14.20

SH 6.07 ± 0.75 * 1.90 ± 1.02
Significant differences among the diets are indicated by an asterisk mark (p < 0.05). FI: feed intake; AWG: absolute
weight gain; SGR: specific growth rate; S: survival; FCR: feed conversion rate; PER: protein efficiency rate; K:
condition factor; CV: coefficient of variation; SH: size heterogeneity.
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Figure 5. Growth in the weight (g) and total length (cm) of A. tropicus cannibal larvae fed with
10 g/kg Trp and CD. Values are mean ± SD. Significant differences among the diets are indicated by
an asterisk mark (p < 0.05).

3.4. Cannibalism

The percentage of cannibalism was 20.0 ± 10.0% in the fish fed with 10 g/kg Trp,
which was significantly different compared to the CD treatment (76.66 ± 5.77%) (t-test,
p = 0.0011) (Figure 6). At the end of the bioassay, the modification of the distribution of the
weights and sizes of the fish by treatment was observed, directly related to the results of
cannibalism (Figure 7).

Figure 6. Survival and cannibalism of A. tropicus cannibal larvae fed with 10 g/kg Trp and CD. Values
are mean ± SD. Significant differences among the diets are indicated by an asterisk mark (p < 0.05).
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Figure 7. Wet weight (g) and total length (cm) class distribution by cannibalism effect in A. tropicus
cannibal larvae fed 10 g/kg Trp and CD. Values are mean ± SD.

3.5. Digestive Enzyme Activity

In the first stage, larvae from the CD treatment showed a greater activity in acid
protease (p < 0.05) compared to those from the 10 and 20 g/kg Trp groups. Also, the CD
treatment obtained a greater activity for alkaline protease, with a significant difference with
all Trp treatments (p < 0.05). For trypsin, 20 g/kg Trp (p < 0.05) was statistically different
compared to the CD treatment. The 10 and 20 g/kg Trp treatments showed the greatest
activity for lipase compared to the other treatments (p < 0.05). Leucine aminopeptidase did
not show any difference among treatments (p > 0.05).

When comparing the digestive enzyme activity between cannibals and non-cannibals,
the acid protease activity was greater for cannibals and non-cannibals of the 10 g/kg Trp
treatment (p < 0.05). CD cannibal and non-cannibal larvae presented a greater alkaline
protease activity (p < 0.05). Trypsin enzymatic activity between cannibals and non-cannibals
was higher in the cannibals of the CD treatment (p < 0.05). All treatments with Trp led to
a greater leucine aminopeptidase activity than CD; however, no difference was recorded
between cannibals and non-cannibals. The cannibal larvae from the 10 g/kg Trp treatment
showed the greatest activity for lipase (t-test, p < 0.05).

In the second stage, the larvae treated with Trp recorded a greater activity in acidic
and alkaline proteases and leucine aminopeptidase (t-test, p < 0.05). The larvae fed with CD
recorded a higher trypsin activity (t-test, p < 0.05). No statistical differences were observed
in lipase activity for CD and the 10 g/kg Trp treatment (Table 7).

Table 7. Digestive enzymatic activities (mean ± standard deviation, SD) of A. tropicus larvae fed with
different concentrations of Trp and CD.

Activities Trp (g/kg)

Fi
rs

ts
ta

ge

(u/mg Protein) CD 10 20 30

Acid protease 12.233 ±0.924 a 2.505 ± 2.272 b 3.546 ± 1.207 b 7.645 ± 0.792 a,b

Alkaline protease 17.374 ± 1.550 a 8.160 ± 2.257 b 7.388 ± 0.852 b 7.784 ± 0.859 b

Trypsin 1.334 ± 0.088 a 0.682 ± 0.067 a,b 0.640 ± 0.018 b 0.645 ± 0.236 a,b

Leucine aminopeptidase 0.366 ± 0.014 0.290 ± 0.007 0.317 ± 0.057 0.337 ± 0.107
Lipase 1.711 ± 0.654 b 4.529 ± 0.318 a 4.514 ± 0.099 a 2.413 ± 0.079 b
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Table 7. Cont.

Activities Trp (g/kg)

CD 10

Se
co

nd
st

ag
e Acid protease 20.492 ± 4.162 35.869 ± 3.670 * (0.033)

Alkaline protease 7.043 ± 0.835 14.395 ± 2.342 * (0.028)
Trypsin 0.755 ± 0.079 1.032 ± 0.086 * (0.0151)

Leucine aminopeptidase 0.432 ± 0.017 1.333 ± 0.203 * (0.0167)
Lipase 3.178 ± 0.640 3.072 ± 0.400

CD 10 20 30

C
an

ni
ba

ls
vs

.N
on

-c
an

ni
ba

ls

Acid protease C 28.261 ± 0.028 b,* 43.110 ± 0.045 a,* 18.780 ± 0.102 d 25.451 ± 0.017 c,*
N 23.576 ± 0.062 b 39.280 ± 0.049 a 19.469 ± 0.031 d,* 23.228 ± 0.020 d

Alkaline protease C 15.887 ± 0.016 a 10.241 ± 0.218 c,* 14.263 ± 0.035 b,* 9.963 ± 0.072 c,*
N 18.021 ± 0.128 a,* 9.722 ± 0.186 b 8.393 ± 0.166 c 9.762 ± 0.016 b

Trypsin C 1.919 ± 0.318 a,* 1.491 ± 0.143 b,* 1.203 ± 0.082 b,* 1.154 ± 0.144 b,*
N 1.493 ± 0.232 a 1.170 ± 0.078 b 0.851 ± 0.087 c 0.863 ± 0.069 c

Leucine aminopeptidase C 0.284 ± 0.044 c 0.527 ± 0.079 a 0.684 ± 0.164 a,b 0.382 ± 0.051 b,c

N 0.184 ± 0.086 c 0.494 ± 0.045 a,b 0.514 ± 0.053 a 0.379 ± 0.042 b

Lipase C 0.900 ± 0.011 b 3.288 ± 0.038 a 0.481 ± 0.025 c 0.588 ± 0.032 c

N 3.324 ± 0.019 b,* 3.889 ± 0.001 a,* 1.759 ± 0.016 c,* 1.502 ± 0.012 d,*

Significant differences among the diets are indicated by different letters (p < 0.05). Significant differences between
cannibals and non-cannibals are indicated by * (p < 0.05).

3.6. Gene Expression

When comparing cannibal and non-cannibal larvae, all cannibals in the 20 g/kg Trp
treatment showed overexpression in all genes, followed by 30 g/kg Trp with overexpression
only in avpi1, crh, htr1a, sstr1, th, and t ph1 genes. In non-cannibal larvae, the 10 g/kg Trp
treatment showed a greater expression, with statistical differences compared to the other
treatments and with cannibal larvae from the same treatment (avpi1, crh, hdc, htr1a, sstr1,
and th). tph1 was overexpressed in all treatments and was significantly different compared
to non-cannibals (Figure 8).

Figure 8. Relative gene expression of avpi1 (a), crh (b), hdc (c), htr1a (d), sstr1 (e), th (f), and tph1 (g) in
A. tropicus larvae fed with different Trp concentrations. Relative mRNA levels of the indicated genes
were measured by RT-qPCR using β-actin as the reference gene. Data are presented as fold-changes in
the mRNA levels, in comparison to the sample with CD (dotted line) (n = 3, mean ± SD). Significant
differences with respect to the CD group (dotted line) are indicated by different letters (p < 0.05)
Significant differences between the cannibal and non-cannibal larvae are indicated by * (p < 0.05).
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In the second stage, larvae from the 10 g/kg group showed overexpression of avpi1,
crh, and htr1a genes (p < 0.05) compared to those from the CD group. The same was
observed for gnrh (p > 0.05). A subexpression was observed in the tph1, th, sstr1, and hdc
genes (p < 0.05) of larvae fed with 10 g/kg Trp (Figure 9).

Figure 9. Relative gene expression of avpi1 (a), crh (b), htr1a (c), gnrh (d), tph1 (e), th (f) sstr1 (g), and
hdc (h) in A. tropicus cannibal larvae fed with 10 g/kg Trp. Relative mRNA levels of the indicated
genes were measured by RT-qPCR using β-actin as the reference gene. Data are presented as fold-
changes in the mRNA levels, in comparison to the sample with CD (n = 3, mean ± SD). Significant
differences with respect to the CD group are indicated by different letters (p < 0.05).

3.7. Behavior

In total, 12 videos were obtained (185.8 min), and a total of 12 events were recorded,
of which 9 were defensive behaviors (escapes), where there was no contact between fish.
The remaining three events were direct attacks (with contact). The organisms with rocks as
refuge were present in three events, followed by without refuge in six events; finally, only
three events were recorded for the organisms with vegetation as refuge. Regarding the
effect of diet, larvae fed with 10 g/kg Trp displayed 25% of aggressive behaviors and those
fed with CD 75%. Regarding the number of attacks, cannibals fed with 10 g/kg Trp did not
display aggressive behaviors, unlike those fed with CD. The use of artificial vegetation also
led to zero aggressive behaviors in both treatments (Table 8).

Table 8. Attack types and cannibalism behavior of A. tropicus larvae fed with 10 g/kg Trp and CD in
combination with different shelters.

Lateral Attack Frontal Attack
Escape Head Middle Tail Head Middle Total

Without shelter

CD 2 2 0 0 0 0 4
10 g/kg Trp 2 0 0 0 0 0 2

Total 4 2 0 0 0 0 6

Rocks

CD 2 0 1 0 0 0 3
10 g/kg Trp 0 0 0 0 0 0 0

Total 2 0 1 0 0 0 3
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Table 8. Cont.

Lateral Attack Frontal Attack
Escape Head Middle Tail Head Middle Total

Artificial Vegetation

CD 2 0 0 0 0 0 2
10 g/kg Trp 1 0 0 0 0 0 1

Total 3 0 0 0 0 0 3
SUMA total 9 2 1 0 0 0 12

4. Discussion

4.1. Growth

Trp is an essential amino acid (AA) in fish; due to this, it is necessary to know the
requirement in important species (Salmo gairdneri, Oncorhynchus mykiss, and Rhamdia quelen).
This value ranges from around 0.1% to 0.5% [33]. In this sense, the formulation of the CD
diet used contained 1.06% of Trp according to the total amino acid analysis carried out. The
relationship of Trp functions in the development of fish larvae has been well studied; it has
been demonstrated that a low Trp administration is related to the presence of deformities
(scoliosis, lordosis, and eye cataracts) [34]. Furthermore, its administration has been related
to the modulation of aggressiveness, feed intake, immune system, stress, oxidative damage,
and feed efficiency ratio [35–38]. Administering a high concentration of Trp can activate
the kynurenine pathway, thus increasing kynurenic acid concentrations, which have been
linked to negative physiological effects, such as increased stress and a decreased immune
system [39]. In coho salmon (Oncorhynchus kisutch), exposure to 50 μL/mg of Trp compared
to 5 μL/mg for 3 h significantly increases the expression of kynurenine aminotransferase
2 (KIAT 2) [40]. Therefore, the administration of its optimal level must be sought for
each species.

The effect of Trp administration on growth has been reported for Asian seabass juve-
niles (Lates calcarifer), in which Trp reduced growth and feed intake, although it increased
serotonin levels in the brain [41]. In grouper juveniles (Epinephelus coioides), administering
0.25%, 0.5%, and 1% of tryptophan in the diet resulted in a lower height and weight than
those in the control [37]. This same effect was observed in pikeperch (Sander lucioperca)
larvae: using 5, 10, and 20 g Trp per kg, the weight and height were lower than those in
the control treatment [42]; and in Pabda (Ompok bimaculatus) fry, the fish growth with Trp
(2, 4, and 6 ppm) was lower than that in the control [17]. A similar result but only with
high levels of Trp was found in Indian major carp (Cirrhinus mrigala), and in Indian catfish
(Heteropneustes fossilis), a high concentration of Trp in the diet decreased growth [43,44].
The A. tropicus larvae did not show a significant difference in growth in the first stage of
this study, only a slight tendency of improved growth in weight and size compared to those
fed with CD. However, in the second stage, the cannibal larvae fed with Trp (10 g/kg) had
a lower growth and final size than the CD larvae. This difference in growth between the
two stages of the study can be attributed to cannibalism, due to the “jumper” effect. This
effect consists of a rapid gain in weight and size when a cannibal larva consumes another
larva [45]. This can lead to an increase in the differences between sizes and weights. This
statement was proved in our study, in which the values of CV and SH were higher in the
CD group, proving that the high cannibalism of this treatment (76.66 ± 5.77%) results in a
low survival (23.33 ± 5.77%) and generating a great heterogeneity in size and weight of
the fish fed with CD, unlike the larvae fed with Trp (cannibalism: 20.0 ± 10.0%; survival:
75.0 ± 7.07%). Similar results have been reported in Asian seabass larvae (Lates calcarifer),
where the coefficient of size variation (%) and size heterogeneity decreased with the in-
crease in the level of Trp supplementation [46]. This heterogeneity in size may also be a
trigger for cannibalism, for example, in the Atlantic cod (Gadus morhua), African catfish
(Heterobranchus longifili), giant grouper (Epinephelus lanceolatus), and black rockfish (Sebastes
schlegelii) [47–50].
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4.2. Cannibalism

Although a decreasing trend in cannibalism due to the administration of Trp was
seen in the first stage, it was in the second where it was significantly clearer. These results
coincide with those for Asian seabass (Lates calcarifer) fry, which when using 0.5, 1.0, 1.5,
and 2% of Trp displayed a decreased cannibalism and increased survival compared to
the control, with the lowest percentage (0.5) being the best treatment [46]. In grouper
(Epinephelus coioides) juveniles, the use of 0.25%, 0.5%, and 1% of tryptophan in the diet
decreased cannibalism, increasing the serotonin concentration (5-HT) in the brain [37]. In
pikeperch (Sander lucioperca) larvae fed with 5, 10, and 20 g Trp per kilogram, the levels
of 5-HT in fish tissue increased and cannibalism levels decreased [42]. Also, in Pabda
(Ompok bimaculatus) fry, Trp (2, 4, and 6 ppm) decreased cannibalism and increased survival
compared to the control treatment [17]. In Atlantic cod (Gadus morhua), Trp (28 g/kg)
supplemented to juveniles decreased aggressivity [51]. In rainbow trout (Oncorhynchus
mykiss), the increase in the concentration of Trp in the plasma and brain decreased the
aggressive behavior in dominant fish [52,53], which is related to the action of the 5-HT
neurotransmitter. Serotonin (5-HT) is a neurotransmitter that has been related to behaviors
such as aggression, reaction to stress, feeding, maturation, and sexual behavior [54].

The synthesis of 5-HT takes place in serotonergic neurons, where Trp serves as a precur-
sor. The enzyme tryptophan hydrolase hydroxylates tryptophan into L-5-hydroxytryptophan,
which is subsequently decarboxylated by the enzyme L-amino acid decarboxylase, generat-
ing 5-hydroxytryptamine (5-HT). Continuing the process, 5-HT is degraded by the enzyme
monoamine oxidase, transforming it into 5-hydroxyindole acetaldehyde. At the end of
the reaction, the enzyme aldehyde dehydrogenase produces 5-hydroxyindoleacetic acid
(5-HIAA) [54–56]. The bioavailability of Trp in the brain of organisms is important as it
allows 5-HT synthesis to take place. In this sense, Trp competes with other amino acids
(AAs) (valine, isoleucine, leucine, tyrosine, phenylalanine, and methionine) to enter the
brain of organisms, which makes the balance between Trp, the other AAs, and carbohy-
drates important (since carbohydrates promote the uptake of AAs, except for Trp) and thus
generates adequate concentrations of AAs in the plasma, allowing the flow of Trp to the
brain [55] and thereby the synthesis of 5-HT. The use of Trp as a mitigator of cannibalism
in fish is based on the principle of increasing the bioavailability of this amino acid, which
functions as an essential substrate for the synthesis of 5-HT and, in turn, reduces aggres-
siveness in fish, promoting the reduction in cannibalism. On the other hand, the differences
between the total weight and size of a cannibal fish and its prey were 16.39 ± 10.864% and
15.23 ± 5.68%, respectively, similar percentages to those reported by Sepúlveda-Quiroz
et al. [57].

4.3. Digestive Enzymes

The interaction between Trp and digestive enzymes has been studied in several
works; however, this interaction related to cannibalism has not yet been addressed. For A.
tropicus larvae, it has been reported that the functionality of its digestive system and the
differentiation of its organs are completely developed at 9 DAH [58] and, in addition to their
anatomy (mouth width and depth, lengths of upper and lower jaw, and mouth depth angle),
allow them to capture and ingest their own conspecifics (intracohort cannibalism) [57].
With the administration of Trp, the enzymes acid and alkaline proteases, trypsin, and
leucine aminopeptidase registered a lower activity than with that of CD, except for lipases.
It has been shown in vitro that Trp can be an activator of amylase, lipase, and trypsin [59].
An increase in the enzymatic activity is reflected in a greater hydrolysis of macronutrients,
releasing a greater number of micronutrients [60], which are used by the body, generating
a greater absorption of these microelements, resulting in optimal growth in fish [61]. In
our study, cannibal and non-cannibal larvae presented significant differences in enzymatic
activity; trypsin activity was higher in all cannibals, contrasting with the activity of lipase
enzymes, which were more expressed in non-cannibal larvae. The function of trypsin is to
hydrolyze proteins by breaking peptide bonds [62]. In turn, lipases promote the digestion
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of lipids, participating in the denaturation of triacylglycerol to diacylglycerol, subsequently
converting it to monoacylglycerol [63].

In the second stage, cannibal larvae fed with Trp (10 g/kg) showed a greater enzymatic
activity (acid and alkaline proteases and leucine aminopeptidase) than the CD cannibal
larvae. The activity of trypsin was greater in the cannibal larvae of the CD treatment. In
juveniles of Jian carp (Cyprinus carpio), when fed with a concentration of 3.8 g/kg of Trp in
the diet, the organisms increased their growth and obtained a greater activity of digestive
enzymes (trypsin, lipase, and α-amylase) and brush border enzymes and an increase in
the height of the intestinal folds [64]. On the other hand, Trp has been considered as
a component that can improve digestive enzymatic activity through two components,
melatonin (a Trp metabolite) and cholecystokinin (a regulatory hormone), both of which
act on the secretion of pancreatic enzymes [65,66], such as trypsin, chymotrypsin, lipase,
and amylase [67]. In the case of the administration of Trp in juvenile silver catfish (Rhamdia
quelen), there was no difference in trypsin and chymotrypsin; however, by performing a
polynomial regression, an increase in acid protease activity was identified with respect to
the increase in Trp (1–3.1 g/kg) [68]. Changes in the physiology of two salmon species
(Salmo salar and Oncorhynchus kisutch) have been observed following Trp inclusion, with
modifications in digestive enzymatic activity, increased 5-HT concentrations, and decreased
cortisol levels [69,70].

4.4. Gene Expression

The gene expression results show a significant difference between the cannibal and
non-cannibal larvae, where cannibals exposed to a high Trp treatment have a greater
overexpression. Trp functions as a substrate in the synthesis of 5-HT, a neurotransmitter
that regulates aggressive behavior, among other aspects [54,56]. In zebra fish (Danio rerio),
seven neurological pathways were identified (hypothalamo-neurohypophysial system
(HNS), serotonin (5-HT), somatostatin, dopamine, hypothalamo-pituitary-interrenal (HPI),
hypothalamo-pituitary-gonadal (HPG), and histamine) in relation to the expressed genes
for aggressiveness [28]. Among the genes that participate in these metabolic pathways are
those used in this study (sstr1, th, hdc, crh, htr1a, gnrh1, avpi1, and tph1) and whose relation
to aggressive behavior has already been reported in humans, mice, and fish [29].

In the second stage, the cannibal larvae of A. tropicus fed with Trp showed an over-
expression of avpi1 (HNS), crh (HPI), and htr1a (5-HT), as well as a subexpression of
tph1(5-HT), th (dopamine), sstr1 (somatostatin), and hdc (histamine) with respect to the
cannibal larvae fed with CD. The expression of avpil (arginine vasopressin-like) is related
to behaviors such as aggression and social interactions; in particular, overexpression has
been detected in dominant male zebra fish (Danio rerio) [28,71]. On the other hand, the HPI
pathway is responsible for different processes, such as stress response [39]; in this sense,
the corticotropin-releasing hormone (CRH, or corticotropin-releasing factor (CRF)) works
as an activator of this pathway [72]. In rainbow trout (Oncorhynchus mykiss), the use of
CRF through injections decreased the number of attacks, increased locomotion and head
movements, and increased the concentrations of serotonin, 5-HIAA, and dopamine [73,74].
When comparing dominant and subordinate males of Astatotilapia burtoni, the relative
abundance of mRNA of 5-HT transporters, such as htr1a and htr2a, in the telencephalon
was higher in subordinate than in dominant males, and was related to an increase in 5-HT
production [75]. In this sense, the use of a specific agonist (8-OH-DPAT) in HTR1A recep-
tors decreases aggression in fighting fish (Betta splendens) [76]. In male zebra fish (Danio
rerio), a differentiation between dominants and subordinates was identified with respect
to the genes involved in sexual behavior (cyp19a1b, cyp17, hsd11b2, hsd17b3, and ar) and
aggressiveness (avplr1b, tph1b, htr1a, sst1, sstr1, th, and slc6a3), with the dominant males
being the ones with the highest expression [77]. Although the social components have not
yet been studied in A. tropicus larvae, the results obtained indicate that the HNS, 5-HT, and
HPI pathways were modified using Trp, and thus a decrease in cannibalism was observed.
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4.5. Behavior

The effect of Trp administration can be seen in the absence of aggressive behavior
in the larvae of A. tropicus under the influence of refuge. Regardless of the presence or
absence of any type of shelter (rocks and artificial vegetation), the larvae fed with Trp
(10 g/kg) did not attack, unlike the larvae fed with CD. Of the three scenarios analyzed,
the artificial vegetation did not lead to attacks among the larvae fed with CD, as reported
by Sepúlveda-Quiroz et al. [57]. The use of enriched environments attempts to replicate
the conditions of the natural environment in the culture ponds, improving stress levels by
reducing aggression, cannibalism, energy expenditure, injuries, and diseases [78–81].

5. Conclusions

The use of 10 g/kg of Trp in the diet of A. tropicus larvae reduces cannibalism, improv-
ing survival, specifically proven in larvae with cannibalistic behavior. Both cannibal and
non-cannibal larvae showed a difference in digestive enzyme activity and expression of
aggressiveness genes. The inclusion of tryptophan generates the activation of the HNS,
5-HT, and HPI pathways, demonstrated by the overexpression of the avpi1, crh, and htr1a
genes. Furthermore, cannibal behaviors did not occur with the use of Trp, regardless
of the type of shelter, although artificial vegetation was better than other shelters. It is
recommended that studies continue to focus on explaining other effects of Trp in A. tropicus.
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42. Król, J.; Zakęś, Z. Effect of dietary l-tryptophan on cannibalism, survival and growth in pikeperch Sander lucioperca (L.) post-larvae.
Aquac. Int. 2015, 24, 441–451. [CrossRef]

43. Ahmed, I. Dietary amino acid l-tryptophan requirement of fingerling Indian catfish, Heteropneustes fossilis (Bloch), estimated by
growth and haemato-biochemical parameters. Fish Physiol. Biochem. 2012, 38, 1195–1209. [CrossRef] [PubMed]

44. Ahmed, I.; Khan, M.A. Dietary tryptophan requirement of fingerling Indian major carp, Cirrhinus mrigala (Hamilton). Aquac. Res.
2005, 36, 687–695. [CrossRef]

45. Baras, E.; Silva Del Aguila, D.V.; Montalvan Naranjos, G.V.; Dugué, R.; Koo, F.C.; Duponchelle, F.; Renno, J.F.; Garcia-Dávila,
C.; Nuñez, J. How many meals a day to minimize cannibalism when rearing larvae of the Amazonian catfish Pseudoplatystoma
punctifer? The cannibal’s point of view. Aquat. Living Resour. 2011, 24, 379–390. [CrossRef]

46. Kumar, P.; Kailasam, M.; Sethi, S.N.; Sukumaran, K.; Biswas, G.; Subburaj, R.; Thiagarajan, G.; Ghoshal, T.; Vijayan, K. Effect of
dietary L-tryptophan on cannibalism, growth and survival of Asian seabass, Lates calcarifer (Bloch, 1790) fry. Indian J. Fish. 2017,
64, 28–32. [CrossRef]

47. Baras, E.; Dugué, R.; Legendre, M. Do cannibalistic fish forage optimally? An experimental study of prey size preference,
bioenergetics of cannibalism and their ontogenetic variations in the African catfish Heterobranchus longifilis. Aquat. Living Resour.
2014, 27, 51–62. [CrossRef]

48. Folkvord, A. Ontogeny of cannibalism in larval and juvenile fishes with special emphasis on Atlantic cod. In Early Life History and
Recruitment in Fish Populations; Chambers, R.C., Edward, A., Trippel, E.A., Eds.; Chapman & Hall: London, UK, 1992. [CrossRef]

49. Hseu, J.R.; Hwang, P.P.; Ting, Y.Y. Morphometric model and laboratory analysis of intracohort cannibalism in giant grouper
Epinephelus lanceolatus fry. Fish. Sci. 2004, 70, 482–486. [CrossRef]

50. Xi, D.; Zhang, X.; Lü, H.; Zhang, Z. Cannibalism in juvenile black rockfish, Sebastes schlegelii (Hilgendorf, 1880), reared under
controlled conditions. Aquaculture 2017, 479, 682–689. [CrossRef]

51. Höglund, E.; Bakke, M.J.; ØVerli, Y.; Winberg, S.; Nilsson, G.E. Suppression of aggressive behaviour in juvenile Atlantic cod
(Gadus morhua) by l-tryptophan supplementation. Aquaculture 2005, 249, 525–531. [CrossRef]

52. Lepage, O.; Vílchez, I.M.; Pottinger, T.G.; Winberg, S. Time-course of the effect of dietaryl-tryptophan on plasma cortisol levels in
rainbow trout Oncorhynchus mykiss. J. Exp. Biol. 2003, 206, 3589–3599. [CrossRef]

53. Lepage, O.; Larson, E.T.; Mayer, I.; Winberg, S. Serotonin, but not melatonin, plays a role in shaping dominant–subordinate
relationships and aggression in rainbow trout. Horm. Behav. 2005, 48, 233–242. [CrossRef] [PubMed]

54. Sahu, S.; Ngasotter, S.; Mog, M.; Tesia, S.; Sharma, S.; Dayakar, B.; Waikhom, D. A review on physiological, behavioral and
metabolic role of dietary tryptophan in fish. Int. J. Chem. Stud. 2020, 8, 2411–2417. [CrossRef]

55. Höglund, E.; ØVerli, Y.; Winberg, S. Tryptophan metabolic pathways and brain serotonergic activity: A comparative review. Front.
Endocrinol. 2019, 10, 158. [CrossRef]

56. Winberg, S.; Nilsson, G.E. Roles of brain monoamine neurotransmitters in agonistic behaviour and stress reactions, with particular
reference to fish. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 1993, 106, 597–614. [CrossRef]

57. Sepúlveda-Quiroz, C.; Alvarez-Villagomez, C.; Mendoza-Porras, O.; Peña-Marín, E.; Maytorena-Verdugo, C.; Pérez-Jiménez, G.;
Jesus-Contreras, R.; Álvarez-González, C.; Martínez-García, R. Attack behavior leading cannibalism in tropical gar (Atractosteus
tropicus) larvae under different tank colors and shelter type. Aquaculture 2023, 563, 738991. [CrossRef]

58. Frías-Quintana, C.A.; Márquez-Couturier, G.; Álvarez-González, C.A.; Tovar-Ramírez, D.; Nolasco-Soria, H.; Galaviz-Espinosa,
M.A.; Gisbert, E. Development of digestive tract and enzyme activities during the early ontogeny of the tropical gar Atractosteus
tropicus. Fish Physiol. Biochem. 2015, 41, 1075–1091. [CrossRef] [PubMed]

59. Svatos, A. The effect of amino acids, sugars and fats on activation of pancreatic enzymes. Cas. Lek. Cesk. 1994, 133, 140–143.
[PubMed]

60. Bone, Q.; Moores, R.H. Biology of Fishes, 3rd ed.; Taylor & Francis: London, UK, 2008. [CrossRef]

78



Fishes 2024, 9, 40

61. Hakim, Y.; Uni, Z.; Hulata, G.; Harpaz, S. Relationship between intestinal brush border enzymatic activity and growth rate in
tilapias fed diets containing 30% or 48% protein. Aquaculture 2006, 257, 420–428. [CrossRef]

62. Moyano, F.J.; Díaz, M.; Alarcón, F.J.; Sarasquete, M.C. Characterization of digestive enzyme activity during larval development of
gilthead seabream (Sparus aurata). Fish Physiol. Biochem. 1996, 15, 121–130. [CrossRef] [PubMed]

63. Cahu, C.; Zambonino Infante, J. Substitution of live food by formulated diets in marine fish larvae. Aquaculture 2001, 200, 161–180.
[CrossRef]

64. Tang, L.; Feng, L.; Sun, C.Y.; Chen, G.F.; Jiang, W.D.; Hu, K.; Liu, Y.; Jiang, J.; Li, S.H.; Kuang, S.Y.; et al. Effect of tryptophan on
growth, intestinal enzyme activities and TOR gene expression in juvenile Jian carp (Cyprinus carpio var. Jian): Studies in vivo and
in vitro. Aquaculture 2013, 412–413, 23–33. [CrossRef]

65. Aldman, G.; Grove, D.; Holmgren, S. Duodenal acidification and intra-arterial injection of CCK8 increase gallbladder motility in
the rainbow trout, Oncorhynchus mykiss. Gen. Comp. Endocrinol. 1992, 86, 20–25. [CrossRef]

66. Jaworek, J. Ghrelin and metonin in the regulation of pancreatic exocrine secretion and maintaining of integrity. J. Physiol.
Pharmacol. 2006, 57, 83–96.

67. Zambonino-Infante, J.; Cahu, C. Ontogeny of the gastrointestinal tract of marine fish larvae. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 2001, 130, 477–487. [CrossRef]

68. Pianesso, D.; Radünz Neto, J.; da Silva, L.; Goulart, F.; Adorian, T.; Mombach, P.; Loureiro, B.; Dalcin, M.; Rotili, D.; Lazzari, R.
Determination of tryptophan requirements for juvenile silver catfish (Rhamdia quelen) and its effects on growth performance,
plasma and hepatic metabolites and digestive enzymes activity. Anim. Feed Sci. Technol. 2015, 210, 172–183. [CrossRef]

69. Mardones, O.; Oyarzún-Salazar, R.; Labbé, B.; Míguez, J.M.; Vargas-Chacoff, L.; Muñoz, J. Intestinal variation of serotonin,
melatonin, and digestive enzymes activities along food passage time through GIT in Salmo salar fed with supplemented diets
with tryptophan and melatonin. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2022, 266, 111159. [CrossRef] [PubMed]

70. Mardones, O.; Devia, E.; Labbé, B.; Oyarzún-Salazar, R.; Vargas-Chacoff, L.; Muñoz, J. Effect of L -tryptophan and melatonin
supplementation on the serotonin gastrointestinal content and digestive enzymatic activity for Salmo salar and Oncorhynchus
kisutch. Aquaculture 2018, 482, 203–210. [CrossRef]

71. Caldwell, H.K.; Lee, H.J.; Macbeth, A.H.; Young, W.S. Vasopressin: Behavioral roles of an “original” neuropeptide. Prog. Neurobiol.
2008, 84, 1–24. [CrossRef] [PubMed]

72. Conrad, J.L.; Weinersmith, K.L.; Brodin, T.; Saltz, J.B.; Sih, A. Behavioural syndromes in fishes: A review with implications for
ecology and fisheries management. J. Fish Biol. 2011, 78, 395–435. [CrossRef] [PubMed]

73. Carpenter, R.E.; Watt, M.J.; Forster, G.L.; Øverli, Y.; Bockholt, C.; Renner, K.J.; Summers, C.H. Corticotropin releasing factor
induces anxiogenic locomotion in trout and alters serotonergic and dopaminergic activity. Horm. Behav. 2007, 52, 600–611.
[CrossRef] [PubMed]

74. Carpenter, R.; Korzan, W.; Bockholt, C.; Watt, M.; Forster, G.; Renner, K.; Summers, C. Corticotropin releasing factor influences
aggression and monoamines: Modulation of attacks and retreats. Neuroscience 2009, 158, 412–425. [CrossRef] [PubMed]

75. Loveland, J.L.; Uy, N.; Maruska, K.P.; Carpenter, R.E.; Fernald, R.D. Social status differences regulate the serotonergic system of a
cichlid fish, Astatotilapia burtoni. J. Exp. Biol. 2014, 217, 2680–2690. [CrossRef]

76. Clotfelter, E.D.; O’Hare, E.P.; McNitt, M.M.; Carpenter, R.E.; Summers, C.H. Serotonin decreases aggression via 5-HT1A receptors
in the fighting fish Betta splendens. Pharmacol. Biochem. Behav. 2007, 87, 222–231. [CrossRef]

77. Filby, A.L.; Paull, G.C.; Searle, F.; Ortiz-Zarragoitia, M.; Tyler, C.R. Environmental estrogen-induced alterations of male aggression
and dominance hierarchies in fish: A mechanistic analysis. Environ. Sci. Technol. 2012, 46, 3472–3479. [CrossRef]

78. Hecht, T.; Appelbaum, S. Observations on intraspecific aggression and coeval sibling cannibalism by larval and juvenile Claias
gariepinus (Clariidae: Pisces) under controlled conditions. J. Zool. 1988, 214, 21–44. [CrossRef]

79. Näslund, J.; Johnsson, J.I. Environmental enrichment for fish in captive environments: Effects of physical structures and substrates.
Fish Fish. 2014, 17, 1–30. [CrossRef]

80. Qin, J.G.; Mittiga, L.; Ottolenghi, F. Cannibalism reduction in juvenile Barramundi Lates calcarifer by providing refuges and low
light. J. World Aquac. Soc. 2004, 35, 113–118. [CrossRef]

81. Zhang, Z.; Xu, X.; Wang, Y.; Zhang, X. Effects of environmental enrichment on growth performance, aggressive behavior and
stress-induced changes in cortisol release and neurogenesis of black rockfish Sebastes schlegelii. Aquaculture 2020, 528, 735483.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

79



Citation: Zhang, M.; Yang, X.; Wang,

C.; Shang, B.; Zhao, F.; Xu, H.; Xu, Q.

Effects of Myo-Inositol on the Growth

Performance, Digestive Enzyme

Activity, and Antioxidation of

Juvenile Hucho taimen. Fishes 2023, 8,

567. https://doi.org/10.3390/

fishes8120567

Academic Editors: Francisco

J. Moyano and Marina Paolucci

Received: 28 September 2023

Revised: 13 November 2023

Accepted: 18 November 2023

Published: 22 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fishes

Article

Effects of Myo-Inositol on the Growth Performance, Digestive
Enzyme Activity, and Antioxidation of Juvenile Hucho taimen
Meiyan Zhang 1,2,3, Xing Yang 1,3, Changan Wang 2, Baodi Shang 1, Feng Zhao 1, Hong Xu 4,5 and Qiyou Xu 4,5,*

1 Guizhou Fisheries Research Institute, Guiyang 550025, China; zhangmeiyan1099@126.com (M.Z.)
2 Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Harbin 150070, China
3 School of Fisheries, Nanjing Agricultural University, Wuxi 214081, China
4 School of Life Science, Huzhou University, Huzhou 313000, China
5 Zhejiang Provincial Key Laboratory of Aquatic Resources Conservation and Development,

Huzhou University, 759 Erhuan Road (E), Huzhou 313000, China
* Correspondence: 02655@zjhu.edu.cn

Abstract: Hucho taimen is a cold-water fish with high economic value. Myo-inositol (MI) can accelerate
lipid metabolism and promote growth in fish species. The present study aimed to assess the effect of
MI on the growth performance, digestive enzyme activity, and antioxidation of juvenile H. taimen.
Accordingly, an 8-week feeding trial was conducted. The results demonstrated that increasing MI
concentration promoted growth performance in H. taimen. Among the MI concentrations tested, a
dose of 328 mg MI/kg corresponded with the lowest feed conversion ratio (FCR) and the highest
growth rate. Compared with fish fed a diet of 128 mg MI/kg, the lipase activity in the pyloric caeca
significantly increased in fish fed 528 mg MI/kg, while superoxide dismutase (SOD) activity was
significantly higher in fish fed 728 mg MI/kg. Consistently, the 128 mg MI/kg diet presented the
highest malonaldehyde (MDA) levels. In conclusion, our study revealed that enhanced growth
performance, digestive enzyme activity, and antioxidant capacity increased as MI concentration
increased. The optimum level of dietary MI in H. taimen was 270–321 mg/kg, based on the FCR and
specific growth rate (SGR) on the broken-line regression.

Keywords: myo-inositol; growth performance; digestive enzyme; antioxidant; Hucho taimen

Key Contribution: In this research, analysis of the effects of MI on juvenile H. taimen was carried out.
The results showed that growth performance, digestive enzyme activity, and antioxidant capacity
were enhanced with the increasing of MI concentration to a specified level. The optimum level of
dietary MI in H. taimen was proven to be 270–321 mg/kg; this is the level associated with the lowest
FCR and highest SGR on the broken-line regression.

1. Introduction

Hucho taimen belongs to Salmoniformes, Salmonidae, Salmon subfamily. It is a cold-water
fish and its growth rate (WG) is slower than most other fish; the optimal temperature for
it is 13–16 ◦C [1]. It is large: its body weight can be up to 50 kg and its body length can
reach 1 meter or more. It is a precious fish with delicious, nutritious meat, and it has a high
economic value. In recent years, due to overfishing and serious damage to the ecological
environment, wild H. taimen resources have plummeted. It is now included in the “Chinese
red list of endangered animal species”. At present, it has been successfully domesticated
and is promoted for breeding in more than a dozen provinces in China.

Inositol, also known as cyclohexanol, has nine cis-trans isomers. The most common
is myo-inositol (MI), which is a type of vitamin B [2] that can promote lipid metabolism,
reduce blood lipids, and protect liver health. The main function of MI in aquatic animals is
to improve feed utilization, accelerate growth, and promote lipid metabolism in the liver
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and other tissues. At present, feed company incorporate MI as a nutritional additive in
aquatic animal feed.

Symptoms of MI deficiency have been found in young grass carp (Ctenopharyngodon
idella) [3], juvenile Chinese mitten crab (Eriocheir sinensis) [4], and juvenile Pacific white
shrimp (Litopenaeus vannamei) [5]. Symptoms manifested as anorexia, anemia, poor quality
in growth and development, skin erosion, darkened skin color, slow gastric emptying,
decreased cholinesterase, and the decreased activity of some transaminases. When Jian carp
(Cyprinus carpio var. Jian) were deficient in MI, they suffered from fin erosion, skin bleeding,
tail handle exposure (in severe cases), intestinal epithelial edema, and even shedding and
necrosis [6,7].

Adding an appropriate level of MI to feed can improve growth performance, as has
been demonstrated in Wuchang bream (Megalobrama amblycephala) [8], juvenile sunfish
(Morone chrysops × Morone saxatilis) [9], and juvenile Ctenopharyngodon idella [10]. Khosravi
found that an appropriate level of MI in feed could significantly promote the growth
performance of striped beakfish (Oplegnathus fasciatus); the appropriate supplemental level
of MI was found to be 94.3 mg/kg [11]. The growth performance and feed efficiency of
olive flounder (Paralichthys olivaceus) were significantly improved by adding 800 mg MI/kg
to their diet [12]. In Ctenopharyngodon idella, adding 100–150 mg MI/kg to its whole plant
protein source diet was shown to significantly improve its growth performance and feed
efficiency [13]. Within the large-scale and high-density culture of Nile tilapia (Oreochromis
niloticus), the addition of 0.03% MI to feed was proven to be helpful to the growth and the
mobilization of lipid, though the amount of MI added should be controlled strictly [14].

In the research of crustaceans, such as the giant tiger prawn (Penaeus monodon), Chinese
white shrimp (Penaeus chinensis), and kuruma shrimp (Penaeus japonicus) [15], it was found
that a lack of MI in feed led to a significant decrease in survival rate. Adding the appropriate
levels of MI to feed could significantly improve the growth performance of Penaeus monodon,
Penaeus chinensis and Penaeus japonicus. The suitable supplemental level of MI in the
feed of Penaeus monodon was 3275–3514 mg/kg [16]; the level for Penaeus chinensis was
4000 mg MI/kg [17]. For Eriocheir sinensis, that level was 1613–1707 mg MI/kg [18]. In the
study of Litopenaeus vannamei, 600 mg MI/kg was found to be sufficient to meet its needs in
terms of body growth and development; the appropriate level of MI significantly improved
its resistance to salinity stress [19]. These studies have shown that the level of MI required
for aquatic animals to thrive may be related to different feed formulations, growth stages,
breeding varieties, feeding habits, and breeding environments and models; however, the
regulatory mechanism of MI in growth performance is still not completely clear.

Juvenile H. taimen can accurately assess their own nutritional needs, including de-
termining their MI requirements. In this paper, the MI requirement of juvenile H. taimen
was comprehensively evaluated based on growth performance and antioxidant indexes,
in order to provide theoretical guidance for the production of H. taimen feed under this
lipid level.

2. Materials and Methods

2.1. Experimental Design and Feeding Management

The MI used in this experiment, which was purchased from Sigma, USA, was in pow-
der form and its purity was ≥99%. Six treatment groups were set in the experiment; the MI
content in the basic diet was 128 mg/kg without additional MI. The MI supplementation in
each group was 0 (G1), 100 (G2), 200 (G3), 400 (G4), 600 (G5), 800 (G6) mg/kg, respectively,
and the inositol content values of each group was calculated as 128 (G1), 228 (G2), 328 (G3),
528 (G4), 728 (G5) and 928 (G6) mg/kg, respectively. Feed composition and nutritional
level are shown in Table 1. After crushing, the raw materials were mixed evenly according
to proportion, granulated (1.0 mm), dried naturally, and stored in a refrigerator at −20 ◦C.
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Table 1. Ingredients and chemical composition of the basal diets (air-dry basis, %).

Ingredients Content

Casein 34.00
Fish meal 23.00
Gelatin 10.00
Dextrin 15.30
Fish oil 11.00
Phospholipids 2.00
Ca(H2PO4)2 1.00
CMC 2.60
Vitamin premix 1 0.30
Mineral premix 2 0.20
Additive 3 0.60
Total 100.00
Nutrient levels
Crude protein 52.3
Crude lipid 12.4
MI (mg/kg) 128

1 The vitamin premix provided the following diet: VK 5 mg·kg−1, VA 15,000 IU·kg−1, VD3 3000 IU·kg−1, VB1
15 mg·kg−1, VB2 30 mg·kg−1, VB6 15 mg·kg−1, VB12 0.5 mg·kg−1, VC 1000 mg·kg−1, VE 60 mg·kg−1, Nicotinic
acid 175 mg·kg−1, Folic acid 5 mg·kg−1, Biotin 2.5 mg·kg−1, and Pantothenic acid 50 mg·kg−1. 2 The mineral
premix provided the following diet: Fe (as ferrous sulfate) 25 mg·kg−1, Cu (as copper sulfate) 3 mg·kg−1, Mn (as
manganese sulfate) 15 mg·kg−1, I (as potassium iodide) 0.6 mg·kg−1, and Zn (as zinc sulfate) 60 mg·kg−1. 3 The
additive provided the following diet per kg: Choline chloride 2 g, Antimildew 0.5 g, Magnesia 2 g, Antioxidant
0.5 g, and DMPT 1 g.

A total of 540 H. taimen (2.83 ± 0.44 g) were randomly assigned to six groups with
three replicates per group and 30 fish per replicate. Body weight and body length were
recorded after 7 days of pre-feeding with commercial feed and 24 h of starvation. H. taimen
was fed four times a day (07:00, 10:30, 14:00, and 17:00). The daily ration was determined
based on the weight of each treatment of fish, which were weighed every 2 weeks and fed
at 3–8% of the total weight of each treatment. The feeding trial lasted for 8 weeks [20–24].
The trial employed a flow-through culture system; no aerators were used. The current
speed of the flowing water was [(0.3 × 10−3)–(0.4 × 10−3) m3/h], the water temperature
was 9.5–15.2 ◦C, the dissolved oxygen was kept at more than 8.0 mg/L−1, and the pH of
the water was 7.5–7.8.

H. taimen was weighed at the beginning (initial body weight) and at the end (final
body weight) of the 8-week feeding trial. The balance (BP221S) used for weighing the
fish was made by Sartorius; its maximum range is 210 g and its precision is 0.1 mg. The
weight gain, specific growth rate, feed conversion ratio, condition factor, viscerosomatic
index, and hepatosmatic index of each treatment group were recorded and analyzed. These
parameters were calculated as:

Weight gain (WG, %) = (Wf − Wi)/Wi × 100;
Specific growth rate (SGR, %/day) = (ln Wf − ln Wi)/days) × 100;
Feed conversion ratio (FCR) = Feed consumed (g)/(Wf − Wi);
Condition factor (CF, g·cm−3) = Wf × 100/Lf

3;
Viscerosomatic index (VSI, %) = (Wv/Wf) × 100;
Hepatosmatic index (HSI, %) = (Wh/Wf) × 100.

where Wf and Wi are the initial and final body weights, Lf is the initial body length,
Wv is the total weight of fish viscera, and Wh is the weight of the fish liver.

2.2. Sample Collection

At the end of the feeding trial, starvation was enforced for 24 h before sampling.
Three H. taimen per tank were collected randomly and frozen (−40 ◦C) for whole-body
composition analyses. In addition, three H. taimen were selected per tank and placed on an
ice tray for dissection. The liver, pyloric caeca, and intestinal tract were all sampled; the
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crude enzyme solution of the tissue was extracted in each case and stored at −80 ◦C for
further analysis.

2.3. Whole-Body Composition Analyses

Moisture, crude protein, crude lipid, and ash were measured [25]. The moisture
content was measured using the 105 ◦C drying method. The crude protein was determined
by the Kjeldahl method. The crude lipid was analyzed by the Soxhlet extraction method.
Last, ash content was determined by using a high-temperature combustion method applied
to the fish body.

2.4. Biochemical Analysis

The liver, pyloric caeca, and intestinal tract were sampled. After homogenization,
the samples were centrifuged for 10 min at 3500 r/min to obtain the supernatant at 4 ◦C,
then the supernatant was collected. Amylase activity was determined using the iodine-
starch colorimetric method. After the color reaction, absorbance was measured at 660 nm.
Protease activity was tested by the Folin-phenol method. MDA was determined by the
TBA method, and there was a maximum absorption peak at 532 nm. One unit of SOD is
the amount of SOD that corresponds to an inhibition rate of 50% in 1 mL of tissue protein
in a 1 ml reaction solution. ATP per milligram of tissue protein per hour produces 1 umol
of inorganic phosphorus as a unit of Na+,K+-ATPase activity. Amylase, protease, lipase,
alkaline phosphatase (AKP), Na+,K+-ATPase, SOD, and MDA were measured by kits that
were produced by Nanjing Jiancheng Bioengineering Institute.

2.5. Statistical Analysis

The experimental data were analyzed by one-way ANOVA in SPSS 17.0; p < 0.05 was considered
to be statistically significant. Experimental data were expressed as mean ± standard deviation
(X ± SD) across at least three independent experiments. The optimal MI content for H.
taimen was estimated using the broken-line model. The WG and FCR of H. taimen, as well
as MI content, were estimated.

3. Results

3.1. Growth Performance

Compared to the control group, other groups significantly increased WG (p < 0.05).
The FCR of the G3 group was significantly lower than that of the others (p < 0.05). There
was no significant difference in HSI among all groups (p > 0.05). Compared to the control
group, the G3 group significantly decreased the CF (p < 0.05) and significantly increased the
SGR (p < 0.05); additionally, the G4 group significantly increased the VSI (p < 0.05) (Table 2).

Table 2. Effects of different levels of MI on the growth performance of H. taimen.

Treatments
Initial

Weight (g)
Final

Weigh (g)
WG (%) SGR (%) FCR CF (g·cm−3) HSI (%)

VSI
(%)

G1 2.45 ± 0.27 4.17 ± 0.76 70.20 ± 1.91 a 0.94 ± 0.11 a 1.98 ± 0.20 bc 0.60 ± 0.10 b 1.03 ± 0.18 7.11 ± 0.33 a

G2 2.55 ± 0.14 4.53 ± 1.02 77.65 ± 1.00 b 1.03 ± 0.14 ab 1.94 ± 0.14 ab 0.62 ± 0.03 bc 1.12 ± 0.28 7.34 ± 0.98 ab

G3 2.75 ± 0.20 5.02 ± 0.68 82.55 ± 2.99 bc 1.11± 0.21 b 1.89 ± 0.09 a 0.58 ± 0.08 a 1.61 ± 0.08 7.88± 0.70 ab

G4 2.55 ± 0.19 4.74 ± 0.41 86.00 ± 2.16 c 1.07 ± 0.12 ab 2.00 ± 0.07 bc 0.62 ± 0.08 bc 1.43 ± 0.15 9.88 ± 1.00 b

G5 2.54± 0.21 4.58± 1.27 80.31 ± 1.40 b 1.05 ± 0.18 ab 2.06 ± 0.15 c 0.61 ± 0.07 b 1.36 ± 0.04 7.59 ± 0.32 ab

G6 2.91± 0.38 5.14± 1.25 76.63 ± 3.51 b 1.02 ± 0.09 ab 2.06 ± 0.04 c 0.63 ± 0.05 bc 1.53 ± 0.13 7.43 ± 1.11 ab

Note: within a column, values (X ± SD) with different superscripts are significantly different (p < 0.05). G1, MI
128 mg/kg of feed; G2, MI 228 mg/kg of feed; G3, MI 328 mg/kg of feed; G4, MI 528 mg/kg of feed; G5, MI
728 mg/kg of feed; G6, MI 928 mg/kg of feed.

Based on the broken-line model of FCR, SGR, and MI levels, it was concluded that the
optimal level for H. taimen was 270–321 mg MI/kg (Figures 1 and 2).
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Figure 1. Effects of MI on the FCR of H. taimen.

 

Figure 2. Effects of MI on the SGR of H. taimen.

3.2. Whole-Body Composition

No significant difference was found in terms of moisture and crude protein content
among all groups (p > 0.05). The whole-body crude lipid contents of treatment groups
were all higher than that of the control group, but only that of the G3 group was signifi-
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cantly increased (p < 0.05). Compared to the control group, whole-body ash content was
significantly increased in the G3 and G5 groups (p < 0.05) (Table 3).

Table 3. Effects of different levels of MI on the whole-body composition of H. taimen.

Treatments Moisture (%)
Crude

Protein (%)
Crude Lipid (%) Ash (%)

G1 80.19 ± 0.84 14.97 ± 1.04 2.10 ± 0.02 a 2.21 ± 0.08 a

G2 80.74 ± 0.84 13.53 ± 1.10 2.16 ± 0.18 ab 2.29 ± 0.16 a

G3 80.32 ± 0.40 13.70 ± 1.42 2.41 ± 0.19 b 2.55 ± 0.51 b

G4 79.90 ± 0.12 14.38 ± 0.55 2.26 ± 0.02 ab 2.33 ± 0.28 a

G5 80.30 ± 1.98 13.12 ± 0.75 2.28 ± 0.01 ab 2.80 ± 0.24 c

G6 80.49 ± 0.25 14.13 ± 0.11 2.32 ± 0.03 ab 2.22 ± 0.36 a

Note: within a column, values (X ± SD) with different superscripts are significantly different (p < 0.05). G1, MI
128 mg/kg of feed; G2, MI 228 mg/kg of feed; G3, MI 328 mg/kg of feed; G4, MI 528 mg/kg of feed; G5, MI
728 mg/kg of feed; G6, MI 928 mg/kg of feed.

3.3. Digestive Enzyme Activity

As shown in Table 4, there were no significant differences in the amylase activity of the
liver and intestine among all groups (p > 0.05). The MI content in the diet had a significant
effect on the amylase activity of the pyloric caeca (p < 0.05); the amylase activity of the G3
group was significantly increased (p < 0.05). There were no significant differences in the
protease activity of the liver and pyloric caeca among all groups (p > 0.05). Compared to
the control group, the protease activity of the intestine was significantly increased in the G4
and G5 groups (p < 0.05). The lipase activity of the G4 group was higher than that of the
control group (p < 0.05); however, there was no significant difference in the lipase activity
of the intestine among all groups (p > 0.05) (Table 4).

Table 4. Effects of different levels of MI on the digestive enzyme activity of H. taimen.

Tissue Enzyme G1 G2 G3 G4 G5 G6

Liver
Amylase 30.37 ± 1.76 30.67 ± 4.21 32.29 ± 0.68 34.85 ± 2.89 33.38 ± 3.06 30.82 ± 1.77
Protease 24.60 ± 2.04 30.30 ± 5.54 31.55 ± 3.70 28.95 ± 1.26 27.96 ± 5.24 30.31 ± 4.61
Lipase 8.54 ± 1.12 b 6.44 ± 0.19 a 7.61 ± 0.41 ab 8.14 ± 0.82 b 7.40 ± 0.38 ab 8.02 ± 1.52 b

Pyloric
caeca

Amylase 195.98 ± 12.01 a 205.04 ± 8.67 ab 236.07 ± 21.91 c 222.71 ± 5.81 bc 224.36 ± 7.13 bc 218.60 ± 15.49 abc

Protease 98.81 ± 9.59 105.28 ± 10.13 118.55 ± 14.21 120.66 ± 19.28 108.24 ± 8.38 113.07 ± 4.35
Lipase 41.97 ± 0.42 a 42.28 ± 1.92 a 42.46 ± 1.32 a 47.46 ± 2.91 b 44.80 ± 4.75 ab 41.94 ± 1.29 a

Intestine
Amylase 161.64 ± 4.44 166.58 ± 11.02 176.06 ± 14.47 164.21 ± 13.04 160.95 ± 6.76 160.07 ± 4.75
Protease 43.66 ± 5.39 a 44.98 ± 5.02 a 50.87 ± 8.44 ab 56.66 ± 2.09 b 56.21 ± 1.21 b 49.83 ± 3.24 ab

Lipase 34.59 ± 6.51 34.28 ± 3.50 33.38 ± 1.66 30.26 ± 2.70 29.61 ± 0.94 33.18 ± 3.03

Note: within a column, values (X ± SD) with different superscripts are significantly different (p < 0.05). G1, MI
128 mg/kg of feed; G2, MI 228 mg/kg of feed; G3, MI 328 mg/kg of feed; G4, MI 528 mg/kg of feed; G5, MI
728 mg/kg of feed; G6, MI 928 mg/kg of feed.

3.4. Biochemical Index

The AKP and Na+,K+-ATPase activities of the pyloric caeca did not show any signifi-
cant differences among all groups (p > 0.05). The Na+,K+-ATPase activities of the intestine
in the treatment groups were all higher than that of the control group, but only the G4
group was significantly higher (p < 0.05). Compared to the control group, the AKP activities
of the intestine were significantly increased in the G3 group, G4 group, and G5 group
(p < 0.05) (Table 5).

3.5. Antioxidant Indices

Among the treatment groups, SOD activity was significantly increased in the G5 group
(p < 0.05). Compared to the control group, MDA content was decreased in all treatment
groups (p < 0.05) (Table 6).
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Table 5. Effects of different levels of MI on the biochemical index of H. taimen.

Tissue Biochemical Index G1 G2 G3 G4 G5 G6

Pyloric caeca AKP 55.89 ± 4.78 56.60 ± 6.77 69.45 ± 9.50 65.55 ± 8.57 60.48 ± 2.91 61.63 ± 6.93
Na+,K+-ATPase

(μmolpi/gprot/h) 1.32 ± 0.23 1.23 ± 0.05 1.25 ± 0.16 1.39 ± 0.30 1.21 ± 0.12 1.18 ± 0.27

Intestine
AKP 42.16 ± 3.11 a 49.58 ± 4.68 ab 74.81 ± 11.62 c 59.31 ± 8.73 b 59.95 ± 8.06 b 47.23 ± 8.55 ab

Na+,K+-ATPase
(μmolpi/gprot/h) 0.54 ± 0.09 a 0.79 ± 0.05 a 0.74 ± 0.05 a 1.28 ± 0.27 b 0.84 ± 0.05 a 0.74 ± 0.12 a

Note: within a column, values (X ± SD) with different superscripts are significantly different (p < 0.05). G1,
MI 128 mg/kg of feed; G2, MI 228 mg/kg of feed; G3, MI 328 mg/kg of feed; G4, MI 528 mg/kg of feed;
G5, MI 728 mg/kg of feed; G6, MI 928 mg/kg of feed. AKP, alkaline phosphatase; Na+,K+-ATPase, Na+,K+-
stimulated ATPase.

Table 6. Effects of different levels of MI on the antioxidant indices of H. taimen.

Treatments SOD (NU·mgprot−1) MDA(nmol·mgprot−1)

G1 68.97 ± 8.31 a 9.67 ± 0.42 b

G2 81.57 ± 12.81 ab 6.20 ± 0.77 a

G3 82.26 ± 8.77 ab 6.17 ± 1.57 a

G4 82.89 ± 7.70 ab 7.32 ± 1.78 a

G5 89.59 ± 13.62 b 7.47 ± 0.84 a

G6 76.32 ± 6.66 ab 7.37 ± 0.81 a

Note: within a column, values (X ± SD) with different superscripts are significantly different (p < 0.05). G1, MI
128 mg/kg of feed; G2, MI 228 mg/kg of feed; G3, MI 328mg/kg of feed; G4, MI 528 mg/kg of feed; G5, MI
728 mg/kg of feed; G6, MI 928 mg/kg of feed. SOD, superoxide dismutase; MDA, malonaldehyde.

4. Discussion

This study demonstrated that WG was observably increased by increasing MI lev-
els in H. taimen, a result similar to that seen in Penaeus monodon [16], Ctenopharyngodon
idella [3], and juvenile Eriocheir sinensis [4]. Our study showed that the CF and FCR de-
creased with increasing MI levels. A possible reason for this is that MI deficiency affects
the synthesis and secretion of low-density lipoprotein. In other words, lipid cannot be
transported out of the liver in time, resulting in abnormal accumulation in the liver, which
causes lipid deposition in fish bodies which, in turn, results in the increasing of CF [26].
Attaining an appropriate level of MI content could make better use of the lipid in the feed,
thereby promoting fish health and improving feed utilization efficiency. Levine found that
adding MI could improve the swimming ability of crucian carp (Carassius auratus) [27].
The reason for our results might be that the addition of an appropriate amount of MI
to feed improved the utilization rate of lipid in that feed, which promotes growth in H.
taimen. A study of Mozambique tilapia (Oreochromis mossambicus) showed that MI could
regulate lipid and pyruvic acid metabolism, increasing phospholipid synthesis-related
mRNA levels and improving antioxidant properties under long-term salinity stress [18].
In addition, the feeding habits of fish also affect the demand for MI content. Carnivorous
fish need high-level lipid in their feed as they need more MI to meet the needs of lipid
metabolism. For example, the optimal MI demand of blackhead sea bream (Acanthopagrus
schlegelii) was shown to be 2000 mg/kg [28], while the demand of Ctenopharyngodon idella
was only 166–214 mg MI/kg [10]. In the liver and kidneys of some aquatic animals, MI
can be synthesized with glucose as a substrate through l-inositol-1-phosphate synthase
and l-inositol-1-phosphatase. MI synthesis ability is determined by MI synthase activ-
ity [29]; moreover, aquatic animals can synthesize a certain amount of MI through intestinal
microorganisms, which also affects their MI demands.

This study demonstrated that MI level did not affect whole-body crude protein content
in H. taimen, a result similar to that seen in Atlantic salmon (Salmo salar) [30], juvenile
Litopenaeus vannamei [5], and Pacific abalone (Haliotis discus hannai Ino) [31], indicating that
MI has little effect on digestion and the absorption of protein in H. taimen and that the
addition of MI has no significant effect on the protein deposition rate. The contents of ash
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and crude lipid decreased significantly with the increasing of MI content to a certain extent,
which is consistent with the results of a study of juvenile Cyprinus carpio var. Jian [7]. A
possible reason for the decreasing of whole-body crude lipid is that an excessive amount of
MI promotes lipid decomposition in the liver. The combination of fatty acids and various
enzymes on the liver cell membrane improves the lipid exchange capacity of the cell
membrane, which is transported to various tissues for utilization, and the lipid content
in the body can be effectively reduced; however, no significant differences in the whole-
body composition of golden pompano (Trachinotus ovatus) was found between control and
treatment groups [32]. The reason for these two differing sets of results could be that the
capacity of MI to regulate lipid metabolism in different aquatic animals varies; therefore,
the mechanism for the effect of MI on the body composition of aquatic animals requires
further study.

The digestive capacity of fish is directly related to the development of digestive
organs and digestive enzyme activity [33]. This research demonstrated that digestive
enzyme activity increased with the increasing of MI content, which is consistent with
previous findings in various species, including juvenile turbot (Scohpthalmus maximus
L.) [34], juvenile Cyprinus carpio var. [35], Litopenaeus vannamei [36], and Japanese sturgeon
(Acipenser schrenckii) [37]. A possible reason for this finding is that, when MI content is
insufficient, the liver and pancreas of fish cannot develop normally; therefore, the digestive
enzyme secreted by the pancreas is reduced. On the other hand, in our study, the amount of
bile acid secreted by the liver was reduced, which affected the lipase activity of the fish. In
addition, MI exists as part of the cell membrane in the form of phosphatidyl-MI. When MI
is deficient, the intestinal structure of aquatic animals is affected which, in turn, would also
affect digestive enzyme activity. In our study, after the MI was absorbed by H. taimen, it
was stored in serum and the liver, and it could improve the activity of cholinesterase, which
proved to be conducive to the improvement of amylase activity and WG in individual
fish [38]; moreover, by increasing the intake of each fish, MI indirectly stimulated the
secretion of digestive enzymes.

The AKP in the intestine participates in the absorption of nutrients such as lipid
and glucose, etc. Na+,K+-ATPase activity can reflect intestinal absorption capacity [39].
This study has shown that, as MI content is increased, Na+,K+-ATPase and AKP activities
increase, promoting the absorption of nutrients. This finding aligns with the results of
similar testing on juvenile Cyprinus carpio var. [6]. A possible reason for the finding is that
Na+,K+-ATPase is the main component of the Na+,K+ pump, which constitutes part of
the cell membrane; MI is also a component of the membrane. Substances targeting MI
on the membrane would, therefore, indirectly affect the activities of Na+,K+-ATPase [40].
The amount and existing state of MI may also affect the activities of Na+,K+-ATPase.
Appropriately increasing MI content can help to increase the activities of Na+,K+-ATPase
and AKP.

Antioxidant levels can reflect the health status of animals. SOD is an important antiox-
idant enzyme, which has the effect of mitigating anti-oxidative damage and maintaining
cell structure [41]. When there are fewer antioxidant enzymes, the metabolic balance of free
radicals will be destroyed, and free oxygen radicals will react with unsaturated fatty acids,
resulting in lipid peroxidation and damage to cells and macromoleculars in cells, all of
which cause damage to the body. Lipid peroxidation can produce a variety of metabolites,
of which MDA is one of the most important. The content of MDA in the liver can reflect the
progress of lipid peroxidation; the degree of oxidative damage to cells can also be shown
indirectly [42]. In this experiment, when MI content was insufficient, the MDA content
increased and the SOD content decreased, which is consistent with the results of a study
on juvenile Cyprinus carpio var. [7]. A possible reason for this finding is that insufficient
MI content affects the development of the liver, leading to a disorder of lipid metabolism.
Another possible reason is that the synthesis and secretion of low-density lipoprotein were
affected; because the lipid in the liver could not be transported in time, the lipid did not
accumulate normally. This process has also been seen in research on Carassius auratus [43]
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and juvenile Ctenopharyngodon idella [44]. Increasing MI content to an appropriate level
could reduce the production of oxygen free radicals in the body; furthermore, this could
promote the elimination of oxygen free radicals which could, in turn, effectively reduce
the damage of oxygen free radicals to the body and improve antioxidant capacity, thus
enhancing growth performance in H. taimen.

5. Conclusions

When MI content was deficient, the growth performance, digestive enzyme activity,
and antioxidant capacity of H. taimen were decreased. The appropriate MI content in feed
can improve the WG, digestive enzyme activity, and antioxidant capacity of H. taimen.
When the protein content in the feed was 52.3% and the lipid content was 12.4%, the
optimal requirement of MI was determined to be 270–321 mg/kg, according to broken-line
regression analysis based on the FCR and SGR of H. taimen.
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Abstract: In this study, a linoleic and linolenic acid were incubated with petroleum ether extract,
ethyl acetate extract, acetone extract (AE) and aqueous extract of Astragalus membranaceus. The
phenolic content and total antioxidant capacity (T-AOC) were determined in the extracts of Astragalus
membranaceus (EAms) above. Results showed that EAms decreased the levels of malonaldehyde,
conjugated diene, and peroxide value levels in material above. Of all of EAms, AE showed the
strongest T-AOC and inhibitory effect on the lipid oxidation. Next, fish feeds were incubated
with graded levels of AE. The results showed that AE inhibited lipid oxidation in fish feed. The
appropriate dosage for reducing lipid oxidation was 6.74 g AE kg−1 feeds. The effect of EAms on
the lipid oxidation may be closely associated with their phenolic content. Then, juvenile Jian carp
(Cyprinus carpio var. Jian, 10.2 ± 0.3 g) were fed with diets containing graded levels of AE (0.0, 1.0,
2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 g kg−1) for 60 days. Current data displayed that dietary AE increased the
growth performance of fish. The optimum dosage for growth promotion was 5.15 g AE kg−1 diet.
This result of AE may be ascribed to its enhancing effect on the activity of digestive and absorptive
enzymes and antioxidant capacity in digestive organs of fish. Our present study indicated that EAm
holds promise as a natural antioxidant for fish and their feed.

Keywords: Astragalus membranaceus; lipid oxidation; growth performance; digestion; absorption;
antioxidant

Key Contribution: A. Extracts of Astragalus membranaceus can depress lipid oxidation in fish feed. B.
Extracts of Astragalus membranaceus can improve fish growth performance and antioxidant capacity.

1. Introduction

Fish feed is distinguished by its high lipid content, which notably includes a sub-
stantial proportion of unsaturated fatty acids [1,2]. In aquatic feeds, the presence of an
abundance of redox-active metal ions and reactive oxygen species (ROS) leads to the rapid
oxidation of these unsaturated fatty acids. This oxidation process results in the formation
of various oxidative byproducts, including peroxides (PO), conjugated dienes (CD), and
malondialdehyde (MDA) [3]. It is recognized that lipid oxidation can degrade nutritional
components, produce toxic metabolites, and reduce the shelf life of the feed [4]. Moreover,
oxidative deterioration of feed may impair fish growth, decrease disease resistance, and
increase mortality rates [5]. It is well known that the antioxidants can quench lipid oxi-
dation in fish feed [6]. Antioxidants are crucial components in the formulation of animal
feeds. Currently, the feed industry predominantly utilizes synthetic antioxidants, such as
ethoxyquin (EQ), butylhydroxyanisole (BHA), and dibutylhydroxytoluene (BHT). How-
ever, these additives have not been shown to have significant benefits for the growth and
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health of fish [6]. Recent studies from our laboratory have indicated that EQ and BHT
are effective in curbing lipid oxidation in fish feed [7]. Yet, there are concerns as several
reports suggest potential carcinogenicity and toxicity of these synthetic antioxidants in
animal models [8]. Considering their adverse effects on both animal and human health, it
is imperative to enforce stringent regulations on the usage of these synthetic antioxidants
in the food industry [9]. Otherwise, it would lead to residues and enrichment in fish
products, causing food safety risks and endangering human health by consumption [10–12].
Meanwhile, the disadvantages associated with synthetic antioxidants will lead to increased
market demand for antioxidants from natural ingredients, and it is of great significance to
develop new natural feed antioxidants.

In Astragalus membranaceus, a traditional Chinese medicine herb, the main bioactive
chemical components are phenols, flavonoids, saponins, and polysaccharides [13]. Recently,
our laboratory reported that supplementation of the extract of Astragalus membranaceus
(EAm) decreased the generation of ROS in fish erythrocytes induced by the hydroxyl radical
(•OH) [14]. Moreover, study in vitro showed that Astragalus mongholicus extract has the
effects of scavenging lipid free radicals detected by electron spin resonance (ESR) [15]. Sim-
ilarly, in the liver of juvenile Pangasianodon hypophthalmus, dietary inclusion of Astragalus
membranaceus extract decreased MDA levels, which could be a biomarker of lipid peroxida-
tion [16]. Meanwhile, dietary supplementation of Astragalus membranaceus extract not only
enhanced fish growth performance and feed utilization but also improved digestive ability
and antioxidant capacity [16]. So, it can be concluded that EAm may be used as a potential
natural antioxidant in fish feed. However, there are limited reports on the use of EAm in
fish feed.

Jian carp (Cyprinus carpio var. Jian) is one of the most important freshwater farmed
and high-yield fish in China because of its fast growth, strong resistance again disease,
and strong adaptability [17]. At the same time, its high nutritional value, cheap price,
and delicious taste, are favored by consumers [18]. On the basis of former research, EAm
might has great application potential as a natural antioxidant element in fish, but the
effects of EAm on Jian carp has not been evaluated. Therefore, this study evaluated
the mitigation effect of EAm on lipid oxidation in feed, as well as its effects on growth
performance, digestion and absorption capability, and antioxidant capacity in Jian carp,
providing reference for the application of EAm in aquaculture species.

2. Materials and Methods

2.1. Chemical Reagent

In this research, key reagents of analytical reagent (AR) grade were carefully selected
from reputable sources. Chengdu Kelong Chemical Reagent Factory, located in Chengdu of
China, supplied essential chemicals such as petroleum ether, ethyl acetate, Tween 20, and
acetone. These reagents were instrumental in our experimental procedures. Specifically, for
extracting active compounds from Astragalus membranaceus, water were utilized to isolate
water-soluble substances, while petroleum ether, ethyl acetate and acetone were effective
in extracting water-insoluble substances [19]. Moreover, to ensure high accuracy in our
analysis, linoleic acid and linolenic acid of exceptional purity (exceeding 97% and 95%,
respectively) were procured from Shanghai Biochemical Reagent Co., Ltd., a renowned
supplier based in Shanghai, China. All other chemicals used in the study conformed to the
stringent requirements of analytical reagent grade, ensuring the reliability and precision of
our experimental results.

2.2. Preparation of EAm

The root of Astragalus membranaceus utilized in this study was obtained from the
Chengdu Pharmaceuticals market located in Chengdu, China. The roots, once dried, were
processed into fine powder; ensuring particles did not exceed 0.32 mm in size, using a
traditional Chinese medicine mill (Model RHP-2000A, Ronghao, Zhejiang, China). For
the extraction process, in line with the methodology outlined by Wojcikowski et al. [20],
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50 g of this powdered root underwent extraction. This involved the use of 500 mL each
of petroleum ether, ethyl acetate, acetone, and water, respectively. The procedure was
carried out at a controlled temperature of 20 ◦C over 8 h, employing an agitator (Model
OS40-S, Dalong, Beijing, China) for each solvent. The extraction process for each solvent
was meticulously repeated three times to ensure consistency. Post-extraction, the filtrates
were subjected to evaporation under reduced pressure using a rotary evaporator (Model
RE-52CS, Jinye, Shanghai, China), continuing until a constant dry mass was achieved, as
referenced in studies [14,21]. Consequently, this method ensured the complete volatilization
of organic solvents in the ethyl acetate extract (EAE), petroleum ether extract (PEE), and
acetone extract (AE). The resulting extracts, obtained using water, ethyl acetate, petroleum
ether, and acetone, were then securely stored in airtight containers, shielded from light,
and maintained at a temperature of −80 ◦C until further analysis was conducted.

2.3. Measurement of Phenolic Content and Total Antioxidant Capacity (T-AOC)

The quantification of the phenolic compounds in the EAms was conducted based on
the protocol established by Yuan et al. [22]. For this analysis, 100 μL of the extract samples
were blended with 2 mL of a 2% solution of Na2CO3. This mixture was then left to stand at
ambient temperature for 2 min. Following this incubation period, 100 μL of a 50% solution
of Folin–Ciocalteau reagent was introduced to the mixture. Subsequently, the samples
were left to settle at ambient temperature for an additional period of 30 min without any
disturbance. Following this incubation phase, absorbance values were recorded at a 720 nm
wavelength. The phenolic composition of the extracts was quantified in terms of gallic
acid equivalents. This quantification was carried out through four individual replicates
for each sample to ensure accuracy and reproducibility. In assessing the total antioxidant
capacity of EAms, the method described by Serpen et al. [23] was employed based on ABTS
rapid oxidation. Trolox, a standard antioxidant, was utilized as a reference for calibrating
the antioxidant capacity of the samples. This calibration allowed for the expression of the
samples’ antioxidant ability in terms of Trolox equivalent antioxidant capacity (TEAC).

2.4. Measurement of Lipid Oxidation in Linoleic Acid and Linolenic Acid Emulsion

To investigate the antioxidant properties of EAms on the emulsion of linoleic acid and
linolenic acid, our methodology was adapted from Yuan et al. and Li et al. [22,24]. We
prepared the emulsion with equal volumes (0.1 mL) of both acids, combined with 9.9 mL of
a phosphate buffer (pH 7.0, 0.02 M) and 50 μL Tween 20, followed by homogenization using
a FJ200-SH homogenizer (Shanghai, China) for two 10 s periods at 21,000× g [24]. EAm
concentrations, including a control (0 mg mL−1) and 1.0 mg mL−1, were integrated into the
emulsion. After 8-day incubation at 45 ◦C, the levels of MDA, CD, and PO were quantified
using the Maqsood and Benjakul method [25]. For this, the emulsion was combined with
2.5 mL of TBA solution, heated, cooled, and centrifuged. Absorbance readings were carried
out of the supernatant at 532 nm for MDA. The absorbance of CD was determined by
UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan) at 234 nm. The PO measurement
involved an emulsion sample with ethanol, ammonium thiocyanate, and ferrous chloride
solution, followed by an absorbance reading at 500 nm after 3 min.

2.5. Measurement of Lipid Oxidation in Fish Feed

In this experimental study, AE demonstrated superior total antioxidant capacity (T-
AOC) and effectiveness in counteracting oxidative processes in both linoleic and linolenic
acids. Given these findings, AE was chosen as the optimal EAm for evaluating the lipid
oxidation markers in fish feed. For the preparation of experimental diets, we adhered
to a rigorous protocol established by our research team [26]. A series of ten diets was
meticulously formulated, incorporating increasing concentrations of AE, starting from a
baseline of 0.0 g kg−1 (serving as the control) and escalating up to 9.0 g kg−1 in 1.0 g kg−1

increments. To maintain nutritional integrity, any augmentation in AE levels was counter-
balanced by a proportional reduction in the cellulose content of the diet. As delineated
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in Table 1, the basic composition of the diet included 34.32% crude protein and 6.84%
crude lipid. The processing method for this feed mirrored the emulsification process ear-
lier described for linoleic and linolenic acids. To quantify the lipid oxidation in the fish
feed, we employed established analytical methods to measure the levels of malondialde-
hyde (MDA), conjugated diene (CD), and peroxide (PO), with the results expressed as a
percentage relative to the control group.

Table 1. Composition and nutrient content of the basal diet.

Ingredients % Proximate Analysis 4 %

Fish meal 27.00 Dry matter 92.82
Soybean meal 36.00 Crude protein 34.32
Wheat flour 32.50 Crude lipid 6.84

Ca(H2PO4)2
1 0.50 Crude Ash 6.13

Corn oil 2.00
Vitamin mixture 2 1.00
Mineral mixture 3 1.00

1 Content ≥ 99%, food grade. 2 Per kg of vitamin mix: cholecalciferol (500,000 IU g−1), 0.48 g; retinyl acetate
(500,000 IU g−1), 0.80 g; menadione (23%), 0.43 g; DL-α-tocopherol acetate (50%), 20.00 g; riboflavine (80%),
0.63 g; thiamin nitrate (90%), 0.11 g; cyanocobalamin (1%), 0.10 g; pyridoxine HCl (81%), 0.92 g; D-calcium
pantothenate (90%), 2.73 g; ascorhyl acetate (93%), 7.16 g; D-biotin (2%), 5.00 g; niacin (99%), 2.82 g; folic acid
(96%), 0.52 g; meso-inositol (99%), 52.33 g. 3 Per kg of mineral mix: CuSO4·5H2O (25% Cu), 1.20 g; FeSO4·7H2O
(20% Fe), 69.70 g; MnSO4·H2O (32% Mn), 4.09 g; ZnSO4·7H2O (23% Zn), 21.64 g; KI (4% I), 2.90 g; CaCO3, 897.98 g;
Na2SeO3·5H2O (1% Se), 2.50 g. 4 Proximate analyses were carried out by the program of Chen et al. [27].

2.6. Feeding Trial

Juvenile Jian carp were obtained from a fish farm in Neijiang, China. In the laboratory,
their habitat was meticulously replicated to mirror their natural environment, maintaining
a temperature of (22.0 ± 1) ◦C, with daily changes of dechlorinated water and a natural
light cycle [26,27]. The baseline diet was provided for the fish. A total of 640 juvenile
Jian carp, each weighing an average of 10.2 ± 0.3 g, were distributed randomly into
eight experimental groups. Each group was allocated four tanks, with each tank housing
20 fish. The experimental diets fed to these carp were carefully prepared with incremental
concentrations of AE, namely 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 g per kilogram of feed.
Over a period of 60 days, each group of fish in the study received eight daily feedings. This
feeding regime was meticulously monitored to achieve full satiation without the risk of
overfeeding, as per the guidelines in the referenced study [28]. To accurately assess various
growth parameters, the fish were weighed and counted both at the onset and conclusion of
the trial. These measurements facilitated the calculation of several key indicators: survival
rate (SR), feed intake (FI), weight gain (WG), feed efficiency (FE), and specific growth
rate (SGR).

The methodology for collecting samples was in line with the standardized procedures
developed by our research team [29]. Following the completion of the experimental phase,
the fish were gently sedated using a 50 mg L−1 benzocaine solution to minimize stress.
Once the fish was sedated and killed, and key organs such as the hepatopancreas and
intestine were carefully extracted for further study. To preserve the integrity of these
tissues for subsequent analyses, they were immediately frozen and stored at an ultra-low
temperature, specifically −80 ◦C.

2.7. Biochemical Analysis

Tissue specimens were processed by homogenization in a solution comprising nine
parts (w/v) of chilled physiological saline. This homogenate then underwent centrifugation
at 3200× g at a temperature of 4 ◦C for duration of 20 min. The resulting supernatant was
preserved for the analysis of various enzymes, including trypsin, lipase, alpha-amylase
(referred to as amylase), alkaline phosphatase (AKP), and Na+/K+-ATPase, as delineated
in our preceding study [29]. Additionally, assessments for anti-superoxide anion (ASA)
capacity and reduced glutathione (GSH) level were conducted using the same method.
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Parallel, enzyme activities such as catalase (CAT), superoxide dismutase (SOD), glutathione
reductase (GR), and glutathione peroxidase (GPx) in the intestinal or hepatopancreatic
tissues were analyzed following the methodologies established by Jiang et al. [30]. MDA
measurement was consistent with those in feed as described by Maqsood and Benjakul [25].
Protein content was quantified according to the method of Bradford [31]. The above indexes
read the color intensity at different wavelengths to calculate enzyme activities or contents.

2.8. Statistical Analysis

The study’s results are displayed as mean values ± standard deviation (S.D), with
in vitro studies involving three replicates (n = 3) and animal experiments comprising four
replicates (n = 4). For the statistical evaluation of the data, a one-way analysis of variance
(ANOVA) was utilized, employing SPSS software, version 15.0. Prior to conducting the
ANOVA, the data underwent preliminary tests for consistency and normality, specifically
through Levene’s test for homogeneity and the Shapiro–Wilk test for normal distribution.
To identify significant variances between the groups post-analysis, Duncan’s multiple range
tests were applied for detailed post hoc comparison.

3. Results

3.1. Phenolic Content and Total Antioxidant Capacity in EAms

We determined glycosides, flavonoids and phenolic content in EAms. The correlation
analysis results show that the phenolic compounds have the most effective antioxidant
activity. Thus, only phenolic compounds were listed in this study. According to Table 2, AE
had a significantly higher phenolic content than other EAms (p < 0.05). The phenolic content
in EAE was substantially lower than in AE (p < 0.05). AQE phenolic content was notably
lower compared to other extracts (p < 0.05), while PEE had a higher phenolic content than
AQE. The content of phenolic of PEE was higher than AQE (p < 0.05). Regarding T-AOC,
AE exhibited higher levels than other extracts (p < 0.05), followed by EAE, PEE, and AQE.
Figure 1 presents the power regression analysis of phenolic content in EAms against T-AOC,
revealing a positive correlation between T-AOC and phenolic content in EAms.

 

Figure 1. Power regression of the total antioxidant capacity (T-AOC) of Astragalus membranaceus
extracts containing different levels of phenolics. The data were the means ± S.D. of 3 replicates.
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Table 2. The total antioxidant capacity (T-AOC) and phenolic content of petroleum ether extract
(PEE), acetone extract (AE), ethyl acetate extract (EAE), and aqueous extract (AQE) of Astragalus
membranaceus.

Extracts Phenolics (mg g−1 Dry Extracts) T-AOC (mM of Trolox)

PEE 23.67 ± 1.35 b 0.77 ± 0.03 b

EAE 59.87 ± 4.12 c 0.87 ± 0.03 c

AE 77.79 ± 5.35 d 0.96 ± 0.03 d

AQE 9.75 ± 0.47 a 0.61 ± 0.03 a

Within the same column, there were significant differences among different superscripts (p < 0.05), and the data
were the means ± S.D. of 3 replicates.

3.2. Effects of EAm on the Lipid Oxidation in Linoleic Acid and Linolenic Acid Emulsion

Table 3 presents a correlation analysis between EAms and the concentrations of MDA,
CD, and PO in a linoleic acid emulsion. It was observed that the levels of PO were signifi-
cantly reduced when treated with AE and EAE, with PEE also demonstrating a reduction,
albeit to a lesser extent (p < 0.05). A similar trend was noted for CD concentrations under
various EAm treatments. In terms of reducing MDA content, AE was the most effective,
closely followed by EAE and PEE. Conversely, the application of AQE resulted in the
highest recorded levels of PO, CD, and MDA, suggesting its relative ineffectiveness in
curtailing the oxidation of linoleic acid (p < 0.05).

Table 3. The peroxide value (PO), malonaldehyde (MDA), and conjugated diene (CD) levels in a
linoleic acid emulsion treated with 1.0 mg mL−1 of ethyl acetate extract (EAE), petroleum ether
extract (PEE), aqueous extract (AQE), and acetone extract (AE) of Astragalus membranaceus.

Treatment PO (% of Control) CD (% of Control) MDA (% of Control)

PEE 79.56 ± 5.07 b 78.38 ± 2.85 b 80.36 ± 3.58 b

EAE 72.26 ± 5.17 a 70.43 ± 2.56 a 75.42 ± 3.21 ab

AE 69.83 ± 4.35 a 66.95 ± 1.67 a 71.86 ± 1.88 a

AQE 90.39 ± 3.47 c 84.66 ± 5.16 c 91.12 ± 4.31 c

Within the same column, there were significant differences among different superscripts (p < 0.05), and the data
were the means ± S.D. of 3 replicates.

Table 4 outlines the effects of EAms on the levels of MDA, CD, and PO in a linolenic
acid emulsion. The results indicated a significant reduction in PO concentrations with
AE treatment, while EAE and PEE treatments also contributed to decreases, although to
a smaller degree (p < 0.05). The influence of AE and EAE was notable in lowering CD
levels, with PEE showing a similar but more modest impact (p < 0.05). This trend was
mirrored in the reduction of MDA content across the different EAm treatments. Among the
extracts tested, AQE was associated with the highest concentrations of PO, CD, and MDA,
suggesting its limited efficacy in reducing the oxidation of linolenic acid (p < 0.05).

Table 4. The peroxide value (PO), malonaldehyde (MDA), and conjugated diene (CD) levels in a
linolenic acid emulsion treated with 1.0 mg mL−1 of ethyl acetate extract (EAE), petroleum ether
extract (PEE), aqueous extract (AQE), and acetone extract (AE) of Astragalus membranaceus.

Treatment PO (% of Control) CD (% of Control) MDA (% of Control)

PEE 81.26 ± 3.30 c 79.47 ± 4.72 b 78.23 ± 4.23 b

EAE 74.40 ± 5.62 b 72.00 ± 3.40 ab 71.10 ± 3.69 a

AE 66.12 ± 4.35 a 67.47 ± 2.40 a 69.46 ± 5.07 a

AQE 89.38 ± 3.23 d 88.36 ± 3.74 c 86.99 ± 3.79 c

Within the same column, there were significant differences among different superscripts (p < 0.05), and the data
were the means ± S.D. of 3 replicates.

Figure 2 depicts the association between the phenolic content present in EAms and
the concentrations of PO, MDA, and CD in linolenic and linoleic acid emulsions. The data
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indicate a direct relationship where increased phenolic content in EAms correlates with
higher levels of PO, CD, and MDA.

(A) 

(B) 

Figure 2. The correlations of phenolic content in the extracts of Astragalus membranaceus with the
levels of peroxide value (PO), conjugated diene (CD), and malondialdehyde (MDA) in linoleic acid
emulsion (A) and linolenic acid emulsion (B). The data were the means ± S.D. of 3 replicates.
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3.3. The Effects of AE on the Lipid Oxidation in Fish Feed

Figure 3 details the impact of AE on the levels of PO, MDA, and CD in fish feed.
It was observed that the inclusion of AE in the diet led to a significant reduction in the
concentrations of these compounds. This reduction was most notable with AE amounts
of up to 6.0 g kg−1, as evidenced by a decrease in PO, CD, and MDA levels (p < 0.05).
Beyond this concentration of AE in the diet, the downward trend in these compounds’
levels reached a plateau, with no significant changes observed at higher concentrations
of AE (p > 0.05). Broken line analysis indicated that the optimal AE inclusion levels for
minimizing PO, CD, and MDA in fish feed were 6.09 g kg−1, 6.74 g kg−1, and 6.29 g kg−1

of the diet, respectively.

(A) 

(B) 

 

Figure 3. Cont.
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(C) 

Figure 3. Broken-line analysis of peroxide value (PO, (A)), conjugated diene (CD, (B)), and mal-
ondialdehyde (MDA, (C)) levels in fish feed treated with graded levels of acetone extract (AE) of
Astragalus membranaceus. The date were the means ± S.D. of 3 replicates.

3.4. Effects of Dietary AE on Fish Growth Performance

Table 5 shows that varying AE levels in the diet did not significantly impact fish FE
and SR (p > 0.05). Increasing dietary AE to 3.0 g kg−1 significantly enhanced WG (p < 0.05),
with no further significant changes beyond this concentration (p > 0.05). Similar trends
were observed for FBW, SGR, and FI. Polynomial regression analysis identified 5.15 g kg−1

as the optimal AE inclusion level for WG, as depicted in Figure 4. The maximum effective
AE level in the diet was determined to be 10.30 g kg−1.

Table 5. Initial body weight (IBW), final body weight (FBW), weight gain (WG), specific growth rate
(SGR), feed intake (FI), feed efficiency (FE), and survival ratio (SR) of Jian carp fed diets containing
graded levels of acetone extract (AE) of Astragalus membranaceus for 60 days.

AE
(g kg−1

Diet)

IBW
(g Fish−1)

FBW
(g Fish−1)

WG
(g Fish−1)

SGR
(% d−1)

FI
(g Fish−1)

FE (%) SR (%)

0.0 10.30 ± 0.32 a 37.62 ± 2.38 a 27.32 ± 2.39 a 2.16 ± 0.11 a 52.95 ± 2.53 a 51.54 ± 2.43 a 100.00 ± 0.00 a

1.0 10.19 ± 0.29 a 43.35 ± 1.60 b 33.16 ± 1.64 b 2.41 ± 0.08 b 62.88 ± 2.74 b 52.77 ± 2.38 a 100.00 ± 0.00 a

2.0 10.22 ± 0.29 a 48.51 ± 3.24 c 38.28 ± 3.40 c 2.59 ± 0.14 c 68.90 ± 3.86 c 55.52 ± 2.66 a 100.00 ± 0.00 a

3.0 10.28 ± 0.33 a 52.59 ± 2.51 d 42.31 ± 2.18 d 2.72 ± 0.03 cd 75.90 ± 3.19 d 55.76 ± 2.31 a 100.00 ± 0.00 a

4.0 10.23 ± 0.30 a 53.31 ± 1.96 d 43.08 ± 2.07 d 2.75 ± 0.09 d 78.32 ± 4.11 d 55.14 ± 4.26 a 100.00 ± 0.00 a

5.0 10.25 ± 0.32 a 55.52 ± 2.43 d 45.27 ± 2.62 d 2.82 ± 0.11 d 82.30 ± 3.67 d 55.10 ± 4.16 a 100.00 ± 0.00 a

6.0 10.26 ± 0.31 a 54.37 ± 2.81 d 44.11 ± 2.66 d 2.78 ± 0.07 d 80.33 ± 4.81 d 54.96 ± 2.56 a 100.00 ± 0.00 a

7.0 10.27 ± 0.33 a 52.84 ± 2.05 d 42.57 ± 2.08 d 2.73 ± 0.08 cd 78.10 ± 3.40 d 54.63 ± 4.28 a 100.00 ± 0.00 a

The data were means ± S.D. of 4 replicates, with 20 fish in each replicate. Within the same column, there were
significant differences among different superscripts (p < 0.05).
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Figure 4. Polynomial regression analysis of weight gain (WG) for Jian carp fed diets containing graded
levels of acetone extract (AE) of Astragalus membranaceus for 60 days. The data were means ± S.D. of
4 replicates, with 20 fish in each replicate.

3.5. Effects of Dietary AE on the Biochemical Parameters in Hepatopancreas of Jian Carp

According to the data in Table 6, increasing AE up to 3.0 g kg−1 in the diet led
to a notable rise in trypsin activity, a change that was statistically significant (p < 0.05).
Beyond this level of AE, the increase in trypsin activity stabilized, showing no significant
improvement with higher AE concentrations (p > 0.05). This pattern was also observed in
SOD and CAT activities. ASA capacity and lipase activity in hepatopancreas were higher in
fish feed with AE supplementation of 4.0 and 2.0 g kg−1 diet, respectively. Enzyme amylase
and GPx similarly showed significant increases in their activities at AE concentrations
of 3.0 g kg−1 and 2.0 g kg−1 of the diet (p < 0.05), respectively, showing no significant
improvement with higher AE concentrations (p > 0.05). Conversely, MDA content in the
intestine was reduced when the diet included 6.0 and 7.0 g kg−1 AE.

Table 6. The activities of trypsin, lipase, amylase, superoxide dismutase (SOD), anti-superoxide
anion (ASA), glutathione peroxidase (GPx), catalase (CAT), and malondialdehyde level (MDA) in
hepatopancreas of Jian carp fed diets containing different levels of acetone extract (AE) of Astragalus
membranaceus for 60 days.

AE
(g kg−1 Diet)

Trypsin
(U mg−1

Protein)

Lipase
(U g−1 Protein)

Amylase
(U mg−1

Protein)

ASA (U g−1

Protein)

MDA
(nmol mg−1

Protein)

SOD (U mg−1

Protein)
CAT (U mg−1

Protein)
GPx (U mg−1

Protein)

0.0 1254 ± 111 a 43.81 ± 2.66 a 1.14 ± 0.09 a 50.19 ± 4.05 a 13.55 ± 1.13 b 87.29 ± 5.61 a 23.00 ± 1.89 a 345 ± 24.93 a

1.0 1420 ± 108 ab 54.94 ± 3.74 b 1.22 ± 0.09 ab 53.33 ± 4.47 ab 12.93 ± 0.88 ab 89.78 ± 5.15 a 23.18 ± 0.98 a 367 ± 26.51 a

2.0 1403 ± 108 ab 57.89 ± 4.52 bc 1.28 ± 0.08 ab 61.88 ± 3.35 c 13.01 ± 0.84 ab 98.35 ± 5.64 ab 25.09 ± 1.36 ab 415 ± 33.59 b

3.0 1512 ± 98 bc 57.04 ± 4.46 bc 1.25 ± 0.05 b 59.79 ± 4.36 bc 12.38 ± 0.59 ab 97.56 ± 6.76 ab 26.92 ± 1.60 b 425 ± 26.19 b

4.0 1789 ± 87 d 63.24 ± 4.57 c 1.32 ± 0.08 b 60.06 ± 5.13 bc 12.52 ± 0.84 ab 109.09 ± 9.18 b 31.03 ± 2.27 c 421 ± 23.68 b

5.0 1722 ± 158 d 60.26 ± 4.82 bc 1.27 ± 0.07 b 59.85 ± 3.90 bc 12.31 ± 0.68 ab 105.74 ± 7.69 b 30.52 ± 2.03 c 431 ± 24.47 b

6.0 1725 ± 114 d 61.28 ± 3.85 bc 1.29 ± 0.07 b 58.92 ± 4.22 bc 11.83 ± 0.93 a 110.48 ± 9.66 b 32.45 ± 1.49 c 430 ± 33.70 b

7.0 1654 ± 143 cd 58.18 ± 4.55 bc 1.26 ± 0.06 b 56.94 ± 3.58 bc 11.89 ± 0.74 a 105.59 ± 6.56 b 31.86 ± 1.64 c 431 ± 26.08 b

The data were means ± S.D. of 4 replicates, with 5 fish in each replicate. Within the same column, there were
significant differences among different superscripts (p < 0.05).

3.6. Effects of Dietary AE on the Biochemical Parameters in Intestine of Jian Carp

Table 7 presents data showing that the activities of trypsin and Na+/K+-ATPase, along
with the GSH content in the fish intestine, were enhanced as AE levels in the diet increased,
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up to a maximum of 6.0 g kg−1. Amylase activity showed significant improvement at AE
concentrations of 3.0 g kg−1 (p < 0.05), but this enhancement stabilized, with no further
significant changes at higher AE levels (p > 0.05). ASA capacity and GR activity exhibited
similar trends. Notably, lipase activity rose significantly increasing concomitant with AE
levels up to 4.0 g kg−1 (p < 0.05), remained constant at an AE content of 6.0 g kg−1 (p > 0.05),
and then decreased with further increases in AE concentration. AKP activity demonstrated
a similar trend. Conversely, MDA content in the intestine was reduced when the diet
included 6.0 g kg−1 of AE.

Table 7. The activities of amylase, lipase, trypsin, alkaline phosphatase (AKP), Na+/K+-ATPase,
glutathione reductase (GR), and anti-superoxide anion (ASA) as well as the contents of reduced
glutathione (GSH) and malondialdehyde (MDA) in intestine of Jian carp fed diets containing different
levels of acetone extract (AE) of Astragalus membranaceus for 60 days.

AE
(g kg−1

Diet)

Trypsin
(U mg−1

Protein)

Lipase
(U mg−1

Protein)

Amylase
(U mg−1

Protein)

Na+/K+-
ATPase
(U mg−1

Protein)

AKP
(U mg−1

Protein)

ASA (U g−1

Protein)

MDA
(nmol mg−1

Protein)

GSH (mg g−1

Protein)

GR
(U g−1

Protein)

0.0 1068 ± 73 a 46.41 ± 2.30 a 1.01 ± 0.07 a 3.29 ± 0.21 a 289 ± 22 a 45.58 ± 2.41 a 14.21 ± 1.17 c 14.38 ± 0.90 a 13.74 ± 1.44 a

1.0 1095 ± 92 ab 47.93 ± 4.30 ab 1.10 ± 0.08 a 3.25 ± 0.25 a 292 ± 24 ab 50.14 ± 4.70 ab 14.03 ± 0.84 c 14.59 ± 0.78 a 15.38 ± 1.23 ab

2.0 1156 ± 113 ab 50.96 ± 4.20 ab 1.08 ± 0.08 a 3.42 ± 0.20 a 316 ± 21 abc 49.78 ± 3.13 ab 13.55 ± 0.86 bc 14.57 ± 0.95 a 14.96 ± 1.20 ab

3.0 1193 ± 116 ab 49.78 ± 4.20 ab 1.23 ± 0.10 b 4.02 ± 0.31 b 303 ± 23 abc 52.77 ± 2.95 b 13.60 ± 1.02 bc 15.04 ± 1.20 ab 15.87 ± 1.41 b

4.0 1188 ± 112 ab 53.00 ± 4.10 b 1.29 ± 0.07 b 3.99 ± 0.23 b 336 ± 22 c 52.6 ± 2.25 b 12.84 ± 1.11 abc 14.96 ± 1.12 ab 16.12 ± 1.19 b

5.0 1264 ± 110 bc 53.10 ± 3.60 b 1.27 ± 0.09 b 4.31 ± 0.31 bc 332 ± 30 c 53.56 ± 4.49 b 13.01 ± 0.77 abc 15.87 ± 0.80 ab 16.48 ± 1.22 b

6.0 1359 ± 120 c 54.06 ± 3.70 b 1.34 ± 0.07 b 4.53 ± 0.32 c 332 ± 30 c 52.11 ± 3.82 b 12.18 ± 0.87 ab 16.29 ± 0.98 b 16.16 ± 1.44 b

7.0 1231 ± 94 abc 52.30 ± 3.60 ab 1.22 ± 0.08 b 4.41 ± 0.26 bc 329 ± 21 bc 52.45 ± 3.49 b 11.98 ± 0.90 a 15.98 ± 0.92 ab 16.24 ± 1.20 b

The data were means ± S.D. of 4 replicates, with 5 fish in each replicate. Values with the different superscripts in
the same column are significantly different (p < 0.05).

4. Discussion

4.1. EAm Inhibited Lipid Oxidation in Fish Feed

PO, CD, and MDA represent different stages of lipid oxidation in fish feed, occurring
in the early, middle, and later phases, respectively, as noted in previous studies [24]. This
research found that AE, an extract of Astragalus membranaceus, effectively reduced these
oxidative products in fish feed. This aligns with previous findings where AE was shown to
decrease MDA levels in fish erythrocytes in vitro [14]. However, the interaction between
EAm and lipid oxidative products in fish feed has not been extensively studied before. Our
findings suggest that the EAm can mitigate lipid oxidation in fish feed, positioning it as a
potential natural antioxidant. Utilizing a broken-line model analysis for PO, CD, and MDA,
we identified the optimal AE supplementation levels in fish feed as 6.74 g kg−1.

In the realm of aquaculture nutrition, the oxidative stability of fish feed is a subject of
considerable importance, primarily due to the inherent nature of its fatty acid composition.
Predominantly, the presence of unsaturated fatty acids within the feed is a critical aspect in
this context. The process of autoxidation of these unsaturated fats stands as the primary
mechanism triggering lipid oxidation in fish feeds, a phenomenon well-documented in
scholarly research [26]. Among these unsaturated fatty acids, certain types, such as linoleic
acid (18:2n-6) and linolenic acid (18:3n-3), are recognized for their essentiality in the dietary
requirements of freshwater fish species [32]. Our investigation delved into the role of EAm
in mitigating this oxidation process. This study specifically highlights that EAm exhibits a
notable efficacy in lowering the concentrations of various oxidative markers, including PO,
CD, and MDA, within emulsions composed of linoleic and linolenic acids. This reduction
points towards the potential of EAm in impeding the lipid oxidation cycle, particularly in
unsaturated fatty acids. The action of EAm appears to extend beyond merely halting the
initial phase of oxidation; it seemingly disrupts the subsequent secondary phase as well,
thereby suggesting a comprehensive impact on the lipid oxidation pathway. Among the
various extracts tested, AE of Astragalus membranaceus stood out as the most effective in
reducing lipid oxidation in fatty acid emulsions. This finding is consistent with previous
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research, which demonstrated that the ethanol extract of Astragalus membranaceus effectively
inhibited lipid oxidation in vitro [15].

ROS are crucial in the lipid oxidation of unsaturated fatty acids [7]. T-AOC measuring
free radical scavenging activity, indicates antioxidative capacity in both hydrophilic and
lipophilic substances [33,34]. In this study, EAm demonstrated strong T-AOC similar to
trolox that was determined by the ABTS assay. Previous research from our laboratory
showed that EAm reduced ROS levels in fish erythrocytes, particularly against hydroxyl
radicals (•OH) [14]. In vitro studies also revealed EAm effectiveness in scavenging lipid
free radicals, confirmed by electron spin resonance (ESR) analysis [15]. These results align
with previous reports, suggesting that EAm could prevent lipid oxidation in fish feed
unsaturated fatty acids by enhancing free radical scavenging activity.

The advantageous influence of EAm on mitigating lipid oxidation in fish feed might
be intricately linked to its chemical constituents. In our research, a pronounced correlation
was observed between the phenolic content of EAms and the reduced levels of PO, CD,
and MDA in unsaturated fatty acids. This is in alignment with existing literature which
suggests that phenolic compounds play a protective role against the oxidation of the free
fatty acid fraction [35]. The hydroxyl groups present in these phenolic compounds are
essential for their antioxidative functionality. They not only contribute hydrogen atoms
to neutralize lipid free radicals, but also facilitate the formation of stable lipid derivatives
and antioxidative free radicals, enhancing the overall antioxidant defense mechanism [36].
In the processes of the free radical chain reaction of lipid oxidation, phenolic compounds
participate in inhibiting two crucial steps by reacting with ROO• and inhibiting formation
of hydroperoxides, as well as reacting with RO• and inhibiting formation of aldehyde [37].
This result indicated that phenolic compounds in EAms could depress lipid oxidation
in unsaturated fatty acids. Meanwhile, in the present study, the T-AOC of EAms was
positively correlated with the total phenol contents. Similarly, strong relationships were
observed between phenolic content in the extract of Astragalus membranaceus flowers and
their antioxidant capacity [38]. This result suggested that phenolic compounds in EAms
enhanced free radical scavenging activity. It has been reported that there are three possible
antioxidant mechanisms for phenolic compounds at the molecular level, namely, inactiva-
tion of free radicals, chelation of free metals, as well as avoiding the reactions of free radical
generation [39]. These results confirmed that the antioxidant activity of EAm in fish feed
might be caused by the phenolic compounds.

4.2. Dietary EAm Supplementation Improved the Growth Performance in Fish

In this research, the addition of AE to the diet was observed to enhance FI, WG,
and SGR in Jian carp, suggesting that EAm supplementation can positively impact the
growth of these fish. Through polynomial regression analysis focusing on WG, it was
determined that the ideal amount of AE supplementation for juvenile Jian carp is 5.15 g
per kg of diet. This finding aligns with previous studies reporting the beneficial effects
of dietary Astragalus membranaceus on the growth of other fish species, such as bluegill
sunfish (Lepomis macrochirus) and yellow perch (Perca flavescens) [40,41]. Notably, Elabd
et al. identified an enhancement in growth performance attributed to the up-regulation
of insulin-like growth factor-1, a key molecular biomarker associated with growth [41].
However, it is important to note that there have been relatively few studies exploring the
specific growth-promoting effects of EAm on fish.

The growth performance of fish is intricately linked to their ability to digest nutrients, a
process largely governed by the efficacy of digestive enzymes [29]. Such enzymes, including
amylase, trypsin, chymotrypsin, and lipase are primarily synthesized in the exocrine
pancreas of fish and subsequently secreted into the intestine to aid digestion [42,43]. In this
research, it was observed that the supplementation of the diet with AE led to an increase in
the activities of digestive enzymes such as trypsin, lipase, and amylase. This enhancement
suggests that the dietary inclusion of EAm potentially improves the digestive capability of
fish, facilitating better nutrient assimilation. Our results were shown to be in conformity
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with the report that dietary Astragalus membranaceus nanoparticles enhanced digestive
ability, which was manifested by increased lipase and amylase activities in Nile tilapia
(Oreochromis niloticus) [44].

The growth performance in fish is not only dependent on nutrient digestion but also
significantly influenced by the efficiency of nutrient absorption. The efficacy of absorption
is greatly influenced by brush border membrane enzymes [29]. Na+/K+-ATPase, a key
enzyme in this process, significantly contributes to the generation of potential energy from
the sodium gradient, which is vital for the cellular uptake of essential nutrients like glucose,
phosphate, and amino acids [45]. Additionally, AKP is integral for the absorption of food
molecules and is a measure of the absorptive capacity in fish [46]. In our investigation,
we found that diet supplementation with AE increased the activity levels of both AKP
and Na+/K+-ATPase, indicating an improvement in nutrient absorption in fish. This
enhancement is supported by previous studies, which showed an increase in AKP activity
in shrimp following the introduction of Astragalus membranaceus in their diet [47].

4.3. Dietary EAm Improved the Antioxidant Capacity in Digestive and Absorptive Organs of Fish

In aquatic species, antioxidants play a crucial role in maintaining the health and func-
tionality of tissues and organs [48]. This is particularly evident in fish, where the structural
integrity of the intestines is essential for effective digestion and nutrient absorption [29].
ROS, produced during aerobic metabolic activities and potentially sourced externally, con-
tribute to cellular damage, negatively impacting various cellular components like lipids and
proteins, thereby potentially impairing cellular functions [49]. Lipid peroxidation, indicated
by elevated levels of MDA, is a primary marker of such damage, especially relevant in fish
due to their high PUFA content [48]. Our research indicates that incorporating AE into the
diet significantly lowers MDA levels in the fish’s hepatopancreas and intestine, implying
that EAm supplementation in diets can mitigate lipid peroxidation in these organs. This is
consistent with earlier studies, which have showned reduced liver MDA levels in juvenile
Pangasianodon hypophthalmus fed diets enriched with Astragalus membranaceus extract [16].

Moreover, an increase in ROS production, particularly •OH and superoxide anion
(O2

•–), was identified as a catalyst for initiating lipid oxidation [30]. This escalation also
compromises the structural stability of proteins and lipids due to the excess generation
of various free radicals, such as O2

•– and •OH. Such oxidative stress leads to molecular
damage, impacting cellular functions and health [50]. This research found that supple-
mentation of AE in the diet enhanced ASA capacity in the hepatopancreas and intestine
of fish, suggesting an increase in O2

•– scavenging ability in fish digestive and absorptive
organs. This aligns with previous findings indicating that EAm decreased the O2

•– lev-
els in fish erythrocytes under •OH stress [14]. An in vitro study revealed that Astragalus
membranaceus exhibits antioxidant effects by scavenging O2

•– [51]. Similarly, extract of As-
tragalus mongholicus demonstrated a dose-dependent effect in scavenging •OH in vitro [15].
Additionally, oral administration of Astragalus mongholicus was shown to decrease ROS
levels in rat brains [15]. Abuelsaad’s research indicated that oral Astragalus polysaccharides
reduced ROS production in the intestinal tissues of infected mice [52]. These effects of EAm
could be related to the chemical structure of its phenolic compounds, which are known for
their free radical-scavenging abilities, as reported by Hidalgo and Almajano [53]. It has
also been demonstrated that phenol can protect against ROS in rainbow trout gill cells [54].

The antioxidative mechanisms within fish, encompassing both non-enzymatic and
enzymatic components, have evolved to effectively counteract or repair the damage caused
by ROS to fish tissues and overall organism health [55]. Within these antioxidative enzyme
systems, SOD plays a pivotal role as the primary enzyme that interacts with O2

•–, convert-
ing it into hydrogen peroxide (H2O2) and dioxygen [48]. Subsequently, H2O2 is detoxified
by enzymes such as GPx and CAT [56]. In this particular study, the addition of AE to
the diet was found to elevate the activities of GPx, CAT, and SOD in the hepatopancreas,
suggesting that dietary EAm supplementation enhances the antioxidative capacity in fish.
This observation aligns with prior research which demonstrated that diets enriched with
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Astragalus membranaceus extract boosted the activities of CAT, GPx, and SOD in the liver of
juvenile Pangasianodon hypophthalmus [16]. The beneficial effects of EAm may be correlated
with the phenolic compound. In Cat fish (Clarias batrachus), the increased activities of CAT
and SOD in liver were response to dietary supplementation of phenolic compounds [57].
Moreover, a mixture of Crataegus hupehensis, Angelica sinensis, and Astragalus membranaceus
supplementation showed significant up-regulation of SOD and CAT genes in the intestine
of Nile Tilapia [58].

Maintaining robust glutathione antioxidant status is key in controlling cell damage
which induced by free radicals [59]. The glutathione-dependent antioxidant system, crucial
in preventing radical-induced cellular damage, includes GR, glutathione-S-transferase
(GST), and GSH [60]. GR plays a vital role in regenerating reduced glutathione from its
oxidized form, using NADPH as the electron donor [61]. In the present study, dietary AE
supplementation increased activity of GR in fish intestine. These results were in conformity
with our laboratory report that EAm restored the GR activity in fish erythrocytes under
•OH exposure [14]. In this study, dietary AE supplementation improved GSH content in
fish intestine. These results were in conformity with the report that phenolic compounds
increased the GSH level in the liver of Cat fish [57]. Therefore, our present study indicated
that EAm improved enzymatic and non-enzymatic antioxidant capacity so as to enhance
the radical-scavenging ability in fish intestine. However, the mechanism of EAm regulated
fish antioxidant capacity needs to be further explored.

5. Conclusions

Hence, it can be deduced that EAm plays an important role in minimizing lipid oxida-
tion in fish feed by safeguarding unsaturated fatty acids. Through broken-line analysis, the
ideal dietary levels of AE supplementation in fish feed were determined to be 6.74 g kg−1.
The antioxidant properties of EAm are intrinsically linked to their phenolic content. Addi-
tionally, incorporating EAm into the diet was found to enhance fish growth. Polynomial
regression analysis revealed that the optimal concentration of AE supplementation for
juvenile Jian carp was 5.15 g kg−1 diet. Moreover, dietary EAm supplementation boosted
the digestive, absorptive and antioxidant capabilities of the fish’s digestion and absorption
organs, thereby preserving their structure and function, enhancing nutrient absorption,
and consequently improving growth performance. The antioxidant efficiency of EAm is
intimately associated with its phenolic constituents. This study suggests that EAm holds
promise as a natural antioxidant for fish and their feed.
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Abstract: Firstly, a linoleic and linolenic acid emulsion were incubated with petroleum ether extract,
ethyl acetate extract (EAE), ethanol extract and aqueous extract of Ginkgo biloba leaves. The flavonoids
content, total antioxidant capacity (T-AOC) and metal-chelating ability (MCA) were determined
in EGbs above. Results showed that the extracts of Ginkgo biloba leaves (EGbs) inhibited the lipid
oxidation in material above. Of all of EGbs, EAE showed the strongest T-AOC, MCA and protective
effects against the lipid oxidation. Next, fish feeds were incubated with graded levels of EAE. The
results showed that EAE inhibited lipid oxidation in fish feeds. The optimal inclusion levels of EAE
for minimizing lipid oxidation were 4.26 g kg−1 feeds. The effect of EGbs on the lipid oxidation may
be closely associated with their flavonoid content. Finally, juvenile carp (14.8 ± 0.4 g) were fed with
EAE at concentrations ranging from 0.0 to 6.0 g kg−1 for 60 days. Current data displayed that dietary
EAE increased the growth performance of fish. This result of EAE may be ascribed to its enhancing
effect on the activity of digestive and absorptive enzymes and antioxidant capacity in digestive
organs of fish. Furthermore, dietary EAE decreased the hot-drying-induced lipid oxidation in fish
meat through inhibiting the induction effect of hemoglobin in erythrocytes. Our study suggests that
EGb can be considered as a potential natural antioxidant for fish and fish feed.

Keywords: ginkgo leaf; lipid oxidation; fish feedstuff; growth performance; fish meat; natural antioxidant

Key Contribution: A. Extract of ginkgo leaves decreases lipid oxidation in fish feed and meat.
B. Extract of ginkgo leaves improves fish growth performance and antioxidant capacity.

1. Introduction

Fish feed contains high amounts of lipids as well as unsaturated fatty acids [1]. In fish
feed, under the action of reactive oxygen species (ROS) and excessive redox metal ions,
unsaturated fatty acids are easily oxidized to produce oxidation products such as peroxide,
malondialdehyde and conjugated diene [2]. On the one hand, fish meat is prone to lipid
oxidation due to the presence of high amounts of polyunsaturated fatty acids (PUFAs) [3].
On the other hand, in fish processing, blood is not always removed, retaining a high level of
hemoglobin (Hb) in fish meat [4]. ROS can be generated by the auto-oxidation of Hb, which
induces heme iron release in erythrocytes and lipid oxidation in fish meat [5]. Meanwhile,
lipid oxidation may be harmful to fish meat quality, such as breakdown of nutritional
components, generation of toxic metabolites, and degradation of color, aroma and taste, as
well as reducing the shelf life [6]. Furthermore, dietary oxidized lipid had a negative effect
on fish growth performance as manifested by the decreased weight gain ratio and special
growth ratio [7].
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Synthetic antioxidants (ethoxyquin, butylated hydroxytoluene and butylated hydrox-
yanisole) are commonly used in the foods, cosmetics and therapeutic industries for lipid
oxidation prevention [6]. Recently, our laboratory reported that ethoxyquin and butylated
hydroxytoluene inhibited lipid oxidation of fish feed [8]. However, these synthetic antioxi-
dants can accumulate in tissues and would be toxic and carcinogenic to animals [9], and
then are transmitted to humans via the consumption of these animals [6,8]. Based on the
detrimental effects on animals and humans, the application of these synthetic antioxidants
in the food industry should be under strict regulation [10]. In this sense, natural ingredients
may be the promising substitute for synthetic antioxidants [11].

Ginkgo biloba L. (Gb), a Chinese-origin tree, has been cultivated as a gardening plant
and used in medicine in China, with leaves that are rich in the main bioactive chemical
components, such as terpenes and flavonoids [12]. Tan et al. (2018) reported that extract of
Ginkgo biloba leaves (EGb) increased hepatic antioxidant enzyme (superoxide dismutase
and catalase) activities and decreased hepatic malonaldehyde content in hybrid grouper
(Epinephelus lanceolatus♂× Epinephelus fuscoguttatus♀) [13]. EGb761, a standardized extract
of Ginkgo biloba leaves, is an antioxidative natural product [14]. Previous investigations
have established that EGb effectively inhibits lipid peroxidation, a capacity demonstrated
in both edible and animal feed matrices under in vitro conditions [8]. Given these findings,
EGb presents itself as a promising candidate for a natural antioxidant within aquacul-
ture systems.

In China, Jian carp (Cyprinus carpio var. Jian) is the most widely cultivated fish
species because it grows faster and has higher meat quality than common carp [15]. This
investigation assessed the impact of EGb on the oxidative stability of linoleic acid and
linolenic acid emulsions and its effects on the growth performance and antioxidant capacity
of Jian carp when incorporated into their diet at varying concentrations over a period of
60 days. The findings offer a foundation for the potential inclusion of EGb as an antioxidant
agent in the diets of aquatic species.

2. Materials and Methods

2.1. Chemical Reagent

Reagents such as Tween 20, petroleum ether, ethyl acetate, and ethanol of analytical
reagent (AR) grade were sourced from Chengdu Kelong Chemical Reagent Factory, located
in Chengdu, China. High-purity linoleic acid and linolenic acid, with purities exceeding
97% and 95%, respectively, were procured from Shanghai Biochemical Reagent Co., Ltd.,
based in Shanghai, China. The remainder of the chemicals utilized in this study conformed
to analytical reagent (AR)-grade standards.

2.2. EGbs Preparation and Composition Analyses

Ginkgo leaves were harvested from Gb in the vicinity of Neijiang Normal Univer-
sity, Neijiang, China, during the month of November. The extraction of EGbs followed
methodologies previously established by our research collective [8]. Extracts derived from
the leaves using dry petroleum ether, ethyl acetate (EAE), ethanol, and water were stored
in darkness within airtight containers at a temperature maintained at −80 ◦C pending
subsequent analysis. The characterization of the EAE was conducted in adherence to
analytical protocols delineated in prior publications by our team [16].

2.3. Measurement of Flavonoids Content, Total Antioxidant Capacity and Metal-Chelating Ability

The flavonoids content, total antioxidant capacity and metal-chelating ability of EGbs
were determined according to the methods of Zou et al. [17], Cao et al. [18] and Zhao
et al. [19], respectively.

2.4. Measurement of Lipid Oxidation in Linoleic Acid and Linolenic Acid Emulsion

The antioxidative impact of EGb on an emulsified mixture of linoleic acids or linolenic
acids was evaluated following a slightly adapted procedure from Yuan et al. [20]. An
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emulsion was constituted by blending 0.1 mL each of linoleic acids or linolenic acids with
9.9 mL of chilled phosphate buffer (with a pH of 7.0 and concentration of 0.02 M) and 50 μL
of Tween 20, followed by homogenization on ice using a FJ200-SH homogenizer (Shanghai,
China) for two intervals of 10 s at a centrifugal force of 21,000× g. Different concentrations
of EGbs, namely 0 (as a control) and 1.0 mg mL−1, were then solubilized into the emul-
sion. Post an 8-day incubation period at 45 ◦C, the resultant levels of malondialdehyde,
conjugated diene, and peroxide were quantified employing the methodologies previously
described by Maqsood and Benjakul [21].

2.5. Measurement of Lipid Oxidation in Fish Feed

Our diet preparation protocol adhered to the established methods within our group [22].
As indicated in Table 1, the fundamental diet’s composition included 34.30% of crude pro-
tein and 6.25% crude lipid. This feed underwent treatment employing a method analogous
to the emulsification process used for linoleic acids or linolenic acids as previously detailed.

Table 1. Composition and nutrients content of the basal diet

Ingredients % Proximate Analysis 3 %

Fish meal 27.00 Dry matter 92.46
Soybean meal 36.00 Crude protein 34.30
Wheat flour 32.50 Crude lipid 6.25
Ca(H2PO4)2 0.50 Crude Ash 5.78

Corn oil 2.00
Vitamin mixture 1 1.00
Mineral mixture 2 1.00

1 Per kg of vitamin mix: retinyl acetate (500,000 IU g−1), 0.80 g; cholecalciferol (500,000 IU g−1), 0.48 g; DL-α-
tocopherol acetate (50%), 20.00 g; menadione (23%), 0.43 g; thiamin nitrate (90%), 0.11 g; riboflavine (80%), 0.63 g;
pyridoxine HCl (81%), 0.92 g; cyanocobalamin (1%), 0.10 g; ascorhyl acetate (93%), 7.16 g; D-calcium pantothenate
(90%), 2.73 g; niacin (99%), 2.82 g; D-biotin (2%), 5.00 g; meso-inositol (99%), 52.33 g; folic acid (96%), 0.52 g. 2 Per
kg of mineral mix: FeSO4·7H2O (20% Fe), 69.70 g; CuSO4·5H2O (25% Cu), 1.20 g; ZnSO4·7H2O (23% Zn), 21.64 g;
MnSO4·H2O (32% Mn), 4.09 g; Na2SeO3·5H2O (1% Se), 2.50 g; KI (4% I), 2.90 g; CaCO3, 897.98 g. 3 Proximate
analyses were carried out by the procedures by Chen et al. [15].

2.6. Feeding Trial

Juvenile Jian carp were acquired from an aquaculture facility in Neijiang, China, and
were subsequently housed under conditions that replicated their natural light environ-
ment in our laboratory [22]. Groups of juvenile Jian carp, averaging 14.8 ± 0.4 g, were
assigned randomly across 7 treatment sets. Each set comprised 4 tanks, with 20 fish in each
tank. Following the formulation techniques delineated by Chen et al. [15], seven distinct
experimental diets were produced. Over a course of sixty days, the carp were fed diets
augmented with varying concentrations of EAE: specifically, 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, and
6.0 g per kilogram of feed. Vital growth parameters such as survival rate, feed intake, body
mass increment, feed conversion efficiency, and specific growth rate were computed in
alignment with methodologies established in our preceding research [22].

Consistent with the protocol outlined in our previous work [16], at the experiment’s
conclusion, a quintet of fish from each aquarium was subjected to desiccation at 105 ◦C for
48 h, adapting the technique prescribed by Li et al. [8] with minor adjustments. Subsequent
to this drying phase, these specimens were utilized to assess malondialdehyde, conjugated
diene, and peroxide levels, employing the analytical methods established by Maqsood and
Benjakul [21]. For further investigation, five fish from each tank were exsanguinated and
sectioned, followed by preservation at −20 ◦C for a span of two months. Additionally, an
equivalent number of fish were sedated using a benzocaine solution at 50 mg L−1 before
being humanely sacrificed via cervical dissection. Post-mortem, vital organs such as the
hepatopancreas, intestine and gills were meticulously harvested and subsequently stored
at an ultra-low temperature of −80 ◦C for impending analyses.

In accordance with our established procedures, the activities of several enzymes,
including Na+/K+-ATPase, amylase, lipase, trypsin, and alkaline phosphatase, were eval-
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uated. Additionally, we measured the concentrations of hydrogen peroxide, reduced
glutathione, and malondialdehyde, as well as the enzymatic activities of glutathione S-
transferase, catalase, glutathione peroxidase, superoxide dismutase, and the capacity for
anti-hydroxyl radical and anti-superoxide anion action. Blood samples were collected
from 15 fish in each experimental group using a heparinized syringe via caudal puncture.
Subsequently, these samples were centrifuged at 1000× g for 3 min at 4 ◦C within one
hour of collection. The plasma was then separated from the erythrocytes to assay the
aforementioned parameters, aligning with the methods detailed by Li et al. [23]. Within the
erythrocyte fraction, we determined the activities of Na+/K+-ATPase, glutamate-pyruvate
transaminase, superoxide dismutase, catalase, glutathione reductase, lactate dehydroge-
nase, and the content of malondialdehyde, reduced glutathione, met-hemoglobin, su-
peroxide anion, and hydrogen peroxide. Furthermore, we quantified the activities of
glutamate-oxaloacetate transaminase and glutamate-pyruvate transaminase in the plasma,
and the plasma’s ammonia levels.

2.7. Biochemical Analysis

Enzymatic assays were conducted to evaluate the activities of Na+/K+-ATPase, li-
pase, alkaline phosphatase, amylase, and trypsin, as well as the transaminases glutamate-
oxaloacetate and glutamate-pyruvate, replicating methods from our preceding research [15].
Determinations of the anti-superoxide anion capacity, hydrogen peroxide concentration,
plasma ammonia levels, and the presence of glutathione and malondialdehyde, in con-
junction with assays for superoxide dismutase, catalase, glutathione peroxidase, lactate
dehydrogenase, and glutathione reductase, were carried out in alignment with proce-
dures reported by Chen et al. [22]. Measurement protocols for superoxide anion and
met-hemoglobin levels adhered to those established by Li et al. [24]. Moreover, the activ-
ities of glutathione S-transferase and the anti-hydroxyl radical capacity were quantified
following the techniques detailed by Jiang et al. [25].

2.8. Statistical Analysis

Results are presented as the means ± S.D. Statistical analyses were performed using
a one-way analysis of variance (ANOVA) with the software SPSS, version 15.0. Post hoc
comparisons to determine significant differences among groups were made using Duncan’s
multiple range tests.

3. Results

3.1. Flavonoids Content, Total Antioxidant Capacity and Metal-Chelating Ability in EGbs

As shown in Table 2, the flavonoids content was significantly higher in EAE than other
extracts (p < 0.05). Flavonoids content of petroleum ether extract of Ginkgo biloba leaves
was significantly lower than other extracts (p < 0.05). Flavonoids content of ethanol extract
of Ginkgo biloba leaves was higher than aqueous extract (p < 0.05). The total antioxidant
capacity was significantly higher in EAE of Ginkgo biloba leaves than other extracts (p < 0.05),
followed by ethanol, aqueous and petroleum ether extract. A similar trend was found in
metal-chelating ability when treated with different EGbs. Power regression of flavonoids
content in EGbs on total antioxidant capacity and metal-chelating ability were presented
in Figure 1. The total antioxidant capacity and metal-chelating ability were positively
correlated with the flavonoid contents of EGbs.
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Table 2. The flavonoids content, total antioxidant capacity (T-AOC) and metal-chelating ability
(MCA) of petroleum ether extract (PEE), ethyl acetate extract (EAE), ethanol extract (EE) and aqueous
extract (AQE) of Ginkgo biloba leaves.

Extracts
Flavonoids (mg/g

Dry Extracts)
T-AOC (mM of

Trolox)
MCA (% of Control)

PEE 11.49 ± 0.64 a 0.45 ± 0.03 a 16.20 ± 0.93 a

EAE 70.60 ± 5.05 d 1.02 ± 0.05 d 70.42 ± 2.44 d

EE 32.79 ± 2.29 c 0.88 ± 0.06 c 40.38 ± 2.34 c

AQE 19.94 ± 1.10 b 0.69 ± 0.03 b 24.30 ± 1.53 b

Within a same column, values with different superscripts are significantly different (p < 0.05), and the data
represent the means ± S.D. of three replicates.

 
Figure 1. The correlations of flavonoids content with the total antioxidant capacity (T-AOC) and metal-
chelating ability (MCA) in the extracts of Ginkgo biloba leaves. Values are the means of three replicates.

3.2. Effects of EGbs on the Lipid Oxidation in Linoleic Acid and Linolenic Acid

The relationship between EGbs and the peroxide, conjugated diene and malonalde-
hyde levels in a linoleic acid emulsion was shown in Table 3. The peroxide level was
lower when treated with EAE, followed by ethanol, aqueous and petroleum ether extract
(p < 0.05). The conjugated diene content of EAE was significantly lower than other extracts
(p < 0.05). The conjugated diene content of ethanol extract was lower than aqueous and
petroleum ether extract (p < 0.05). A similar trend was found in malonaldehyde level when
treated with different EGb. Of the examined compounds, the levels of peroxide, conjugated
diene and malonaldehyde were higher when treated with aqueous and petroleum ether
extract, suggesting that these two extracts had the lowest inhibitory effects on the oxidation
of linoleic acid (p < 0.05).
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Table 3. The peroxide (PO), conjugated diene (CD) and malonaldehyde (MDA) levels in a linoleic
acid emulsion treated with 1.0 mg mL−1 of petroleum ether extract (PEE), ethyl acetate extract (EAE),
ethanol extract (EE) and aqueous extract (AQE) of Ginkgo biloba leaves.

Treatment PO (% of Control) CD (% of Control) MDA (% of Control)

PEE 72.38 ± 4.50 d 67.69 ± 3.23 c 69.09 ± 5.18 c

EAE 39.90 ± 2.43 a 40.79 ± 3.07 a 44.85 ± 2.42 a

EE 55.84 ± 2.39 b 54.97 ± 2.49 b 58.99 ± 2.52 b

AQE 64.23 ± 2.22 c 65.20 ± 2.49 c 69.29 ± 2.99 c

Values within the same column with different superscripts are significantly different (p < 0.05). The data represent
the means ± S.D. of three replicates.

The relationship between EGbs and the peroxide, conjugated diene and malonalde-
hyde levels in a linolenic acid emulsion was shown in Table 4. The peroxide level was
significantly lower when treated with EAE, followed by ethanol, aqueous and petroleum
ether extract (p < 0.05). The conjugated diene level was lower when treated with EAE
(p < 0.05), followed by ethanol and aqueous extract. The level of conjugated diene was
higher when treated with petroleum ether extract. The malonaldehyde level of EAE was
significantly lower than other extracts (p < 0.05). The malonaldehyde level of ethanol
extract was lower than aqueous and petroleum ether extract (p < 0.05). Of the examined
compounds, the levels of peroxide, conjugated diene and malonaldehyde were higher
when treated with petroleum ether extract, suggesting the petroleum ether extract had the
lowest inhibitory effects on the oxidation of linolenic acid (p < 0.05).

Table 4. The peroxide (PO), conjugated diene (CD) and malonaldehyde (MDA) levels in a linolenic
acid emulsion treated with 1.0 mg mL−1 of petroleum ether extracts (PEE), ethyl acetate extracts
(EAE), ethanol extract (EE) and aqueous extract (AQE) of Ginkgo biloba leaves.

Treatment PO (% of Control) CD (% of Control) MDA (% of Control)

PEE 59.35 ± 2.44 d 62.22 ± 3.13 c 55.10 ± 2.63 c

EAE 33.97 ± 1.99 a 37.50 ± 2.08 a 34.61 ± 1.88 a

EE 39.06 ± 2.80 b 50.22 ± 2.52 b 45.54 ± 2.62 b

AQE 49.18 ± 1.67 c 53.00 ± 2.53 b 54.90 ± 2.04 c

Values within the same column with different superscripts are significantly different (p < 0.05). The data represent
the means ± S.D. of three replicates.

The correlations of flavonoids content in EGb on peroxide, conjugated diene and
malonaldehyde levels in linoleic acid and linolenic acid emulsion were presented in Figure 2.
The peroxide, conjugated diene and malonaldehyde levels were negatively correlated with
the flavonoids contents of EGbs.

3.3. The EAE Composition

As showed in Figure 3 and Table 5, there are some components in EAE, including
1,5,6,7-tetramethylbicyclo[3.2.0]hept-6-en-3-one, 1,4-cyclohexadiene, 3,3,6,6-tetramethyl-,
acetic acid 3,7,11,15-tetramethyl-2-hexadecenyl and 1,2-dihexylcyclopropene.
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(A) 

 
(B) 

 

Figure 2. The correlations of flavonoids content in the extracts of Ginkgo biloba leaves with the levels
of peroxide (PO), conjugated diene (CD) and malonaldehyde (MDA) in linoleic acid emulsion (A)
and linolenic acid emulsion (B). The data represent the means of three replicates.
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Figure 3. The gas chromatogram of ethyl acetate extract of Ginkgo biloba leaves (EAE). This experiment
was repeated three times with similar results achieved.

Table 5. The composition analyses of ethyl acetate extract of Ginkgo biloba leaves (EAE) by gas
chromatograph–mass spectrometry (GC–MS).

Retention
Time (min)

Compound Name
Molecular Weight

(amu)
Molecular
Formula

Matching
Degree (%)

4.838 1,5,6,7-Tetramethylbicyclo[3.2.0]hept-6-en-3-one 164 C11H16O 80

7.472
1,4-Cyclohexadiene, 3,3,6,6-tetramethyl- 136 C10H16 80

1,5,6,7-Tetramethylbicyclo[3.2.0]hept-6-en-3-one 164 C11H16O 76

7.777
Phytol, acetate 338 C22H42O2 82

1,2-Dihexylcyclopropene 208 C15H28 78

This experiment was repeated three times with similar results achieved.

3.4. The Effects of EAE on the Lipid Oxidation in Fish Feed

Figure 4 illustrates the impact of escalating levels of EAE in the diet on the quantities
of peroxides, conjugated dienes, and malonaldehyde within the fish feed. A significant
reduction in these compounds was observed concomitant with increased EAE inclusion
in the diet up to 4.0 g kg−1, as evidenced by p-values less than 0.05. This declining trend
plateaued when EAE concentrations in the diet exceeded this amount, indicated by p-values
greater than 0.05. The broken line analysis suggested that the optimal inclusion levels of
EAE for minimizing peroxides, conjugated dienes, and malonaldehyde were 4.26, 4.18, and
4.22 g kg−1 of the diet, respectively.
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(A) 

 
(B) 

 
(C) 

 

Figure 4. Broken-line analysis of peroxide (PO, (A)), conjugated diene (CD, (B)) and malondialdehyde
(MDA, (C)) levels in fish feeds treated with graded levels of ethyl acetate extract (EAE) of Ginkgo
biloba leaves. Values are the means ± S.D. of three replicates.
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3.5. Effects of Dietary EAE on Fish Growth Performance

Table 6 delineates the lack of significant alterations in the fish feed efficiency and
survival rates upon varying the levels of EAE in the diet (with p-values exceeding 0.05).
Incremental increases in dietary EAE up to 2.0 g kg−1 were associated with a notable
enhancement in weight gain, which reached a threshold as p-values exceeded 0.05 beyond
this concentration. Subsequent increases to 4.0 g kg−1 did not yield further benefits and,
in fact, led to a diminution in weight gain with higher EAE levels. Analogous patterns
were observed regarding final body weight and specific growth rate, with both metrics
experiencing similar trends. Feed intake exhibited an increase with rising dietary EAE
levels up to 1.0 g kg−1, reached a steady state with continued elevation to 4.0 g kg−1

(p-values again surpassing 0.05), and subsequently decreased significantly when dietary
EAE levels were augmented further (p-values falling below 0.05).

Table 6. Initial body weight (IBW), final body weight (FBW), weight gain (WG), specific growth rate
(SGR), feed intake (FI), feed efficiency (FE) and survival ratio (SR) of Jian carp fed diets containing
graded levels of ethyl acetate extract of Ginkgo biloba leaves (EAE) for 60 days.

EAE
(g kg−1 Diet)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

IBW
(g fish−1) 14.78 ± 0.37 a 14.75 ± 0.36 a 14.80 ± 0.40 a 14.79 ± 0.29 a 14.81 ± 0.38 a 14.69 ± 0.34 a 14.57 ± 0.40 a

FBW
(g fish−1) 56.06 ± 2.18 b 59.14 ± 2.32 cd 61.61 ± 2.09 e 62.57 ± 2.33 e 60.92 ± 2.07 de 57.93 ± 2.46 bc 52.92 ± 2.07 a

WG
(g fish−1) 41.27 ± 2.16 b 44.38 ± 1.39 cd 46.82 ± 1.15 e 47.78 ± 1.46 e 46.14 ± 1.14 de 43.19 ± 1.60 bc 38.35 ± 1.74 a

SGR
(% d−1) 2.22 ± 0.07 b 2.31 ± 0.03 cd 2.38 ± 0.03 de 2.40 ± 0.03 e 2.36 ± 0.03 de 2.28 ± 0.04 bc 2.15 ± 0.08 a

FI
(g fish−1) 67.38 ± 2.83 b 71.15 ± 2.96 bc 72.40 ± 1.99 c 73.82 ± 2.32 c 71.87 ± 2.45 c 67.83 ± 2.55 b 62.88 ± 2.54 a

FE (%) 61.28 ± 2.61 a 62.47 ± 3.08 a 64.72 ± 2.55 a 64.80 ± 3.31 a 64.23 ± 1.99 a 63.78 ± 3.83 a 61.08 ± 3.81 a

SR (%) 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a

Values are the means ± S.D. of four replicates, with 20 fish in each replicate. Values in the same row with the
different superscripts are significantly different (p < 0.05).

Polynomial regression analysis pinpointed the optimal dietary EAE supplementation
for Jian carp at 2.75 g kg−1 of the diet, as extrapolated from weight gain data (refer to
Figure 5).

 

Figure 5. Polynomial regression analysis of weight gain (WG) for Jian carp fed diets containing
graded levels of ethyl acetate extract (EAE) of Ginkgo biloba leaves for 60 days. Values are the means
of four replicates, with 20 fish in each replicate.
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3.6. Effects of Dietary EAE on the Biochemical Parameters in Hepatopancreas of Jian Carp

Table 7 presents a correlation between the elevation of EAE in the diet and enzymatic
activities. It was noted that trypsin activity witnessed a significant rise with increments
in EAE up to 2.0 g kg−1 of the diet, indicated by a p-value less than 0.05, followed by a
decline upon further elevation in EAE. Enzymes lipase and amylase similarly showed
significant increases in their activities at EAE concentrations of 4.0 and 2.0 g kg−1 of the
diet, respectively, with p-values below 0.05. No significant changes in their activities
were observed once the concentrations of EAE exceeded these levels, as the p-values went
above 0.05. Enhanced activity levels of antioxidant enzymes such as anti-superoxide anion,
anti-hydroxyl radical, superoxide dismutase, catalase, and glutathione peroxidase were
recorded at 4.0, 3.0, 3.0, 4.0, and 4.0 g kg−1 EAE in the diet, respectively. In contrast,
the malonaldehyde concentration in the hepatopancreas was lower when the diet was
supplemented with 4.0 g kg−1 EAE. Additionally, a decrease in hydrogen peroxide was
observed with increasing dietary EAE up to 1.0 g kg−1 (p < 0.05), with levels stabilizing
with further increments (p > 0.05). The reduced glutathione level showed a significant
upsurge with increased dietary EAE up to 3.0 g kg−1 (p < 0.05), but further increases in
EAE resulted in a significant reduction in its concentration (p < 0.05).

Table 7. The activities of trypsin, lipase, amylase, anti-superoxide anion (ASA), anti-hydroxyl radical
(AHR), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione S-
transferase (GST) and the levels of hydrogen peroxide (H2O2), malondialdehyde (MDA) and reduced
glutathione (GSH) in hepatopancreas of Jian carp fed diets containing different levels of ethyl acetate
extract of Ginkgo biloba leaves (EAE) for 60 days.

EAE
(g kg−1 Diet)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

Trypsin (U
mg−1 protein) 769.22 ± 159.11 b 1645.93 ± 213.49 d 1694.70 ± 108.87 d 1253.24 ± 113.93 c 813.20 ± 167.95 b 668.35 ± 120.94 ab 487.08 ± 93.94 a

Lipase (U g−1

protein)
35.80 ± 7.16 a 36.36 ± 3.94 a 38.12 ± 4.13 a 53.00 ± 8.35 b 63.15 ± 7.02 bc 66.61 ± 10.53 c 62.35 ± 6.93 bc

Amylase (U
mg−1 protein)

1.00 ± 0.09 a 1.04 ± 0.05 ab 1.14 ± 0.14 abc 1.27 ± 0.09 bc 1.32 ± 0.13 c 1.20 ± 0.08 abc 1.11 ± 0.08 abc

ASA (U g−1

protein) 61.86 ± 2.93 ab 61.37 ± 3.44 ab 64.83 ± 1.07 bc 65.19 ± 1.75 bc 67.37 ± 4.62 c 63.28 ± 0.37 b 58.87 ± 0.75 a

AHR (U mg−1

protein)
147.72 ± 23.70 a 150.65 ± 7.34 ab 151.98 ± 9.38 ab 193.46 ± 8.69 c 179.62 ± 18.40 bc 180.38 ± 22.10 bc 159.08 ± 10.15 ab

SOD (U mg−1

protein) 83.27 ± 2.71 ab 83.35 ± 5.23 ab 90.66 ± 3.09 bc 95.95 ± 4.44 c 90.12 ± 2.86 bc 80.63 ± 9.06 a 78.95 ± 3.03 a

CAT (U mg−1

protein)
20.40 ± 3.66 a 22.99 ± 4.17 ab 25.47 ± 3.48 abc 31.19 ± 2.13 cd 38.34 ± 3.47 e 35.77 ± 4.99 de 26.93 ± 4.68 bc

GPx (U mg−1

protein)
278.08 ± 17.38 a 299.74 ± 34.13 ab 311.95 ± 36.06 ab 335.49 ± 49.67 ab 341.01 ± 26.82 b 297.89 ± 26.77 ab 274.40 ± 18.00 a

GST (U mg−1

protein)
87.35 ± 8.44 a 86.43 ± 7.52 a 93.24 ± 6.71 a 95.06 ± 4.03 a 91.25 ± 9.55 a 91.41 ± 12.90 a 92.37 ± 2.51 a

MDA (nmol
mg−1 protein) 12.21 ± 2.31 d 9.81 ± 1.84 c 5.90 ± 0.59 b 4.41 ± 0.54 ab 3.79 ± 0.28 a 4.65 ± 0.56 ab 4.94 ± 0.76 ab

H2O2 (mmol
g−1 protein) 31.52 ± 0.55 b 29.43 ± 2.35 ab 29.53 ± 1.28 ab 29.29 ± 1.41 ab 28.27 ± 0.04 a 27.76 ± 0.04 a 27.91 ± 0.04 a

GSH (mg g−1

protein)
7.16 ± 1.24 a 8.53 ± 1.16 ab 8.87 ± 0.82 bc 11.77 ± 1.07 d 10.00 ± 0.66 c 7.76 ± 0.79 ab 7.38 ± 0.29 a

Values are the means ± S.D. of three replicates, with five fish in each replicate. Values in the same row with the
different superscripts are significantly different (p < 0.05).

3.7. Effects of Dietary EAE on the Biochemical Parameters in Intestine of Jian Carp

According to the data in Table 8, it was observed that dietary incorporation of EAE
influenced several enzymatic activities in the intestinal tissue of fish. Specifically, trypsin
and amylase activity levels were augmented in correlation with EAE increments in the
diet up to a threshold of 1.0 g kg−1, as indicated by a p-value less than 0.05. These
enzymatic activities reached a stable state when the EAE concentration in the diet was
enhanced to between 5.0 g kg−1 and 3.0 g kg−1, after which a p-value greater than 0.05
was noted and subsequent declines in activity were observed with an increased EAE
concentration (p < 0.05). The anti-superoxide anion capacity and glutathione S-transferase
activity followed a similar pattern, showing elevated activity up to EAE concentrations of
1.0 g kg−1 and 2.0 g kg−1, respectively, before stabilizing. Superoxide dismutase activity
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increased with EAE up to 1.0 g kg−1, plateaued up to a dietary content of 3.0 g kg−1, and
then decreased. Catalase activity showed significant enhancement with EAE levels reaching
2.0 g kg−1, which then plateaued with no significant changes upon further increase in
EAE (p > 0.05). Additionally, Na+/K+-ATPase, alkaline phosphatase, and glutathione
peroxidase activities were positively influenced at EAE supplementation levels of 2.0,
3.0, and 4.0 g kg−1 of the diet, respectively. A notable increase in glutathione content
was observed with EAE supplementation at 6.0 g kg−1 of the diet. Hydrogen peroxide
concentrations in the fish intestine decreased concomitant with EAE levels up to 1.0 g kg−1

of the diet (p < 0.05) and remained constant up to an EAE content of 5.0 g kg−1 (p > 0.05),
beyond which an increase was recorded.

Table 8. The activities of trypsin, amylase, Na+/K+-ATPase, alkaline phosphatase (AKP), antisuper-
oxide anion (ASA), glutathione S-transferase (GST), superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx) and the content of hydrogen peroxide (H2O2), malondialdehyde
(MDA) and reduced glutathione (GSH) in intestine of Jian carp fed diets containing different levels of
ethyl acetate extract of Ginkgo biloba leaves (EAE) for 60 days.

EAE
(g kg−1 Diet)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

Trypsin (U mg−1

protein) 1092.62 ± 33.17 ab 1131.91 ± 75.60 b 1158.46 ± 97.24 b 1131.90 ± 42.17 b 1133.46 ± 48.90 b 1145.19 ± 37.27 b 1007.35 ± 61.41 a

Amylase (U
mg−1 protein)

0.80 ± 0.10 a 1.23 ± 0.05 b 1.22 ± 0.19 b 1.16 ± 0.03 b 0.86 ± 0.08 a 0.87 ± 0.04 a 0.84 ± 0.06 a

Na+/K+-ATPase
(U mg−1 protein) 3.70 ± 0.39 b 3.87 ± 0.13 b 6.75 ± 0.77 d 4.89 ± 0.80 c 4.66 ± 0.65 c 3.40 ± 0.26 b 2.48 ± 0.19 a

AKP (U mg−1

protein)
280.87 ± 22.65 a 294.03 ± 5.11 ab 302.80 ± 9.95 ab 306.46 ± 12.65 b 290.77 ± 11.13 ab 294.11 ± 6.50 ab 280.37 ± 25.01 a

ASA (U g−1

protein)
46.65 ± 3.41 a 49.27 ± 1.92 ab 47.89 ± 2.51 ab 51.57 ± 1.88 b 51.45 ± 2.68 b 46.39 ± 3.81 a 46.52 ± 2.12 a

GST (U mg−1

protein)
75.74 ± 8.43 a 113.66 ± 16.32 b 141.82 ± 26.15 c 155.27 ± 24.03 c 105.04 ± 10.99 b 103.62 ± 16.26 b 67.26 ± 6.78 a

SOD (U mg−1

protein)
74.64 ± 15.90 a 135.32 ± 15.79 c 151.70 ± 5.24 c 148.36 ± 12.97 c 97.37 ± 13.14 b 96.45 ± 15.99 b 83.75 ± 6.83 b

CAT (U mg−1

protein)
13.62 ± 1.32 a 16.27 ± 3.37 ab 18.58 ± 1.60 bc 18.64 ± 1.52 bc 18.44 ± 1.59 bc 19.14 ± 2.52 bc 23.16 ± 4.21 c

GPx (U mg−1

protein) 421.62 ± 59.02 b 422.56 ± 56.11 b 419.92 ± 67.01 b 418.34 ± 65.99 b 597.12 ± 6.12 c 332.33 ± 37.49 ab 258.80 ± 9.29 a

GSH (mg g−1

protein)
3.06 ± 0.29 a 3.06 ± 0.25 a 3.42 ± 0.11 a 3.45 ± 0.20 a 4.25 ± 0.57 a 8.86 ± 0.80 b 12.15 ± 1.75 c

H2O2 (mmol g−1

protein)
17.51 ± 1.70 c 12.97 ± 1.48 ab 11.91 ± 2.29 ab 11.12 ± 1.79 a 10.01 ± 2.15 a 12.68 ± 1.98 ab 14.54 ± 2.09 b

Values are the means ± S.D. of three replicates, with five fish in each replicate. Values in the same row with the
different superscripts are significantly different (p < 0.05).

3.8. Effects of EAE on the Biochemical Parameters in Gills of Jian Carp

In the investigation detailed by Table 9, the anti-superoxide anion capability in the gill
tissue of fish was enhanced when their feed was supplemented with 4.0 g kg−1 of EAE.
Concurrently, there was a noted decrease in malondialdehyde levels with the elevation of
EAE in the diet up to 2.0 g kg−1, marked by a statistically significant threshold (p < 0.05).
This downward trend in malondialdehyde content reached a plateau with no notable
differences at EAE concentrations of up to 4.0 g kg−1, and an upsurge in levels occurred
with further increments in EAE. Regarding antioxidative enzymatic activities and associated
compounds in fish gills, this study found an uptick in the presence of superoxide dismutase,
catalase, and glutathione peroxidase, with their activities peaking when the diet contained
3.0, 4.0, and 3.0 g kg−1 of EAE, respectively. The reduced glutathione content was observed
to increase in diets containing 2.0 g kg−1 of EAE. Furthermore, glutathione S-transferase
activity rose in tandem with higher dietary EAE supplementation, with the most substantial
activities recorded at EAE concentrations of 5.0 and 6.0 g kg−1.
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Table 9. The level of malondialdehyde (MDA) and reduced glutathione (GSH) and the activities of
antisuperoxide anion (ASA), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and glutathione S-transferase (GST) in gills of Jian carp fed diets containing different levels of
ethyl acetate extract of Ginkgo biloba leaves (EAE) for 60 days.

EAE
(g kg−1 Diet)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

ASA (U g−1

protein) 53.53 ± 8.94 ab 56.23 ± 12.07
ab

57.46 ± 13.83
ab 67.29 ± 3.93 bc 74.73 ± 9.17 c 61.39 ± 7.02 abc 51.05 ± 5.46 a

MDA (nmol
mg−1 protein) 6.48 ± 0.48 c 6.19 ± 0.63 bc 5.30 ± 0.73 ab 4.40 ± 0.72 a 4.95 ± 0.68 a 6.89 ± 0.22 c 9.65 ± 1.04 d

SOD (U mg−1

protein) 18.27 ± 2.06 ab 19.26 ± 1.40 abc 21.15 ± 2.09 bc 21.57 ± 1.59 c 18.63 ± 1.76 ab 18.72 ± 1.80 a 17.76 ± 0.83 a

CAT (U mg−1

protein)
5.30 ± 0.69 a 5.23 ± 0.73 a 5.38 ± 0.78 a 6.26 ± 1.34 ab 9.49 ± 2.07 c 8.01 ± 1.93 bc 5.56 ± 0.94 a

GPx (U mg−1

protein)
64.17 ± 9.60 a 69.38 ± 11.51 a 77.02 ± 9.11 ab 117.36 ± 19.23

d
107.71 ± 7.37

cd 98.10 ± 9.13 bcd 92.48 ± 13.13 bc

GSH (mg g−1

protein)
6.86 ± 0.72 a 8.48 ± 0.56 b 11.40 ± 1.66 c 8.31 ± 0.54 ab 7.52 ± 0.61 ab 7.53 ± 0.96 ab 7.70 ± 0.88 ab

GST (U mg−1

protein)
25.49 ± 1.40 a 35.84 ± 4.63 a 48.72 ± 7.91 b 50.47 ± 8.46 b 48.15 ± 8.25 b 62.09 ± 9.21 c 67.43 ± 9.18 c

Values are the means ± SD of four replicates, with five fish in each replicate. Values with the different superscripts
in the same row are significantly different (p < 0.05).

3.9. Effects of EAE on the Biochemical Parameters in Plasma and Erythrocytes of Jian Carp

Table 10 reveals that the activities of both glutamate-oxaloacetate transaminase and
glutamate-pyruvate transaminase in plasma showed a significant reduction as the levels of
EAE in the diet were increased (p < 0.05). This trend persisted until reaching a dietary EAE
concentration of 3.0 g kg−1, beyond which no significant changes were observed, with ac-
tivities rising upon further EAE enrichment. Additionally, plasma ammonia concentrations
were observed to be lower in fish whose diet included an EAE supplement of 6.0 g kg−1.

Table 10. The activities glutamate-oxaloacetate transaminase (GOT) and glutamate-pyruvate transam-
inase (GPT) in plasma and plasma ammonia content (PAC) of Jian carp fed diets containing different
levels of ethyl acetate extract of Ginkgo biloba leaves (EAE) for 60 days.

EAE
(g kg−1 Diet)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

PAC (μmol
mL−1) 352.4 ± 25.46 b 348.46 ± 33.09 ab 338.56 ± 27.31 ab 331.5 ± 23.4 ab 330.13 ± 22.56 ab 333.73 ± 16.93 ab 310.25 ± 14.57 a

GOT (U L−1) 121.8 ± 18.41 b 76.2 ± 14.42 a 85.0 ± 9.07 a 88.9 ± 15.10 a 115.3 ± 6.88 b 115.4 ± 9.78 b 124.9 ± 19.68 b

GPT (U L−1) 159.80 ± 27.02 d 120.83 ± 18.28 c 62.36 ± 8.47 ab 34.63 ± 3.37 a 95.37 ± 1.33 bc 227.92 ± 9.46 e 237.34 ± 36.36 e

Values are the means ± S.D. of three replicates, with five fish in each replicate. Values with the different
superscripts in the same row are significantly different (p < 0.05).

Table 11 illustrates an increase in the activities of Na+/K+-ATPase in fish erythrocytes
correlating with a rise in dietary EAE up to 2.0 g kg−1 (p < 0.05), with a subsequent decline
noted with additional EAE inclusion. The activities of glutamate-pyruvate transaminase
escalated with an increase in EAE up to 5.0 g kg−1, and continued to rise with further EAE
supplementation. Erythrocytes exhibited lower lactate dehydrogenase activity when the
fish diet was supplemented with 2.0 g kg−1 of EAE. Moreover, the levels of met-hemoglobin,
superoxide anion, and hydrogen peroxide in fish erythrocytes were reduced in diets
supplemented with EAE at 4.0, 4.0, and 3.0 g kg−1, respectively. Malondialdehyde content
showed a significant decrease in conjunction with elevated dietary EAE up to 2.0 g kg−1

(p < 0.05), with a stabilization of levels observed upon reaching an EAE concentration of
3.0 g kg−1, followed by an increase with higher EAE amounts. The activities of superoxide
dismutase and catalase, along with the reduced glutathione levels in fish erythrocytes,
were higher in diets containing EAE at 3.0, 4.0, and 6.0 g kg−1, respectively. Glutathione
reductase activity was enhanced with increased dietary EAE up to 3.0 g kg−1 (p < 0.05),
plateauing with subsequent EAE increments.
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Table 11. The activities of Na+/K+-ATPase, glutamate-pyruvate transaminase (GPT) and lactate
dehydrogenase (LDH) in erythrocytes, superoxide dismutase (SOD), catalase (CAT) and glutathione
reductase (GR) and the content of met-hemoglobin (Met-Hb), superoxide anion (O2

•–), hydrogen
peroxide (H2O2), malondialdehyde (MDA) and reduced glutathione (GSH) in erythrocytes of Jian
carp fed diets containing different levels of ethyl acetate extract of Ginkgo biloba leaves (EAE) for
60 days.

EAE
(g kg−1 Diet)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

Na+/K+-ATPase
(U mg−1 Hb) 1.61 ± 0.02 ab 1.63 ± 0.09 ab 1.67 ± 0.1 b 1.54 ± 0.17 ab 1.52 ± 0.08 ab 1.53 ± 0.05 ab 1.48 ± 0.12 a

GPT (U g−1 Hb) 5.24 ± 0.29 a 5.82 ± 0.64 ab 6.59 ± 0.79 b 6.63 ± 0.55 b 6.77 ± 0.6 bc 7.68 ± 0.89 c 5.75 ± 0.55 ab

LDH (U g−1 Hb) 571.43 ± 33.46 d 565.58 ± 21.61 d 192.88 ± 30.55 a 259.4 ± 32.33 b 269.48 ± 46.38 b 281.31 ± 64.67 b 378.16 ± 39.09 c

Met-Hb (g L−1) 1.84 ± 0.03 d 1.81 ± 0.05 d 1.79 ± 0.04 cd 1.64 ± 0.08 b 1.42 ± 0.08 a 1.66 ± 0.14 bc 1.77 ± 0.13 bcd

O2
•− (U g−1 Hb) 42.3 ± 2.97 bc 41.42 ± 2.94 bc 39.53 ± 1.20 ab 38.76 ± 3.76 ab 35.61 ± 2.52 a 40.14 ± 2.34 ab 45.06 ± 3.99 c

H2O2 (mmol g−1

Hb) 35.03 ± 3.83 bc 34.46 ± 3.53 bc 31.28 ± 1.27 b 26.39 ± 0.69 a 36.64 ± 3.02 bc 39.60 ± 2.91 c 46.06 ± 2.88 d

MDA (nmol
mg−1 Hb) 4.82 ± 0.44 c 3.50 ± 0.51 b 1.46 ± 0.14 a 1.94 ± 0.31 a 3.94 ± 0.36 b 3.85 ± 0.72 b 4.68 ± 0.40 c

SOD (U mg−1

Hb)
89.68 ± 12.27 a 101.21 ± 3.72 ab 130.25 ± 13.88 d 131.87 ± 9.72 d 121.88 ± 5.47 cd 114.50 ± 16.77

bcd 104.73 ± 18.35 abc

CAT (U mg−1

Hb)
6.55 ± 0.98 a 6.93 ± 1.13 ab 6.85 ± 1.02 ab 7.11 ± 0.86 ab 8.18 ± 0.90 b 7.58 ± 0.89 ab 7.69 ± 0.92 ab

GSH (mg g−1

Hb)
7.41 ± 0.35 a 7.44 ± 0.23 a 8.25 ± 1.14 a 8.12 ± 0.79 a 9.44 ± 0.71 b 9.62 ± 0.55 b 15.35 ± 1.06 c

GR (U g−1 Hb) 33.89 ± 2.39 a 37.24 ± 1.79 b 42.98 ± 2.91 c 45.14 ± 2.36 cd 46.44 ± 1.49 cd 46.05 ± 2.02 d 48.25 ± 1.53 d

Values are the means ± SD of three replicates, with 10 fish in each replicate. Values in the same row with different
superscripts are significantly different (p < 0.05).

3.10. Effects of EAE on the Biochemical Parameters in Meat of Jian Carp

Upon examination of Table 12, it was observed that the concentration of hydrogen
peroxide and malondialdehyde in fish tissues diminished as dietary EAE was augmented
to 4.0 g kg−1 and 3.0 g kg−1, respectively. Concurrently, there was a significant elevation
in the capability to neutralize hydroxy radicals, the activity of glutathione S-transferase,
and the reduced glutathione concentration when the diet was supplemented with EAE up
to 4.0, 4.0, and 3.0 g kg−1, respectively (p < 0.05). However, these metrics saw a decline
when the levels of dietary EAE were increased beyond these points. Additionally, the
catalase activity in fish meat showed a progressive increment correlating with higher
dietary EAE concentrations.

Table 12. The level of hydrogen peroxide (H2O2), malondialdehyde (MDA) and reduced glutathione
(GSH) and the activities of anti-hydroxy radical (AHR), catalase (CAT) and glutathione S-transferase
(GST) in the meat of Jian carp fed diets containing different levels of ethyl acetate extract of Ginkgo
biloba leaves (EAE) for 60 days.

EAE
(g kg−1 Diet)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

H2O2 (mmol g−1

protein)
28.47 ± 3.59 c 29.29 ± 4.30 c 15.46 ± 3.19 b 13.12 ± 1.36 ab 11.35 ± 0.42 a 10.2 ± 0.80 a 9.79 ± 0.29 a

AHR (U mg−1

protein)
173.24 ± 23.39 a 177.68 ± 9.20 a 175.41 ± 8.73 a 180.41 ± 2.98 ab 211.97 ± 13.18 c 201.27 ± 7.67 bc 195.15 ± 12.74 abc

MDA (nmol
mg−1 protein) 9.06 ± 1.79 c 5.49 ± 0.44 b 5.13 ± 0.53 ab 3.90 ± 0.58 a 5.10 ± 0.32 ab 4.84 ± 0.54 ab 6.15 ± 0.70 b

CAT (U mg−1

protein)
10.47 ± 0.71 a 14.27 ± 2.63 b 14.19 ± 1.87 b 15.98 ± 0.58 b 16.52 ± 0.80 b 16.47 ± 1.58 b 23.83 ± 2.83 c

GSH (mg g−1

protein)
6.93 ± 0.70 a 11.31 ± 1.40 b 14.03 ± 0.98 bcd 15.76 ± 2.33 cd 16.48 ± 3.12 d 13.32 ± 0.24 bc 6.06 ± 0.54 a

GST (U mg−1

protein)
66.02 ± 12.48 a 102.49 ± 7.35 b 140.54 ± 28.63 c 185.63 ± 36.47 d 174.72 ± 10.52 d 133.81 ± 24.64 bc 109.24 ± 17.77 bc

Values are the means ± SD of four replicates, with five fish in each replicate. Values with the different superscripts
in the same row are significantly different (p < 0.05).

3.11. Effects of Dietary EAE on the Hot-Drying-Induced Lipid Oxidation in Meat of Jian Carp

Figure 6 illustrates the impact of varying EAE supplementation on peroxide, con-
jugated diene, and malondialdehyde levels within piscine muscle tissues. A reduction
in peroxide concentration was observed with EAE inclusion in the diet up to 4.0 g kg−1,
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followed by an ascent upon further elevation of EAE levels. This pattern was also mirrored
in the measurements of conjugated diene and malondialdehyde. Regressive analysis de-
duced that the optimal inclusion rates of dietary EAE, calculated from the concentrations
of peroxide, conjugated diene, and malondialdehyde in fish tissues, were 3.72 g kg−1,
3.05 g kg−1, and 3.73 g kg−1, respectively.

(A) 

 
(B) 

 
(C) 

 

Figure 6. Regressive analysis of peroxide (PO, (A)), conjugated diene (CD, (B)) and malondialdehyde
(MDA, (C)) levels in fish fed diets containing graded levels of ethyl acetate extract (EAE) of Ginkgo
biloba leaves, following drying at 105 °C for 48 h. Values are the means ± SD of four replicates.
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4. Discussion

4.1. EGb Inhibited the Lipid Oxidation in Fish Feed

Lipid oxidation is a common problem in foods and feeds [8]. In this study, EAE
reduced peroxide, conjugated diene and malondialdehyde levels in fish feed. Similarly,
malondialdehyde level was relieved in fish erythrocytes by EAE in vitro [8]. The investiga-
tion revealed that EGb could potentially serve as an inhibitor of lipid oxidation within aqua
feed. By employing a broken-line model for peroxide, conjugated diene, and malondialde-
hyde, it was ascertained that the optimal levels of EAE supplementation in aqua feed are
4.26 g kg−1. Lipid oxidation within aqua feed is likely linked to the presence of unsaturated
fatty acids. Peroxides and hydro-peroxides are known as the principal products in the
initial phase of lipid oxidation in unsaturated fatty acids [26]. The molecular architec-
ture of hydro-peroxides, characterized by conjugated dienes, arises via the resonance of
methylene-interrupted double bonds in unsaturated fatty acids, upon the assault of free
radicals [27]. Consequently, peroxide and conjugated diene are acknowledged as precise
indicators of early oxidation [28]. In the subsequent phase, peroxides and hydro-peroxides
undergo reactions with oxygen or redox-active metals, culminating in the formation of
malondialdehyde [29]. Essential unsaturated fatty acids like linolenic acid (18:3n − 3) and
linoleic acid (18:2n − 6) are vital in freshwater fish nutrition [30]. Our study noted that
EGbs diminishes the levels of peroxide, conjugated diene, and malondialdehyde within
linoleic and linolenic acid emulsions, indicating its capability to mitigate lipid oxidation in
aqua feed by disrupting both the initiation and propagation stages of the lipid oxidation
process. Out of all extracts tested, EAE was identified as the most efficacious in attenuating
lipid oxidation in these fatty acid emulsions. This aligns with prior observations where
EAE inhibited lipid oxidation, verified via thiocyanate and thiobarbituric acid reactive
substance assays [8].

ROS and redox metal ions play an important role in lipid oxidation of unsaturated fatty
acids [8]. The total antioxidant capacity is an indicator of ROS scavenging activity, which
reflects the overall antioxidative capability in hydrophilic or lipophilic substances [31,32].
Lipid oxidation is propagated under the catalytic actions of iron and other redox metal
ions [8]. In this study, EGb displayed the strong metal chelation capabilities and total antiox-
idant capacity that was determined by ABTS assay and similar to trolox. Previous studies in
our laboratory reported that EGb decreased ROS production in fish erythrocytes caused by
hydroxyl radical [8]. Moreover, study in vitro showed that EGb can act as primary and/or
secondary antioxidants, and free radical scavengers in prevention of lipid oxidation [33].
The current finding is consistent with the reports mentioned above. These results suggested
that EGb may prevent unsaturated fatty acids of fish feed from undergoing lipid oxidation
through enhancing metal inactivation and free radical scavenging activity.

The beneficial effects of EGbs on lipid oxidation in fish feed may be closely associ-
ated with their chemical constituents. The flavonoids content of Ginkgo biloba leaves is
concerned with total antioxidant activity, which was determined by Near-infrared spec-
troscopy method [34]. In vitro, the ethyl acetate extract and methanol extract from Ginkgo
biloba leaves evidenced a marked radical scavenging activity, which was based on the
metal-chelating activity of flavonoids [35]. Within the ambit of radical-scavenging mecha-
nisms, flavonoids are equipped with intramolecular hydrogen bonds that serve to enhance
the antioxidative efficacy of hydroxyl functionalities, wherein the hydroxyl groups act as
receptors of hydrogen bonds, notably at the 4′-OH position [36]. In addition, flavonoids
compounds were showed to protect the polyunsaturated fatty acid from oxidation [37]. The
hydroxyl groups in flavonoids compound are the crucial structure for antioxidant capacity,
which could not only provide hydrogen atoms to lipid radicals, but also generate stable
lipid derivatives and antioxidant radicals [38]. In the present study, not only the close
correlations of flavonoids content in EGbs with the levels of peroxide, conjugated diene
and malonaldehyde in linoleic acid and linolenic acid, but also with their total antioxidant
capacity and the metal-chelating activity were observed. This is in good agreement with
the report that there are four possible antioxidant mechanisms for flavonoids, namely
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inhibiting free radical generation of related enzymes, chelating metals, quenching free
radical elements as well as stimulating the internal antioxidant enzymes [39]. These re-
sults confirmed that the antioxidant activity of EGb in fish feed might be caused by the
flavonoids compounds.

4.2. Dietary EAE Supplementation Improved Fish Growth Performance

In piscine mitochondria, the presence of aminotransferases such as glutamate-oxaloacetate
transaminase and glutamate-pyruvate transaminase is notable, given their extensive dis-
tribution across various tissues including the liver, muscle, heart, and kidney [40]. Tissue
cell damage triggers the release of these enzymes into the bloodstream [41], rendering
the levels of glutamate-oxaloacetate transaminase and glutamate-pyruvate transaminase
in plasma reliable biomarkers for assessing fish health [42]. Findings from the current
investigation indicate that inclusion of dietary EAE has led to a reduction in the activity
of both aminotransferases in fish plasma, implying that EAE in the diet could potentially
bolster fish health by mitigating liver damage. The positive impacts observed from EGb
supplementation on piscine well-being may be attributable to its flavonoid content [43].
Nonetheless, elucidation of the precise mechanisms by which EGb influences fish health
warrants additional research.

In the present study, dietary EAE increased feed intake, weight gain and specific
growth rate, which indicates that dietary EGb improves Jian carp growth performance.
Based on polynomial regression analysis of weight gain, the optimum dietary EAE for
Jian carp was 2.75 g kg−1 diet. Similarly, these results were consistent with the report
on Nile tilapia (Oreochromis niloticus) [44]. Similar observations have been reported in
Penaeus vannamei and hybrid grouper [13,45]. Furthermore, EGb can improve energy
metabolism in rats, partly because it might increase the expression of ghrelin, which was
an endogenous ligand of the growth hormone [46,47]. However, to date few studies have
investigated the growth-promoting effect of EGb on fish.

The growth performance of fish is closely related to the digestion of nutrients, which
has been attributed to the levels of digestive enzymes activities [15]. Digestive enzymes
(amylase, trypsin, chymotrypsin and lipase) are synthesized in fish exocrine pancreas
and secreted into the intestine [48,49]. In this study, dietary EAE increased activities of
trypsin, lipase and amylase, indicates that dietary EAE supplementation improved fish
digestive ability. Meanwhile, the growth performance of fish is also closely related to the
absorption of nutrients, which has been attributed to the levels of brush-border membrane
enzymes activities [22]. Na+/K+-ATPase is able to create potential energy of Na gradient to
transport nutrients into cells, such as glucose, phosphate and amino acids [50]. Alkaline
phosphatase, employed to be a general marker of fish absorption capacity, is an important
enzyme in absorption of food molecules [51]. In this study, dietary EAE increased activities
of alkaline phosphatase and Na+/K+-ATPase, which indicates that dietary EGb improved
fish absorptive ability. This is in line with the reports that the intestinal length is increased
in Nile tilapia after feeding EGb [44].

The structure and function of tissues and organs in aquatic animals are largely de-
termined by their antioxidant status [52]. The integrity of intestinal morphology is the
foundation for the digestive and absorptive process for fish [15]. ROS, which are produced
as a result of aerobic metabolism and exposure to exogenous agents, have been shown to
be damaging to lipids and proteins [53]. Malonaldehyde is used as a sensitive biomarker
for lipid peroxidation [52]. In this study, dietary EAE decreased malonaldehyde content in
hepatopancreas and intestine, which indicates that dietary EGb decreases lipid peroxida-
tion in fish digestive and absorptive organs. These results were in conformity to the report
that short-term oral administration of Ginkgo biloba extract reduces malonaldehyde level
in washed platelets of type 2 diabetic patients [54]. Oral ingestion of Ginkgo biloba extract
protected the liver injury by blunting the rises of malonaldehyde in rats [55].

In addition, the increased generation of ROS, including superoxide anion and hy-
droxyl radical, can induce lipid oxidation [25]. In this study, dietary EAE supplementation
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increased anti-superoxide anion capacity in hepatopancreas and intestine, which indi-
cates that dietary EAE enhanced superoxide anion-scavenging ability in fish digestive and
absorptive organs. These results were in conformity the report that EGb decreased the
superoxide anion levels of in carp erythrocytes under hydroxyl radical stress [8]. In vitro
study showed that Ginkgo biloba leaves exerted antioxidant properties by scavenging of
superoxide anions [56]. Furthermore, it was reported that Ginkgo biloba extract showed
a good capability of scavenging ROS in intestine of rats [57]. The effects of EAE may be
linked to the chemical structure of their flavonoid compounds. Seyoum et al. reported that
the flavonoids compound had free radical-scavenging ability [58]. In the meantime, it was
demonstrated that uptake of flavonoids could decrease the activity of ROS in human colon
adenocarcinoma Caco-2 cells [59].

The antioxidative systems in fish, inclusive of non-enzymatic and enzymatic com-
ponents, have been refined through evolution to mitigate or rectify the damage inflicted
by ROS on piscine tissues and organisms [60]. Within the enzymatic segment of this de-
fense system, superoxide dismutase emerges as the initial enzyme to interact with the
superoxide anion, facilitating its conversion into H2O2 and dioxygen [52]. Subsequently,
catalase and glutathione peroxidase act on H2O2 to decompose it further [61]. Current
research demonstrates that inclusion of EAE in the diet elevates the activity levels of
superoxide dismutase, catalase, and glutathione peroxidase within the hepatopancreas,
signifying an enhancement in the antioxidant capabilities of fish owing to EGb inclusion
in feed. These findings align with studies showing that EGb-supplemented diets increase
the activities of hepatic antioxidant enzymes such as superoxide dismutase and catalase
in hybrid grouper [13]. The advantageous influence of EAE could be attributed to its
flavonoid constituents. For instance, in Channa punctata, quercetin, a flavonoid supple-
ment, was reported to alleviate stress induced by deltamethrin, as evidenced by restored
activities of liver enzymes including superoxide dismutase, glutathione peroxidase, and
catalase [62]. Furthermore, the significance of fish antioxidative defense mechanisms is
paramount in counteracting oxidative stress [60]. The glutathione-dependent antioxidant
system, pivotal in cell damage prevention caused by radicals, encompasses glutathione
S-transferase and glutathione reductase, in concert with glutathione itself, a tripeptide
of low molecular weight [63,64]. Glutathione S-transferase represents a family of multi-
functional enzymes that facilitate the binding of electrophilic metabolites to glutathione’s
thiol group [13]. Meanwhile, glutathione reductase is responsible for the regeneration of
reduced glutathione from its oxidized form, utilizing NADPH as the electron source [65].
In the present study, augmenting the diet with EAE was found to boost both glutathione
reductase activity and reduced glutathione levels in the intestinal tissue, indicative of ame-
lioration in enzymatic antioxidative function brought on by EGb. This is corroborated by
laboratory evidence showing that EGb reinstated glutathione reductase activity in piscine
erythrocytes when subjected to hydroxyl radical stress [8]. Consequently, this study posits
that EAE augments the antioxidative defense of digestive organs, thereby preserving their
structure and functionality, which in turn supports digestive efficiency and, consequently,
fish growth performance. Nonetheless, the mechanisms through which EAE exerts its
regulatory effect on fish growth remain to be elucidated further.

4.3. Dietary EAE Decreased Lipid Oxidation in Fish Meat through Inhibiting the Induction Effect
of Hemoglobin in Erythrocyte

Lipid oxidation is a key factor that contributes to the quality deterioration in muscle
foods [4]. In fish, the content of polyunsaturated fatty acids was commonly higher than in
mammalian [3]. In addition, fish is prone to lipid oxidation not only due to the amounts
but also the types of polyunsaturated fatty acids. The most common polyunsaturated
fatty acids present in mammalian are arachidonic acid, and in fish is eicosa pentanoic acid,
which is more susceptible to lipid oxidation [66]. Furthermore, the drying process signifi-
cantly accelerated lipid oxidation in fish [67]. In this study, dietary EAE supplementation
decreased peroxide, conjugated diene and malonaldehyde levels, which indicates that EGb
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could decrease the lipid oxidation in fish meat induced by hot-drying process. Similar
observations have been reported in hybrid grouper showed that dietary supplementation
with EGb alleviated lipid peroxidation in fish liver as manifested the decrease in malon-
aldehyde content [13]. However, the mechanism by which EGb alleviated lipid oxidation
in fish needs to be further explored. Based on regressive analysis of peroxide, conjugated
diene and malonaldehyde, optimum dietary EAE supplementation were 3.72, 3.05 and
3.73 g kg−1 diet, respectively.

Lipid oxidation in fish foods may be similar to fish muscle. Fish muscle is susceptible
to oxidative stress, which led to reduce flesh quality [68]. In this study, dietary EAE sup-
plementation decreased hydrogen peroxide levels and enhanced capacity of anti-hydroxyl
radical (a maker of hydroxyl radical-scavenging ability), which indicates that EGb could
reduce ROS production in fish meat. Similarly, EGb reduced ROS levels in mice lympho-
cytes [69]. ROS have been shown to be damaging to fish lipids [53]. In this study, dietary
EAE supplementation decreased malonaldehyde levels in fish meat, which indicates that
EGb could decrease lipid oxidation in fish meat. The beneficial effects of EAE on antiox-
idant status in fish meat may be linked to its flavonoid compound. Study in Nile tilapia
showed that levels of hydrogen peroxide and malonaldehyde in fish flesh decreased by
dietary inclusion of quercetin, a kind of flavonol glycoside in Ginkgo biloba leaves [70,71].
In this study, dietary supplementation of EGb increased reduced glutathione content and
activities of catalase and glutathione S-transferase, indicates that dietary EGb could reg-
ulate antioxidant defense systems in fish meat, therefore decreasing lipid oxidation and
improving the capacity to cope with ROS. Study in broiler chickens showed that dietary
inclusion of fermented Ginkgo biloba leaves could improve antioxidant properties in thigh
meat by enhancing the antioxidant enzyme system [72].

Lipid oxidation of fish meat may be related to the auto-oxidation of hemoglobin. Fish
erythrocytes are important for all tissues and organs because they carried hemoglobin
to them for oxygen supply [73]. Erythrocytes exhibit a heightened sensitivity to reactive
oxygen species (ROS) due to the elevated tension of oxygen, significant iron content from
heme groups, and the presence of polyunsaturated fatty acids within their membranes,
which are inherently prone to oxidative damage [74,75]. While hemoglobin principally
functions as an oxygen-transporting protein, its susceptibility to oxidative stress leads to
its conversion into met-hemoglobin, a form incapable of carrying oxygen [74]. Studies
have identified hemoglobin as a significant pro-oxidant, catalyzing lipid peroxidation in
piscine muscle [76]. The propensity for lipid oxidation in fish tissue is exacerbated by two
factors: the substantial hemoglobin content in fish meat, which remains largely unextracted
before processing, and the autoxidation of hemoglobin, a continuous process yielding ROS
and releasing iron ions within erythrocytes, facilitating further oxidation of lipids in fish
muscle [4,5]. The present investigation revealed that incorporating of EAE in fish diets led
to reduced levels of met-hemoglobin, as well as diminished concentrations of malondialde-
hyde, superoxide radicals, and hydrogen peroxide in piscine erythrocytes. This suggests
that EAE intake curtails ROS generation and lipid peroxidation within erythrocytes, subse-
quently mitigating the lipid oxidation process in fish muscle tissue. Similar observations
have been reported that Ginkgo biloba extract reduced H2O2-induced oxidative stress in
human erythrocytes [77]. Furthermore, dietary supplementation of EAE increased content
of reduced glutathione, and activities of glutathione reductase, superoxide dismutase and
catalase, indicates that dietary EAE could regulate antioxidant defense systems in fish
erythrocytes, therefore decreasing lipid oxidation and ROS production. So, the effects of
dietary EGb on the lipid oxidation in fish meat may be attributed to its inhibition on the
induction of hemoglobin in erythrocytes of fish.

Fish gills were easier attacked by the ROS than other organs not only because they
always exposed to environmental stress but also as a dynamic osmoregulatory and res-
piratory organ, which gathered high amounts of erythrocytes as well as hemoglobin [78].
ROS have been shown to be damaging to lipids in fish [53]. In this study, dietary EAE
supplementation decreased malonaldehyde levels, which indicates that EGb could de-
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crease lipid oxidation in fish gills. In addition, dietary EAE supplementation enhanced
anti-superoxide anion capacity, which suggested EGb could reduce ROS production in fish
gills. Fishes have developed non-enzymatic antioxidants (such as reduced glutathione) and
ROS scavenging enzymes to prevent or repair the harm triggered by ROS [60]. In this study,
dietary EAE supplementation increased the reduced glutathione content and the activities
of superoxide dismutase, glutathione peroxidase, catalase and glutathione S-transferase,
indicates that dietary EGb could regulate antioxidant defense systems in fish gills, therefore
decreasing lipid oxidation and ROS production. Study in tilapia (Oreochromis niloticus)
showed that dietary inclusion of Ginkgo biloba extract could alleviate oxidative stress by
enhancing activities of superoxide dismutase and catalase, and reduced glutathione levels
in fish gills induced by glyphosate exposure [79]. The effects of dietary EGb on fish gills
confirmed our hypothesis of its effects on fish meat about the role of hemoglobin.

5. Conclusions

Therefore, we conclude that EGb could decrease lipid oxidation in fish feed through
protecting unsaturated fatty acids from oxidation. The effect of EGbs on the unsaturated
fatty acids may be closely associated with their metal chelation capabilities and total an-
tioxidant capacity. Broken-line analysis of peroxide, conjugated diene and malonaldehyde
showed that the optimum dietary EAE supplementation was 4.26 g kg−1 in fish feed.
Meanwhile, current results displayed that dietary EGb increased the growth performance
of fish, which may be ascribed to its enhancing effect on the activity of digestive and ab-
sorptive enzymes and antioxidant capacity in digestive organs of fish. Based on polynomial
regression analysis of weight gain, optimum dietary EAE supplementation for Jian carp
was 2.75 g kg−1 diet. In addition, dietary EAE supplementation inhibits the induction effect
of hemoglobin in erythrocyte, therefore decreasing the hot-drying-induced lipid oxidation
in fish meat. The antioxidant capacity of EGb was closely related to their flavonoid content.
Our present study indicates that EGb can be considered as a potential natural antioxidant
for fish and fish feed.
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Abstract: This study aimed to investigate the immunoprotective effect of Coptis chinensis (CC) on
Streptococcus agalactiae (SA) infection in tilapia. Experimental fish were randomly divided into
two groups feeding on a normal diet (ND) and a CC-supplemented diet (CCD) for 2 weeks and then
injected with SA. After the inoculation experiment, the ND and CCD groups were named PI_ND and
PI_CCD, respectively. CCD increased superoxide dismutase (SOD) activity and decreased malondi-
aldehyde (MDA) activity significantly before and after infection. Immunological assays revealed that
the serum interleukin-1β (IL-1β), complement 3 (C3), immunoglobulin M (IgM), Interferon-gamma
(IFN-γ), and tumor necrosis factor-α (TNF-α) levels in the CCD group were significantly higher than
in the ND group both before and after infection. In addition, proteomics analysis of liver tissue
identified 62 differentially expressed proteins (DEPs) in CCD vs. ND, and 36 DEPs in the PI_CCD
vs. the PI_ND groups. Furthermore, 80 specific upregulated proteins and 49 specific downregulated
proteins were screened in the CCD group. The specific upregulated proteins included important
antimicrobial enzymes such as lysozymes and cathepsin D, and antimicrobial peptides such as septins,
granulin, and grancalcin, involving multiple KEGG brite categories such as enzymes, exosomes,
membrane transport, and proteolipid proteins. Furthermore, specific downregulated proteins were
enriched in glycolysis/gluconeogenesis and TCA cycle pathways. In conclusion, CC supplementation
effectively enhances the ability of tilapia to resist SA infection by modulating various antioxidant
enzymes, immune factors, antimicrobial enzymes, and antimicrobial peptides, and by moderately
inhibiting central carbon metabolism. These findings provide a basis for replacing antibiotics with
environmentally-friendly functional aquatic feeds to control bacterial diseases.

Keywords: tilapia; Streptococcus agalactiae; Coptis chinensis; proteomic; antimicrobial peptide; immune
factor; antioxidant enzyme

Key Contribution: Coptis chinensis supplementation effectively improved tilapia’s ability to resist
SA infection. This study provides a basis for replacing antibiotics with environmentally-friendly
functional aquafeeds to control bacterial diseases.

1. Introduction

Streptococcus agalactiae (SA) (family Streptococcaceae, genus Streptococcus), also known
as group B Streptococcus (GBS), is a facultatively anaerobic, Gram-positive diplococcus and
a common pathogenic bacteria in humans, animals, and fish [1]. Streptococcicosis in fish
is characterized by wide distribution, high incidence, and severe outcomes. The number
of reports of SA infection has increased gradually in recent years, and SA infection affects
various marine and freshwater cultured fish worldwide. Among them, tilapia is the most
sensitive to SA, and SA infection is the most common and serious infection reported in
this species. Since 2009, several serious outbreaks of SA infection in tilapia have been
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reported in various regions of Asia, including China, which have caused serious damage
to the tilapia culture industry owing to the high morbidity and mortality [2,3]. Therefore,
research on the pathogenesis and resistance mechanism underlying SA infection in tilapia
is essential for prevention and control.

The use of traditional herbal medicines can help reduce indiscriminate overuse of
drugs for the suppression of Streptococcus resistance to multiple antibiotics and lower the
levels of drug residues in aquatic products. Additionally, these medicines help address the
issues associated with the arduous developmental process of vaccines. Coptis chinensis (CC)
is the dried rhizome of the buttercup plants Huanglian, C. deltoidea, or C. teeta Wall. CC,
and can help to reduce heat and purge pathogenic fire (excessive internal heat, which is
a concept from traditional Chinese medicine), aid detoxification, and dispel dryness [4].
In addition, CC exerts various biological effects that aid in the treatment of arrhythmia,
hyperglycemia, hyperlipidemia, platelet aggregation, and tumors [5]. The experimental
results shown by Yu et al. [6] and Wang et al. [7] suggested that CC can improve the
resistance of tilapia to various bacteria. Niu et al. [8] conducted a meta-analysis by collecting
data on the antibacterial effect of herbs on SA from databases and concluded that CC was
more effective in inhibiting SA than Rheum and Rhus chinensi.

At present, reports on the immune response of CC-treated tilapia to SA and the
molecular mechanism of action of herbal medicine on fish immunity are limited. In this
study, using iTRAQ-labeled proteomics, we analyzed the differences in protein expression
in the liver tissues of SA-infected fish before and after CC treatment to determine the major
biological processes and the signaling pathways that differentially expressed proteins
(DEPs) are associated with. In addition, we explored the mechanism underlying the
immune reaction of tilapia against SA by monitoring the biochemical indexes in blood and
related tissues in CC-treated tilapia. Overall, our findings provide the theoretical basis for
additional investigations on CC-based treatment for the ecological prevention and control
of SA infection.

2. Materials and Methods

2.1. Experimental Fish and Pathogenic Bacteria

Tilapia and SA strains were provided by the Guangxi Research Institute of Aquatic
Sciences and Pearl River Institute of Aquatic Sciences, respectively. The culture experiments
were conducted in an indoor recirculating aquaculture system at the aquatic base at Guangxi
University. The culture tank was disinfected with 0.5% potassium permanganate solution
for 2 h before the SA infection test of tilapia (270 fish, with an average weight of 30 g). The
tilapia were temporarily housed in the tank for 14 days and fed with bait twice a day (at
09:00 a.m. and 17:00 p.m.). During cultivation, the water temperature was 30.21 ± 0.75 ◦C
and the dissolved oxygen was 5.37 ± 1.35 mg/L. The water was changed every 2 days (half
of the pool at a time, normal aeration). Feeding was stopped at 24 h before sampling.

2.2. Experimental Feed

The 1% CC (20:1) added to the feed was provided by Ningxia Guosheng Biotech. The
feed preparation process was as follows: (1) CC was ground into a powder, mixed with
distilled water in a certain ratio in a round-bottom flask, and extracted in a water bath at
80 ◦C for 1 h. After centrifugation, the supernatant was extracted, concentrated to 5 mg/mL,
and stored at 4 ◦C for subsequent use; (2) ordinary granular feeds were mechanically ground
into a powder, dried, and stored for subsequent use; and (3) the basal feed was mixed with
distilled water in equal volumes. In addition, 1 mL of the CC liquid was added per gram
of the feed to alter the drug content of the feed to 0.5%. Subsequently, the mixture was
dried at 60 ◦C, cooled, and stored at 4 ◦C. Feed formulation and proximate composition of
experimental diets are shown in Table 1.
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Table 1. Formulation and proximate analysis of the tilapia diets.

Material ND CCD

Ingredient (%)
Fish meal 8.5 8.5

Soybean meal 40 40
Rape seed meal 20 20

Wheat middlings 13 13
Calcium phosphate 1.5 1.5
Choline Chloride 1.5 1.5
Mineral premix a 0.5 0.5
Vitamin premix a 0.5 0.5

Microcrystalline cellulose 9 9
NaCl 0.5 0.5

Soybean oil 2 2
Carboxymethyl cellulose 3 2
Coptis chinensis powder 0 1

Total 100 100
Proximate composition (%) b

Crude protein 32.90 32.94
Crude lipid 3.81 3.82
Crude fiber 16.90 15.96
Crude ash 6.40 6.42

a Mineral premix and vitamin premix were purchased from Haibaolu Feeds Co., Ltd., Nanning, China. b The
proximate composition of diets was calculated using the VF123 software (Beijing Jinmu Times Technology Co.,
Beijing, China, 2016).

2.3. Experimental Stage and Grouping

Prior to the infection experiment, a feeding period of 14 days was carried out. The
tilapia were divided into two groups: the normal group (conventional feed + saline, ND
group) and the experimental group (conventional feed + 1% CC, CCD group). A total of
3 replicate culture buckets were used for each group (30 fish per bucket, 180 tilapia in all).
After the feeding stage, 10 fish were randomly selected from each parallel culture bucket
of each group for the 24 h inoculation experiment (named PI_ND and PI_CCD groups,
respectively).

2.4. Bacterial Culture and Inoculation Experiments

The preserved SA was activated, diluted, and coated on BHI agar plates. Subsequently,
monoclones were selected for 16S rRNA gene sequencing (Table S1). The sequencing-
cleared monoclones were cultured till the logarithmic growth stage, and the concentration
of the bacterial solution was adjusted to 5 × 1011 CFUs/mL using saline (0.65%) and
diluted in five concentration gradients (1×, 10×, 100×, 1000×, and 10,000×). Subsequently,
120 fish were randomly kept in six experimental pools, and the bacterial solution was
injected intraperitoneally (at the base of the ventral fin) in each fish (0.2 mL/fish) in
the five groups at the five concentrations (mentioned above). In addition, tilapia in the
control group were injected with 0.2 mL of 0.65% saline. After the injection, the fish were
placed in the original test tank (water temperature: 30 ◦C, with normal feeding, aeration,
and water replacement). The dead fish were retrieved and recorded for a number every
3 h. After SA inoculation, we counted the number of dead fish and confirmed that the
lethal concentration for 50% (LC50) of the SA strain was 1.5 × 108 CFU/mL [7] using the
Reed–Muench method [9].

After feeding, the inoculation experiment was conducted. First, ten fish from each
parallel group were randomly selected for the inoculation experiment by injecting 0.2 mL of
1.5 × 108 CFU/mL bacterial solution in the ventral cavity (base of ventral fin). Tilapia in the
control group were injected with 0.2 mL of 0.65% saline. After the injection, the fish were
placed in the original test bucket. After a duration of 24 h, the tilapia were anesthetized
using 200 mg/L MS-222 for sampling.
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2.5. Sample Collection

After feeding and inoculation, 10 fish were randomly anesthetized with 200 mg/L
MS-222 from each of the 3 parallel culture buckets of the 2 feeding groups. Later, fresh
blood was collected from the tail vein, placed in a freezing tube for 2 h, and centrifuged
at 2000× g for 10 min to separate the serum. The extracted serum was then stored in
a refrigerator at −20 ◦C. In addition, liver samples were collected, placed in centrifuge
tubes, snap-frozen in liquid nitrogen, and stored in an ultra-low temperature refrigerator
(−80 ◦C) for subsequent biochemical and proteomic assays.

2.6. Biochemical and Immunological Index Determination

For examination of the biochemical characteristics, including total protein (TP), alanine
transaminase (ALT), aspartate aminotransferase (AST), malondialdehyde (MDA), catalase
(CAT), superoxide dismutase (SOD) of the liver, and immunological indexes, such as
complement C3 (C3), immunoglobulin M (IgM), tumor necrosis factor-alpha (TNF-α),
interferon-gamma (IFN-γ), and Interleukin 1β (IL-1β) of serum samples, the detection
kits were used according to the manufacturer’s instructions (Nanjing Jiancheng Biology
Engineering Institute, Nanjing, China).

2.7. iTRAQ Differential Proteomics Assay

The liver tissue samples were ground to a powder form, and the proteins were ex-
tracted using UED Lysis Buffer. After determining the protein concentrations using a
Bradford kit, samples of 100 μg were reduced, alkylated, and digested into peptides with
trypsin. Subsequently, the peptides were labeled by iTRAQ-8plex Amine-Modifying Label-
ing. The mixed labeled peptides were subjected to HPLC component separation, and the
12 resultant components were analyzed individually using LC–MS/MS. The experiments
were performed in three biological replicates.

2.8. Database Search and Bioinformatics Analysis

A database search against the tilapia Uniprot proteome sequences was performed
using the SEQUEST software of the Proteome Discoverer platform. The database search
settings were as follows—trypsin: digestive enzyme, up to two missed cuts allowed; parent
ion error: 20 ppm; secondary ion error: 0.05 Da; iTRAQ-8plex (N-term, R, K); Oxidation
(M): variable modification; Carbamidomethyl (C): fixed modification; and peptide FDR:
0.01. The identified proteins were annotated using the Uniprot database for GO annotation
and the KAAS online tool for KEGG pathway annotation.

2.9. Statistical Analysis

Data obtained were recorded and initially stratified using Excel 2010 (Microsoft, Red-
mond, WA, USA, 2010). One-way analysis of variance (ANOVA) was performed using
SPSS version 21 (IBM, Armonk, New York, NY, USA, 2012) to determine the significance of
differences (p < 0.05). Values were expressed as mean ± standard error (Mean ± SE). DEPs
were screened using the criteria of fold change > 1.2 or < 0.83 and p value < 0.05 (t-test).

3. Results

3.1. Effect of CC on Biochemical Indexes in the Liver of Healthy and SA-Infected Tilapia

The results of the liver biochemical indexes suggested that the liver TP level, AST, and
SOD activities were significantly increased, whereas the MDA content was significantly
decreased in the CCD group compared to the ND group (Figure 1A,C,F). However, the
difference in the liver ALT and CAT activities shown was not significant in the CCD group
compared to the ND group (Figure 1B,D). Results showed that SA infection decreased the
TP level, CAT, and SOD activities, and significantly increased the MDA level and AST
activity in the ND group. After SA infection, the PI_CCD group showed a significantly
lower ALT activity and MDA content and higher SOD activity than those from the PI_ND
group (Figure 1B,E,F). In addition, the liver TP content and CAT activity were higher and
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the AST activity was lower in the PI_CCD group compared to the PI_ND group; however,
the differences were not significant (Figure 1A,C,D).
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Figure 1. Biochemical indexes in tilapia liver in the ND and CCD groups before and after SA infection.
(A) TP content; (B) ALT level; (C) AST level; (D) CAT level; (E) MDA content; (F) SOD activity.
* indicates significant difference (p < 0.05); ** indicates extremely significant difference (p < 0.01).
*** indicates an extremely significant difference (p < 0.001).

3.2. Effect of CC on the Serum Immune Indexes of Healthy and SA-Infected Tilapia

The serum immune indexes, including C3, IgM, TNF-α, IFN-γ, and IL-1β levels, were
higher in the serum of tilapia from the CCD group than in the ND group, especially after
SA infection (Figure 2A–E). The increased rates of these immune indexes of the CCD vs.
ND comparison were also higher in SA-infected tilapia than in healthy tilapia, especially
C3 and IFN-γ (Figure 2F).
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3.3. Protein Expression in SA-Infected Tilapia before and after CC Treatment

A high-throughput differential proteomics analysis based on iTRAQ label coupled
with LC–MS/MS was performed for multiple groups in this study. Protein identification,
quantification, and annotation details were listed in Table S2. The correlation heatmap of
the overall protein expression levels in each group indicated a good positive correlation
within the groups and low correlation between the groups (especially before and after
infection) (Figure 3A). These results indicated that the samples were reproducible and that
there were significant differences in the protein expression levels in the liver before and
after infection. Expression heatmap clustering analysis of the quantified proteins in each
sample suggested that the samples in various groups were clustered together, as were the
pre-infection and post-infection samples (Figure 3B). These results further suggested that
the samples had good reproducibility and that substantial differences were present in the
liver protein expression levels before and after infection. DEP screening (FC > 2 or FC < 0.5,
and p < 0.05) yielded 15 upregulated DEPs and 47 downregulated DEPs between the CCD
and ND groups, 55 upregulated DEPs and 51 downregulated DEPs between the PI_ND and
ND groups, 65 upregulated DEPs and 94 downregulated DEPs between the PI_CCD and
CCD groups, and 22 upregulated DEPs and 14 downregulated DEPs between the PI_CCD
and PI_ND groups (Figure 3C).
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3.4. Changes in Protein Expression in CC-Treated Healthy Tilapia

A volcano plot of the differences in proteomic expression data between CCD and
ND groups indicated the protein expression patterns in the two groups (Figure 4A).
KOG functional classification of 47 downregulated DEPs yielded ten DEPs involved in
C (energy production and conversion process) and some proteins involved in J (trans-
lation, ribosomal structure, and biogenesis), O (Posttranslational modification, protein
turnover, chaperones), and other categories (Figure 4B). The KOG functional classification of
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15 upregulated DEPs revealed that three DEPs were involved in C and O functional cate-
gories, respectively (Figure 4C).
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Figure 4. Differential protein expression analysis of tilapia liver between the CCD and ND groups.
(A) Volcano plot of differential protein expression between the CCD and ND groups; (B) KOG
statistics of downregulated differentially expressed proteins (DEPs) between the CCD and ND
groups; (C) KOG statistics of upregulated DEPs between the CCD and ND groups.

3.5. Changes in Protein Expression in CC-Treated SA-Infected Tilapia

The volcano plot of the differences in proteomic expression data between the PI_CCD
and PI_ND groups indicates the protein expression patterns in the two groups (Figure 5A).
KOG functional classification of the 14 downregulated DEPs showed three proteins each in
the O (posttranslational modification, protein turnover, and chaperones) and R (general
function prediction only) categories (Figure 5B). In addition, KOG functional classification
of 22 upregulated DEPs revealed that four DEPs were involved in the O and R functional
categories, and that three DEPs were involved in the Q (secondary metabolites biosynthesis,
transport, and catabolism) category (Figure 5C).
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Figure 5. Differential analysis of protein expression between PI_CCD group and PI_ND group of
tilapia liver infected with Streptococcus agalactiae. (A) Volcano plot of differential protein expression
between the PI_CCD and PI_ND groups; (B) KOG statistics of downregulated differentially expressed
proteins (DEPs) between the PI_CCD and PI_ND groups; (C) KOG statistics of up-regulated DEPs
between the PI_CCD and PI_ND groups.

3.6. Functional Analysis of CC-Specific Regulatory Proteins in Tilapia before and after SA Infection

To better understand the protein expression profiles of CC-treated SA-infected tilapia,
we defined the DEPs that were upregulated between the PI_CCD and CCD groups but
not between the PI_ND and ND groups as CCD-specific upregulated DEPs, and those
that were downregulated between the PI_CCD and CCD groups but not between the
PI_ND and ND groups as CCD-specific downregulated DEPs. In all, 80 CCD-specific
upregulated proteins (Figure 6A) and 49 CCD-specific downregulated DEPs (Figure 6B)
were screened from the Venn diagram. According to the results of the KEGG pathway
analysis, upregulated DEPs were primarily associated with neurodegeneration, lysosome,
lipid metabolism, mitochondrial autophagy, endocytosis, MAPK, and Toll-like receptor,
whereas downregulated DEPs were primarily associated with glycolysis/gluconeogenesis,
TCA cycle, cGMP-PKG, and pancreatic secretion (Figure 6C). In addition, upregulated
DEPs were primarily involved in KEGG BRITE categories, such as exosomes, membrane
transport, cytoskeleton, and proteolipid protein. In contrast, the number of downregulated
DEPs involved in enzymatic activity-relayed KEGG BRITES was greater than the number
of upregulated DEPs (Figure 6D).
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Figure 6. Functional analysis of Streptococcus agalactiae-infected tilapia before and after Coptis chinensis
(CC) treatment. (A) CCD-specific upregulated differentially expressed proteins (DEPs) in SA-infected
tilapia before and after CC treatment and a representative Venn diagram; (B) CCD-specific downreg-
ulated DEPs in SA-infected tilapia before and after CC treatment and a representative Venn diagram;
(C) KEGG pathway annotation of CCD-specific regulatory DEPs in SA-infected tilapia before and
after CC treatment; (D) KEGG BRITE annotation of CCD-specific regulatory DEPs in SA-infected
tilapia before and after CC treatment.

4. Discussion

CC, a traditional Chinese herb, has been recognized for its immune-enhancing effects
in aquaculture. Choi et al. [10] reported that a modified detoxification decoction supple-
mented with 1% CC significantly enhanced the resistance of grey mullet (Mugil cephalus)
to Lactococcus garvieae infection. However, studies on the mechanism of action of CC in
enhancing antioxidant and immune effects in fish have been lacking. In this study, we
determined the biochemical and immunological indexes and the differences in the protein
expression of SA-infected tilapia before and after CC treatment to identify the potential
proteins in CC that can improve the immune function of tilapia.

4.1. CC Supplementation in Feed Enhances the Antioxidant Function of Tilapia

The TP content is closely associated with protein synthesis in the liver, which can be
impaired by liver damage [11]. When liver function is severely impaired, protein synthesis
is significantly reduced. A study by Xu et al. [12] on Vibrio harveyi-infected Pseudosciaena
crocea revealed that the TP and globulin levels were significantly lower in diseased P. crocea
than in normal P. crocea. In the present study, the TP content in the liver of tilapia from the
CCD group was significantly higher than that in those from the control group both before
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and after SA infection, indicating that CC can promote protein synthesis in the liver to
an extent. AST/ALT is an essential aminotransferase involved in amino acid metabolism.
When hepatocytes are damaged, hepatocyte membrane permeability increases, resulting in
the entry of AST into the bloodstream and a decrease in enzyme activity in the liver [12]. In
the present study, liver AST levels were significantly higher after SA infection than before
infection. We hypothesized that SA infection affected hepatic amino acid metabolism and
disrupted liver function.

SOD, CAT, and MDA are key antioxidant enzymes in living organisms and play a
crucial role in the antioxidant system. SOD protects cells from peroxide-mediated damage
by scavenging reactive oxygen species through disproportionation. CAT is commonly
found in nearly all tissues of the animal body, and it is most abundant in the liver. It provides
oxygen to cells while scavenging excess peroxyl radicals to reduce oxidative damage. CAT
and SOD are strongly associated and act in conjunction to maintain the dynamic balance in
the antioxidant system of organisms. MDA, one of the products of peroxidation by oxygen
radicals, severely affects normal functions, such as cellular metabolism, by destroying the
structure of the cell membrane by polymerizing with intracellular proteins. The alteration
of these factors can be used as a biomarker for oxidative damage in the cells of the organism.
Mu et al. [13] revealed that propolis supplementation in a basal diet increased the activity
of antioxidant enzymes, such as SOD and CAT, and the expression of several cytokines in
turbot (Scophthalmus maximus) infected with Edwardsiella piscicida. In the present study, the
activities of SOD were increased in the CCD group compared to those in the ND group;
in addition, the activity of SOD was significantly higher in the CCD group than in the
ND group pre- and post-infection, indicating that CC enhanced SOD activity, reduced the
oxidation of free radicals in vivo, and protected the body from oxidative damage. In an
experiment to study the effects of different strains of SA on blood and related biochemical
indexes in tilapia, Ao et al. [14] found that the SOD and CAT levels in the liver of tilapia
were lower than normal at 24 h after SA infection. Consistently, results showed that
the MDA contents were increased in ND and CCD groups post-SA infection. However,
the MDA content was significantly lower in the CCD group than the ND group before
and after infection. These results suggest that SA infection enhances lipid oxidation and
produces harmful substances, such as MDA. However, CCD alleviates the damage to the
antioxidant system by enhancing the activity of antioxidant enzymes, thus establishing
dynamic balance.

4.2. CC Supplementation in Feed Enhances the Immune Function of Tilapia

Tilapia (a lower, poikilothermic, and bony type of fish) fight against pathogenic
bacteria using nonspecific immune mechanisms. Three cytokines, IL-1β, IFN-γ, and TNF-α,
are primarily involved in innate nonspecific immunity. IL-1β, an important member of the
IL-1 family, is a pro-inflammatory factor secreted primarily by activated macrophages and
monocytes, and it is involved in the physiological and pathological responses of the body.
When the body is stimulated by cytokines, microorganisms, and their products, IL-1β bind
to cell surface receptors to induce cellular inflammatory responses and modulate other
factors to enhance immune regulation [15,16]. IFN-γ enhances the phagocytic potential
of macrophages and the disruptive power of NK cells and promotes the differentiation
of B cells to produce antibodies. In addition, it can influence B and T lymphocytes to
regulate the immune response [17]. TNF-α, also a pro-inflammatory factor, kills invading
pathogens by activating neutrophils, promotes the degradation of extracellular proteins in
inflammation, and causes inflammatory cells to release more cytokines and inflammatory
mediators [18]. Wang et al. [19] investigated the effect of Chinese yam (Dioscoreae Rhizoma)
extract on the growth and nonspecific immunity of rainbow trout, and they found that
the extract increased the levels of pro-inflammatory factors, such as TNF-α, in serum.
The results of the present study indicated that CC supplementation in the feed promoted
the secretion of cytokines, especially pro-inflammatory factors, to enhance non-specific
immunity and improve the immunity of the organism. In addition, the increased ratios
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of various serum cytokine levels were significantly higher in the comparison of the CCD
group vs. ND group after SA infection than before infection. After the SA infection of
tilapia, inflammatory cells were stimulated to secrete inflammatory factors that enhanced
the pro-inflammatory effect, which promoted the differentiation of B cells, thus boosting
the production of antibodies and enhancing phagocytosis. The immunoglobulins of bony
fish, including IgM, IgD, and IgT/Z, play a crucial role in humoral immunity [20,21]. IgM,
the most abundant and earliest identified immunoglobulin, is primarily found in the serum
and mucosa [22]. The level of immunoglobulins in serum can indicate the expression level
of immunoglobulins. C3 has functions in bony fish similar to those in mammals and is
primarily found in serum. C3 is not biologically active and functions only when cleaved
into C3a and C3b by other factors. These factors play an important role in the defense
mechanism and homeostasis of the organism and can assist phagocytes and antibodies to
eliminate pathogenic microorganisms from the organism [19,23]. Kui and Liu [24] reported
the elevation of C3 levels in Pelteobagrus fulvidraco injected with an inactivated E. ictaluri
vaccine, indicating an elevated physiological immune response. In the present study, the C3
levels increased significantly in response to SA injection, indicating an improved immune
response in tilapia, which was consistent with the findings of the abovementioned study. In
addition, the serum levels of IgM and C3 differed significantly in the pairwise comparisons
among the two groups, with the highest levels observed in the PI_CCD group. Therefore,
the addition of 1% CC to the feed can significantly improve the humoral immune function
of tilapia and enhance their immunity to an extent.

4.3. CC Regulates the Expression of Antimicrobial Proteins in the Liver of Tilapia

Lysozymes and cathepsins, two classes of small-molecule lyases, play a crucial role
in host innate defense [25]. Lysozymes can provide defense against bacterial infection
by cleaving peptidoglycan molecules in cell walls and act as antimicrobial peptides by
disrupting the bacterial membrane structure and activating autolytic enzymes in the bacte-
rial cell wall [26]. Extensive studies in the field of aquaculture have shown the essential
role of fish lysozymes in their innate immune system. The expression and activities of
lysozymes were significantly elevated in catfish (Ictalurus punctatus) to provide defense
against pathogenic microbial infection [27,28]. The addition of Glycyrrhiza uralensis extracts
to the feed significantly increased lysozyme activity in the serum and the expression of
genes encoding lysozymes in the head kidney of yellow catfish (P. fulvidraco), thus enhanc-
ing their antimicrobial activity [29]. Moreover, the addition of fermented lemon peel to
the diet effectively increased lysozyme activity and enhanced the resistance of orange-
spotted grouper to Photobacterium [30]. Similarly, in the present study, we found that CC
supplementation in the feed was effective in increasing the expression level of hepatic
lysozymes, which could enhance the resistance of tilapia to SA to an extent. Lysosomal
cathepsins are cysteine peptidases distributed ubiquitously during autophagic apoptosis
that are involved in various biological processes, such as extracellular matrix remodeling,
inflammation, pathogenic bacterial infection, and cancer [31]. Fish cathepsin B plays a
crucial role in the defense of several species against pathogenic microbial infections, in-
cluding olive flounder (Paralichthys olivaceus) against rhabdovirus [32], channel catfish
(I. punctatus) against E. ictaluri and Flavobacterium [33], and tilapia (Oreochromis niloticus)
against S. agalactiae [34]. Furthermore, the results of our proteomic analysis also indicated a
significantly high expression of cathepsin protein in tilapia infected with SA.

Significant differences were observed in the expression between multiple antimicro-
bial peptides and antimicrobial proteins during SA infection. Septins, which are highly
conserved cytoskeletal proteins, play a vital role in the innate immune and inflammatory
response to bacterial infection in fish. According to Maria et al. [35], the depletion of
Sept15 and Sept7b significantly increases susceptibility to bacteria in zebrafish. In catfish
(I. punctatus) and rohu (Labeo rohita), the tissue expression levels of several septins are
regulated by pathogenic bacterial infection and are closely related to their defense pro-
cesses [36,37]. We observed that septin proteins were significantly upregulated in the CCD
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group, which may be attributed to the enhanced resistance to SA infection. In addition, a
secreted glycosylated peptide, granulin a, and granulin domain-containing protein was also
specifically regulated by CC. Granulin is a cysteine-rich regulatory growth factor that forms
multiple pairs of disulfide bonds and regulates various processes, such as cell proliferation,
tumor invasion, and immune response [38]. Potent peptide GRN-41 induces the expression
of multiple immune factors, such as TNF-α, TNF-β, IL-8, IL-1β, IL-6, IL-26, IL-21, and
IL-10 in transgenic zebrafish, thus effectively preventing V. vulnificus infection [39]. The
above research team further identified the good antimicrobial activity of GRN-41 against
Vibrio species in Mozambique tilapia [40]. Saleh et al. [41], in their proteomic study of
Ichthyophthirius multifiliis-infected carp, found that granulin was significantly upregulated
in the skin mucus, which was also consistent with the results of the present study. Moreover,
a member of the penta-EF-hand protein family, Grancalcin, was reported to be translocated
in macrophages in response to stimulation with bacterial LPS [42]. We also found that this
protein was upregulated in the livers of tilapia fed with CC.

5. Conclusions

In conclusion, we applied a comprehensive iTRAQ-based liver proteomic analysis
to evaluate the anti-SA effects on the molecular level of CCD. The results showed that
CC supplementation can effectively improve the ability of tilapia to resist SA infection
by modulating various antioxidant enzymes, immune factors, antimicrobial enzymes,
and antimicrobial peptides, and can moderately inhibit central carbon metabolism. The
results of the study provide a basis for replacing antibiotics with environmentally-friendly
functional feed additives for the control of bacterial diseases.
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Abstract: This study evaluated the effect of Lentinus edodes fermentation (LEF) on digestive enzyme ac-
tivity, antioxidant capacity and morphology of the liver and intestine in largemouth bass (Micropterus
salmoides) fed high plant protein diets (HPPD). LEF was supplemented in HPPD with 0 g kg−1 (LEF0),
10 g kg−1 (LEF1), 20 g kg−1 (LEF2), 30 g kg−1 (LEF3), 40 g kg−1 (LEF4), 50 g kg−1 (LEF5), respectively,
and then the six diets were fed to largemouth bass with a body weight of 28.8 ± 0.05 g for eight weeks.
Juvenile fish were randomized into 6 groups and each group had 4 replicates with 40 fish. Dietary
LEF supplementation alleviated the liver inflammatory reaction of largemouth bass caused by HPPD
and improved liver morphology. Goblet cells multiplied and the gut muscle layer thickened after
LEF supplementation. The LEF significantly increased amylase activity in the liver and intestine of
largemouth bass in individual experimental groups. The LEF could increase the activity of catalase in
the liver and intestine of largemouth bass (p < 0.05). The content of malondialdehyde was significantly
lower than that in the control group (p < 0.05). Dietary LEF supplementation had no significant
effect on the intestinal flora of largemouth bass. These findings imply that LEF supplementation can
reduce liver inflammation, enhance intestinal tissue morphology, and eventually benefit largemouth
bass health.

Keywords: largemouth bass; Lentinus edodes fermentation; high plant protein diets; antioxidant
capacity; gut microbiota

Key Contribution: A. Low dose of LEF supplementation in high plant protein diet can reduce liver
inflammatory infiltration. B. LEF supplementation has a potential future in liver protection as a new
functional feed addition.

1. Introduction

The largemouth bass is an important freshwater economic fish in China, with good
meat quality, rich nutrition and strong adaptability [1]. The normal growth of carnivorous
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fish requires feed containing 30~55% crude protein. As a result, fishmeal is often chosen
as the main protein source for carnivorous economic fish feeds such as largemouth bass.
As one of the main raw materials for terrestrial and aquatic animal feed, fishmeal has the
advantages of good palatability, balanced amino acid composition, and ease of animal
digestion and absorption [2,3]. While the demand for fishmeal has increased due to the
global aquaculture industry’s quick development, other factors such as declining fishmeal
production and rising prices have forced people to look for high-yield, low-cost protein
alternatives to fishmeal [3–6], and plant protein has received widespread attention as an
ideal alternative to fishmeal.

Certain plant proteins are more advantageous in terms of amino acid composition and
nutrient content, so they are widely used in aquaculture [7–9]. However, numerous studies
have also noted that using plant protein as the main protein might have a detrimental effect
on fish development, liver function, and gastrointestinal health. Studies on Japanese sea
bass (Lateolabrax japonicus), Florida pompano (Trachinotus carolinus), and carp (Carassius
auratus gibelio) have inflammation occurs in both the liver and intestines of fish found
that after ingesting a high proportion of soy protein feed [10–12]. These negative effects
are mainly caused by anti-nutritional factors (ANFs) in plant proteins [1]. The study
demonstrates that high plant protein diets are difficult to meet the nutritional needs of
largemouth bass [13,14], and have a negative impact on the growth and development of
largemouth bass, liver and intestinal health [15–19].

Lentinus edodes (L. edodes) belongs to the basidiomycetes order, which grows naturally
in warm and humid environments, and is one of the most popular large edible fungi [20].
Mycelium and fruiting bodies of L. edodes are sources of a variety of nutrients and bioactive
compounds with numerous positive health effects. [21]. As a highly nutritious functional
food, various studies have confirmed that Lentinus edodes have anti-inflammatory and liver
protection, anti-tumor, hypoglycemic and hypolipidemic effects, and antibacterial and
other pharmacological effects [22–24]. At present, few studies have been related to the
effects of L. edodes on the growth and health of aquatic animals, and the research on L. edodes
first fermented and treated as an economic fish feed additive has rarely been reported.
Based on the above results, LEF can be used as a functional additive in commercial fish
culture to reduce the liver damage induced by HPPD.

2. Materials and Methods

2.1. Preparation of Experimental Diet

Six experimental diets were formulated to contain graded levels of LEF (YueHao
Biotechnology (Guangzhou) Co., Ltd., Guangzhou, China). Fish meal, soybean meal,
corn gluten meal and peanut bran are the protein sources of the experimental base diet
(LEF0). The other five diets (LEF1, LEF2, LEF3, LEF4, LEF5) were supplemented with
10 g kg−1 (LEF1), 20 g kg−1 (LEF2), 30 g kg−1 (LEF3), 40 g kg−1 (LEF4), 50 g kg−1 (LEF5)
LEF, respectively. The formulation and composition of experimental diets are presented in
Table 1. All the ingredients in the experimental diet were ground into a powder and mixed,
then separately mixed with fish oil and water to make a dough, which was then extruded
into a 3-mm granulator (F-26, South China University of Technology, Guangzhou, China).
After drying, all diets were stored at −20 ◦C until use.

According to AOAC (Association of Official Analytical Chemists, 2005), the com-
position of feed nutrients was analyzed. Moisture was determined using the 105 ◦C
drying constant weight method (for 24 h); crude protein was determined using the Kjel-
dahl method; crude fat was determined using the Soxhlet extraction method and the ash
determination used the chamber resistance furnace burning method.
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Table 1. Composition and nutrient levels of experimental diets (g kg−1).

Material LEF0 LEF1 LEF2 LEF3 LEF4 LEF5

fish meal 280.0 280.0 280.0 280.0 280.0 280.0
Soybean protein concentrate 100.0 100.0 100.0 100.0 100.0 100.0
Corn gluten meal 140.0 140.0 140.0 140.0 140.0 140.0
Soybean meal 78.0 78.0 78.0 78.0 78.0 78.0
Peanut bran 60.0 60.0 60.0 60.0 60.0 60.0
flour 205.9 205.9 205.9 205.9 205.9 205.9
Beer yeast powder 50.0 50.0 50.0 50.0 50.0 50.0
fish oil 51.0 51.0 51.0 51.0 51.0 51.0
lecithin 10.0 10.0 10.0 10.0 10.0 10.0
Vitamin and mineral premix 1 10.0 10.0 10.0 10.0 10.0 10.0
Choline chloride (50%) 5.0 5.0 5.0 5.0 5.0 5.0
antioxidant 0.1 0.1 0.1 0.1 0.1 0.1
Calcium dihydrogen phosphate 10.0 10.0 10.0 10.0 10.0 10.0
Mushroom leftover fermentation product 2 0 10 20 30 40 50

Proximate composition (% dry matter)
crude protein 46.05 46.15 46.26 46.36 46.46 46.57
crude lipid 10.08 10.09 10.10 10.11 10.13 10.14
Ash 7.07 7.12 7.17 7.22 7.27 7.32
Gross energy (MJ kg−1) 3 18.40 18.43 18.46 18.48 18.51 18.54

1 vitamin and mineral premix Provided by Shenzhen Jingji Zhinong Times Co., Ltd. (mg kg−1 diet): Vita-
min A ≥ 450,000 IU/kg, Vitamin B1 ≥ 1000 mg/kg, Vitamin B2 ≥ 1000 mg/kg, Vitamin B6 ≥ 1500 mg/kg,
Vitamin B12 ≥ 5 mg/kg, Vitamin K3 ≥ 800 mg/kg, inositol ≥ 12,000 mg/kg, D-Pantothenic acid ≥ 3500 mg/kg,
nicotinic acid ≥ 2000 mg/kg, folic acid ≥ 500 mg/kg, D-Biotin ≥ 5 mg/kg, Vitamin D3 300,000~400,000 IU/kg,
Vitamin E ≥ 8000 IU/kg, Na2SeO3 20 mg, CuSO4·5H2O 24 mg, FeSO4·H2O 266.65 mg, ZnSO4·H2O 100 mg,
MnSO4·H2O 120 mg, Ca (IO3)2 50 mg, CoSO4·7H2O 10 mg, Mg 20g, zeolite 4380.55 mg. 2 YueHao Biotechnology
(Guangzhou) Co., Ltd. 3 Energy equivalents of 23.64, 39.54, and 17.15 kJ g1 for protein, fat, and digestible carbohy-
drates, respectively, were used to compute gross energy. LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1),
LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).

2.2. Experimental Fish and Samples Collection

This experiment was conducted at Baiyun Base of Guangdong Academy of Agricul-
tural Sciences (Guangzhou, China). Experimental fish were provided by the base and
domesticated for two weeks using basic feed under experimental conditions. After do-
mestication, fish were fasted for 24 h, then weighed and grouped. Experimental fish were
assigned to six treatments with four replicates per treatment and released 40 fish with an
average weight of 28.8 g ± 0.2 g into cages (1 m × 1 m × 1.5 m). Experimental fish were
fed twice a day at 8:00 and 16:00 until significant satiety was observed. Experimental fish
were fed for 8 weeks under a natural light cycle. During the experiment, dissolved oxygen
was higher than 6.0 mg L−1, ammonia nitrogen was lower than 0.05 mg L−1, and the water
temperature was between 28 ◦C and 33 ◦C.

After the 8-week feeding experiment, experimental fish were fasted for 24 h first, then
weighed according to experimental groups. In each replicate, 8 fish were randomly selected
for anesthesia with eugenol in dosage 150 mL/L, and 5 fish were selected to be weighed
the body weight, visceral weight and liver weight respectively. The liver and part of the
intestine were removed and then stored at −80 ◦C for subsequent analysis; the Caudal vein
of the fish was punctured, blood samples were obtained, centrifuged (3000 rpm, 15 min,
4 ◦C), separated and stored at −80 ◦C.

2.3. Growth Performance

At the end (after 8 weeks) of the feeding trial, fish of each cage were weighed and
growth parameters including weight gain rate (WGR, %), specific growth rate (SGR,
% day−1), feed conversion ratio (FCR), hepatosomatic index (HSI, %), viscerosomatic
index (VSI, %), condition factor (CF, g cm−3) and survival rate (SR, %) were calculated.

WGR = (final body weight (g) − initial body weight (g))/initial body weight (g) × 100%;
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SGR = (ln final body weight (g) − ln initial body weight (g))/experimental period
(d) × 100%;

FCR = feed consumption (g)/(final body weight (g) − initial body weight (g));
HSI = liver weight (g)/whole body weight (g) × 100%;
VSI = viscera weight (g)/whole body weight (g) × 100%;
CF = body weight (g)/(body length (cm))3 × 100%;
SR = final number of the fish/initial number of the fish × 100%.

2.4. Morphology of Liver and Intestine

Hematoxylin eosin staining: the liver and intestinal tissue samples of three exper-
imental fish in each group were cut, washed in pre-cooled PBS solution, fixed in 4%
paraformaldehyde solution for 24~48 h, dehydrated with gradient alcohol, transparent in
xylene, embedded in paraffin, sliced with a microtome (5 μm), stained with hematoxylin
and eosin, and sealed with neutral gum. The liver and intestinal tissues were observed and
photographed with a microscope. The height, width and thickness of the muscularis of the
intestinal were measured with a micrometer.

Ultrastection: the intestinal samples of fish in each replicate were cut into small pieces
less than 1 mm3, fixed with 2.5% glutaraldehyde and 1% osmium tetroxide, dehydrated
with gradient alcohol, embedded with resin, sliced with an ultrathin microtome, stained
with uranyl acetate and lead citrate, observed and photographed with a transmission
electron microscope.

2.5. Activities of Digestive Enzymes and Antioxidant Enzymes

The tissues of the liver and intestinal were cut and the blood was washed with pre-
cooled normal saline, the surface water was absorbed with filter paper, weighed, cut with
scissors, and transferred into the homogenizing tube. Nine times the volume of normal
saline was added to the tube for homogenization and then centrifuged at 2000 rpm for
15 min, and the supernatant was collected for standby.

The activities of amylase (AMS), lipase (LPS) and trypsin (TRY) were measured by
enzyme labeling instrument, and the detection was carried out through the assay kit with
strict instructions (Nanjing Jiancheng Bioengineering Institute, Wuhan, China).

Total antioxidant capacity (T-AOC), the activities of peroxidase (CAT) and superoxide
dismutase (SOD), and the amounts of malondialdehyde (MDA) of liver and intestinal
homogenates were measured in strict accordance with the operating instructions of the kit
(Nanjing Jiancheng Bioengineering Institute, Wuhan, China).

2.6. Intestinal Microbiota Analysis

Gut contents were collected from 5 fish in each cage, these samples were sent for
sequencing (OmicShare Co., Ltd., Guangzhou, China). According to the commercial
DNA kit instructions, the total DNA of bacterial communities was extracted from the
gut contents of experimental fish using the TIANamp Stool DNA Kit (Omega Biotek,
Norcross, GA, USA). After DNA extraction, DNA concentration was measured using a
NanoDrop 8000 spectrophotometer and integrity was detected by electrophoresis of a 1%
agarose gel. Then, a pair of universal primes F341 (5-CCTAYGGRBGCASCAG-3) and
R806 (5-GGACTACNNGGGTATCTAAT-3), designed based on the V3 + V4 region of 16s
rDNA, were used for DNA amplification of gut bacteria. Qualification and sequencing
of amplicons using illumine Hiseq2500, then raw sequences were analyzed according to
Dong [25].

2.7. Statistical Analysis

The experimental data were statistically analyzed using Excel 2016 and SPSS 26.0
software. All data results were expressed as “mean ± SD”. The normality assumption
of the data was tested using Kolmogorov–Smirnov test. One-way analysis of variance
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(ANOVA) was performed on the test data. Duncan’s method was used for multiple
comparisons to test the difference between groups. p < 0.05 meant a significant difference.

3. Results

3.1. Growth Properties

The SR, WGR, FCR, VSI and HSI of largemouth bass are shown in Table 2. There were
no significant differences in WGR and SGR between any of the groups (p > 0.05). Fish in
Group LEF2 had the highest WGR and SGR. Nonetheless, the FCR of the five treatments
was lower than that of the control group, even though there was no statistically significant
difference between the groups (p > 0.05). In addition, the VSI, HSI, and SR of the six
treatments were not significantly different from each other (p > 0.05).

Table 2. Effects of LEF on growth performance, feed utilization and morphological index of large-
mouth bass.

Indexes LEF0 LEF1 LEF2 LEF3 LEF4 LEF5

IBW (g) 28.8 ± 0.04 28.8 ± 0.04 28.8 ± 0.04 28.8 ± 0.04 28.8 ± 0.04 28.8 ± 0.04
FBW (g) 64.58 ± 3.09 ab 62.99 ± 2.21 ab 68.24 ± 2.44 a 64.51 ± 1.45 ab 59.82 ± 3.35 b 64.04 ± 1.82 ab

WGR (%) 123.99 ± 10.70 ab 118.49 ± 7.65 ab 136.74 ± 8.43 a 123.77 ± 5.01 ab 107.50 ± 11.63 b 122.13 ± 6.32 ab

SGR (%day−1) 1.34 ± 0.08 ab 1.30 ± 0.06 ab 1.43 ± 0.06 a 1.34 ± 0.04 ab 1.21 ± 0.09 b 1.33 ± 0.05 ab

FCR 1.45 ± 0.14 1.37 ± 0.06 1.42 ± 0.11 1.29 ± 0.02 1.40 ± 0.05 1.40 ± 0.06
CF (%) 1.85 ± 0.03 ab 1.84 ± 0.02 ab 1.88 ± 0.03 ab 1.93 ± 0.03 a 1.84 ± 0.05 ab 1.82 ± 0.03 b

VSI (%) 5.57 ± 0.09 5.18 ± 0.17 5.37 ± 0.13 5.36 ± 0.17 5.31 ± 0.14 5.53 ± 0.11
HSI (%) 1.48 ± 0.07 1.38 ± 0.07 1.52 ± 0.07 1.52 ± 0.09 1.52 ± 0.09 1.54 ± 0.06
SR (%) 89.38 ± 2.77 90.63 ± 0.63 90.00 ± 5.20 91.88 ± 1.57 91.25 ± 2.39 88.75 ± 2.39

IBW: initial body weight; FBW: final body weight; WGR: weight gain rate; SGR: specific growth rate; FCR: feed
conversion coefficient; CF: conditional factor; VSI: viscerosomatic index; HSI: hepatosomatic index; SR: survival
rate. Means in the same raw with different superscripts are significantly different (mean ± SD; ANOVA, p < 0.05;
n = 4). LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).

3.2. Antioxidant Capacity

As shown in Figure 1, largemouth bass had the lowest liver T-AOC in the LEF3 group,
with no discernible difference in liver T-AOC amongst the other groups (p > 0.05). The
fish of LEF2 treatment had considerably higher liver CAT activity compared with others
(p < 0.05). The MDA levels of the LEF0 treatment were significantly higher than other
treatments (p < 0.05).

As is shown in Figure 2, no significant difference in intestinal T-AOC and SOD activity
between all diets was found (p > 0.05). Compared with the LEF1 treatment, the activity of
CAT was notably higher in the fish of the LEF2 and LEF5 groups (p < 0.05). However, gut
MDA levels did not differ significantly across groups (p > 0.05).

3.3. Digestive Enzyme Activity

The liver AMS activity of the LEF1 group was considerably higher with the exception
of the LEF3 group (p < 0.05). No discernible effect was found in the LPS activity of the liver
among all treatments (p > 0.05). The LEF4 group had the highest trypsin activity, but there
was no statistically significant difference in TRY activity between groups LEF0, LEF1, LEF2,
LEF4 and LEF5 (p > 0.05, Figure 3).
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Figure 1. Effect of LEF on hepatic antioxidative activities of largemouth bass. Total antioxidant
capacity (T-AOC, A), catalase (CAT, B), superoxide dismutase (SOD, C), malondialdehyde (MDA,
D). Bars with different letters are significantly different (mean ± SD; ANOVA, p < 0.05; n = 4). LEF0
(0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).

 

Figure 2. Effect of LEF on intestinal antioxidative activities of largemouth bass. Total antioxidant
capacity (T-AOC, A), catalase (CAT, B), superoxide dismutase (SOD, C), malondialdehyde (MDA,
D). Bars with different letters are significantly different (mean ± SD; ANOVA, p < 0.05; n = 4). LEF0
(0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).
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Figure 3. Effect of LEF on hepatic digestive activities of largemouth bass. Amylase (AMS, A), lipase
(LPS, B), trypsin (TRY, C). Bars with different letters are significantly different (mean ± SD; ANOVA,
p < 0.05; n = 4). LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4
(40 g kg−1), LEF5 (50 g kg−1).

The intestinal AMS activity of groups LEF1, LEF3 and LEF4 increased significantly
(p > 0.05). The intestinal LPS activity of group LEF0 was significantly higher than that of
the other groups (p < 0.05); the activity of TRY in the intestine of largemouth bass in groups
LEF0 and LEF1 had no statistically significant difference, but it was significantly higher
than that of the other groups (p < 0.05, Figure 4).

 

Figure 4. Effect of LEF on intestinal digestive activities of largemouth bass. Amylase (AMS, A),
lipase (LPS, B), trypsin (TRY, C). Bars with different letters are significantly different (mean ± SD;
ANOVA, p < 0.05; n = 4). LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4
(40 g kg−1), LEF5 (50 g kg−1).
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3.4. Morphological Structure of Liver and Intestine

The effects of LEF on the liver and intestinal morphology of largemouth bass were
analyzed by H&E staining. The liver morphology is shown in Figure 5. In LEF0 treatment,
widened hepatic sinus space, and leukocyte infiltration was observed, while in the LEF1,
LEF2 and LEF3 groups, the situation improved. In the LEF5 group, however, leukocyte
infiltration reoccurred.

 

Figure 5. Effect of LEF on liver morphology of largemouth bass. (A): LEF0; (B): LEF1; (C): LEF2;
(D): LEF3; (E): LEF4; (F): LEF5. (HE: hepatocytes; NU: nucleus; HS: hepatic sinusoid; CV: center vain;
VA: vacuoles; Red Arrow: inflammatory infiltration). LEF0 (0 g kg−1, A), LEF1 (10 g kg−1, B), LEF2
(20 g kg−1, C), LEF3 (30 g kg−1, D), LEF4 (40 g kg−1, E), LEF5 (50 g kg−1, F).

Figure 6 depicts the morphological structure of the intestine. No significant pathologi-
cal changes were observed in the midgut tissue in any of the dietary treatments, and no
significant pathological changes were observed in the midgut group. The ultrastructure
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of the intestine is shown in Figure 7. There were microvilli closely arranged on the top of
absorption cells in each group. There were abundant mitochondria and tubular systems
near the top of the cells. The structure of mitochondria was normal, the ultrastructure of
cells was normal, and the boundary was clear. It can be seen from Table 3 that there was no
significant difference in the statistical results of the number of villi in each group (p > 0.05).
Compared with the LEF5 group, the muscularis of fish in the LEF0, LEF1 and LEF3 groups
decreased significantly (p < 0.05). In addition, the number of goblet cells and the height of
the villus in the intestine of largemouth bass in the LEF5 group were also higher than those
in other groups.

 

Figure 6. Effect of LEF on gut morphology of largemouth bass. LEF0 (0 g kg−1, A), LEF1 (10 g kg−1,
B), LEF2 (20 g kg−1, C), LEF3 (30 g kg−1, D), LEF4 (40 g kg−1, E), LEF5 (50 g kg−1, F).
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Figure 7. Effect of LEF on intestinal ultrastructure of largemouth bass. MV: micro villi; MVB: Multi-
vesicle; MIT: Mitochondrial; GC: goblet cells; LYS: Lysosomal; N: Nucleus. LEF0 (0 g kg−1, A), LEF1
(10 g kg−1, B), LEF2 (20 g kg−1, C), LEF3 (30 g kg−1, D), LEF4 (40 g kg−1, E), LEF5 (50 g kg−1, F).

Table 3. Effect of LEF on intestinal morphology of largemouth bass.

Indexes LEF0 LEF1 LEF2 LEF3 LEF4 LEF5

Villus number 27.75 ± 0.85 28.25 ± 1.97 29.00 ± 2.27 28.25 ± 1.71 29.75 ± 1.49 30.25 ± 0.62
Muscularis (um) 106.08 ± 4.12 b 103.51 ± 8.93 b 114.79 ± 7.27 ab 104.18 ± 5.91 b 116.48 ± 7.68 ab 128.64 ± 5.15 a

Goblet cell
number 11.78 ± 1.42 b 15.11 ± 1.23 ab 13.89 ± 2.87 b 14.72 ± 1.68 ab 15.28 ± 2.252 ab 20.25 ± 1.42 a

Villus length (um) 613.75 ± 17.67 ab 634.52 ± 30.79 a 597.31 ± 24.78 ab 583.57 ± 15.44 ab 536.88 ± 32.68 b 636.95 ± 23.53 a

Means in the same raw with different superscripts are significantly different (mean ± SD; ANOVA, p < 0.05; n = 4).
LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).
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3.5. Intestinal Microbiota

The OTU VENN diagram visually showed the number of unique and common OTUs
in each group. The number of OTUs in each group was 185, 304, 143, 162, 342 and 131,
respectively. The total number of OTUs was highest in group LEF4. The rarefaction curve
indicated that each sample had reached a sufficiently deep sampling depth (Figure 8). The
α-diversity indexes were investigated to explore the bacterial community diversity of all
groups (Table 4). The result showed that the microbial richness of group LEF4 significantly
increased (p < 0.05), but there were no significant differences in Chao1, ACE, Shannon and
Simpsons indices among all groups (p > 0.05).

Figure 8. OTU VENN analysis and α Diversity dilution curve of gut microbiota in largemouth bass
fed with different levels of LEF. (A): OTU Venn diagram; (B): rarefaction curve. LEF0 (0 g kg−1), LEF1
(10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).

Principal coordinates analysis (PCoA) plots were generated from weighted-UniFrac
distances to assess community composition (Figure 9). The contribution rates for the first
and second principal components are 51.61% and 21.78%, respectively. The figure showed
that there was no clear dissimilarity among groups LEF0, LEF1, LEF2, LEF4, LEF5, which
meant that the composition of bacterial communities in these groups was similar. However,
the samples of LEF3 were mainly centered in the first quadrants, while samples of other
groups were near the second quadrant.
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Table 4. Effect of LEF on intestinal microbiota α-diversity of largemouth bass.

Diets Sob Chao1 ACE Shannon Simpson Goods-Coverage

LEF0 255.00 abc 341.48 321.34 2.30 0.59 99.94
LEF1 321.00 ab 376.04 389.52 2.96 0.74 99.94
LEF2 217.67 bc 285.29 279.94 1.91 0.55 99.94
LEF3 226.00 abc 297.42 315.24 2.13 0.52 99.94
LEF4 334.67 a 396.91 381.50 2.14 0.53 99.94
LEF5 207.00 c 283.75 281.52 1.81 0.59 99.94

Means in the same raw with different superscripts are significantly different (mean ± SD; ANOVA, p < 0.05; n = 4).
Sob: Number of species observed in sample, Chao1: The number of OTU in the community was estimated by
Chao1 algorithm, and the value of Chao1 was positively correlated with the total number of species], ACE: An
index used to estimate the number of OTUs in a community and the ACE values positively correlated with the
richness of the microbial community, Shannon: The index takes into account the abundance and evenness of the
community, and its value is positively correlated with the richness and evenness of the community, Simpson:
The index was used to estimate microbial diversity in samples, and the values were negatively correlated with
community diversity. LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1),
LEF5 (50 g kg−1).

Figure 9. Principal coordinates analysis (PCoA) analysis based on weighted-unifrac method.

The OTUs were identified into 12 phyla. At the phylum level, Fusobacteria was the pre-
dominant microflora in group LEF0 (46.13%), LEF1 (36.43%), LEF2 (55.43%), LEF4 (53.31%),
LEF5 (39.14%), followed by Tenericutes, Firmicutes, Proteobacteria, Bacteroidetes, while the
predominant microflora of group LEF3 (64.25%) was Tenericutes (Table 5; Figure 10A). At
the genus level, the percentage of Clostridium increased in groups LEF1, LEF2, LEF5, and
the percentage of Cetobacterium also increased in groups LEF2, LEF4 (Figure 10B).

Table 5. Relative abundance of intestinal microbiota (Phylum) of largemouth bass.

Phylum LEF0 LEF1 LEF2 LEF3 LEF4 LEF5

Fusobacteria 46.13 36.43 55.43 4.41 53.31 39.14
Tenericutes 6.21 21.34 16.53 64.25 22.95 11.27
Firmicutes 23.52 23.10 19.94 3.33 6.65 25.02
Proteobacteria 13.87 15.70 2.57 22.46 12.64 23.76
Bacteroidetes 7.69 2.28 4.65 3.58 3.11 0.34

LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).

Tax4Fun functional prediction analysis showed that KEGG related to membrane trans-
port, carbohydrate metabolism, amino acid metabolism, cofactor and vitamin metabolism,
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energy metabolism, nucleotide metabolism, signal transduction, transcription, replication
and repair, and lipid metabolism were enriched in all treatments, and there was no sig-
nificant difference between all groups (p > 0.05; Figure 11). Welch’s t-test, on the other
hand, revealed that certain predicted pathways between LEF0, LEF1, LEF3 and LEF4 were
significantly different (p < 0.05). Several predicted pathways were significantly enriched
in the LEF3 group versus the LEF0 and LEF1 groups (p < 0.05). In KEGG level 3 anal-
ysis, lysine degradation, fatty acid metabolism, geraniol degradation, tuberculosis and
toluene degradation were significantly more abundant in group LEF3 compared with LEF0
(p < 0.05; Figure 11C); pyruvate metabolism, starch and sucrose metabolism and pentose
phosphate pathway were more abundant in group LEF3 (p < 0.05; Figure 11D), while bu-
tanoate metabolism, thiamine metabolism enriched in group LEF1; pyruvate metabolism,
starch and sucrose metabolism, lipopolysaccharide biosynthesis, thiamine metabolism
enriched in group LEF2, while histidine metabolism, pyruvate metabolism, starch and
sucrose metabolism were more abundant in group LEF3 (p < 0.05; Figure 11E); ribosome,
lipopolysaccharide biosynthesis, histidine metabolism are more abundant in group LEF5
(p < 0.05; Figure 11F).

 

Figure 10. The relative abundance of bacteria in the intestine of largemouth bass. (A): phylum
level; (B): genus level. LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2 (20 g kg−1), LEF3 (30 g kg−1), LEF4
(40 g kg−1), LEF5 (50 g kg−1).
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Figure 11. Cont.
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Figure 11. Tax4fun function prediction of gut microbiota in largemouth bass. (A): Relative enrich-
ment of KEGG level 1; (B): Corresponding heatmaps for KEGG Level 1 pathways; (C–F): The top
10 pathways of predicted functions of intestinal microbiota in KEGG level 3. The Welch’s t-test was
used in groups LEF0, LEF1, LEF2, LEF3, LEF5 (p < 0.05). LEF0 (0 g kg−1), LEF1 (10 g kg−1), LEF2
(20 g kg−1), LEF3 (30 g kg−1), LEF4 (40 g kg−1), LEF5 (50 g kg−1).
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4. Discussion

Adopting plant protein as a substitute for fishmeal to save cost has been used in
aquaculture commonly [3–6], but this is detrimental to the growth performance of carnivo-
rous fish such as largemouth bass. The inclusion of LEF did not significantly improve the
growth performance of largemouth bass fed HPPD diets, according to the current findings.
Furthermore, there was a significant decrease in the activity of TRY and LPS in the intestine.
The three main digestive enzymes in the intestine are AMS, LPS, and TRY, and measuring
the activity of these enzymes can provide an indirect view of nutrient digestion and absorp-
tion in the intestine [26,27]. In this trial, HPPD was used as the basal diet for largemouth
bass, therefore, the above findings may be related to factors such as poor palatability and
anti-nutritional factors in HPPD. Amiri et al. [28] found no improvement in Rainbow Trout
(Oncorhynchus mykiss) growth parameters compared to fish that fed non-supplemental
feed after 8 weeks feeding of White Button Mushroom (Agaricus bisporus) Powder (WBMP).
Similarly, a study on holothurian (Apostichopus japonicus) also showed that there was no
significant effect on weight gain and specific growth rate after dietary administration of
Pleurotus ostreatus polysaccharides (POPS) [29]. In contrast, Mohan et al. [30] found that
dietary Ganoderma lucidum polysaccharides (GLPs) at 2.5 g kg−1 had a positive effect on
the growth of freshwater shrimp. Additionally, Doan et al. [31] reported that SGR, WG,
FW and FCR were remarkably improved in spent mushroom (cordyceps militaris) substrate
treatment groups. Dietary mushrooms also have a positive effect on the growth perfor-
mance of piglets. Research on the effect of dietary spent mushroom (cordyceps militaris)
on the growth performance of weaning pigs showed that spent mushrooms at 1.5 g kg−1

improved the body weight, average daily weight gain and average daily feed [32]. Another,
research on the impacts of fermented spent mushroom substrates on piglets also received
similar results [33]. These results indicated that dietary supplementation of mushrooms
had different effects on the growth performance of different animals, which may be related
to the species, processing method and dosage of mushrooms.

The overproduction of free radicals can produce adverse reactions in different tis-
sues [34–36]. The liver is one of the susceptible tissues to oxidative stress [37]. Supplemen-
tation of LEF in the present study significantly reduced the hepatic MDA level. Previous
research discovered that supplementing Agaricus bisporus mushrooms increased GSH-Px,
GR and GST activity while decreasing MDA production in turkey poult liver [38]. Liu
et al. [39] also reported that the application of the deep root mushroom reduced the lipid
peroxidation of the liver in mice. The CAT is an important antioxidant enzyme that re-
moves the reactive oxygen species (ROS) intermediate H2O2 and protects the body from
ROS [40–42]. In the present study, significantly increased CAT activity was observed in
the LEF2 group. This result agreed with Liu et al. [39] and Mahfuz et al. [43], who found
that the CAT activity of animal liver increased after the administration of mushrooms.
Furthermore, a significant improvement in liver morphology was also observed in the
LEF2 treatment. This study showed that the hepatic sinusoidal space decreased and the
infiltration of macrophages and neutrophils reduced, which indicated an improvement
in the liver morphology of group LEF2. Drori et al. [44] also revealed a corresponding
improvement of the immune-mediated liver injury of mice after feeding vitamin D-rich
mushroom extract. In addition, Kuang et al. [45] reported that the injury degree of the liver
in mice with gut-origin sepsis was improved with the increase in lentinan concentration.
In addition, it was found that lentinan sulfate polysaccharide can improve the multiple
organ dysfunction syndrome induced by yeast polysaccharides in mice and reduce the
vacuolization of mouse liver 46]. The improvement in liver morphology can be attributed
to the bioactive compounds in mushrooms such as B vitamins, minerals, polysaccharides,
lentinan and so on, which have the effect of liver protection and enhancing the antioxidant
capacity of the liver [43,46–54]. The present study showed that LEF can reduce hepatic
MDA levels and enhance the ability of hepatocytes to remove hydrogen peroxide.

The composition of gut microbial communities is closely related to the health of the
host. Parasitic microbial communities in the host are involved in many physiological
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processes [55]. Many reports suggested that mushroom supplementation in diets changed
the intestinal morphology and the composition of the microbiota. Nevel et al. [23] found that
supplementation with Lentinus edodes affects the composition of hindgut microorganisms
and change the intestinal morphology of piglet. Giannenas et al. [56] also found that
Lactobacilli spp. were higher in the ileum of broiler chickens fed a diet containing Agaricus
bisporus. Another study by Giannenas showed that mucosal architecture was influenced
by mushroom consumption in terms of villus height [57]. Similar to the above findings,
the present study found that the relative abundance of Clostridium, a member of Firmicutes,
significantly increased in groups LEF1, LEF2 and LEF5. Besides, the muscularis thickness
and goblet cell number increased significantly in group LEF5 compared to the control.
Similar findings had also been reported for Rainbow Trout (Oncorhynchus mykiss), crude
lentinan significantly promoted the growth of short-chain fatty-acid-producing bacteria.
In addition, Yang et al. [51] claimed that the application of lentinan supplementation can
reduce Proteobacteria and increase the abundance of Actinomycetes to improve intestinal
microflora imbalance in mice. In the gut, Clostridium digests polysaccharides, producing
many short-chain fatty acids (SCFA) that are beneficial to animal health [58]. SCFA, and
specifically butyrate, play an important role in mediating the effects of the gut microbiome
on local and systemic immunity [59]. Alves jesus et al. [60] reported that adding sodium
butyrate to the diet significantly reduced liver lymphocyte infiltration and improved
intestinal integrity in tilapia. Similarly, the villus height (VH) to crypt depth (CD) ratio
(VH:CD ratio) of the ileum were higher in piglet fed with butyrate [61]. Therefore, this
study suggested that LEF may have a potential prebiotic effect and that the bioactive
compounds in LEF may be fermented by gut microbes to produce short-chain fatty acids
by substrate fermentation, thus affecting the composition of gut microbial communities,
and this change ultimately affects the morphology of the intestine [62–65].

5. Conclusions

In conclusion, this study provided the experimental basis for HPPD to develop mush-
room feed additives. Dietary LEF supplementation can improve antioxidant activity in
the liver and gut of largemouth bass, relieve liver inflammation, improve intestinal tissue
morphology, and ultimately have a positive effect on the health of largemouth bass. Dietary
LEF is recommended at required at 20 g kg−1.
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Abstract: Accurate recording of growth indicators for aquaculture species at different stages is essen-
tial for evaluating aquaculture production effectiveness and the rationality of feed formulations. Due
to their convenience and non-invasiveness, weight, length, and condition factor are commonly used
to assess the growth of aquaculture species. However, fish growth indicators, can vary significantly
with age structure and feed components (nutrition), and relying on a single indicator may lead to
misjudgments. In this study, we investigated the growth indicators of Gibel carp (Carassius auratus
gibelio var. CAS V) at different growth stages (juvenile and adult) and different feed formulations.
Meanwhile, the fish weight–length relationship (W = bLa) was used to assess the growth indicators.
The results showed that the weight–length relationship of Gibel carp varied significantly with age
and feed formulation. Additionally, the condition factor calculated depended on the weight–length
relationship being more similar with weight and length change trend than the condition factor was
measured. Weight analysis indicated that weight, length, depth, body width, and carcass ratio had
higher weights when analyzing fish growth. Therefore, during aquaculture production, fish growth
evaluating requires considering diverse indicators such as weight, length, body depth, body width,
and carcass ratio, as well as the condition factor, to avoid misjudging the actual growth situation.
Meanwhile, the use of the condition factor should consider the sufficient number of data and whether
the assumptions (such as being in an isometric growth period) are met.

Keywords: Gibel carp; growth indicators; weight–length relationship; condition factor; growth stage;
feed formulation

Key Contribution: This study suggested that fish growth evaluation requires considering diverse
indicators. Meanwhile, the use of the condition factor should consider the sufficient number of data
and whether the assumptions (such as being in a isometric growth period) are met.

1. Introduction

In aquaculture, morphological and physiological indices of cultured species are used
to assess their physiological or nutritional status. Weight, length, and condition factor are
commonly used evaluation indicators due to their convenience and non-invasiveness. The
weight (W) of fishes is exponentially related to their length (L) according to the weight–
length relationship (WLR) equation W = bLa [1], which was established by Keys, 1928 [2]
and has been widely used since then for determining fish condition and comparing fish
growth (a = 3, isometric growth; a < 3, negative allometric growth; a > 3, positive allometric
growth) [3]. Another indicator, the condition factor(also known as Fulton’s condition factor
K), was intertwined with WLR because Fulton (1904) noted this factor as K = 100 W

L3 [4],
which was somehow restricted to the condition of isometric growth. The condition factor
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is an empirical indicator based on the positive correlation between the physiological or
nutritional status of animals and the energy storage in their bodies, which, in turn, is
positively correlated with body weight [5]. Among individuals of the same body size
(length), those with higher weight are generally considered to have better physiological
and nutritional status [6]. However, in practical production, the growth stages of fish, such
as the juvenile and adult stages, and different feed formulations can lead to deviations from
this ideal growth status [7], and relying solely on the condition factor to assess the growth
of cultured species may cause misjudgments. Therefore, research suggested using a range
of diverse indicators to evaluate cultured species [8].

Thus, the aim of this research is to provide a more precise assessment of WLR and
applicable conditions of the condition factor, as well as various indicators, such as body
weight, length, depth, body width, and carcass ratio for evaluating Gibel carp (Carassius
auratus gibelio var. CAS V) growth characteristics at different growth stages (juvenile and
adult) and under different feed formulations (fish meal replacement, FMR; plant protein
replacement, PPR). This research has the potential to enhance the production management
and feed formulation design in aquaculture.

2. Materials and Methods

2.1. Ethical Statement

This research was approved by the Animal Ethics Committee of the Key Laboratory of
microecological resources and utilization in the breeding industry, the Ministry of Agricul-
ture and Rural Affairs, and all experiments were conducted according to the protocols and
procedures of the Laboratory Animal Management Ordinance of China.

2.2. Feeding Management
2.2.1. Juvenile Stage

Larva Gibel carp (yolk sac) were purchased from Bairong Company (Huanggang,
China), transported to Xinghua nursery factory (Xinghua, China), and divided into self-
sufficient farm (Xinghua nursery factory) and commercial farm (Yancheng aquaculture
farm, Yanchen, China) parts, with a stocking density of 450 fish/m2. After temporary
culture for 10 days, commercial feed purchased from Taizhou Biological Feed Co., Ltd.
(Xinhua, China) was used with a feeding rate of 6% for another 120 days. To ensure
the stability of feeding, the feeding frequency and amount were consistent between the
self-sufficient farm and the commercial farm.

2.2.2. Adult Stage

After being raised to the adult stage (63.04 ± 6.70 g), the Gibel carp were transferred to
net cages (2.5 m × 2.5 m × 3 m) for cultivation, with 45 fish per cage and a total of 76 cages.
These cages were randomly divided into 19 groups, with 4 replicates per group. A total of
19 different formulation feeds were fed at 4% body weight/day, 3 times/day for 60 days.

2.2.3. Feed Formulation

Fish meal replacement is one of the important research directions for coping with the
current shortage of fish meal. At the same time, different plant proteins are widely used in
feed formulation design to avoid nutritional and cost imbalances caused by single-plant
protein source [9]. Therefore, this experiment used two approaches, fish meal replacement
(FMR) and plant protein replacement (PPR), to create different feed formulations. The
feed formulation design approach for the adult stage is shown in Table 1. The details of
feed formulations for the adult fish were as shown in Tables S1 and S2 and the proximate
composition of commercial feed for juvenile fish was as shown in Table S3.

166



Fishes 2023, 8, 439

Table 1. Feed formulation design approach for the adult stage.

Main Approach Control Group Groups Feed Formulation Design Approach

Fish meal
replacement

1

2 50% fish meal replaced by expanded soybean

3 Fish meal replaced by a combination of expanded soybean and corn
protein powder

4 Fish meal replaced by cottonseed meal
5 Fish meal replaced by corn gluten meal

Plant protein
replacement 4

5 Cottonseed meal replaced by corn gluten meal
6, 7, 8 Soybean meal replaced gradually by peanut meal
9, 10 Rapeseed meal (Canada) replaced gradually by sunflower seed meal

11, 12, 13 Soybean meal replaced gradually by sunflower seed meal
14, 15 Soybean oil replaced by wheat with equal energy

16, 17, 18, 19 Rapeseed meal (Canada) replaced by fermented rapeseed meal

2.3. Data Collection and Processing
2.3.1. Juvenile Stage
Data Collection and Analysis

Fish were taken after 120 days and were anesthetized with MS-222 (25 mg/L). Then
fish were measured for weight and length and were classified by cultivation area. The
recorded and measured data were statistically analyzed using SPSS (R26.0.0.0 version X.X )
and EXCEL (version 16.76(23081101) version XX) software. The parameters (a and b) of the
Weight–Length Relationship (WLR) equation in aquaculture (Equation (1)) was calculated
by SPSS regression analysis [10].

Weight–length relationship
W = bLa (1)

W: weight in grams; L: length in centimeters; a and b are parameters
In order to evaluate whether the WLR equation could fit the fish during the juvenile

stage, the fitted weight data were inversely calculated from the measured length collected
by a commercial farm using the WLR equation. Independent sample t-test analysis was
performed with the measured weight and fitted weight to evaluate the differences.

2.3.2. Adult Stage
Data Collection and Analysis

The net cage experiment lasted for 60 days. Ten fish were randomly selected from
each cage and were anesthetized with MS-222 (25 mg/L) and then killed by a lethal blow
to the head. Then the fish were measured for weight, length, depth, body width, and
carcass ratio, and the Measured Condition Factor (MCF) was calculated. The length (AB)
was determined by rule with an accuracy of 0.1 mm; depth (CD) and body width (EF)
were determined by electronic digital calipers with an accuracy of 0.01 mm (Figure 1). The
equations for carcass ratio and MCF are as follows:

Carcass ratio =
body weight − viscera weight

body weight
× 100% (2)

Condition factor =
body weight

length3 × 100% (3)

The recorded and measured data were statistically analyzed using SPSS and EXCEL
software. Growth indicator data from each group and the entire population were used
individually to calculate the parameters of WLR (Equation (1)) by regression analysis.
Afterwards, weight was fitted by the WLR equation for the entire population and each
group, respectively. Along with the measured length, the entire population fitted condition
factor (ECF) and group fitted condition factor (GCF) were calculated using fitted weight
and Equations (3). One-way ANOVA was used to test the differences in various indicators
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of Gibel carp under different feed formulations. Principal component analysis (PCA) was
used to analyze the weight (normalized) of weight, length, depth, body width, MCF, ECF
and GCF. All the data sources can be seen in supplements, as described in Table 2.

 

Figure 1. Measurement of morphological indicators (Gibel Carp is shown as an example). AB, body
length; CD, body depth; EF, body width (F is the point E on the other side of the fish).

Table 2. Data source of Figure/Table/Equations.

Figure/Table/Equation Data Source Sheet

Equation (4)/Figure S1 Data source for Juvenile fish.xlsx sheet 1: Data from self-sufficient farm
Table 3–Juvenile fish Data source for Juvenile fish.xlsx sheet 2: Data from commercial farm
Table 3–Adult fish Data source for Adult fish.xlsx Sheet 1: Weight analysis
Tables 4–9 Data source for Adult fish.xlsx sheet 2: All data
Table 6 Data source for Adult fish.xlsx sheet 2: All data/sheet3: WLR

3. Results

3.1. Juvenile Stage
Weight–Length Relationship in Juvenile Stage

A regression analysis was performed on the data sampled from the self-sufficient farm,
and the values of a and b were calculated by regression analysis, resulting in an exponential
relationship (r = 0.978) (Equation (4)). This exponential equation fits well with Equation (1)
(Figure S1). When the data collected by commercial farm were used, the fitted weight based
on the WLR was not significantly different from the measured weight (p = 0.87, Table 3),
indicating that Equation (4) is consistent with the actual situation.

W = 3.023 × 10−5L3.023(r = 0.978) (4)

Table 3. Statistical significance between measured and fitted weight of juvenile and adult fish.

Data Source Statistical Significance between Measured and Fitted Weight

Juvenile fish from commercial farm - p = 0.93
Adult fish ** p = 0.000008

-: p > 0.05; **: p < 0.01.
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3.2. Adult Stage
3.2.1. Length–Weight Relationship of Juvenile Fish Did Not Fit the Adult Fish

The weight data of the adult fish were fitted using the WLR of Gibel carp at the juvenile
stage (Equation (4)). The difference between the fitted weight and the measured weight was
analyzed and found to be significantly different (p < 0.01, Table 3), indicating that the WLR
established during the juvenile stage was not applicable to the adult stage of Gibel carp.

3.2.2. Growth Indicators under Different Feed Formulations Had Varying Degrees of Impact

The results showed that different feed formulations had varying degrees of impact
on several commonly used fish growth indicators. However, the trends in the MCF were
inconsistent with other indicators (weight, length, depth, carcass ratio, and body width). In
the FMR group, groups 2 and 3 showed significant differences in weight, length, depth,
carcass ratio, and body width, while the MCF showed no significant difference (Table 4). In
the PPR group, all groups except group 9 and group 11 showed significant differences in
the MCF compared to the control group (Table 5), while most groups showed no difference
in weight, length, depth, carcass ratio, and body width compared to the control group. This
indicates that using the condition factor alone to assess the growth characteristics of Gibel
carp under different feed formulations may cause misjudgments.

Table 4. The effect of fish meal replacement on Gibel carp growth.

Control Group
Statistical Significance

Weight Length Body Depth Carcass Ratio Body Width MCF

1

2 ** ** ** ** ** -
3 ** ** ** ** ** -
4 - * ** ** ** **
5 - - - * - -

total of sd/n-sd group 2/2 3/1 3/1 4/0 3/1 1/3

-: p > 0.05; *: 0.01 < p < 0.05; **: p < 0.01; sd: Significant differences; n-sd: Non-Significant differences.

Table 5. The effect of plant protein replacement on Gibel carp growth.

Control Group
Statistical Significance

Weight Length Body Depth Carcass Ratio Body Width MCF

4

5 - - * - ** *
6 - - - - - *
7 - - - - * **
8 - - ** - ** **
9 * * - * - -

10 - - ** - ** **
11 - - - - - -
12 - - - - ** **
13 - - - - * **
14 - - - - - **
15 - ** - - - **
16 - - * - - *
17 - - ** - ** **
18 - - - - - **
19 - ** ** * ** **

total of sd/n-sd group 1/14 3/12 6/9 2/13 8/7 13/2

-: p > 0.05; *: 0.01 < p < 0.05; **: p < 0.01; MCF: Measured Condition Factor; sd: Significant differences; n-sd:
Non-Significant differences.
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3.2.3. Weight–Length Relationship Fitted Condition Factor Showed Similar Trends to
Growth Indicators

The WLR of the entire population and each group of adult fish were established
(Table 6). In the WLR, the dimensional of constant b is consistent with the condition factor,
and when a = 3, b’s definition premise and biological significance are consistent with
the condition factor [11]. Weight was fitted by the WLR equation of the entire population
(Entire population WLR, Table 6) and of each group (group 1–19 WLR, Table 6) by measured
length data. Then, ECF and GCF was calculated using fitted weight, measured length
and Equation (3). The results showed that the GCF had similar trends to those of weight
and length. In contrast, the trend for the MCF and ECF differed significantly from these
indicators (Tables 7 and 8).

Table 6. Weight–length relationships of entire population and each group.

Groups Weight–Length Relationships r-Value

Entire population W = 7.178 × 10−5L2.826 0.872
Group1 W = 8.164 × 10−5L2.800 0.794
Group2 W = 4.251 × 10−5L2.930 0.879
Group3 W = 1.397 × 10−4L2.693 0.760
Group4 W = 1.416 × 10−4L2.694 0.839
Group5 W = 1.019 × 10−4L2.756 0.815
Group6 W = 1.846 × 10−5L3.102 0.948
Group7 W = 7.178 × 10−5L2.826 0.908
Group8 W = 1.319 × 10−4L2.699 0.854
Group9 W = 8.384 × 10−5L3.267 0.903

Group10 W = 1.095 × 10−4L2.738 0.938
Group11 W = 8.620 × 10−4L2.326 0.815
Group12 W = 5.712 × 10−5L2.872 0.929
Group13 W = 3.142 × 10−5L2.988 0.909
Group14 W = 2.038 × 10−5L3.078 0.837
Group15 W = 5.021 × 10−5L2.913 0.892
Group16 W = 5.063 × 10−5L2.896 0.930
Group17 W = 3.826 × 10−5L2.950 0.926
Group18 W = 7.178 × 10−5L2.826 0.902
Group19 W = 1.124 × 10−4L2.734 0.875

Table 7. The effect of fish meal replacement on weight, length and condition factors.

Control Group
Statistical Significance

Weight Length MCF GCF ECF

1

2 ** ** - - **
3 ** ** - ** **
4 - * ** ** *
5 - - - ** -

total of sd/n-sd group 2/2 3/1 1/3 3/1 3/1
-: p > 0.05; *: 0.01 < p < 0.05; **: p < 0.01; MCF: Measured Condition Factor; GCF: Group Fitted Condition Factor;
ECF: Entire Population Fitted Condition Factor; sd: Significant differences; n-sd: Non-Significant differences.

3.2.4. Weight Analysis of Growth Indicators

Weight Analysis of Growth Indicators indicated that body weight, length, depth, body
width, and carcass ratio had higher weights when analyzing fish growth characteristics
(Table 9).
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Table 8. The effect of plant protein replacement on weight, length and condition factors.

Control Group
Statistical Significance

Weight Length MCF GCF ECF

4

5 - - * ** -
6 - - * ** -
7 - - ** ** -
8 - - ** ** -
9 * * - ** *

10 - - ** ** -
11 - - - * -
12 - - ** ** -
13 - - ** ** -
14 - - ** ** -
15 - ** ** ** **
16 - - * ** -
17 - - ** ** -
18 - - ** ** -
19 - ** ** ** **

total of sd/n-sd group 1/14 3/12 13/2 15/0 3/12
-: p > 0.05; *: 0.01 < p < 0.05; **: p < 0.01; MCF: Measured Condition Factor; GCF: Group Fitted Condition Factor;
ECF: Entire Population Fitted Condition Factor; sd: Significant differences; n-sd: Non-Significant differences.

Table 9. Weight analysis of Gibel carp growth indicators.

Factors Weight (Normalization)

Body weight 0.211
Carcass ratio 0.211

Depth 0.179
Length 0.175

Body width 0.124
Measured Condition Factor 0.99

4. Discussion

4.1. Weight–Length Relationship of Gibel Carp Juvenile and Adult Stages

This study collected growth data of Gibel carp from the Xinghua nursery factory,
calculated the WLR of the Gibel carp, and verified it using the growth data collected from a
commercial farm. The results showed that the WLR (Equation (1)) can fit well, with a value
of a = 3.023. From the definition of the equation, the coefficient a represents the ratio of
weight gain to length growth in fish. From a mathematical perspective, when a undergoes
a small change, b will change significantly, and even when a is relatively stable, b can still
undergo frequent changes. Therefore, the value of a reflects the growth characteristics
of fish in different stages and environments [1,3]. Another physical interpretation of
Equation (1) is that the relationship between fish weight (W), fish density (ρ), and volume
(V) is W = ρV, and the volume is an exponential function of length. Generally, the power
exponent is close to 3, indicating that fish growth is isometric [12]. In this study, the value
of a is 3.023, indicating that Gibel carp is close to isometric growth during the juvenile
stage, which may explain why the weight–length relationship fits well with Equation (4)
for both farms.

The results also showed significant differences in the WLR between the juvenile and
adult stages. This is because factors such as fish species, age, and food can influence the
value of a and b of WLR [8,13–16]. The results also showed that the a values of individual
groups and the entire population data of the adult stage were smaller than 3 (Table 6),
possibly because the Gibel carp was in a hypoallometric growth period.
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4.2. Limitations of the Condition Factor in Evaluating Fish Growth Characteristics under Different
Feed Formulations

The condition factor is often used to analyze the growth status or reproductive capacity
of fish under different conditions [17]. If assuming that the expected weight of animals
increases approximately uniformly with length growth, for example, with the increase
of the long axis of the body, and the body radial size increases proportionally, then the
expected weight will be positively correlated with the cube of the body, which is the
original concept of the condition factor (also known as the Fulton index) [11]. Combining
Equations (1) and (3), when fish are in an isometric growth period (a = 3), the biological
significance of b and the assumption premise of the condition factor are consistent and
numerically identical. However, in practical production, fish growth can deviate from
this ideal growth state due to changes in environmental conditions such as temperature
and feed [7,18,19]. As shown in this study, the WLR of various groups and the entire data
in the adult stage showed a < 3, indicating that Gibel carp may be in a hypoallometric
growth period under different feed formulations. The MCF of various groups did not show
significant differences, and its trend was inconsistent with other indicators (weight, length,
depth, body width, and carcass ratio). This further indicates that the use of the condition
factor should consider whether its premise assumption (e.g., isometric growth stage or
a = 3) is met to avoid misjudgments.

In this study, the regression equation of the entire population of adult fish WLR was
used to calculate the fitted weight based on the measured length and then calculate the
fitted condition factor. The trend of this ECF description was shown to be more similar to
other growth indicators (weight, length,) than GCF and MCF. This result indicates that a
sufficient number of data is an important condition for the biological significance of the
condition factor. Therefore, when using the condition factor for evaluation, a sufficient
number of data need to be considered to ensure the accuracy of this indicator’s evaluation.

The indicators of fish weight, length, depth, body width, and carcass ratio were also
analyzed for evaluating fish growth. The results showed that these indicators had higher
weights. Therefore, in aquaculture production, the evaluation of fish growth under different
feed formulations should comprehensively consider diverse indicators such as weight,
length, depth, body width, carcass ratio, and condition factor to avoid misjudgments caused
by a single indicator.

5. Conclusions

This study discussed the application limitations of WLR and CF under different
growth periods and feed formulations, as well as the application of other indicators,
and demonstrated that, to support an accurate assessment of fish growth in aquaculture
production, a comprehensive growth indicator system was needed, such as weight, length,
depth, body width, carcass ratio, and condition factor. However, the application of the
condition factor in practice needs to consider the sufficient number of data and whether
its premise assumption (e.g., isometric growth stage) is met. In other words, with a
thorough understanding of the relationship between CF and WLR, as well as their biological
significance, CF could be more meaningful and credible during the evaluation of fish growth
and their economic value.
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Abstract: The present study was conducted to investigate the effects of high dietary carbohydrate
levels on growth performance, enzyme activities, and gene expressions related to liver glucose
metabolism and the intestinal microbiota of Lateolabrax maculatus juveniles. Two experimental diets
with levels of carbohydrates (20% and 30%, named the NCD group and the HCD group, respectively)
were designed to feed L. maculatus (initial weight 9.45 ± 0.03 g) for 56 days. The results showed that,
compared with the NCD group, the condition factor (CF) was significantly elevated in the HCD group
(p < 0.05). The plasma advanced glycosylation end products (AGEs), glycated serum protein (GSP),
total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein
(LDL), and glutamate aminotransferase (AST) were significantly higher in the HCD group than those
in the NCD group (p < 0.05). The intestinal lipase, chymotrypsin, and α-amylase in the HCD group
were significantly higher than those in the NCD group (p < 0.05). The liver superoxide dismutase
(SOD), total antioxidant capacity (T-AOC), and catalase (CAT) were significantly lower in the HCD
group than in the NCD group (p < 0.05). The liver malondialdehyde (MDA) and hexokinase (HK)
levels were significantly higher than those in the NCD group (p < 0.05). In the histopathological
findings, liver cells in the HCD group appeared to have many vacuoles, and the number of lipid
droplets increased. Compared with the NCD group, the relative expression of liver glucokinase
(GK) and glycogen synthetase kinase-3 (GSK3β) genes in the HCD group was significantly increased
(p < 0.05), while the relative expression of phosphoenolpyruvate carboxykinase (PEPCK) and glycogen
phosphorylase (GP) genes in the HCD group was significantly reduced (p < 0.05). High-throughput
16S rRNA gene sequencing showed that high dietary carbohydrate intake changed the composition
and structure of the intestinal microbiota. At the phylum level of the intestinal microbiota, high
dietary carbohydrates decreased the relative abundance of Firmicutes and increased the relative
abundance of Proteobacteria and Bacteroidetes. At the genus level of the intestinal microbiota, high
carbohydrates decreased the relative abundance of Bacillus and increased the relative abundance
of Photobacterium and Paraclostridium. From the results of this experiment on L. maculatus, high
carbohydrates led to increased condition factor and liver glycogen, lipid deposition, decreased
antioxidant capacity of the liver, increased relative abundance of harmful intestinal microorganisms,
and disrupted glucose metabolism.
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Key Contribution: This experiment investigated the effects of high dietary carbohydrate levels
on growth performance, intestinal and liver enzyme activities, expression of genes related to liver
glucose metabolism, and the intestinal microbiota of Lateolabrax maculatus juveniles.

1. Introduction

For living organisms, carbohydrates provide energy and organic carbon [1]. A car-
bohydrate source is regarded as the most economical energy source for artificial feed. In
addition, including carbohydrates in the diet has a protein-sparing effect, lowers ammonia
nitrogen excretion, and minimizes water pollution, all of which contribute to the feed
industry’s sustainable growth. Fish, however, have a restricted capacity to use dietary
carbohydrates. Usually, hyperglycemia shows up after glucose loading or carbohydrate
intake [2]. Carnivorous fish exhibit limited utilization of carbohydrates as a result of their
shorter intestine, inadequate secretion of α-amylase, a low count of insulin receptors, and
the absence of inhibition in postprandial gluconeogenesis [3]. However, the metabolic vari-
ations among fish remain inadequately characterized, thus necessitating an investigation
into the dietary carbohydrates’ mechanism of metabolic regulation in fish.

The liver serves as the primary site for glucose metabolism in fish, encompassing
various processes such as glycolysis, gluconeogenesis, the pentose phosphate pathway,
glycogen synthesis, and glycogenolysis. The regulation of glucose production and stor-
age is influenced by hormonal and nutritional factors, which are contingent upon the
expression and activity levels of crucial enzymes involved in the gluconeogenic and gly-
colytic pathways. Both the loss of glycemic control in coho salmon (O. kisutch) given
a streptozotocin injection and insulin production by Atlantic hagfish (Myxine glutinosa)
induced by glucose demonstrate the existence of a glucose homeostasis system in fish [4,5].
Glycolysis, gluconeogenesis, glycogen synthesis, and glycogenolysis are all involved in
the control of homeostasis glucose [6]. As a result of increased 6-phosphofructo-1-kinase
(FBP), pyruvate kinase (PK), and glucokinase (GK) activity, the glycolytic pathway is up-
regulated in the liver of many carnivorous fish species during postprandial settings. In
earlier studies, carbohydrates had an impact on the gut microbiota and the transcription
of genes involved in glucose metabolism. According to a previous study on Megalobrama
amblycephala, neither the number of dietary carbohydrates nor the timing of the samples had
an impact on the transcription of phosphoenolpyruvate carboxylase (PEPCK). However,
the transcriptions of GK, PK, and glycogen synthase (GS) were considerably greater in the
high-carbohydrates group than in the control group, whereas the transcriptions of FBP
were the opposite [3]. High carbohydrate levels were found to enhance the prevalence of
the hazardous microorganisms Vibrio, Photobacterium, and Mycoplasma in Trachinotus
ovatus studies [7]. Glycogen synthase (GS) and glycogen phosphorylase are two important
enzymes that control the accumulation of glycogen with regard to glycogen metabolism;
increased hepatic glycogen after dietary carbohydrate consumption has been documented
in certain fish. According to previous studies, after consuming a high-carbohydrate diet,
the hepatic glycogen levels were increased by inducing glycogen synthesis and inhibiting
glycogenolysis [8,9]. However, the exact mechanism by which a high-carbohydrate diet
affects crucial glucose metabolism enzymes and thus results in abnormalities of glucose
metabolism in Lateolabrax maculatus is still not fully understood and warrants further study.

Animals’ bodies require intestinal microflora, which also plays a crucial physiological
function in the host’s immunological antagonism and the absorption of nutrients [8]. The
consumed feed served as the major source of gut flora [10]. Numerous studies have demon-
strated a connection between diseases and metabolic disorders and excessive carbohydrate
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intake [11]. Studies on the impact of dietary carbohydrate levels on the health of fish guts,
however, are few [11].

The spotted sea bass (L. maculatus), a carnivorous fish that belongs to the family Mo-
ronidae (Perciformes), has distinctive conspicuous black spots on the side of its body [12].
Since the creation of the genus Lateolabrax, it has been regarded as a congeneric species
alongside Lateolabrax japonicus. The L. maculatus has a larger geographic range than
L. japonicus, extending from the Bohai Sea to the Indo-Chinese peninsula [13]. Due to
its broad adaptability, quick growth, and high market demand, the cultivation of L. mac-
ulatus is becoming more widespread. According to the 2022 China Fisheries Statistical
Yearbook, 199,106 tons of this fish are produced in China [14]. In light of this, the authors of
this study examined the effects of increased carbohydrate intake on growth performance,
plasma biochemical indices, intestinal and liver enzyme activities, liver glucose metabolism
gene expression, and intestinal microflora in L. maculatus.

2. Materials and Methods

2.1. Experimental Design and Diet Formulation

The formulation and chemical composition of the experimental diets are presented
in Table 1. The protein sources mainly include fish meals and casein. The lipid source is
mainly fish oil. The carbohydrate source is mostly cornstarch. A normal carbohydrate
diet and a high carbohydrate diet (NCD: 20%; HCD: 30%) were formulated as two dietary
carbohydrate levels for L. maculatus. The ingredients were ground through a 40-mesh
screen. Minerals and vitamins were mixed by the progressive enlargement method [15].
For the premixed dry ingredients, we added lipid and distilled water to a feed mixer
and thoroughly mixed until homogenous [16]. The 2.5-mm-diameter pellets were wet-
extruded by a pelletizer (F-26, South China University of Technology, Guangzhou, China)
and air-dried. All diets in plastic bags were sealed and stored at −20 ◦C.

Table 1. Formulation and nutrient compositions of experimental diets. (%).

Items
Diets

NCD HCD

Fish meal 40 40
Casein 20 20

Corn starch 20 30
Dextrin 0 0
Glucose 0 0

Microcrystalline cellulose 10.5 0.5
Fish oil 6.5 6.5

Vitamin premix a 0.5 0.5
Mineral premix b 0.5 0.5
Choline chloride 0.5 0.5

Soy lecithin 1 1
Betaine 0.2 0.2

Antioxidant 0.1 0.1
Carboxymethyl-cellulose 0.2 0.2

Proximate analysis
Dry material 94.3 94.3

Crude protein 42.9 43.0
Crude lipid 11.5 11.5
Crude ash 7.4 7.5

Nitrogen-free extract 20.4 30.2
Energy 18.2 19.9

a Vitamin premix (mg/kg diet): VB1 25, VB2 45, VB12 0.1, VK3 10, VC 2000, inositol 800, nicotinic acid 200, folic
acid 1.2, biotin 32, VD3 5, VE 120, ethoxyquin 150, pantothenic acid 500, avicel 14.52. b Mineral premix (mg/kg
diet): NaF 4, KI 1.6, CoCl2•6H2O (1%) 100, CuSO4•5H2O 20, FeSO4•H2O 160, ZnSO4•H2O 100, MnSO4•H2O
120, MgSO4•7H2O 2400, Ca(H2PO4)2•H2O 6000, NaCl 200.
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2.2. Animal Rearing and Feeding Trial

L. maculatus was obtained from Shenzhen Long Qi Zhuang Industrial Development
Co., Ltd. (Shenzhen, China). Fish were adapted for 14 days in polythene cages and fed
commercial diets of L. maculatus (Guangdong Yuequn Marine Life Research and Develop-
ment Co., Ltd., Jieyang, China). Then, similar-sized fish (average weight, 9.45 ± 0.03 g)
were randomly distributed into six cages (1.0 m × 1.0 m × 1.5 m) at a rate of 25 fish per
cage. One of two experimental diets was randomly assigned to fish in each cage, and each
diet was tested triplicate. Fish were fed two times daily to apparent satiation (6:00 and
18:00 h) for 56 days. During experiments, the pH and the water temperature were 7.63–8.44
and 28.2–32.3 ◦C, respectively; the salinity and the dissolved oxygen were 25‰ and greater
than 5.1 mg/L, respectively.

2.3. Sampling

After completing the feeding experiment, we weighed the fish after a whole day of
starvation. The diluted MS-222 was used for fish that were anesthetized (Sigma, St. Louis,
MO, USA). Three fish were sampled randomly from each cage for sampling. Intraperitoneal
lipids and individual liver viscera were all quickly separated. Blood was collected from
the caudal vein. Intestinal and liver were peeled from each L. maculatus, and the samples
were quickly frozen in nitrogen and stored at −80 ◦C until analyses. Three fish were
sampled randomly from each cage to obtain intestinal samples, which were immediately
fixed in a 4% paraformaldehyde solution. Three fish were sampled randomly from each
cage to obtain liver samples, which were immediately fixed fish liver sections in neutral-
buffered formalin.

2.4. Measurements of Liver Glycogen

The liver glycogen content is determined by the colorimetric method using commercial
assay kits (Beijing Huaying Biotechnology Research Institute, Beijing, China, Serial Number:
HY-M0023).

2.5. Biochemical Parameters

We measured plasma glucose using the glucose oxidase method [17,18]. Insulin
(INS), plasma lactate (LD), pyruvate (PA), glycated serum protein (GSP), and Advanced
Glycation End Products (AGES) levels were determined by means of an enzyme-linked
immunosorbent assay (ELISA) using the Huawei Delong DR-200BS Enzyme Labeling
Analyzer. Determinations of total cholesterol (TC), triglycerides (TG), high-density lipopro-
tein (HDL), low-density lipoprotein (LDL), glutamate aminotransferase (AST), alanine
aminotransferase (ALT), intestinal digestive enzymes (lipase, α-amylase, chymotrypsin),
tissue protein, total antioxidant capacity (T-AOC), superoxide dismutase (SOD), catalase
(CAT), and malondialdehyde (MDA) were determined using an automatic biochemical
analyzer (Myriad BS-420 Automatic Biochemical Instrument). The liver lipid peroxidation
product (MDA), antioxidant enzymes (T-AOD, SOD, CAT), hexokinase (HK), and phos-
phoenolpyruvate carboxykinase (PEPCK) were all determined using commercial assay
kits (Beijing Huaying Biotechnology Research Institute, Beijing, China, Serial Number:
HY-M0003, HY-60021, HY-M0018, HY-M0001, HY-60087, HY-NE286).

2.6. Intestinal and Liver Histology

The intestine samples were fixed and dehydrated in a hierarchical series of ethyl
alcohol embedded in paraffin, sliced into 5-μm thick sections, which use hematoxylin
and eosin to stain (H&E). The intestine villus height was measured by Case Viewer, with
ten values for each group. Liver and intestinal morphology were examined using a light
microscope (Olympus CKX41 microscope, Tokyo, Japan). Liver samples were fixed in
10% buffered formalin, dehydrated in a graded ethanol series, and embedded in paraffin.
Sections series of 4 μm were stained with hematoxylin and eosin (H&E). Oil Red O staining
was performed as described in a previous study [19,20].
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2.7. Real-Time PCR

Bass liver RNA was extracted using the Fore gene RNA kit, RNA quality was measured
with 1% agarose gel electrophoresis, RNA concentration was measured with Nanodrop
2000 (Thermo Fisher Scientific, Waltham, MA USA), and RNA was reverse transcribed
into cDNA using a kit (Evo M-MLV RT Kit with g DNA Clean for qPCR II (Accurate
Biotechnology)) and stored at −20 ◦C. The real-time PCR amplification system (10 μL)
consisted of 2 × SYBR Green Pro Taq HS Premix 5 μL, cDNA template 4.5 μL, upstream
primer 0.25 μL, and downstream primer 0.25 μL. In this study, β-actin was selected as
the internal reference, and the relative expression of the target gene was calculated using
the 2−ΔΔCt method. The real-time PCR primer sequences of the gene of interest and the
reference gene β-actin are shown in Table 2.

Table 2. Primers used in the present study.

Gene Forward Sequence (5′–3′) Reverse Sequence (5′–3′) Purpose

GK TGACAAGGGTATCCTGCTCAACT TTCCAACAATCATCCCAACTTCA RT-qPCR
PFK GGCAAACCCATCTCCTCAACT GTCCCTGAGCGAGTGCTAACC RT-qPCR
PK GCTCGACTACAAGAACATTACCAAA GTCCTGGATGTCCTTATCTGAAACA RT-qPCR
PC CAAACGTCCCTTTCCAGATGC CTTAGAGCGCCGATCAGAAGC RT-qPCR
FBP TGACGAACCTGCTCAACTCCA ACTGCCATACAGCGCATAACC RT-qPCR

PEPCK GGCAGATCGTCTCATTCGGTAG TGCCTTGGTCGTCAAACTTCAT RT-qPCR
G6Pase CTCCTTCGCTGTCGGCTTCT CTGCTGCTCTTCTTGGTCTCG RT-qPCR
GSK3β GAGATAAGGATGGCAGCAAGGTA CTCTGTAGACAGTCTCGGGAACG RT-qPCR

GP CATTGAGAAACTCGACTGGGACA GCAACTCCATTGACAGCGTGA RT-qPCR
G6PD ACGTGGTGCTGGGTCAGTATGT TCTTGCTCATCATCTTGGCGTA RT-qPCR
β-actin CAACTGGGATGACATGGAGAAG TTGGCTTTGGGGTTCAGG RT-qPCR

2.8. Intestinal Microbiota Communities

We used Hi Pure Soil DNA Kits (Magen, Guangzhou, China) to extract microbial DNA.
We used PCR to amplify the 16S rDNA V4 region of the ribosomal RNA gene, using primers
Arch519:CAGCMGCCGCGGTAA; Arch915R: GTGCTCCCCCGCCAATTCCT. In triplicate,
we used a 50 μL mixture containing 5 μL of 10 × KOD Buffer, 5 μL of 2.5 mM dNTPs,
1.5 μL of each primer (5 μM), 1 μL of KOD Polymerase, and 100 ng of template DNA
for PCR reactions. The AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) was used for amplicons extracted from 2% agarose gels. The ABI Step
One Plus Real-Time PCR System (Life Technologies, Foster City, CA, USA) was used to
quantify. According to the standard protocols, purified amplicons were pooled in equimolar
quantities and paired-end sequenced (2 × 250) on an Illumina platform.

2.9. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 26.0 software (IBM
Corporation, Somers, NY, USA) to determine differences using an independent sample
t-test. Normality and homoscedasticity assumptions were confirmed prior to any sta-
tistical analysis. Significant differences in values between the NCD and HCD groups
(p < 0.05) are indicated by an asterisk above the histogram. All results are indicated as the
mean ± standard error.

3. Results

3.1. Growth Performance

Compared with the NCD group, the CF and liver glycogen were significantly increased
in the HCD group (p < 0.05) (Table 3). The survival rate (SR), weight gain rate (WGR),
specific growth rate (SGR), and viscerosomatic index (VSI) in the HCD group decreased,
and there was no significant difference between the two groups (p > 0.05). The feed

178



Fishes 2023, 8, 431

coefficient (FCR), hepatosomatic index (HSI), carcass index (CI), and visceral adipose index
(VAI) increased, and there was no significant difference between the two groups (p > 0.05).

Weight gain rate (WGR, %) = (final weight (g) − initial weight (g))/initial weight (g)
× 100

Specific growth rate (SGR, %·d−1) = (ln final weight − ln initial weight)/days × 100

Feed coefficient (FC) = total feed consumption/(final gross weight − initial gross
weight)

Hepatosomatic index (HSI) = liver weight/body weight × 100

Viscerosomatic index (VSI) = visceral weight/body weight × 100

Condition factor (CF) = body weight (g) × 100/body length (cm3)

Survival rate (SR, %) = terminal number/initial mantissa × 100

Carcass index (CI, %) = carcass weight/body weight × 100

Visceral adipose index (VAI, %) = (visceral adipose weight (g)/whole body weight
(g)) × 100

Feed conversion ratio (FCR) = feed intake (g)/(final weight (g) − initial weight (g)
× 100

Table 3. Effects of different dietary carbohydrate levels on the growth performance of L. maculatus.

Items
Groups

NCD HCD

Initial weight (g) 9.40 ± 0.06 9.50 ± 0.00
Final weight (g) 76.50 ± 2.57 81.33 ± 1.63

Survival rate (SR, %) 90.67 ± 3.53 84.00 ± 8.00
weight gain rate (WGR) (%) 641.63 ± 56.24 616.33 ± 51.79

Specific growth rate
SGR (% /d) 3.56 ± 0.14 3.51 ± 0.13

Feed conversion ratio (FCR) 1.01 ± 0.04 1.02 ± 0.05
Condition factor (CF, %) 1.92 ± 0.07 2.71 ± 0.12 *

Viscerasomatic index (VSI, %) 9.26 ± 0.53 9.03 ± 0.44
Hepatosomatic index (HSI, %) 0.98 ± 0.08 1.03 ± 0.10

Carcass index (CI, %) 63.07 ± 1.23 64.41 ± 0.60
Visceral adipose index

(VAI, %) 4.46 ± 0.70 5.63 ± 0.86

Liver glycogen(mg/g) 9.68 ± 0.05 12.25 ± 0.31 *
Data are expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.
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3.2. Plasma Metabolites Levels

AGEs, GSP, TC, TG, HDL, LDL, and AST in the HCD group were significantly higher
than those in the NCD group (p < 0.05) (Table 4). Compared with the NCD group, INS, LD,
PA, GLU, and ALT increased in the HCD group, and there was no significant difference
between the two groups (p > 0.05).

Table 4. Effects of different dietary carbohydrate levels on plasma biochemistry of L. maculatus.

Items
Groups

NCD HCD

AGES (mg/L) 37.49 ± 0.98 40.74 ± 0.48 *
INS (uIU/mL) 15.51 ± 0.46 16.58 ± 0.08
LD (mmol/L) 2.50 ± 0.24 3.23 ± 0.20
PA (mmol/L) 0.14 ± 0.00 0.20 ± 0.02
GSP (umol/L) 236.60 ± 7.93 267.56 ± 6.87 *
TC (mmol/L) 4.08 ± 0.23 5.88 ± 0.32 *
TG (mmol/L) 5.59 ± 0.22 6.68 ± 0.10 *

HDL (mmol/L) 1.88 ± 0.02 2.72 ± 0.05 *
LDL (mmol/L) 0.93 ± 0.01 1.35 ± 0.00 *
GLU (mmol/L) 13.18 ± 0.14 13.24 ± 0.06

AST(U/L) 43.22 ± 1.23 56.05 ± 0.70 *
ALT(U/L) 10.55 ± 0.24 11.25 ± 0.54

Data are expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.

3.3. Intestinal and Liver Enzyme Activities

The intestinal lipase, α-amylase, and chymotrypsin in the HCD group were sig-
nificantly higher than those in the NCD group (p < 0.05) (Table 5). The liver SOD, T-
AOC, and CAT in the HCD group were significantly lower than those in the NCD group
(p < 0.05), and MDA was significantly higher than that in the NCD group (p < 0.05) (Table 6).
The liver HK was significantly higher than that in the NCD group (p < 0.05). There was no
significant difference in PEPCK between the two groups (p > 0.05) (Table 7).

Table 5. Effects of different dietary carbohydrate levels on digestive enzyme activities in the intestines
of L. maculatus.

Items
Groups

NCD HCD

Lipase (U/mg. Protein) 12.85 ± 0.17 25.46 ± 0.75 *
Chymotrypsin (U/mg.

Protein) 37.47 ± 0.66 40.72 ± 0.68 *

α-Amylase (U/g.protein) 15.26 ± 0.42 20.87 ± 0.82 *
Data are expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.

Table 6. Effects of high dietary carbohydrate level on liver antioxidant indexes of L. maculatus.

Items
Groups

NCD HCD

SOD (U/mg. Protein) 4.37 ± 0.01 4.13 ± 0.07 *
T-AOC (U/mg.protein) 0.24 ± 0.01 0.18 ± 0.01 *
CAT (U/mg. protein) 2.56 ± 0.04 2.24 ± 0.03 *

MDA (nmol/mg. protein) 0.27 ± 0.01 0.35 ± 0.00 *
Data are expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.
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Table 7. Effects of different dietary carbohydrate levels on glucose metabolism enzyme activities in
the liver of L. maculatus.

Items
Groups

NCD HCD

HK 0.37 ± 0.01 0.62 ± 0.00 *
PEPCK 8.09 ± 0.21 8.35 ± 0.18

Data are expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.

3.4. Intestinal Morphology and Liver Morphology

Compared with the NCD group, the HCD group’s height uniformity and integrity of
the intestinal villi were compromised, and there was a tendency for the intestinal villi to
shorten and the spacing of the villi to increase (Figure 1b). The villus height in the HCD
group was significantly lower than that in the NCD group (p < 0.05) (Table 8).

 
(a) (b) 

Figure 1. Micrographs of transverse HE-stained gut sections fed diets (NCD and HCD) in L. maculatus
for 8 weeks (×40). Normal carbohydrate diets (NCD, (a)), high carbohydrate diets (HCD, (b)). VH:
Villus height.

Table 8. Effects of different dietary carbohydrate levels on villus height in the intestinal of L. maculatus.

Items
Groups

NCD HCD

Villus height 27.85 ± 1.76 21.02 ± 1.68 *
Data are expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.

The high carbohydrate effects on liver morphology and liver lipid content in L. mac-
ulatus are shown in Figure 2. In the NCD group, which had a complete structure and
uniform shape, the density of nuclei in hepatocytes was uniform and numerous (Figure 2a).
In the HCD group, the liver vacuoles increased, cell boundaries were blurred, and the
number of nuclei decreased (Figure 2b). Compared with the NCD group, in the HCD group,
the number of lipid droplets in the oil red O stained under high carbohydrate conditions
increased, and the lipid droplets became larger (Figure 2c,d).
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(a) (b) 

  
(c) (d) 

Figure 2. Micrographs of L. maculatus liver HE-stained sections and oil-red o-stained sections fed
diets (NCD and HCD) for 8 weeks (×20). Red frame: The boundaries of hepatocytes are blurred.
Normal carbohydrate diets (NCD, (a,c)), high carbohydrate diets (HCD, (b,d)).

3.5. Liver Transcription of Genes Related to Glucose Metabolism

The mRNA levels of GK in the HCD group increased compared to the NCD group
(p < 0.05) (Figure 3). The transcription of phosphofructokinase 1 (PFK) and pyruvate
kinase (PK) was not affected by dietary carbohydrate levels (p > 0.05). The mRNA levels
of PEPCK were significantly reduced in the HCD group compared with the NCD group
(p < 0.05) (Figure 4). The transcription of pyruvate carboxylase (PC), glucose-6 phosphatase
(G6pase), and fructose-1,6-bisphosphatase (FBP) was not affected by dietary carbohydrate
levels (p > 0.05). Compared with the NCD group, the mRNA levels of glycogen synthase
kinase3β (GSK3β) in the HCD group were significantly increased (p < 0.05) (Figure 5). The
mRNA levels of glycogen phosphorylase (GP) were significantly reduced (p < 0.05). The
transcription of glucose 6-phosphate dehydrogenase (G6PD) was not affected by dietary
carbohydrate levels (p > 0.05).

  
(a) (b) 

 

 

(c)  

Figure 3. Effect of fed diets (NCD and HCD) on relative levels of liver glycolysis mRNA in L.
maculatus. Glucokinase (GK, (a)), pyruvate kinase (PK, (b)), phosphofructokinase (PFK, (c)). Data are
expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.
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(a) (b) 

  
(c) (d) 

Figure 4. Effect of fed diets (NCD and HCD) on relative levels of liver gluconeogenesis mRNA
in L. maculatus. Pyruvate carboxylase (PC, (a)), fructose 1, 6-bisphosptase (FBP, (b)), phospho-
enolpyruvate carboxykinase (PEPCK, (c)), glucose-6-phosphatase (G6pase, (d)). Data are expressed as
mean ± SE. Significant differences between the values obtained in the NCD and HCD groups
(p < 0.05) are marked with an asterisk by t-test.

  
(a) (b) 

 

 

(c)  

Figure 5. Effects of fed diets (NCD and HCD) on the relative level of liver glycogen synthesis,
glycogen decomposition, and pentose phosphate pathway mRNA in L. maculatus. Glycogen synthase
kinase-3β (Gsk3β, (a)), glycogen phosphorylase (GP, (b)), glucose-6-phosphate dehydrogenase (G6PD,
(c)). Data are expressed as mean ± SE. Significant differences between the values obtained in the
NCD and HCD groups (p < 0.05) are marked with an asterisk by t-test.
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3.6. Intestinal Microbiota Community Structures

The main intestinal phylum levels of L. maculatus are Firmicutes, Proteobacteria, and
Bacteroidetes are shown in Figure 6. The relative abundance of the intestinal microbiota
varied, and the total number of OTUs increased as the level of carbohydrates increased
(Table 9). Compared with the NCD group, the relative abundance of Firmicutes in the HCD
group decreased. The relative abundance of Proteobacteria and Bacteroidetes increased.
The genera of intestinal dominance in L. maculatus juveniles are Bacillus, Paraclostridium,
and Photobacterium (Figure 7). As carbohydrate levels increased, the relative abundance
of intestinal flora changed. Compared with the NCD group, the relative abundance of
Bacillus in the HCD group decreased, whereas the relative abundance of Paraclostridium
and Photobacterium increased. The principal coordinate analysis confirmed no similarity in
the composition of intestinal microorganisms between the two groups, indicating that high
carbohydrates affected the composition of L. maculatus intestinal microbiota (Figure 8).

 

Figure 6. Phylum-level microbiota composition of the intestinal microbiota.

Table 9. Effects of fed diets (NCD and HCD) on the intestinal microbiota of L. maculatus.

Items NCD HCD

OTUs 845 973
ACE index 254.23 ± 45.18 272.29 ± 79.40

Chao1 index 240.62 ± 43.97 259.29 ± 77.16
Simpson index 0.42 ± 0.05 0.76 ± 0.03 *
Shannon index 1.68 ± 0.15 2.76 ± 0.33 *
Coverage rate 0.9995 0.9995

Data are expressed as mean ± SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.
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Figure 7. Genus-level microbiota composition of intestinal microbiota.

Figure 8. Principal component analysis and principal coordinates analysis of intestinal microbiota.

4. Discussion

As one of the three main sources of energy, carbohydrates are also one of the least
expensive. Carbohydrates are added to the feed and utilized effectively, lowering feed
costs and reducing the need for protein [21]. High-carbohydrate diets have been linked
to low disease resistance, slow growth, and high mortality in fish, according to earlier
research [22]. In the current study, the CF in the HCD group was noticeably higher than that
in the NCD group, which was comparable to hybrid snakehead [23]. The growth balance
was evaluated using the CF [24]. Therefore, it is hypothesized that the rise in CF shows that
increased carbohydrate levels might promote lipid deposition. The SR, WGR, SGR, and
VSI in the HCD group dropped, indicating that a 30% cornstarch level could negatively
affect the growth of L. maculatus and cause some nutritional stress, similar to what occurs
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in Micropterus salmoides [25]. These findings suggested that the inability of fish to efficiently
utilize carbohydrates may be related to their congenital diabetes [26]. Specifically in the
liver or abdominal cavity, carbohydrates are transformed into glycogen through glycogen
synthesis or lipid through lipid synthesis [27]. High carbohydrate intake improved liver
glycogen, HSI, CI, and VAI in the current study. Similar results were seen for HSI and
hepatic glycogen in other fish species, including Nile tilapia and M. amblycephala [3,28].
The steady rise in HSI, glycogen, or lipid is thought to be the outcome of either glycogen
deposition or lipid deposition in L. maculatus.

An essential biomarker for assessing the body’s health is the blood indicator [27].
Many fish species (mostly carnivorous fish) exhibit chronic postprandial hyperglycemia
after being fed digestible carbohydrates, which stimulates INS secretion [27]. In the present
study, high carbohydrate intake caused higher INS. Reducing sugars (like glucose, for
example) and free amino groups on proteins, lipids, and nucleic acids intensify their non-
enzymatic glycosylation process, which results in the formation of irreversible Maillard
products AGEs [29]. In mice, AGEs disrupted the metabolism of glucolipids and enhanced
the inflammatory reaction [30]. GSP is a glycated protein with ketamine bonds created
by a non-enzymatic glycation process between blood glucose and the amino group at the
N-terminus of albumin and other protein molecules [31]. High-carbohydrate stimulation
on M. amblycephala results in an increase in GLU, AGEs, and GSP, which is similar to the
findings of the present study [32]. The glycolysis cycle produces PA, which can be changed
into lactic acid [33]. High carbohydrate intake in the current study increased plasma PA.
The balance of lipid metabolism depends on the transport of TC by HDL and LDL to organs
such as the liver [34]. As a result, an increase in TC levels will likewise cause an increase in
HDL and LDL levels. In the present study, elevated levels of TC, TG, HDL, and LDL levels
in the HCD group suggested that high carbohydrate intake increased the production of
lipids. This result is in line with the previous investigation into M. amblycephala [3]. The liver
contains the enzymes AST and ALT, which are only released into the bloodstream in the
event that the cell membranes and mitochondria of the liver are damaged [35]. In this study,
high carbohydrate intake led to a rise in AST and ALT values. These findings suggested
that L. maculatus’s liver health had been negatively impacted by a high-carbohydrate diet.

The organism’s ability to absorb and use nutrients can be seen in the activity of intesti-
nal digestive enzymes. Chymotrypsin is a proteolytic enzyme released by the pancreas and
can reflect how an organism uses proteins [36,37]. In the present study, the chymotrypsin
activity of the HCD group was significantly higher than that in the NCD group, and this
finding demonstrated that raising the level of carbohydrates promoted L. maculatus to use
protein. Similar findings were presented in a previous study on C. carpio songpu, which
discovered that the protease activity in the low-starch group was significantly lower than
that of the high-starch group [36]. The study of Phoxinus lagowskii Dybowski showed that
both omnivorous fish and herbivorous fish have a promoting effect on protease activity
after the ingestion of high-carbohydrate feed [38]. In the study of S. meridionalis, carbo-
hydrates slightly changed the activity of the protease activity. According to research on
S. meridionalis, the variations in amylase activity at different carbohydrate levels were
not statistically significant [39]. In contrast, the results of the present study indicated
that amylase activity was significantly higher in the HCD group than in the NCD group,
which is comparable with those found in Acanthopagrus schlegelii, Pseudosciaena crocea, and
carp [40–42]. According to these findings, high dietary carbohydrate promotes glucose
metabolism. One of the intestinal digestive enzymes, lipase, is involved in lipid synthe-
sis [43]. In the current study, lipase activity was significantly higher in the HCD group than
in the NCD group. Given that the findings were consistent with the elevated TC and TG
levels in the plasma and the lipid accumulation in the liver in our investigation, we assume
that a high-carbohydrate diet may promote lipid synthesis in L. maculatus. A similar result
was obtained on Phoxinus lagowskii Dybowski [38]. However, studies on A. schlegelii and S.
meridionalis have demonstrated that intestinal lipase activity is not significantly affected
by dietary carbohydrate levels [42,44]. There is disagreement on how dietary carbohy-
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drates affect lipase, and there are no reliable results. This topic might be further studied in
the future.

SOD and CAT are crucial enzymes in the body’s first line of defense against the pro-
duction of free radicals and other reactive chemicals in cells. Free radicals cause a number
of diseases as they accumulate in the body [45]. MDA, the end product of polyunsaturated
fatty acid (PUFA) degradation, is a marker of lipid peroxidation [46]. The body’s antioxi-
dant system can be evaluated for functionality using T-AOC [47]. In this study, SOD, CAT,
and T-AOC activities were significantly lower in the HCD group compared to the NCD
group, although the MDA level was the opposite. It was hypothesized that high levels
of carbohydrates would limit the body’s ability to produce antioxidants and result in a
significant amount of the harmful chemical MDA. This result is similar to the research on
M. amblycephala [16].

The first key enzyme in glycolytic and metabolic pathways is hexokinase (HK) [48].
In the present study, the activity of HK in the HCD group was significantly higher, in-
dicating that high dietary carbohydrate intake may promote the glycolysis response. A
similar result was also obtained in a previous study on Pelteobagrus vachelli [49]. However,
previous studies on common carp and Dicentrarchus labrax revealed that the presence of
carbohydrates has no impact on the activity of HK [50,51]. This could be due to the fact that
hexokinase, which is virtually saturated, cannot react to slight fluctuations in blood glucose
levels [52]. As a rate-limiting enzyme, PEPCK is a phosphoenolpyruvate carboxykinase
that participates in the reaction of gluconeogenesis [53]. Similar to the findings for rainbow
trout [54], the activity of PEPCK in this study was unaffected by dietary carbohydrate
intake. However, some studies suggest that as carbohydrate levels rise, PEPCK activity
declines [55]. When evaluating glucose metabolism, it is essential to consider not just diet
composition but also feeding habits, life stage, and size, among other factors [27].

In fish species, the intestine is the primary site for digestion and absorption site [56].
The villi height and muscular layer thickness are indicators of the intestine’s capacity
for absorption and digestion [57]. In the present study, the intestinal villi’s height was
reduced, increasing the villi’s spacing in the high-carbohydrate group. This indicated that
excessive carbohydrate levels changed the morphology of the gut and therefore reduced
its capacity for digestion and absorption. The decrease in SR, WGR, and SGR in the HCD
group correlated with the shortening of the intestinal villi, which decreases the contact area
of food with the intestinal villi and weakens intestinal digestion. Similar results were also
discovered in previous studies on M. amblycephala [58] and gilthead sea bream [59]. The
liver, a crucial organ for the metabolism of glucose in fish species, deposits glycogen and
lipids when dietary carbohydrate intake is excessive [60]. According to previous studies,
high dietary carbohydrate intake led to pathologic symptoms including lipid droplet
vacuolation with displaced nuclei and cytoplasm loss [61–63]. Similar to the present study,
the liver cells in the HCD group showed many vacuoles. In line with this, oil red O
staining revealed a significant rise in lipid droplets in the HCD group. These findings
suggested that liver injury in L. maculatus may occur from high carbohydrate-induced liver
lipid accumulation.

In almost all types of organisms, the metabolic pathway and anaerobic energy source
known as glycolysis has evolved [64]. GK is a special type of hexokinase that, strictly
speaking, operates on liver glucose as the initial and limiting step in the storage of excess
glucose. It occurs in several species [7,9]. In the current study, the expression of GK genes
was up-regulated by high carbohydrates. Similar to this, previous studies revealed that the
expression of the GK gene is induced by carbohydrate levels and positively linked with
the rise in carbohydrate levels in C. carpio, T. ovatus, and O. mykiss [52,65,66]. According to
the results of the current study, high carbohydrate levels had no effect on the expression of
PFK genes, which is in line with the previous findings of O. mykiss [67]. However, in Sparus
aurata, PFK gene expression increased as carbohydrate levels rose [68].

The liver can replenish and restore glycogen by gluconeogenesis, which can keep
plasma glucose steady [69]. G6pase is mostly found in fish livers, where it is highly active
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but is inactive in the hearts and muscles of fish [70]. In previous studies, the expression of
the G6pase gene was affected by high dietary carbohydrate intake in Erythroculter ilishae-
formis [71]. High dietary carbohydrate intake did not, however, have an impact on the
expression of the G6pase gene in the current study. Similarly, the earlier study found that
feeding rainbow trout different starches had no impact on the expression of the G6pase
gene in the liver [66]. The rate-limiting enzyme, FBP, is involved in the second step of
the gluconeogenesis reaction. According to some earlier studies, dietary carbohydrates
cannot regulate the activity or gene expression of PEPCK and FBP [56,72]. In the present
study, high carbohydrate intake had no effect on FBP gene expression. Similarly, pre-
vious studies on O. mykiss and M. salmoides found that the FBP gene in the liver was
unaffected by dietary carbohydrates [56,73]. In the current study, the expression of the
PEPCK gene was significantly reduced in the HCD group, which is consistent with the
results of Cyprinus carpio [67]. GSK3-β is an essential gene in glycogen synthesis, and GP
is a key gene for glycogenolysis [74]. Glucose is stored in liver cells as glycogen, which
can be then broken down and converted to glucose and released into the blood [75]. In the
present study, high-carbohydrate diets promoted hepatic glycogen synthesis and inhibited
hepatic glycogenolysis in L. maculatus. Similar results were observed in recent work in
Ctenopharyngodon idella, where gene expression related to glycogen synthesis was signifi-
cantly increased in the high-carbohydrate group [9]. In prior work on Leiocassis longirostris,
GP gene expression in the high-carbohydrate group was likewise significantly reduced [9].

Animals’ digestive tracts contain intestinal microbiota that are stable and can regulate
the metabolisms of glycolipids [76]. Numerous factors, including fish species, physiological
status, feed, and aquatic habitat, have an impact on the intestinal microbiota of fish [77]. In
the present study, it was discovered that L. maculatus’s intestinal microbial composition
was considerably changed by high carbohydrate levels. Similarly, changes in the intestinal
microbiota of T. ovatus were caused by dietary starch levels [7]. In line with the findings of
cobia [78], the number of phyla Bacteroides gradually rose as the level of carbohydrates
increased in our study. Proteobacteria are common in water, soil, flora, and fauna and are
members of the Gram-negative phylum. They are pathogens of the digestive system [79,80].
In the current study, Proteobacteria grew more in the HCD group. This suggests that
L. maculatus’s susceptibility to diseases was heightened by its high-carbohydrate diet.
Similarly, dietary carbohydrates dramatically increased the relative abundance of the
Proteobacteria phylum in previous studies on the pearl gentian grouper and T. ovatus [7,81].
Gram-negative bacteria, Photobacterium damselae, cause septicemic diseases in aquaculture,
including sea bass (Dicentrarchus labrax) and sea bream (Sparus aurata) [10]. In the current
study, Photobacterium levels rose in the HCD group, indicating that L. maculatus is more
prone to developing photomycosis when subjected to high dietary carbohydrates.

5. Conclusions

From the results of this experiment on the L. maculatus, high carbohydrates led to
increased condition factor and liver glycogen, lipid deposition, decreased antioxidant
capacity of the liver, increased relative abundance of harmful intestinal microbes, and
disrupted glucose metabolism.
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