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Simple Summary: This study investigated the changes in the intestinal morphology and gut mi-
crobiota of Spinibarbus sinensis under two aquaculture systems: traditional pond and in-pond tank
culture systems. The results demonstrated significant differences in villus width and goblet cell
numbers between the two groups regarding intestinal morphology. Additionally, there were sig-
nificant differences in gut microbiota richness, diversity, and predicted potential functions. The
specific mechanisms by which an aquaculture system influences the intestine of S. sinensis merit
further exploration.

Abstract: Fish gut health is influenced by various factors, with the environment being a significant one.
S. sinensis is a key aquaculture species in China, yet research on the impact of different aquaculture
systems on its intestinal health remains limited. This study aims to explore the changes in intestinal
morphology and gut microbiota of S. sinensis under two aquaculture systems. The juveniles of
S. sinensis were divided into two groups and cultured in traditional ponds (CT) and an in-pond
tank culture system (JY), with equal amounts of feed provided daily over a 72-day experimental
period. The results showed no significant differences in growth performance metrics, including the
specific growth rate, weight gain rate, hepatosomatic index, and viscerosomatic index between the
two groups. In terms of intestinal morphology, the JY group villus width was significantly wider
than the CT group, and the number of goblet cells in the CT group was significantly higher than that
of the JY group (p < 0.05), which suggested that the fish in the JY group may have better intestinal
nutrient absorption capacity, while the water quality in the CT group may be worse. The 165 rRNA
gene sequencing analysis of the gut microbiota showed that the JY group had a significantly higher
Shannon index compared to the CT group (p < 0.05), indicating greater species richness and evenness.
Principal Coordinates Analysis (PCoA) revealed a distinct clustering of gut microbiota between the
two groups. At the phylum level, the relative abundance of Fusobacteriota was significantly higher
in the CT group, whereas Bacteroidota and Proteobacteria were significantly higher in the JY group
(p < 0.05). Furthermore, KEGG pathway predictions indicated differences in the potential metabolic
capabilities of the gut microbiota between the two groups (p < 0.05). Overall, this study is the first to
conduct a comparative analysis of the growth performance, intestinal tissue morphology, and gut
microbiota of S. sinensis under two different aquaculture systems, which has valuable implications
for the further optimization of aquaculture practices.
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1. Introduction

Pond aquaculture is the primary method of freshwater aquaculture in China, covering
an area of 2,624,878 hectares, which constitutes 52% of the total freshwater aquaculture
area. With the continuous expansion of aquacultural scale, traditional pond farming
faces severe challenges such as high water consumption, the deterioration of aquaculture
water quality, and pollution from aquaculture wastewater, which severely constrain its
sustainable development [1]. To address these challenges, China has recently developed
various new pond aquaculture systems, such as the in-pond tank culture system [2] and
the land-based container aquaculture system [3]. The in-pond tank culture system consists
of a culture tank, a capture and aeration module, a waste collection module, and a vertical
flow constructed wetland, and the effective rearing area takes up about 10.05% of the
pond area. The land-based container aquaculture system mainly consists of aquaculture
containers with a length, width, and height of approximately 6.1 m, 2.4 m, and 2.9 m,
respectively; at the bottom of the containers is a 10° inclined plane (and it is therefore easy
to collect pollutants). However, most studies on these aquaculture systems are still in the
exploratory stage.

The primary function of fish intestines is the digestion and absorption of nutrients,
and the internal surface area of the intestines is a key morphological factor affecting
absorption [4]. Studies have shown that some factors can affect intestinal morphology,
such as the environment and nutrition [5,6]. Moreover, fish intestines contain a large
number of microorganisms that play crucial roles in host growth, immunity, and energy
metabolism [7-9]. In fish, intestinal microbiota are influenced by a variety of factors,
including host factors, microbial factors, and other environmental factors [10]. Recent
research has shown that environmental factors affect the intestinal microbiota of fish. For
instance, the richness and diversity of intestinal microbiota of juvenile cobia (Rachycentron
Canadum) increases and then decreases under hypoxic stress [11]. Nile tilapia (Oreochromis
Niloticus) from aquaculture centers exhibit higher intestinal microbiota diversity than wild
Nile tilapia from Lake Tana [12]. Similarly, Ussuri whitefish (Coregonus ussuriensis) exposed
to 10 °C and 25 °C temperatures possessed a lower Lactobacillus abundance compared
to exposure to a temperature of 19 °C [13]. The culture system significantly impacted
the gut microbiota of bighead carp (Hypophthalmichthys nobilis), resulting in differences in
community structure, abundance, and potential metabolic functions, and altered the host’s
gut metabolism, especially in pathways related to amino acid metabolism [14]. Therefore,
it is necessary to study the impact of different environments on fish gut health, which is of
great significance for the sustainable development of fish pond aquaculture.

S. sinensis is an important cultured fish species in China and one of the most abundant
fish species in the upper and middle Yangtze River water body. Its meat is tender and
rich in proteins, fats, carbohydrates, vitamins, and minerals such as calcium, phosphorus,
and iron [15-17]. Current research on S. sinensis mainly focuses on growth performance,
respiration function, and vulnerability to angling [18-20]. There are currently few pub-
lished articles on the intestinal tract of S. sinensis [21]. This study aims to investigate the
differences in intestinal morphology and gut microbiota of S. sinensis under traditional
pond and in-pond tank culture systems, and preliminarily discuss the potential causes of
these differences, in order to provide a reference for the further optimization of different
aquaculture systems.

2. Materials and Methods
2.1. Fish Management

In this study, S. sinensis were collected and cultured at the aquaculture base of the
Hunan Fisheries Science Institute (Changsha, China), which is located at 28°17'0.46"” N,
113°1'4.35” E. The aquaculture systems were divided into two groups: a traditional pond
group and an in-pond tank culture system group; three replicates were set up in each
group and the same groundwater source was used. Each aquaculture system was stocked
with 6000 S. sinensis juveniles (2000 per replicate), with the stocking density referring to
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the study of Lu et al. [2]. The traditional pond has an area of 667 m?, an average water
depth of 1.5 m, is surrounded by a cement slope protection with a mud structure as the
substrate, and a stocking density of approximately 3 fish/m3 (0.39 kg/m?). The in-pond
tank culture system consists of a culture tank, a capture and aeration module, a waste
collection module, and a vertical flow constructed wetland, with a cylindrical container
(diameter 4.0 m, height 1.9 m) as the main culture area, an effective culture water volume
of about 20 m3, and a stocking density of approximately 100 fish/m? (13.02 kg/m?). The
experimental period was from 26 June 2023 to 6 September 2023; the entire experimental
period from the beginning to the end is the growth period of the juveniles. During the
experiment, the daily feeding amount was 3% of the fishes’ body weight, with extruded
feed being provided twice a day (8:00 AM and 5:00 PM). The feed was procured from
Aonong company (Xiamen, China), and its composition was crude protein > 40%, crude
fat > 5%, crude fiber < 8%, crude ash < 15%, total phosphorus > 1.2%, lysine > 2.2%,
and moisture < 10%. The average initial weight of the fish was 130.19 £ 12.35 g, and the
average body length was 18.5 £ 1.2 cm. The water temperature in the two systems during
the breeding period ranged from 28 to 35 °C and the pH value was between 7.3 and 7.8,
which is suitable for fish survival.

2.2. Sample Collection

At the end of the rearing experiment, the fish were fasted for 24 h. The traditional
pond group was designated as the CT group, and the in-pond tank culture system group
as the JY group. Nine fish were randomly selected from each replicate culture system, with
27 fish in each group euthanized with MS-222 (100 mg/L, Sigma-Aldrich, St. Louis, MO,
USA) and dissected on ice. The body length, weight, and viscera weight of the fish were
measured for growth performance analysis. Nine fish of a similar weight were selected
from each group for histological analysis (three fish per replicate), with distal intestine
samples preserved in 4% paraformaldehyde fixative. Six fish were randomly selected from
each group for intestinal microbiota analysis (two fish per replicate), and the intestinal
contents of each fish were collected into a 2 mL sterile centrifuge tube, snap-frozen in liquid
nitrogen for 30 min, and then transferred to a —80 °C freezer. The fish that were used for
growth performance analysis, histological analysis, and intestinal microbiota analysis were
sampled independently.

2.3. Growth Performance Analysis

Growth performance parameters include the specific growth rate (SGR), the weight
gain rate (WGR), the hepatosomatic index (HSI), and the viscerosomatic index (VSI). The
formulas for these calculations are as follows:

SGR (%) = [(InW; — InW()/d] x 100

WGR (%) = (W — Wg)/Wq x 100
HSI (%) = W}, /W x 100
VSI (%) = Wy /W x 100

In the formulas, Wi represents the final weight of the fish, Wy represents the initial
weight of the fish, W}, represents the weight of the liver, and W, represents the weight of
the viscera. All weights are measured in grams (g), and d represents the number of days
the fish were reared.

2.4. Preparation and Observation of Intestinal Tissue Sections

Intestinal tissue samples were fixed in paraformaldehyde fixative for 24 h, dehydrated
in an alcohol gradient, cleared with xylene, and embedded in paraffin. The samples were
then sectioned into 5 pm thick slices and stained with hematoxylin-eosin (HE). One slice
was used at a similar position in the intestine for each fish, and the images were observed
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and imaged using an Eclipse Ci-L microscope (Nikon, Tokyo, Japan). The images were
analyzed using Image-Pro Plus 6.0 software (Media Cybernetics Corporation, Rockville,
MD, USA). All areas in each image were used for observation and counting. The villus
height (VH), villus width (VW), and muscle layer thickness (MT) were measured in pm
and averaged. The number of goblet cells was the total number in each image.

2.5. Intestinal Microbes Sequencing

Genomic DNA from the samples was extracted using the MagPure Soil DNA LQ Kit
(MAGBIO Genomics, Germantown, MD, USA) according to the manufacturer’s instructions.
The concentration and purity of the DNA were measured using a NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, and the extracted
DNA was stored at —20 °C. The bacterial 165 rRNA gene was amplified by PCR using
the extracted genomic DNA as a template, with specific primers and Takara Ex Taq high-
fidelity enzyme. Universal primers 343F (5'-TACGGRAGGCAGCAG-3') and 798R (5'-
AGGGTATCTAATCCT-3') [22] were used to amplify the V3-V4 variable regions of the
16S rRNA gene for bacterial diversity analysis. The PCR amplification conditions were
based on the method of Zhang et al. [9]. The PCR products were verified by agarose gel
electrophoresis and purified using AMPure XP beads (Beckman Coulter, Brea, CA, USA).
The purified product was used as a template for a second-round PCR, followed by another
purification with magnetic beads. The purified second-round products were quantified
using a Qubit, adjusted in concentration, and sequenced. Sequencing was performed on
the Illumina NovaSeq 6000 platform to generate 250 bp paired-end reads by OE Biotech
Co., Ltd. (Shanghai, China).

2.6. Bioinformatic Analysis

The raw sequencing data were obtained in FASTQ format. The raw sequences were
first trimmed to remove primer sequences using Cutadapt (https://gitcode.com/gh_
mirrors/cu/cutadapt/overview, accessed on 23 October 2024). Quality filtering, denois-
ing, merging, and chimera removal were performed using DADAZ2 (https:/ /github.com/
benjjneb/dada2, accessed on 23 October 2024) [23] within the QIIME 2 (2020.11) [24]
pipeline, generating representative sequences and ASV (Amplicon Sequence Variant)
abundance tables. Representative sequences were classified using the Silva (version 138)
database. Species annotation was performed using the q2-feature-classifier plugin with
default parameters. Venn diagrams and histograms of the abundance of the intestinal bacte-
rial communities and the rarefaction curves of samples were constructed using R language
tools. Alpha diversity analysis was performed using QIIME 2, including the Shannon index,
chaol index, observed_species index, and Simpson index. Beta diversity was calculated
using weighted and unweighted UniFrac distances [25], and principal coordinate analysis
(PCoA) was performed. Differential analysis was performed using t-test statistics based on
the R package. LDA effect size (LEfSe) and biomarkers were used to analyze the differential
abundance of bacterial groups at the genus level. The functional prediction of the gene se-
quences was performed using PICRUSt2 (2.3.0b0) based on the KEGG (Kyoto Encyclopedia
of Genes and Genomes) database to analyze functional abundance and differences.

2.7. Statistical Analysis

All experimental data are presented as mean + standard deviation (mean & SD). After
the confirmation of normal distribution and homogeneity of variance, inter-group data
were analyzed using independent sample t-test statistics with SPSS 20.0 (Statistical Product
Service Solutions) software, with p < 0.05 considered statistically significant.

3. Results
3.1. Growth Performance

The growth performance data of S. sinensis under different aquaculture systems are
presented in Figure 1. The results indicate that there were no significant differences
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in specific growth rate, weight gain rate, hepatosomatic index, or viscerosomatic index
between the CT group and the JY group (p > 0.05).
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Figure 1. The growth performance of S. sinensis under different aquaculture systems. (A-D) in the
figure represent the specific growth rate (SGR), weight gain rate (WGR), hepatosomatic index (HSI),
and viscerosomatic index (VSI), respectively. The data are presented as mean =+ SD (n = 27).

3.2. Intestinal Tissue Morphology

The impact of different aquaculture systems on the intestinal tissue morphology is
shown in Figure 2. The intestinal tissue sections of S. sinensis from both groups reveal intact
and clear villus structures, with neatly arranged epithelial cells and complete cellular struc-
tures. To better investigate intestinal health, we measured villus height (VH), villus width
(VW), muscle layer thickness (MT), and the number of goblet cells (Figure 3). The results
show that the villus width (VW) in the JY group was extremely significantly higher than in
the CT group (p < 0.01) and the number of goblet cells in the CT group was significantly
higher than in the JY group (p < 0.05), while there were no significant differences in villus
height (VH) and muscle layer thickness (MT) between the two groups (p > 0.05).

(B)

100pm > g Z i 100pm

Figure 2. Intestinal tissue sections of S. sinensis under different aquaculture systems. (A,B) are HE
slices of intestines from groups CT and JW, respectively. VH, VW, MT, and asterisks (*) in the figure
represent villus height, villus width, muscular thickness, and goblet cells, respectively.
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Figure 3. Villus height (A), villus width (B), muscular thickness (C), and the number of goblet cells
(D) of S. sinensis intestinal tissue under different aquaculture systems. The asterisks (*) and double
asterisks (**) indicate significant differences (p < 0.05) and an extremely significant difference (p < 0.01)
between different groups.

3.3. Intestinal Microbes
3.3.1. Intestinal Microbial ASVs

The genomic DNA was extracted from the intestinal content samples in each sterile
centrifuge tube, and the DNA was amplified and purified before 16S sequencing. A total of
739,354 reads were obtained from 12 samples in the two groups (6 replicates in each group),
and the number of reads for each sample ranged from 56,972 to 69,330. The sequences were
clustered into ASVs, and a Venn diagram (Figure 4A) was constructed to analyze the ASVs of
the two groups. As shown in Figure 4A, there were 671 shared ASVs between the CT and JY
groups, with 2414 unique ASVs in the CT group and 3122 unique ASVs in the JY group. A total
of 26 phyla, 57 classes, 142 orders, 232 families, and 407 genera were identified. The Goods
Coverage rarefaction curves (Figure 4B) indicated that the high-throughput sequencing depth
covered the majority of species in the samples, and was therefore suitable for further analysis.
(A) (B)

= Goods Coverage

CT JY

2414 671 3122 S

20,000 40,000 60,000
Sequences Per Sample

Figure 4. Intestinal microbial ASVs of S. sinensis under different aquaculture systems: (A) Venn
diagram showing the number of shared and unique ASVs in CT, and JY groups. (B) The Goods
Coverage rarefaction curves of all samples; the abscissa is the sequencing depth and the ordinate is
the exponential value.
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3.3.2. Intestinal Microbial Diversity of S. sinensis Under Different Aquaculture Systems

The alpha diversity of the intestinal microbiota was assessed using the Shannon index
(Figure 5A), chaol index (Figure 5B), observed species index (Figure 5C), and Simpson
index (Figure 5D). The results showed that the mean values of all indices in the JY group
were higher than those in the CT group, with the Shannon index of the CT group being
significantly lower than that of the JY group (p < 0.05). However, there were no significant
differences in the chaol index, observed species index, or Simpson index (p > 0.05). Addi-
tionally, principal coordinate analysis (PCoA) based on unweighted Unifrac (Figure 5E)
and weighted Unifrac (Figure 5F) distance algorithms was used to reflect the beta diversity
of the samples. The results demonstrated a clear distinction between the CT and JY groups,
with significant differences (p < 0.05).

(B) chao1 (C) observed_species (D) simpson
1000 1000 1.00
800 800
Gro Gro 095 G
g up g up g roup
§ CT E CT § CT
JY JY Jy
600 600
0.90
400 +——— 400
& st & st S N
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o
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-0.4{
0.2 0.0 02 -0.8 —0.4 0.0 04
PC116.12% PC167.86%

Figure 5. Intestinal microbial diversity of S. sinensis under different aquaculture systems: (A-D) in
the figure represent the Shannon index, chaol index, observed species, and Simpson index for alpha
diversity analysis, (E,F) in the figure represent the principal coordinate analysis (PCoA) based on
unweighted and weighted Unifrac distance algorithms for beta diversity analysis. The asterisks (*)
indicate significant differences (p < 0.05) between the CT group and the JY group.

3.3.3. Species Composition and Abundance of Intestinal Microbes

At the phylum level, the dominant phyla in both the CT and JY groups were Firmicutes,
Fusobacteriota, Bacteroidota, and Proteobacteria, with the combined relative abundance of
these four phyla exceeding 90% (Figure 6A). The results indicated significant differences
in the relative abundances of Fusobacteriota (27.6% vs. 6.8%), Bacteroidota (14.8% vs.
33.6%), and Proteobacteria (12.7% vs. 19.2%) between the CT and JY groups (p < 0.05),
while there was no significant difference in Firmicutes (38.2% vs. 29.4%) (p > 0.05). At
the genus level, the main dominant genera in the CT and JY groups were Cetobacterium,
Romboutsia, Muribaculaceae, and Dielma, with the combined relative abundance of these four
genera exceeding 30% (Figure 6B). It should be noted that Muribaculaceae is a family, but the
sequencing results are shown as an uncultured genus in the database, so Muribaculaceae is
used instead of the genus name in this study. The results showed significant differences in
the relative abundances of Cetobacterium (27.4% vs. 6.3%), Muribaculaceae (8.2% vs. 19.2%),
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and Dielma (6.9% vs. 0.5%) (p < 0.05), while there was no significant difference in Romboutsia
(11.2% vs. 4.8%). LEfSe analysis also revealed that Cetobacterium was significantly enriched
in the CT group, while Muribaculaceae was significantly enriched in the JY group (Figure 6C).
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Figure 6. Species composition and abundance of intestinal microbes of S. sinensis under different
aquaculture systems. Relative abundances of dominant microbial phyla (A) and genera (B) in the
intestine of the CT group and JY group. (C) Linear discriminant analysis effect size (LEfSe) score in
the intestinal microbiota community of the two groups from Lefse-PICRUSt.

3.3.4. Predicted Functions of Intestinal Microbes

The functional annotation of the intestinal microbiota genes using the KEGG database
revealed that at Level 1 (Figure 7A), the intestinal microbiota genes of both groups were
associated with six metabolic pathways. There were no significant differences in the
average abundance of genes related to metabolism, cellular processes, human diseases,
and organismal systems between the two groups (p > 0.05), whereas there were significant
differences in genetic information processing and environmental information processing
(p < 0.05). At Level 2 (Figure 7B), significant differences were observed in the intestinal
microbiota of the two groups, with the most enriched two pathways being carbohydrate
metabolism and membrane transport (p < 0.05).
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Figure 7. Predicted functions of intestinal microbes of S. sinensis under different aquaculture systems.
(A) Relative abundances of predicted genes in the metagenome of KEGG pathways level 1, (B) relative
abundances of predicted genes in the metagenome of KEGG pathways level 2.

4. Discussion

Indicators such as the Specific Growth Rate (SGR), the Weight Gain Rate (WGR), the
Hepatosomatic Index (HSI), and the Viscerosomatic Index (VSI) provide a direct reflection
of fish growth performance [14]. The experimental results showed no significant differences
in these four indicators between the CT and JY groups, indicating that there is no significant
difference in the growth performance of S. sinensis under the two aquaculture systems. This
finding is consistent with previous research on carp growth performance under similar
conditions [3]. Furthermore, despite the JY group having a much higher stocking density
of 100 fish/m3 compared to 3 fish/m3 in the CT group, the growth rates of both groups
were nearly identical. We hypothesize that the relatively short rearing period may have
contributed to the lack of significant differences in growth rates at these stocking densities,
as juvenile fish were in a growth stage throughout the experimental period; moreover, this
suggests that the stocking density used in our study is relatively reasonable.

The intestine plays a crucial role in nutrient digestion and absorption in aquatic an-
imals. Changes in intestinal tissue structure are essential for the optimal utilization of
dietary nutrients [26]. The differences in the intestinal morphology of S. sinensis under
two aquaculture systems are mainly reflected in the width of villus (VW) and the number
of goblet cells, while there were no significant differences in the villus height (VH) and
muscular thickness (MT) (p > 0.05). Interestingly, the villus width (VW) in the JY group
was significantly greater than in the CT group (p < 0.05). A wider villus width suggests
that the JY group’s intestines may have a better nutrient absorption capacity, because the
wider villus width increases the surface area of the villus, expanding the area for absorb-
ing nutrients, a phenomenon also observed in controlled container culture of snakehead
fish [27]. The intestinal mucosa’s epithelium is composed of a single layer of columnar
epithelial cells, interspersed with numerous goblet cells that secrete mucus to protect the
organ both mechanically and biologically [28]. Traditional ponds are prone to water quality
deterioration. For example, studies have shown that the lack of appropriate nitrification
and denitrification bacterial strains in ponds hinders the normal reproduction of beneficial
algae and affects the aquatic environment of the largemouth bass [29]. The histological
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results showed that the number of goblet cells in the CT group was significantly higher
than in the JY group (p < 0.05), possibly due to the water environment of traditional pond
culture, which prompts the mucosal epithelium to produce more goblet cells to ensure
intestinal protection; however, the specific impact mechanism needs further exploration.

In order to further compare and analyze the intestinal tract of S. sinensis under different
aquaculture systems, we focused on changes in the gut microbiota. Previous studies have
shown that factors such as diet composition [30,31], environmental factors [32,33], different
growth stages [34], and host selection [35] can influence the structure and quantity of gut
microbiota, thereby affecting the organism’s nutrient metabolism, immune regulation, and
growth development. Alpha and beta diversity indices are generally used to assess fish
intestinal microbiota diversity [36]. In this study, the Shannon index for alpha diversity was
significantly higher in the JY group compared to the CT group, indicating higher species
richness and an evenness of intestinal microbiota in the in-pond tank culture system.
This finding is similar to studies on the gut microbiota of Indian major carp [37] and
bighead carp [38], which showed different gut microbiota diversity under different culture
systems. Generally, the richness and diversity of the intestinal flora of asymptomatic fish
are higher than those of diseased fish [39,40]. Therefore, although there was no significant
difference in growth performance, we speculated that the fish in the CT group might be in
a poorer health state than the fish in the JY group due to the different water environment,
which is consistent with our analysis of the intestinal tissue results. Principal Coordinate
Analysis (PCoA) results also showed significant differences in beta diversity between the
two groups, indicating the distinct clustering of gut microbiota under different aquaculture
systems; considering that the two groups were from the same batch of fish and fed the
same commercial feed, the factor causing this significant difference between habitats may
be system differences, which is similar to the results recently found in bighead carp [14].
The above results showed that the gut microbial diversity of S. sinensis varied significantly
under the two aquaculture systems; this may be related to the water environment under
different systems, but further verification is still needed. For example, this hypothesis could
be tested by simulating similar water conditions of CT in JY in the future.

The term core microbiota describes microbes that are consistently present in a partic-
ular habitat [41]. At the phylum level, the core microbiota in the intestines of S. sinensis
were Firmicutes, Fusobacteriota, Bacteroidota, and Proteobacteria, similar to findings in
various fish species [42,43]. The relative abundance results showed no change in the core
microbiota species under both aquaculture systems, though there were differences in their
proportions at the phylum level. Firmicutes was the dominant phylum in both groups,
likely because it is one of the main phyla in freshwater fish intestines [42]. Fusobacteriota
and Bacteroidota showed significant differences between the groups, with Bacteroidota
being significantly higher in the JY group. An increased abundance of Bacteroidota has
been linked to improved fermentation and nutrient absorption [44] and is positively corre-
lated with plant-based diets [45]. Therefore, we hypothesized that the higher abundance of
Bacteroidetes in the JY group may be related to better intestinal nutrient absorption, which
is interestingly similar to our intestinal tissue studies. Conversely, the amount of Fusobacte-
riota was significantly higher in the CT group. Fusobacteria have been widely reported in
fish; for example, Fusobacteria can promote purine metabolism in the host intestine [46] and
tea polyphenols can increase the abundance of Fusobacteria in the intestine of spotted bass
under fish oil oxidative stress [47]. We speculate that the environment of traditional ponds
may be conducive to the proliferation of Fusobacteria in the fish intestine, although the
exact mechanism needs further verification. At the genus level, significant differences were
observed in Cetobacterium and Muribaculaceae between the CT and JY groups. Cetobacterium
was significantly more abundant in the CT group and is known to produce vitamin By,
enhancing the stability of the intestinal microbiota network and improving resistance to
pathogen infection [48]. This suggests that the gut microbiota of the CT group may offer
better protection against pathogen infection. Conversely, Muribaculaceae was significantly
more abundant in the JY group. Muribaculaceae is beneficial, with studies showing its
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reduction in response to new shellfish toxins damaging the intestines of mice [49], and its
increase with metformin treatment improving inflammation and liver injury in rats [50].
Thus, the gut microbiota of the JY group may offer better anti-inflammatory capabilities.
In short, the significant difference in the abundance of intestinal bacteria in the above
two systems may be the result of environmental selection by intestinal bacteria, but the
specific influencing factors require further verification.

At Level 1, the predicted KEGG pathway results showed significant differences in
the Genetic Information Processing and Environmental Information Processing pathways
between the two groups, likely related to the abundance differences in Fusobacteriota and
Bacteroidota. This finding is similar to reports on the intestinal microbiota of Malaysian
catfish [51]. Level 2 includes 44 categories such as cell growth and death, transcription,
and development. Carbohydrate metabolism is the pathway category with significant
differences and the highest enrichment in the two groups, indicating that the metabolic
functions of the intestinal microbiota differ between the fish in the two systems. We
speculate that this difference may be mainly related to the genus Bacteroides. It has been
reported that the carbohydrate metabolism pathway is related to the enrichment of the
genus Bacteroides, which in turn affects the nutrition and health of the host [52].

5. Conclusions

This study is the first to analyze the growth performance, intestinal tissue morphology,
and gut microbiota of S. sinensis under two different aquaculture systems. Our findings
revealed significant differences in intestinal morphology, microbial community structure,
abundance ratios, and predicted potential metabolic functions between the two systems.
However, it should be noted that our current research aims to reveal the differences in
S. sinensis under two aquaculture systems. The specific influencing factors are still difficult
to determine because there are too many influencing factors under different aquaculture
systems, and further research is needed in the future. In summary, the results of this
study provide a preliminary basis for understanding the intestinal morphology, microbial
composition, and diversity of S. sinensis under different aquaculture systems. These
findings have valuable implications for the further optimization of aquaculture practices,
such as further studying the mechanism of action of specific microorganisms in growth
and health and identifying potential bacteria that can be used as probiotics to improve the
growth performance and disease resistance of S. sinensis.

Author Contributions: Conceptualization, Q.D.; methodology, Q.D.; software, Q.D.; validation,
Q.D,; formal analysis, Z.Z.; investigation, Q.D., Z.F,, J.X., X.Y.,, H.W. and X.C.; resources, C.L.; data
curation, Q.D. and M.X,; writing—original draft preparation, Q.D.; writing—review and editing,
Q.D,; visualization, Q.D.; supervision, S.L.; project administration, C.L.; funding acquisition, C.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the earmarked fund for HARS (HARS-07), the fund for
Hunan Fisheries Science Institute Youth Fund Project (HNSCSQK]J202205), the fund for Hunan
Province Innovation Platform and Talent Plan (2023NK4166), and the fund for Hunan Province
Aquatic Seed Industry Innovation Special Project (2022-2024).

Institutional Review Board Statement: All animal procedures were carried out in strict accordance
with guidelines and approval was obtained from the animal welfare and ethics committee of Hunan
Fisheries Science Institute (procedure approval 20 June 2023, approval code HNFI20230620).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw read sequences obtained from sequencing were deposited in
the Sequence Read Archive (SRA) under BioProject accession number PRJNA1137139 (SUB14598253)
and will be released after 12 August 2025. The datasets generated and analyzed during the current
study are available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors have no conflicts of interest.



Biology 2024, 13, 869 120f 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Liu, X,; Shao, Z.; Cheng, G.; Lu, S.; Gu, Z.; Zhu, H.; Shen, H.; Wang, J.; Chen, X. Ecological Engineering in Pond Aquaculture: A
Review from the Whole-process Perspective in China. Rev. Aquac. 2021, 13, 1060-1076. [CrossRef]

Lu,J; Li, S.; He, X,; Tang, R.; Li, D. An In-Pond Tank Culture System for High-Intensive Fish Production: Effect of Stocking Density
on Growth of Grass Carp (Ctenopharyngodon Idella Valenciennes, 1844) and Blunt Snout Bream (Megalobrama Amblycephala
Yih, 1955). Aquaculture 2022, 549, 737808. [CrossRef]

Ma, E; Wang, L.; Huang, J.; Chen, Y,; Zhang, L.; Zhang, M.; Yu, M.; Jiang, H.; Qiao, Z. Comparative Study on Nutritional Quality
and Serum Biochemical Indices of Common Carp (Cyprinus carpio) Aged 11 to 13 Months Aged Cultured in Traditional Ponds
and Land-Based Container Aquaculture Systems. Food Res. Int. 2023, 169, 112869. [CrossRef] [PubMed]

Wilson, ].M.; Castro, L.EC. Morphological Diversity of the Gastrointestinal Tract in Fishes. In Fish Physiology; Elsevier: Amsterdam,
The Netherlands, 2010; Volume 30, pp. 1-55. [CrossRef]

Tran-Ngoc, K.T.; Huynh, S.T.; Sendao, J.; Nguyen, T.H.; Roem, A.].; Verreth, ].A.].; Schrama, ].W. Environmental Conditions Alter
the Effect of Organic Acid Salts on Digestibility and Intestinal Morphology in Nile Tilapia (Oreochromis niloticus). Aquac. Nutr.
2019, 25, 134-144. [CrossRef]

Lin, S.-M.; Zhou, X.-M.; Zhou, Y.-L.; Kuang, W.-M.; Chen, Y.-]; Luo, L.; Dai, F.-Y. Intestinal Morphology, Immunity and Microbiota
Response to Dietary Fibers in Largemouth Bass, Micropterus Salmoide. Fish Shellfish Immunol. 2020, 103, 135-142. [CrossRef]
[PubMed]

Sandbakken, 1.S.; Su, H.; Johansen, L.; Zhang, Y.; Ringg, E.; Resbak, R.; Yakovleyv, I; Five, K.K,; Olsen, R.E. Replacing Fishmeal
with Salmon Hydrolysate Reduces the Expression of Intestinal Inflammatory Markers and Modulates the Gut Microbiota in
Atlantic Salmon (Salmo salar). Front. Mar. Sci. 2024, 11, 1376516. [CrossRef]

Wu, S.; Pan, M.; Zan, Z.; Jakovli¢, I.; Zhao, W.; Zou, H.; Ringg, E.; Wang, G. Regulation of Lipid Metabolism by Gut Microbiota in
Aquatic Animals. Rev. Aquac. 2024, 16, 34-46. [CrossRef]

Zhang, Y.; Wen, B.; David, M.A.; Gao, J.-Z.; Chen, Z.-Z. Comparative Analysis of Intestinal Microbiota of Discus Fish (Sym-
physodon Haraldi) with Different Growth Rates. Aquaculture 2021, 540, 736740. [CrossRef]

Wang, A.R.; Ran, C.; Ringg, E.; Zhou, Z.G. Progress in Fish Gastrointestinal Microbiota Research. Rev. Aquac. 2017, 10, 626-640.
[CrossRef]

Wang, W.-Z.; Huang, J.-S.; Zhang, ].-D.; Wang, Z.-L.; Li, H.-].; Amenyogbe, E.; Chen, G. Effects of Hypoxia Stress on the Intestinal
Microflora of Juvenile of Cobia (Rachycentron canadumy). Aquaculture 2021, 536, 736419. [CrossRef]

Bereded, N.K.; Abebe, G.B.; Fanta, S.W.; Curto, M.; Waidbacher, H.; Meimberg, H.; Domig, K.J. The Impact of Sampling Season
and Catching Site (Wild and Aquaculture) on Gut Microbiota Composition and Diversity of Nile Tilapia (Oreochromis niloticus).
Biology 2021, 10, 180. [CrossRef] [PubMed]

Ge, K;; Fan, Z.; Huang, T.; Gu, W,; Wang, G,; Liu, E.; Pan, R.; Li, D.; Sun, Y.; Yao, Z.; et al. Influence of Increasing Acclimation
Temperature on Growth, Digestion, Antioxidant Capacity, Liver Transcriptome and Intestinal Microflora of Ussruri Whitefish
Coregonus Ussuriensis Berg. Fish Shellfish Immunol. 2024, 151, 109667. [CrossRef] [PubMed]

Ye, C.; Geng, S.; Zhang, Y.; Qiu, H.; Zhou, ].; Zeng, Q.; Zhao, Y.; Wu, D.; Yu, G.; Gong, H.; et al. The Impact of Culture Systems on
the Gut Microbiota and Gut Metabolome of Bighead Carp (Hypophthalmichthys nobilis). Anim. Microbiome 2023, 5, 20. [CrossRef]
Dan, X.-M.; Yan, G.-J.; Zhang, A.-].; Cao, Z.-D.; Fu, S.-]. Effects of Stable and Diel-Cycling Hypoxia on Hypoxia Tolerance,
Postprandial Metabolic Response, and Growth Performance in Juvenile Qingbo (Spinibarbus sinensis). Aquaculture 2014, 428—429,
21-28. [CrossRef]

Li, X.-M.; Yu, L.-].; Wang, C.; Zeng, L.-Q.; Cao, Z.-D.; Fu, S.-].; Zhang, Y.-G. The Effect of Aerobic Exercise Training on Growth
Performance, Digestive Enzyme Activities and Postprandial Metabolic Response in Juvenile Qingbo (Spinibarbus sinensis). Comp.
Biochem. Physiol. Part A Mol. Integr. Physiol. 2013, 166, 8-16. [CrossRef] [PubMed]

Wu, P; Yang, W.; Dong, Y.; Wang, Y.; Zhang, Y.; Zou, X.; Ge, H.; Hu, D.; Cui, Y.; Chen, Z. Feasibility of Cultivation of Spinibarbus
Sinensis with Coconut Oil and Its Effect on Disease Resistance (Nonspecific Inmunity, Antioxidation and mTOR and NF-kB
Signaling Pathways). Fish Shellfish Immunol. 2019, 93, 726-731. [CrossRef] [PubMed]

Qiu, H.; Liu, W,; Yan, Y.; Long, J.; Xie, X. Effects of Waterborne Cadmium Exposure on Spinibarbus Sinensis Hepatopancreas and
Kidney: Mitochondrial Cadmium Accumulation and Respiratory Metabolism. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol.
2021, 248, 109115. [CrossRef] [PubMed]

Fu, C.; Zhou, K.-Y,; Hu, Y.; Zhang, Y.-F; Fu, S.-]. The Effects of the Predictability of Acclimatory Temperature on the Growth
and Thermal Tolerance of Juvenile Spinibarbus Sinensis. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2024, 295, 111652.
[CrossRef]

Chen, L.-X.; Zeng, L.-Q. Energy Metabolism, Ghrelin Levels and Personality Could Not Predict the Vulnerability of Qingbo
(Spinibarbus sinensis) to Angling. Ecol. Front. 2023, 43, 245-253. [CrossRef]

Cai, H.-Y,; Li, Z.-L.; Jiang, T.-Y.; Zhang, T.-P. Effects of Continuous Starvation on the Growth and Intestinal Development of
Larvae of Spinibarbus Sinensis. Aquaculture 2020, 41, 28-31. (In Chinese) [CrossRef]

Nossa, C.W.; Oberdorf, WE.; Yang, L.; Aas, ].A.; Paster, B.].; DeSantis, T.Z.; Brodie, E.L.; Malamud, D.; Poles, M.A.; Pei, Z. Design
of 165 rRNA Gene Primers for 454 Pyrosequencing of the Human Foregut Microbiome. World |. Gastroenterol. 2010, 16, 4135-4144.
[CrossRef] [PubMed]


https://doi.org/10.1111/raq.12512
https://doi.org/10.1016/j.aquaculture.2021.737808
https://doi.org/10.1016/j.foodres.2023.112869
https://www.ncbi.nlm.nih.gov/pubmed/37254318
https://doi.org/10.1016/S1546-5098(10)03001-3
https://doi.org/10.1111/anu.12837
https://doi.org/10.1016/j.fsi.2020.04.070
https://www.ncbi.nlm.nih.gov/pubmed/32423866
https://doi.org/10.3389/fmars.2024.1376516
https://doi.org/10.1111/raq.12819
https://doi.org/10.1016/j.aquaculture.2021.736740
https://doi.org/10.1111/raq.12191
https://doi.org/10.1016/j.aquaculture.2021.736419
https://doi.org/10.3390/biology10030180
https://www.ncbi.nlm.nih.gov/pubmed/33804538
https://doi.org/10.1016/j.fsi.2024.109667
https://www.ncbi.nlm.nih.gov/pubmed/38830520
https://doi.org/10.1186/s42523-023-00239-7
https://doi.org/10.1016/j.aquaculture.2014.02.025
https://doi.org/10.1016/j.cbpa.2013.04.021
https://www.ncbi.nlm.nih.gov/pubmed/23623987
https://doi.org/10.1016/j.fsi.2019.06.052
https://www.ncbi.nlm.nih.gov/pubmed/31265912
https://doi.org/10.1016/j.cbpc.2021.109115
https://www.ncbi.nlm.nih.gov/pubmed/34153506
https://doi.org/10.1016/j.cbpa.2024.111652
https://doi.org/10.1016/j.chnaes.2021.07.009
https://doi.org/10.3969/j.issn.1004-2091.2020.02.007
https://doi.org/10.3748/wjg.v16.i33.4135
https://www.ncbi.nlm.nih.gov/pubmed/20806429

Biology 2024, 13, 869 13 0f 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Callahan, B.J.; McMurdie, PJ.; Rosen, M.].; Han, A.W,; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference
from Ilumina Amplicon Data. Nat. Methods 2016, 13, 581-583. [CrossRef]

Hall, M.; Beiko, R.G. 165 rRNA Gene Analysis with QIIME2. In Microbiome Analysis: Methods and Protocols; Beiko, R.G., Hsiao, W.,
Parkinson, J., Eds.; Springer: New York, NY, USA, 2018; pp. 113-129. ISBN 978-1-4939-8728-3.

Lozupone, C.; Knight, R. UniFrac: A New Phylogenetic Method for Comparing Microbial Communities. Appl. Environ. Microbiol.
2005, 71, 8228-8235. [CrossRef] [PubMed]

Ray, A K,; Ringg, E. The Gastrointestinal Tract of Fish. In Aquaculture Nutrition; Merrifield, D., Ringe, E., Eds.; Wiley: Hoboken,
NJ, USA, 2014; pp. 1-13. [CrossRef]

Wang, Y.; Wang, Y.-T,; Sun, ].; Lu, Y.; Chen, T.; Wang, Y.-Z.; Shu, R.; Wu, C.; Hu, K. Comparison between different Channa argus
farming modes: Analysis of nutritional tissue morphology and intestinal flora. Mar. Fish. 2021, 43, 573-585. [CrossRef]

Alesci, A.; Pergolizzi, S.; Savoca, S.; Fumia, A.; Mangano, A.; Albano, M.; Messina, E.; Aragona, M.; Cascio, P.L.; Capillo, G.; et al.
Detecting Intestinal Goblet Cells of the Broadgilled Hagfish Eptatretus cirrhatus (Forster, 1801): A Confocal Microscopy Evaluation.
Biology 2022, 11, 1366. [CrossRef] [PubMed]

Qiu, J.; Zhang, C.; Lv, Z,; Zhang, Z.; Chu, Y,; Shang, D.; Chen, Y.; Chen, C. Analysis of Changes in Nutrient Salts and Other Water
Quality Indexes in the Pond Water for Largemouth Bass (Micropterus Salmoides) Farming. Heliyon 2024, 10, €24996. [CrossRef]
[PubMed]

Rimoldi, S.; Terova, G.; Ascione, C.; Giannico, R.; Brambilla, F. Next Generation Sequencing for Gut Microbiome Characterization
in Rainbow Trout (Oncorhynchus mykiss) Fed Animal by-Product Meals as an Alternative to Fishmeal Protein Sources. PLoS ONE
2018, 13, €0193652. [CrossRef] [PubMed]

Walburn, ] W.; Wemheuer, B.; Thomas, T.; Copeland, E.; O’Connor, W.; Booth, M.; Fielder, S.; Egan, S. Diet and Diet-associated
Bacteria Shape Early Microbiome Development in Yellowtail Kingfish (Seriola lalandi). Microb. Biotechnol. 2019, 12, 275-288.
[CrossRef] [PubMed]

I Vestrum, R.; Attramadal, K.J.K.; Vadstein, O.; Gundersen, M.S.; Bakke, I. Bacterial Community Assembly in Atlantic Cod Larvae
(Gadus morhua): Contributions of Ecological Processes and Metacommunity Structure. FEMS Microbiol. Ecol. 2020, 96, fiaal63.
[CrossRef]

Zeng, A; Tan, K.; Gong, P; Lei, P; Guo, Z.; Wang, S.; Gao, S.; Zhou, Y.; Shu, Y.; Zhou, X.; et al. Correlation of Microbiota in the
Gut of Fish Species and Water. 3 Biotech 2020, 10, 472. [CrossRef]

Zhang, Z.; Li, D.; Refaey, M.M.; Xu, W.; Tang, R.; Li, L. Host Age Affects the Development of Southern Catfish Gut Bacterial
Community Divergent from That in the Food and Rearing Water. Front. Microbiol. 2018, 9, 495. [CrossRef] [PubMed]

Daly, K.; Kelly, J.; Moran, A.W,; Bristow, R.; Young, I.S.; Cossins, A.R.; Bravo, D.; Shirazi-Beechey, S.P. Host Selectively Contributes
to Shaping Intestinal Microbiota of Carnivorous and Omnivorous Fish. J. Gen. Appl. Microbiol. 2019, 65, 129-136. [CrossRef]
[PubMed]

Lundin, D.; Severin, I.; Logue, ].B.; Ostman, O.; Andersson, A.E; Lindstréom, E.S. Which Sequencing Depth is Sufficient to Describe
Patterns in Bacterial «- and 3-Diversity? Environ. Microbiol. Rep. 2012, 4, 367-372. [CrossRef] [PubMed]

Maji, U.J.; Mohanty, S.; Mahapatra, A.S.; Mondal, H.K.; Samanta, M.; Maiti, N.K. Exploring the Gut Microbiota Composition of
Indian Major Carp, Rohu (Labeo rohita), under Diverse Culture Conditions. Genomics 2022, 114, 110354. [CrossRef]

Luo, M,; An, R;; Fu, J.; Wan, S.; Zhu, W.; Wang, L.; Dong, Z. Comparative Analysis of the Gut Microbiota in Bighead Carp under
Different Culture Patterns. . Appl. Microbiol. 2022, 132, 1357-1369. [CrossRef]

Wu, H.,; Gao, J.; Xie, M.; Wu, J.; Song, R.; Yuan, X.; Wu, Y.; Ou, D. Chronic Exposure to Deltamethrin Disrupts Intestinal Health
and Intestinal Microbiota in Juvenile Crucian Carp. Ecotoxicol. Environ. Saf. 2022, 241, 113732. [CrossRef] [PubMed]

Chew, X.Z.; Gibson-Kueh, S.; Jerry, D.R.; Shen, X. Comparison of Intestinal Bacterial Communities in Asymptomatic and Diseased
Asian Seabass (Lates calcarifer) with Chronic Enteritis and Mixed Bacterial Infections. Aquaculture 2023, 572, 739516. [CrossRef]
Kokou, F; Sasson, G.; Friedman, J.; Eyal, S.; Ovadia, O.; Harpaz, S.; Cnaani, A.; Mizrahi, I. Core Gut Microbial Communities Are
Maintained by Beneficial Interactions and Strain Variability in Fish. Nat. Microbiol. 2019, 4, 2456-2465. [CrossRef] [PubMed]
Kim, PS;; Shin, N.-R;; Lee, ].-B.; Kim, M.-S.; Whon, TW.; Hyun, D.-W.; Yun, J.-H.; Jung, M.-].; Kim, ].Y.; Bae, ].-W. Host Habitat is
the Major Determinant of the Gut Microbiome of fish. Microbiome 2021, 9, 166. [CrossRef]

Li, J.;Ni, J.; Li, J.; Wang, C; Li, X.; Wu, S.; Zhang, T.; Yu, Y.; Yan, Q. Comparative Study on Gastrointestinal Microbiota of Eight
Fish Species with Different Feeding Habits. J. Appl. Microbiol. 2014, 117, 1750-1760. [CrossRef]

Li, H.; Niu, S; Pan, H.; Wang, G.; Xie, ].; Tian, J.; Zhang, K; Xia, Y; Li, Z.; Yu, E.; et al. Modulation of the Gut Microbiota by
Processed Food and Natural Food: Evidence from the Siniperca chuatsi Microbiome. Peer] 2024, 12, €17520. [CrossRef] [PubMed]
Sidhu, S.R.K.; Kok, C.W.; Kunasegaran, T.; Ramadas, A. Effect of Plant-Based Diets on Gut Microbiota: A Systematic Review of
Interventional Studies. Nutrients 2023, 15, 1510. [CrossRef] [PubMed]

Kasahara, K; Kerby, R.L.; Zhang, Q.; Pradhan, M.; Mehrabian, M.; Lusis, A.].; Bergstrom, G.; Backhed, E; Rey, FE. Gut Bacterial
Metabolism Contributes to Host Global Purine Homeostasis. Cell Host Microbe 2023, 31, 1038-1053.e10. [CrossRef] [PubMed]
Lin, H,; Zhou, S,; Li, X.; Liu, Y;; Luo, W.; Zhao, Y.; Huang, Z.; Zhao, Y.; Li, Z. Effects of Oxidized Fish Oil Diet Supplemented
with Tea Polyphenols on Intestinal Health and Liver Metabolism of Spotted Sea Bass (Lateolabrax maculatus). Aquac. Rep. 2024,
37,102201. [CrossRef]


https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://www.ncbi.nlm.nih.gov/pubmed/16332807
https://doi.org/10.1002/9781118897263.ch1
https://doi.org/10.13233/j.cnki.mar.fish.2021.05.007
https://doi.org/10.3390/biology11091366
https://www.ncbi.nlm.nih.gov/pubmed/36138844
https://doi.org/10.1016/j.heliyon.2024.e24996
https://www.ncbi.nlm.nih.gov/pubmed/38322958
https://doi.org/10.1371/journal.pone.0193652
https://www.ncbi.nlm.nih.gov/pubmed/29509788
https://doi.org/10.1111/1751-7915.13323
https://www.ncbi.nlm.nih.gov/pubmed/30506824
https://doi.org/10.1093/femsec/fiaa163
https://doi.org/10.1007/s13205-020-02461-5
https://doi.org/10.3389/fmicb.2018.00495
https://www.ncbi.nlm.nih.gov/pubmed/29616008
https://doi.org/10.2323/jgam.2018.07.003
https://www.ncbi.nlm.nih.gov/pubmed/30416165
https://doi.org/10.1111/j.1758-2229.2012.00345.x
https://www.ncbi.nlm.nih.gov/pubmed/23760801
https://doi.org/10.1016/j.ygeno.2022.110354
https://doi.org/10.1111/jam.15248
https://doi.org/10.1016/j.ecoenv.2022.113732
https://www.ncbi.nlm.nih.gov/pubmed/35679730
https://doi.org/10.1016/j.aquaculture.2023.739516
https://doi.org/10.1038/s41564-019-0560-0
https://www.ncbi.nlm.nih.gov/pubmed/31548685
https://doi.org/10.1186/s40168-021-01113-x
https://doi.org/10.1111/jam.12663
https://doi.org/10.7717/peerj.17520
https://www.ncbi.nlm.nih.gov/pubmed/38887619
https://doi.org/10.3390/nu15061510
https://www.ncbi.nlm.nih.gov/pubmed/36986240
https://doi.org/10.1016/j.chom.2023.05.011
https://www.ncbi.nlm.nih.gov/pubmed/37279756
https://doi.org/10.1016/j.aqrep.2024.102201

Biology 2024, 13, 869 14 0f 14

48.

49.

50.

51.

52.

Qi, X.; Zhang, Y.; Zhang, Y.; Luo, F; Song, K.; Wang, G.; Ling, F. Vitamin B12 Produced by Cetobacterium Somerae Improves Host
Resistance against Pathogen Infection through Strengthening the Interactions within Gut Microbiota. Microbiome 2023, 11, 135.
[CrossRef] [PubMed]

Geng, X.; Lin, R.; Hasegawa, Y.; Chao, L.; Shang, H.; Yang, J.; Tian, W.; Ma, W.; Zhuang, M.; Li, J. Effects of Scallop Mantle Toxin
on Intestinal Microflora and Intestinal Barrier Function in Mice. Toxins 2024, 16, 247. [CrossRef] [PubMed]

Liang, H.; Song, H.; Zhang, X.; Song, G.; Wang, Y.; Ding, X.; Duan, X; Li, L.; Sun, T.; Kan, Q. Metformin Attenuated Sepsis-Related
Liver Injury by Modulating Gut Microbiota. Emerg. Microbes Infect. 2022, 11, 815-828. [CrossRef]

Tan, C.K;; Natrah, I.; Suyub, I.B.; Edward, M.].; Kaman, N.; Samsudin, A.A. Comparative Study of Gut Microbiota in Wild and
Captive Malaysian Mahseer (Tor tambroides). Microbiologyopen 2019, 8, e00734. [CrossRef]

Takeuchi, T.; Kubota, T.; Nakanishi, Y.; Tsugawa, H.; Suda, W.; Kwon, A.T.-].; Yazaki, J.; Ikeda, K.; Nemoto, S.; Mochizuki, Y.; et al.
Gut Microbial Carbohydrate Metabolism Contributes to Insulin Resistance. Nature 2023, 621, 389-395. [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.


https://doi.org/10.1186/s40168-023-01574-2
https://www.ncbi.nlm.nih.gov/pubmed/37322528
https://doi.org/10.3390/toxins16060247
https://www.ncbi.nlm.nih.gov/pubmed/38922142
https://doi.org/10.1080/22221751.2022.2045876
https://doi.org/10.1002/mbo3.734
https://doi.org/10.1038/s41586-023-06466-x

	Introduction 
	Materials and Methods 
	Fish Management 
	Sample Collection 
	Growth Performance Analysis 
	Preparation and Observation of Intestinal Tissue Sections 
	Intestinal Microbes Sequencing 
	Bioinformatic Analysis 
	Statistical Analysis 

	Results 
	Growth Performance 
	Intestinal Tissue Morphology 
	Intestinal Microbes 
	Intestinal Microbial ASVs 
	Intestinal Microbial Diversity of S. sinensis Under Different Aquaculture Systems 
	Species Composition and Abundance of Intestinal Microbes 
	Predicted Functions of Intestinal Microbes 


	Discussion 
	Conclusions 
	References

