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Chito-oligosaccharides (COS) and B-glucan are gradually being applied in
aquaculture as antioxidants and immunomodulators. However, this study
examined the effects of dietary supplementation of COS and B-glucan on the
water quality, gut microbiota, intestinal morphology, non-specific immunity, and
meat quality of Chinese soft-shell turtle. To investigate the possible mechanisms,
3-year-old turtles were fed basal diet (CK group) and 0.1%, 0.5%, and 1% COS or
B-glucan supplemented diet for 4 weeks. Colon, liver, blood and muscle tissues,
colon contents, water and sediment of paddy field samples were collected and
analyzed after feeding 2 and 4 weeks. The results indicated that COS and f3-
glucan altered microbial community composition and diversity in Chinese soft-
shell turtles. The relative abundance of Cellulosilyticum, Helicobacter and
Solibacillus were increased after feeding COS, while Romboutsia, Akkermansia
and Paraclostridium were increased after feeding B-glucan, whereas
Cetobacterium, Vibrio and Edwardsiella were enriched in the control group.
Furthermore, colon morphology analysis revealed that COS and B-glucan
improved the length and number of intestinal villi, and the effect of 0.5% B-
glucan was more obvious. Both B-glucan and COS significantly improved liver
and serum lysozyme activity and antibacterial capacity. COS significantly
increased the total antioxidant capacity in the liver. Further, 0.1% B-glucan
significantly increased the activity of hepatic alkaline phosphatase, which
closely related to the bacteria involved in lipid metabolism. Moreover, dietary
supplementation with 1% COS and 1% B-glucan significantly enhanced the
content of total amino acids, especially umami amino acids, in muscle tissue,
with B-glucan exerting a stronger effect than COS. Additionally, these two
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prebiotics promoted the quality of culture water in paddy fields and reshaped the
bacterial community composition of aquaculture environment. All these
phenotypic changes were closely associated with the gut microbes regulated
by these two prebiotics. In summary, the findings suggest that dietary
supplementation with COS and B-glucan in Pelodiscus sinensis could
modulate the gut microbiota, improve intestinal morphology, enhance non-
specific immunity and antioxidant capacity of liver and serum, increase meat
quality, and improve the culture water environment. This study provides new
insights and a comprehensive understanding of the positive effects of COS and
B-glucan on Pelodiscus sinensis.

KEYWORDS
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Introduction

The Chinese soft-shell turtle (Pelodiscus sinensis, hereinafter
referred to as “turtle”) is an important economic species in
aquaculture production owing to its high nutritional value and
unique taste (1, 2). With the depletion of their numbers in the wild,
soft-shell turtles are now being produced through a variety of
breeding modes (such as greenhouse breeding, pond breeding,
and ecological breeding). Among these strategies, greenhouse
farming has emerged as an important mode of turtle breeding in
recent decades, but it requires a large amount of artificial aquafeed.
Moreover, drug treatment to promote growth and prevent diseases
is required and supposed to in the culturing process, which causes
serious water pollution and leads to drug residues in turtle meat,
such as quinoxalines (3, 4). In contrast, the cultivation of soft-shell
turtles in paddy fields represents a mode of ecological culture and
prevents the disadvantages associated with greenhouse farming.
Various excess resources present in the paddy field can be utilized
by the turtles, and the turtles can in turn perform weeding, thinning,
and pest control activities in the paddy field (5). However, this form
of turtle breeding also has some drawbacks, such as challenges in
disease prevention and promoting turtle growth. Recently,
prebiotics have shown efficacy in disease prevention and
treatment in aquaculture. Several types of prebiotics, including
xylooligosaccharide and galactooligosaccharide, have been used as
antibiotic alternatives to promote intestinal health and prevent
disease by selectively promoting the growth of beneficial
bacteria (6).

Chito-oligosaccharide (COS), a natural alkaline polymer of
glucosamine, has been used as a feed additive for aquatic animals,
adjuvant for vaccines, and water preservation agent for aquatic
products owing to its useful functions in regulating immunity and
promoting growth and antioxidant responses in aquatic animals (7,
8). Dietary COS improved the growth performance, body
composition, digestive enzyme activity, and antioxidant responses
of the loach Paramisgurnus dabryanus (9). Moreover, strong
antibody reactions and cross-protection against Vibrio
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alginolyticus and Vibrio harveyi were observed in turbots
vaccinated with inactivated vaccine and COS (10). Jia et al. found
that COS can inhibit the growth of Pseudomonas, Aeromonas, and
Shewanella in silver carp fillets, improving their meat quality during
cold storage (11). Another agent that has been used as an
immunomodulator and antioxidant in the aquaculture industry is
B-glucan, a type of complex polysaccharide (12, 13). In recent
studies, both COS and B-glucan were tested as substitutes for in-
feed antibiotics and were found to modulate the gut microbiome
and immune responses, thereby improving gastrointestinal
conditions and growth performance (14).

Previous studies have reported that dietary supplementation of
B-glucan could improve the immunity and antioxidant indexes of
turtles (15), but systematic studies are still lacking, especially on the
rice-turtle cultivation mode. Hence, the present study was designed
to investigate the effects of different levels of dietary COS and [3-
glucan on the environmental water quality and gut microbiota,
intestinal morphology, non-specific immunity (liver and serum),
and meat quality of Chinese soft-shell turtles in the paddy fields.
Further, we revealed the possible mechanisms underlying the
improvements in immune responses, meat quality, and growth
induced by these prebiotics. This work provides a more
comprehensive understanding of the beneficial effects of COS and
B-glucan on turtles and promotes the application of prebiotics
in aquaculture.

Materials and methods
Experimental design and sampling

The experiment was conducted in seven paddy fields
(measuring about 40 m x 10 m, each paddy field was averagely
divided into three small fields). Three-year-old Chinese soft-shell
turtles (mean initial body weight: 1 + 0.2 kg, mean carapace length:
20.2 cm) were randomly divided into seven groups (six
experimental diet groups + one control group) in these seven
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paddy fields and maintained on the indicated diet for 4 weeks
during September 2022 in Lishui City, Zhejiang province. The six
types of experimental diets were formulated by adding different
doses of COS (0.1%, CL; 0.5%, CM; and 1%, CH) or B-glucan (0.1%,
GL; 0.5%, GM; and 1%, GH) to the basal diet. The control group
only received a basal diet. COS and B-glucan were purchased from
Zhejiang Golden-Shell Pharmaceutical Co. Ltd. and Angel Yeast
Co. Ltd., respectively. The diet formulation and its proximate
composition of the basal feed are shown in Table 1. The flow
chart of the experimental design is shown in Figure 1.

The turtles were fed twice a day (8:30, 17:30). Two (Time point
1, T1) and 4 weeks (Time point 2, T2) after prebiotic feeding were
selected as sampling time points. Six turtles were randomly sampled
from each group (two turtles were randomly selected from each one
small paddy field) at T1 and T2, and their body weight was
measured. Blood samples were collected from the jugular veins
and then centrifuged (3500 xg) for 15 min at 4°C to obtain serum
samples. Hind leg muscle tissue, liver tissue, intestine tissue, and
colon contents were collected and frozen in liquid nitrogen. All
samples were stored at -80°C until use.

16S rRNA gene sequencing for gut and
water microbiota analysis

Colon contents were collected from six turtles in each group at
two time points. Water and sediment samples were also collected
from the seven paddy fields when the experiment was completed
and established enrichment of microorganisms by centrifugation.
DNA was extracted from colon content samples, water and
sediment samples using the DNeasy PowerSoil Pro Kit (Qiagen,
USA) according to the user manual. The concentration and quality
of extracted DNA were checked on a 1% agarose gel and measured
using NanoDrop 2000 (Thermo Scientific, USA). The V3-V4
hypervariable region of the bacterial 16S rRNA gene was
amplified using the following primer pairs: 338F-
ACTCCTACGGGAGGCAGCAG; 806R-
GGACTACHVGGGTWTCTAAT. The PCR reaction mixture
including 10 pL 5 x Fast reaction buffer, 1.5 uL 2.5 mM dNTPs,

TABLE 1 Diet formulation and proximate composition of the basal feed
(dry matter basis, %).

Ingredients Percentage of ingredients (%)

Crude protein (%, =) 46.0
Crude lipid (%, =) 5.0
Crude fiber (%, <) 4.0
Crude ash (%, <) 17.0

Calcium (%, <) 2.0-5.0
Phosphorus (%, <) 1.0-3.0
Lysine (%, =) 22
Moisture (%, <) 10.0

Providing by Yixiang Biotechnology Co. Ltd. (Huzhou, Zhejiang province, China).
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1.5 puL each primer (10 pM), 0.2 uL Fast DNA polymerase, 50 ng of
template DNA, and ddH,O to a final volume of 50 pL. PCR
amplification cycling conditions were as follows: initial
denaturation at 95 °C for 5 min, followed by 30 cycles of
denaturing at 95 °C for 1 min, annealing at 60 °C for 1 min and
extension at 72 °C for 1 min, and single extension at 72 °C for 7 min,
and end at 4 °C. After purification, PCR products were subjected to
paired-end sequencing on the Illumina MiSeq PE300 platform
(Illumina, USA). All 16S rRNA gene sequencing data were
submitted to the NCBI database (accession number PRINA974559).

Raw 16S rRNA gene sequencing reads were demultiplexed,
quality-filtered using fastp (v0.20.0) (16), and merged into tags
using FLASH (v1.2.7) (17). Chimeric sequences were filtered with
the Vsearch software (v2.3.4) (18). The feature table and sequence
were obtained after dereplication with DADA2 (19). A Naive Bayes
classifier was used to annotate the amplicon sequence variant (ASV)
table according to the SILVA database (v138) for each representative
sequence (20). Then, feature abundance was normalized based on the
relative abundance in each sample. The ASV table was leveled
according to the minimum number of sequences in all samples. o
diversity indexes, including the Chaol and Shannon indexes, were
calculated to evaluate microbial community complexity using
QIIME2 (21). B-diversity was analyzed to investigate the differences
within and between groups based on principal coordinates analysis
(PCoA) with the R vegan package (22). Further, microbial functional
prediction was achieved using PICRUSt2 (23). Functional pathway
annotation was performed based on the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (24). All data processing and
analyses were conducted using OmicShare Tools at https://

www.omicshare.com/tools.

Determination of antioxidant and immune
parameters in serum and liver tissue

Serum and liver samples were thawed on ice. Then, the liver
samples were homogenized for subsequent analysis. Five indicators
of antioxidant action in the serum and liver were examined using
commercial kits (Nanjing Jiancheng Bioengineering Institute,
China) according to the manufacturer’s instructions. These were
as follows: total antioxidant capacity (T-AOC) and catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px),
and malondialdehyde (MDA) levels. T-AOC activity was
measured using colorimetry. CAT activity was measured using
the visible light method. SOD activity was measured using the
WST-1 method. GSH-PX activity was measured using a
colorimetric method. Finally, MDA content was measured using
the thiobarbituric acid (TBA) method.

In addition, three indicators of non-specific immunity were also
determined. Lysozyme (LZM), alkaline phosphatase (ALP), and
acid phosphatase (ACP) levels in the serum and liver were
measured using commercial kits (Nanjing Jiancheng
Bioengineering Institute, China) according to the manufacturer’s
instructions. LZM activity was measured using turbidimetry.
Further, ALP and ACP activity were both measured using a
microenzyme labeling method.
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FIGURE 1

Flow chart of experimental design.

All reactions were performed in 96-well plates, and the
absorbance was read using a microplate reader (Thermo
Scientific ™ 5580, China).

Amino acid and proximate
compositions of muscle

First, 50 g of muscle tissue was isolated from the two hind legs to
determine its amino acid composition and proximate composition,
as described previously (25, 26). Briefly, the muscle tissue was
ground into powder after freezing in liquid nitrogen. Then, 40 mg
freeze-dried muscle powder and 10 mL of 6 mol/L hydrochloric acid
were added to a 50-mL ampoule, which was then placed in a
constant temperature drying oven for 24 h to enable hydrolysis. The
hydrolysate was diluted with deionized water, transferred to a rotary
evaporator flask, and evaporated to dryness at 60°C. The
dehydrated product was washed with 0.02 mol/L hydrochloric
acid and transferred to another volumetric flask. Then, a 3 mL
hydrolysate sample and a standard amino acid solution were added
to an automated sample injection bottle. The content of amino acids
in the muscle tissue was determined by the automatic amino acid
analyzer (Hitachi Model L8900, Japan). The moisture content was
determined based on the 105 + 2°C oven drying method. The crude
ash content was determined by carbonization with the 525 + 25°C
furnace carbonizing method. The crude fat content was determined
using the Soxhlet extraction method with petroleum ether as
the solvent.

Intestinal morphology

Colon tissue was washed with phosphate-buffered saline (PBS)
and quickly fixed in 4% paraformaldehyde. Paraffin embedding was
performed 24 h later. Sections were sliced longitudinally to 4-pum
thickness, hydrated, and stained with hematoxylin-eosin (H&E)
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1.Gut microbiota
-Bacterial diverity index, PCoA analysis etc.

2. Intesinal morphology
-Colonic villi number, Colonic villi length etc.

3.Serum and liver enzyme activities
_T-AOC, CAT, SOD, GSH-PX, MDA, LZM, ALP, ACP

4.Amino acids and other nutrients in muscle
-Umami amino acids, Essential amino acids etc.

5.Water quality of farming systems
-pH, Dissolved oxygen, Ammonia nitrogen etc.

using an automatic dehydrator. Histomorphology was observed
using a digital pathology scanner (Kfbio, China) and a light
microscope (Nikon, Japan).

Water quality measurement

Five indicators of water quality were measured after the
experiment was completed. Water samples were collected from
each paddy field in triplicate. pH was measured on-site at the time
of sample collection using an Oakton Acorn pH meter (Sigma-
Aldrich, Germany) (27). Dissolved oxygen levels were determined
using a Pro-DSS multiparameter meter (YSI, US) (28). The total
ammonia nitrogen content was measured using Solorzano’s
indophenol method (29). Nitrite levels were determined using an
azo dye at a wavelength of 543 nm after processing with
sulfanilamide hydrochloride and N-(1-naphthy1)-ethylenediamine
dihydrochloride (30). The ammonia nitrogen and nitrite levels were
determined using an EpochTM spectrophotometer (Biotek US). The
free sulfides were measured using the methylene blue method with a
PowerWave spectrophotometer microplate reader (Biotek,
US) (31).

Statistical analysis

The results of the o-diversity indexes, nutrient contents, and
enzyme activities were expressed as the means * standard
deviations (SDs) and analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test between
multiple groups. GraphPad Prism 8.0.1 was used for data analysis
and figure creation. The correlations among enzyme activities,
nutrient contents, and microbial taxa were analyzed using
Spearman’s rank correlation analysis. Statistical significance was
set at P < 0.05.
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Results

Composition and diversity
of gut microbiota

The o-diversity of the gut microbiota was significantly different
between the CK group and the COS and B-glucan groups at the two
time points (Figures 2A, B, S1A, B). Notably, the Chaol index of the
COS group was significantly decreased at T1 and then increased at T2
(Figures 2A, SI1A). The Chaol index of the COS group was also
significantly higher than that of the B-glucan and CK groups (Figure
S1A). PCoA revealed that the three groups showed significant

10.3389/fimmu.2023.1266997

differences in B-diversity at T1 (PERMANOVA, P = 0.001)
(Figure 2C), but the differences were fewer after 4 weeks of feeding
(PERMANOVA, P = 0.01) (Figure S1C). The genus-level bacterial
composition of the gut microbiota was different among the COS, -
glucan, and CK groups (Figures 2D, E, S1D, E). A total of 78 genera
were enriched in different diet groups after 2 weeks. Among them,
Romboutsia and Paraclostridium showed a higher abundance in both
the COS and B-glucan groups than in the CK group, and higher
amounts of COS or B-glucan were more effective in increasing the
abundance of these two genera. Meanwhile, Cetobacterium and 52
other genera were enriched in the CK group. Moreover, the COS and
B-glucan groups also showed differences in genus-level enrichment.
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FIGURE 2

Anaerorhabdus_furcosa,

Comparison of the diversity and bacterial composition of the gut microbiota at T1 based on 16S rRNA gene sequencing data. (A) Chaol index. (B)
Shannon index. (C) Principal coordinate analysis (PCoA) of the microbial composition of various groups based on weighted UniFrac distances. (D)
Relative abundance of the top 10 bacterial genera in each group. (E) Differential bacterial genera identified among the seven groups using LEfSe
analysis. LDA score > 2. LDA, linear discriminant analysis. PERMANOVA, permutational multivariate analysis of variance. ns, no significance. one-way

ANOVA, *P < 0.05 and **P < 0.01.

Frontiers in Immunology

05

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1266997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fu et al.

For example, Cellulosilyticum, Helicobacter, and Solibacillus were
more enriched in the COS group, while Romboutsia,
Paraclostridium, and Terrisporobacter were more abundant in the
B-glucan group (Figures 2D, E; Supplementary Table S1). At T2, the
microbial community enrichment profile was similar to that at T1
(Figures S1D, E; Supplementary Table S1). All results suggested that
the addition of COS or B-glucan to the diet could change the
composition of the gut microbiome in turtles and enable the
differential enrichment of specific bacteria.

Alteration of intestinal morphology

The number and length of colonic villi in turtles showed a
drastic increase after dietary supplementation with COS and -
glucan (Figure 3). The effect of B-glucan was stronger than that of
COS and improved over time (Figure S2). In fact, the middle
concentration (0.5%) of B-glucan provided the best improvement.

Changes in liver and serum enzyme
activities related to antioxidant capacity
and immunity

A total of eight serum and hepatic indicators were measured at
T2. Liver sample analysis revealed that T-AOC was significantly

10.3389/fimmu.2023.1266997

higher in the COS group than in the CK group, and SOD activity
was higher in the COS group than in the B-glucan group
(Figures 4A, B; Supplementary Table S2). This suggested that
COS was better at improving antioxidant capacity than B-glucan.
Both COS and B-glucan could improve LZM enzyme activity in the
liver (Figure 4E), indicating their enhancement of antibacterial
effects. Additionally, B-glucan induced higher liver ALP activity
than COS, and a low concentration (0.1%) of B-glucan showed the
best effect (Figure 4F). In serum samples, the levels of CAT, GSH-
Px, and LZM were higher in turtles receiving COS than in those
receiving B-glucan (Figures 5C-E; Supplementary Table S3), while
the levels of other five enzymes had no significant difference
between these two supplementary feeding (Figures 5A, B, F-H),
demonstrating that COS stimulates higher antioxidant and
antibacterial activity than B-glucan. Together, the results
indicated that these two prebiotics could improve non-specific
immunity in turtles, although the mechanisms of their individual
effects were slightly different.

The correlations between indicators of non-specific immunity
and differential bacterial genera in the turtles were analyzed (Figure
S3). Many genera enriched in the prebiotics groups showed close
correlations with indicators such as LZM and T-AOC. For example,
Romboutsia was positively related to the level of LZM in both the
liver and serum, suggesting that the antimicrobial ability of
prebiotics could be attributed to alterations in the gut microbiota.

FIGURE 3

Colon morphology of P. sinensis at T1. (A) Full scans (x20). (B) Partial scans (x100).
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FIGURE 4

Effects of COS and B-glucan on the activities of liver enzymes related to antioxidant capacity and immunity in P. sinensis at T2. (A) T-AOC, total
antioxidant capacity. (B) SOD, superoxide dismutase. (C) CAT, catalase. (D) GSH-Px, glutathione peroxidase. (E) LZM, lysozyme. (F) ALP, alkaline
phosphatase. (G) ACP, acid phosphatase. (H) MDA, malondialdehyde. one-way ANOVA, *P < 0.05, **P < 0.01.

In addition, the genera Helicobacter and Mycoplasma enriched in ~ when compared with the CK group (Figures 6E-H). Meanwhile,
the CK group were negatively correlated with the serum levels of  there was no significant difference in the muscle contents of
SOD. This demonstrated that the decreased antioxidant capacity =~ moisture, crude ash, and crude fat among the three groups
may be due to a lack of gut microbiota regulation by prebiotics. (Figures 6I-K). These results indicated that the two prebiotics can
improve meat quality, especially the level of umami amino acids.
In addition, the levels of these main nutrients were significantly
Improvement of amino acid composition associated with the abundance of seven differential genera. Among
and nutrient content of muscle them, Clostridium sense stricto13 was positively associated with the
levels of essential and umami amino acids (Figure S4).
The levels of crude protein, total amino acids, essential amino
acids, and umami amino acids in turtle muscle tissue were
significantly higher in the COS and B-glucan groups than in the ~IMmprovement of water and sediment
CK group (Figures 6A-D; Supplementary Table S4). The positive ~€nvironments in paddy fields
effect of 1% B-glucan on these parameters was better than that of 1%
COS. Moreover, the contents of four kinds of umami amino acids Five water quality indicators in the seven paddy fields were
(glycine, glutamate, alanine, and asparagine) were significantly =~ measured when the experiment was completed — pH, dissolved
increased by COS and B-glucan supplementation, with 1% -  oxygen, ammonia nitrogen, nitrite, and sulfide. We found that pH
glucan increasing the levels of umami amino acids by 11.6%  and sulfide levels were lower in the two prebiotics groups than in the
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CK group (Figure 7A; Supplementary Table S5). The microbial
communities present in the water samples from different
experimental paddy fields were different, as did the results of the
sediment samples. More important, the microbial community
composition was distinctly different between water and sediment
samples (Figure 7B). Furthermore, the microbial community
structures changed at the genus levels after turtles were fed COS
and B-glucan in both water and sediment environment (Figures 7C,
D). At the genus level, the relative abundance of Flavobacterium and
Clostridium_sensu_stricto_13 increased, while that of
Clostridium_sensu_stricto_1 decreased after prebiotics treatment
in the water of paddy fields. Further, the relative abundance of
Acinetobacter, Bacillus and Clostridium_sensu_stricto_13 increased,
while that of Methanosaeta decreased after prebiotics treatment in
the sediment of paddy fields. Together, these results demonstrated
that the application of prebiotics could improve water quality and
change the micro-ecosystem of the water and sediment of
paddy fields.

Discussion

In our study, the gut microbial community structure was
significantly different in turtles receiving COS and [-glucan when
compared with that in turtles receiving the basal feed. B-glucan
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decreased the Chaol index at T1, while COS improved this index at
T2. This suggested that these two prebiotics had different functions
in modulating the gut microbiome. LEfSe analysis revealed that at
the genus level, the relative abundance of Romboutsia increased
after prebiotic supplementation, particularly in the GH group.
However, the relative abundance of Cetobacterium decreased after
prebiotic addition, but remained enriched in the CK group.
Romboutsia has been linked to lipid metabolism and obesity-
related metabolic abnormalities (32), while Cetobacterium plays
an important role in carbohydrate utilization and glucose
homeostasis in fish (33). The finding thus suggested that COS
and B-glucan were biased toward promoting lipid metabolism
instead of glucose utilization because the experimental turtles
were already adults and fat deposition had started during their
late growth stage. Furthermore, some genera such as Lawsonia (34),
Vibrio (35), and Edwardsiella (36) that comprise potential
pathogens were enriched in the CK group. Analysis of the
functional capacity of the gut microbiota revealed that the
functions enriched in the prebiotic groups were related to
pathways of amino acid, vitamin, glycerolipid, and bile acid
metabolism. Meanwhile, the bacterial functions enriched in the
CK group involved pathways of pathogen infection and antibiotic
biosynthesis, including Vibrio cholerae infection, vancomycin group
antibiotic biosynthesis, and streptomycin biosynthesis (Figure S5A).
Moreover, these functional pathways were significantly correlated
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with the relative abundance of differential bacteria (prebiotics group
vs. CK group) (Figure S5B). Among them, Cetobacterium, Vibrio,
and Aliivibrio were positively associated (P < 0.01) with the
pathways of pathogen infection and antibiotic biosynthesis, while
some genera enriched in the prebiotics group, including
Romboutsia and Terrisporobacter, were negatively correlated with
these pathways. Overall, all the results suggested that COS and (-
glucan could promote intestinal health, regulate gut microbes, and
shape the homeostatic balance of the gut microbiome.

COS and B-glucan not only modulated the gut microbiome, but
also altered intestinal morphology, increasing the number and length
of colonic villi and the depth of colon crypts. These changes indicate a
strengthening of the colon’s epithelial barrier function, which is
involved in promoting nutrient absorption and reducing infection
(37). B-glucan has been reported to improve the gut microbiota
composition in models of metabolic diseases and promote the
production of short-chain fatty acids (SCFAs), which improve gut
health to alleviate metabolic diseases (38). Early studies have revealed
that SCFAs can facilitate the differentiation and proliferation of the
intestinal epithelium (39). This could explain how COS and B-glucan
improve colonic health at a morphological level and regulate immune
homeostasis in the gut and the entire body.

We found that COS and B-glucan promoted non-specific
immunity in both the liver and serum. These two prebiotics
conferred great antibacterial potential by improving the level of
LZM at T1 and T2, although COS exerted a better effect than B-
glucan. LZM is an important defense factor involved in non-specific
immunity because it kills pathogens by hydrolyzing the bacterial cell
wall. Its activity can be measured to reflect the degree of pathogen
killing by phagocytic cells (40). Furthermore, bacteria enriched in the
prebiotics group showed a significant positive correlation with the
activity of LZM, including Romboutsia, Cellulosilyticum, and
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Paraclostridium. Hence, the two prebiotics could modulate the
host’s immune response by altering the gut microbiome. In
addition, the two prebiotics showed excellent antioxidant capacity,
improving the activities of liver T-AOC and SOD and serum CAT
and GSH-Px, with COS showing a better effect than -glucan. GSH-
dependent enzymes such as SOD, CAT, and GSH-Px participate in
the scavenging of reactive oxygen species. GSH is the most important
antioxidant molecule in the intracellular environment, and it can
react with H,O, or lipid peroxides to neutralize these molecules (41).
Chang et al. demonstrated that COS could improve SOD and GSH-
Px activities in the muscle tissue of broilers (42). He et al. revealed
that dietary supplementation with 200 mg/kg yeast B-glucan can
markedly increase CAT, SOD, and T-AOC activities in the skeletal
muscle of finishing pigs (43). Further, all these antioxidant enzymes
showed a close correlation with differential bacterial genera, especially
in the liver. This was consistent with the fact that the liver is the most
responsive tissue to abiotic stress and provides high constitutive
protection against oxidative damage (44). Interestingly, we found that
B-glucan improves the activity of ALP in the liver. Studies have
shown that ALP plays a role in non-specific immunity in aquatic
animals (45) and usually acts as a natural anti-inflammatory agent to
reduce intestinal inflammation and alleviate associated insulin
resistance (46). The increased activity of ALP demonstrated that
lipid metabolism was enhanced in turtles with dietary B-glucan
supplementation, suggesting that the prebiotics enhanced lipid
metabolism in turtles and promoted the abundance of related
bacteria, such as Helicobacter and Mycoplasma. Taken together, the
findings show that COS and B-glucan can improve the immune
response and antioxidant activity in both the liver and serum by
regulating the gut microbiome.

The findings from the present study demonstrated that COS
and B-glucan improve the content of total amino acids, essential
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amino acids, and umami amino acids in the hind leg muscles of
turtles, thus improving meat quality. Further, $-glucan has a better
effect than COS. The umami flavor of animal proteins is mainly
determined by the content and composition of amino acids such as
Glu, Asp, Ala, and Gly (47). Indeed, COS and B-glucan significantly
improved the levels of these four umami amino acids, and 1% f3-
glucan increased the content of umami amino acids by 11.6%. COS
has been reported to reduce abdominal fat and improve meat
quality in broiler chickens (48). B-glucan has also been discovered
to increase the content of intramuscular fat and change the
proportion of saturated and unsaturated fatty acids in finishing
pigs (49). However, this study provides the earliest evidence that
COS and B-glucan can improve meat quality in turtles. Moreover,
seven genera showed close correlations with these nutritional
components. Further, Clostridium_sensu_stricto_13 was
significantly associated with all umami amino acids and some
essential amino acids, strongly indicating its key role in
improving meat quality and warranting further investigation.

The environmental impact of COS and B-glucan was tested.
These prebiotics virtually changed the water quality in the paddy
field farming system. COS and B-glucan both reduced the pH and
sulfide content of culture water. Interestingly, 0.5% COS decreased
the level of ammonia nitrogen, and 0.5% [-glucan decreased the
level of nitrite. Previous studies have confirmed that reducing the
pH, ammonia, and nitrite levels improves water quality (50).
Probiotics, such as Bacillus spp., are usually used to improve
water quality and growth performance. However, the
administration of prebiotics as water quality regulators remains
rare (51). Further analysis showed that COS and B-glucan changed
the microbial community structure of culture water and sediment of
paddy fields. Proteobacteria, Bacteroidota, and Actinobacteria —
the dominant bacterial groups present in the culture water and
sediment environment (52). The bacterial diversity of sediment was
increased after prebiotic treatment in sediments, and the abundance
of Bacillus and Clostridium_sensu_stricto_1 were both increased in
the water and sediment environment. It has been reported that
some Bacillus spp. were capable to produce bioactive metabolites
with antibacterial and antifungal properties against pathogens (53).
Meanwhile, a recent study found that Clostridium_sensu_stricto_1
is related to the expression of inflammation-related genes including
REG3G, CCLS8, and IDO1 (54), but its levels were decreased in our
six prebiotics groups in the water and sediment samples of paddy
field. Hence, COS and B-glucan could reshape the bacterial
community of the culture water and improve water quality, even
promoting the healthy growth of turtles.

One limitation of this study was that we could not study the
effect of the two prebiotics on the growth performance of turtles.
Because adult turtles are fed in paddy fields, it is difficult to catch
and weigh them all. All the relationships between the phenotypes
and gut microbiota were based on correlation studies. Hence, the
effects and mechanisms through which the bacteria could
potentially promote healthy growth, immune function
enhancement, meat quality, and water quality were not identified.
In the future, we will explore the effect of specific bacterial strains
regulated by the prebiotics on growth traits through metagenomic
sequencing and serum metabolomic analysis and provide more
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evidence regarding the application of prebiotics for promoting
healthy growth in turtles. In addition, the synergistic or additive
effect of different prebiotic combinations on the culture of Chinese
soft-shelled turtle need to be considered. Except the analysis of liver
and serum immunoenzyme activity, some important immune genes
expression also need to be mensurated and demonstrate the effect of
these prebiotic on immunity in the next step of our research.

Conclusions

In summary, this study indicates that dietary supplementation
with COS and -glucan can reshape the colonic bacterial community
structure and improve intestinal morphology in turtles during rice-
turtle coculture. Furthermore, the administration of COS and [-
glucan promoted antioxidant and immune enzyme activities in the
liver and serum, with COS exerting stronger effects than B-glucan.
These two prebiotics also improved the nutrient content of muscle
tissue, particularly for essential and umami amino acids, and 1% -
glucan had a better effect than 1% COS. The observed improvements
in meat quality and immunity were likely dependent on changes in
the gut microbiota. The findings provide new evidence for supporting
the application of COS and B-glucan as feed additives in turtle
breeding. Moreover, COS and [3-glucan improved the water quality
of the culture system, which was accompanied by a decreased
abundance of harmful bacteria associated with inflammation in the
intestinal tract of turtles. This study not only provides a
comprehensive understanding of the positive effects of COS and -
glucan on Chinese soft-shell turtles, but also promotes the application
of prebiotics in aquaculture.

Data availability statement

All 16S rRNA gene sequencing data were deposited in the
National Center for Biotechnology Information sequence read
archive (SRA) repository, accession number PRJNA974559 at
https://www.ncbi.nlm.nih.gov/bioproject/ PRINA974559/.

Ethics statement

The animal study was approved by The Institution of Animal
Care and Use Committee (ACUC) of Zhejiang Academy of
Agricultural Sciences. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

HF: Formal Analysis, Methodology, Software, Visualization,
Writing - original draft. MQ: Data curation, Investigation,
Validation, Writing - original draft. QY: Methodology, Project
administration, Resources, Writing - original draft. ML:
Methodology, Project administration, Resources, Writing -
original draft. GY: Data curation, Investigation, Resources,
Validation, Writing - original draft. WB: Methodology, Project
administration, Resources, Writing — review & editing. TZ: Funding

frontiersin.org


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA974559/
https://doi.org/10.3389/fimmu.2023.1266997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fu et al.

acquisition, Project administration, Supervision, Writing - review
& editing. XP: Funding acquisition, Supervision, Writing — review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Zhejiang province “Three Rural and Nine
Party” science and technology cooperation project (2022SNJF072)
and Shaoxing city basic public welfare project (2023A12006).

Acknowledgments

The authors thank Qingjiang professional cooperative for
ecological farming turtles in Yunhe County (Lishui, China) for
feeding the experimental animals, Yixiang Biotechnology Co. Ltd.
for providing experimental feed, Angel Yeast Co. Ltd. for providing
B-glucan, Zhejiang Golden-Shell Pharmaceutical Co. Ltd. for
providing chito-oligosaccharide, and Guangzhou Gene Denovo
Biotechnology Co. Ltd. for providing sequencing services.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Rawski M, Mans C, Kieronczyk B, swie}tkiewicz S, Barc A, Jozefiak D. Freshwater
turtle nutrition-a review of scientific and practical knowledge. Ann Anim Sci (2018) 18
(1):17-37. doi: 10.1515/a0as-2017-0025

2. WangV, Jia X, Guo Z, Li L, Liu T, Zhang P, et al. Effect of dietary soybean saponin
bb on the growth performance, intestinal nutrient absorption, morphology, microbiota,
and immune response in juvenile Chinese soft-shelled turtle (Pelodiscus sinensis).
Front Immunol (2022) 13:1093567. doi: 10.3389/fimmu.2022.1093567

3. Zhang J, Wang F, Jiang Y-L, Hou G-J, Cheng Y-S, Chen H-L, et al. Modern
greenhouse culture of juvenile soft-shelled turtle, pelodiscus sinensis. Aquac Int (2017)
25:1607-24. doi: 10.1007/s10499-017-0137-y

4. Keri RS, Reddy D, Budagumpi S, Adimule V. Reusable nano-catalyzed green
protocols for the synthesis of quinoxalines: an overview. RSC Adv (2023) 13(29):20373-
406. doi: 10.1039/d3ra03646d

5. Wang E, Zhou Y, Liang Y, Ling F, Xue X, He X, et al. Rice flowering improves the
muscle nutrient, intestinal microbiota diversity, and liver metabolism profiles of tilapia
(Oreochromis niloticus) in rice-fish symbiosis. Microbiome (2022) 10(1):231.
doi: 10.1186/s40168-022-01433-6

6. Xu W, Lutz CG, Taylor CM, Ortega MC. Improvement of fish growth and
metabolism by oligosaccharide prebiotic supplement. Aquac Nutr (2022)
2022:5715649. doi: 10.1155/2022/5715649

7. Patel S, Goyal A. Functional oligosaccharides: production, properties and
applications. World ] Microbiol Biotechnol (2011) 27:1119-28. doi: 10.1007/s11274-
010-0558-5

Frontiers in Immunology

11

10.3389/fimmu.2023.1266997

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/
fimmu.2023.1266997/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Comparison of the diversity and bacterial composition of the gut microbiota
at T2 based on 16S rRNA gene sequencing data. (A) Chaol index. (B) Shannon
index. (C) Principal coordinate analysis (PCoA) based on weighted UniFrac
distances. (D) Relative abundance of the top 10 bacterial genera in the seven
groups. (E) Differential bacterial genera identified among the seven groups
using LEfSe analysis LDA score > 2. LDA, linear discriminant analysis.
PERMANOVA, the permutational multivariate analysis of variance. one-way
ANOVA, *P < 0.05, **P < 0.01, and ***P < 0.001

SUPPLEMENTARY FIGURE 2
Colon morphology of P. sinensis at T2. (A) Full scans (x20). (B) Partial
scans (x100).

SUPPLEMENTARY FIGURE 3

Correlations between differential bacterial genera and immune enzyme
activity in the (A) liver and (B) serum of P. sinensis. Spearman’s rank
correlation test, *P < 0.05, **P < 0.01.

SUPPLEMENTARY FIGURE 4
Correlations between differential bacterial genera and muscle nutritional
content in P. sinensis. Spearman’s rank correlation test, *P < 0.05, **P <
0.01, and ***P < 0.001.

SUPPLEMENTARY FIGURE 5

Predicted KEGG functional pathways of the gut microbiota enriched in each
group at T1 (A) and their correlations with the relative abundance of
differential genera (B). Red arrows and lines indicate the main bacterial
functions enriched in the COS and B-glucan groups, and green indicates
the main bacterial functions enriched in the blank control group. Spearman'’s
rank correlation test, *P < 0.05, **P < 0.01, and ***P < 0.001.

8. Rathod NB, Ranveer RC, Benjakul S, Kim SK, Pagarkar AU, Patange S, et al.
Recent developments of natural antimicrobials and antioxidants on fish and fishery
food products. Compr Rev Food Sci Food Saf (2021) 20(4):4182-210. doi: 10.1111/1541-
4337.12787

9. Zhang B. Dietary chitosan oligosaccharides modulate the growth, intestine
digestive enzymes, body composition and nonspecific immunity of loach
paramisgurnus dabryanus. Fish Shellfish Immunol (2019) 88:359-63. doi: 10.1016/
j.£1.2019.03.006

10. Liu X, Zhang H, Gao Y, Zhang Y, Wu H, Zhang Y. Efficacy of chitosan
oligosaccharide as aquatic adjuvant administrated with a formalin-inactivated vibrio
Anguillarum vaccine. Fish Shellfish Immunol (2015) 47(2):855-60. doi: 10.1016/
j.fs1.2015.10.012

11. Jia S, Liu X, Huang Z, Li Y, Zhang L, Luo Y. Effects of chitosan oligosaccharides
on microbiota composition of silver carp (Hypophthalmichthys molitrix) determined
by culture-dependent and independent methods during chilled storage. Int J Food
Microbiol (2018) 268:81-91. doi: 10.1016/j.ijfoodmicro.2018.01.011

12. Yang G, Qiu H, Yu R, Xiong L, Yan Q, Wen G, et al. Dietary supplementation of
B-glucan, inulin and emodin modulates antioxidant response and suppresses intestinal
inflammation of grass carp (Ctenopharyngodon idellus). Anim Feed Sci Technol (2021)
272:114789. doi: 10.1016/j.anifeedsci.2020.114789

13. Akhtar M, Tripathi PH, Pandey A, Ciji A. B-glucan modulates non-specific
immune gene expression, thermal tolerance and elicits disease resistance in endangered

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1266997/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1266997/full#supplementary-material
https://doi.org/10.1515/aoas-2017-0025
https://doi.org/10.3389/fimmu.2022.1093567
https://doi.org/10.1007/s10499-017-0137-y
https://doi.org/10.1039/d3ra03646d
https://doi.org/10.1186/s40168-022-01433-6
https://doi.org/10.1155/2022/5715649
https://doi.org/10.1007/s11274-010-0558-5
https://doi.org/10.1007/s11274-010-0558-5
https://doi.org/10.1111/1541-4337.12787
https://doi.org/10.1111/1541-4337.12787
https://doi.org/10.1016/j.fsi.2019.03.006
https://doi.org/10.1016/j.fsi.2019.03.006
https://doi.org/10.1016/j.fsi.2015.10.012
https://doi.org/10.1016/j.fsi.2015.10.012
https://doi.org/10.1016/j.ijfoodmicro.2018.01.011
https://doi.org/10.1016/j.anifeedsci.2020.114789
https://doi.org/10.3389/fimmu.2023.1266997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fu et al.

tor putitora fry challenged with aeromonas salmonicida. Fish Shellfish Immunol (2021)
119:154-62. doi: 10.1016/j.£51.2021.09.038

14. de Souza FP, de Lima ECS, Pandolfi VCF, Leite NG, Furlan-Murari PJ, Leal CNS,
et al. Effect of B-glucan in water on growth performance, blood status and intestinal
microbiota in tilapia under hypoxia. Aquac Res (2020) 17:100369. doi: 10.1016/
j-aqrep.2020.100369

15. Liang Z, Ma Y, Feng G, Hao L, Ma J, Ke H, et al. Effects of B-glucan on growth
performance, immunity and antioxidant indexes of truogx sinensis. Guangdong Agric
Sci (2019) 46(4):95-100. doi: 10.16768/j.issn.1004-874X.2019.04.014

16. Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one fastq preprocessor.
Bioinformatics (2018) 34(17):i884-190. doi: 10.1093/bioinformatics/bty560

17. Magoc T, Salzberg SL. Flash: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics (2011) 27(21):2957-63. doi: 10.1093/
bioinformatics/btr507

18. Rognes T, Flouri T, Nichols B, Quince C, Mahe F. Vsearch: A versatile open
source tool for metagenomics. Peer] (2016) 4:e2584. doi: 10.7717/peerj.2584

19. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. Dada2:
high-resolution sample inference from illumina amplicon data. Nat Methods (2016) 13
(7):581-3. doi: 10.1038/nmeth.3869

20. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The silva
ribosomal rna gene database project: improved data processing and web-based tools.
Nucleic Acids Res (2013) 41(Database issue):D590-6. doi: 10.1093/nar/gks1219

21. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al.
Reproducible, interactive, scalable and extensible microbiome data science using giime
2. Nat Biotechnol (2019) 37(8):852-7. doi: 10.1038/s41587-019-0209-9

22. Dixon P. Vegan, a package of R functions for community ecology. ] vegetation
Sci (2003) 14(6):927-30. doi: 10.1111/j.1654-1103.2003.t502228 x

23. Douglas GM, Maffei V], Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et al.
Picrust2 for prediction of metagenome functions. Nat Biotechnol (2020) 38(6):685-8.
doi: 10.1038/s41587-020-0548-6

24. Kanehisa M, Goto S. Kegg: kyoto encyclopedia of genes and genomes. Nucleic
Acids Res (2000) 28(1):27-30. doi: 10.1093/nar/28.1.27

25. Long S, Dong X, Tan B, Zhang S, Chi S, Yang Q, et al. The antioxidant ability,
histology, proximate, amino acid and fatty acid compositions, and transcriptome
analysis of muscle in juvenile hybrid grouper (@ Epinephelus fuscoguttatusxd
Epinephelus lanceolatus) fed with oxidized fish oil. Aquaculture (2022) 547:737510.
doi: 10.1016/j.aquaculture.2021.737510

26. Végh R, Csoka M, Stefanovits-Banyai E, Juhasz R, Sipos L. Biscuits enriched with
monofloral bee pollens: nutritional properties, techno-functional parameters, sensory
profile, and consumer preference. Foods (2022) 12(1):18. doi: 10.3390/foods12010018

27. Pierre D, Baron JL, Ma X, Sidari FP3rd, Wagener MM, Stout JE. Water quality as
a predictor of legionella positivity of building water systems. Pathogens (2019) 8(4):295.
doi: 10.3390/pathogens8040295

28. Villasuso-Palomares S, Gutiérrez-Wing MT, Paniagua-Chavez CG. Water
quality and the co(2)-carbonate system during the preconditioning of pacific oyster
(Crassostrea gigas) in a recirculating aquaculture system. Sci Rep (2022) 12(1):22245.
doi: 10.1038/s41598-022-26661-6

29. Solorzano L. Determination of ammonia in natural waters by the
phenolhypochlorite method. Limnol Oceanogr (1969) 14(5):799-801. doi: 10.4319/
10.1969.14.5.0799

30. Yulianti W, Kusumanti I, Jannah N. Determination of nitrite and nitrate level in
wastewater discharge from smoked fish industry. Jurnal Sains Natural (2022) 12(1):17-
22. doi: 10.31938/jsn.v12i1.323

31. Cranford P, Brager L, Elvines D, Wong D, Law B. A revised classification system
describing the ecological quality status of organically enriched marine sediments based
on total dissolved sulfides. Mar pollut Bull (2020) 154:111088. doi: 10.1016/
j.marpolbul.2020.111088

32. Zeng Q, Li D, He Y, Li Y, Yang Z, Zhao X, et al. Discrepant gut microbiota
markers for the classification of obesity-related metabolic abnormalities. Sci Rep (2019)
9(1):13424. doi: 10.1038/541598-019-49462-w

33. Wang A, Zhang Z, Ding Q, Yang Y, Bindelle J, Ran C, et al. Intestinal
cetobacterium and acetate modify glucose homeostasis via parasympathetic activation
in zebrafish. Gut Microbes (2021) 13(1):1-15. doi: 10.1080/19490976.2021.1900996

34. Karuppannan AK, Opriessnig T. Lawsonia intracellularis: revisiting the disease

ecology and control of this fastidious pathogen in pigs. Front Vet Sci (2018) 5:181.
doi: 10.3389/fvets.2018.00181

Frontiers in Immunology

12

10.3389/fimmu.2023.1266997

35. Carmona-Salido H, Fouz B, Sanjuan E, Carda M, Delannoy CM]J, Garcia-
Gonzalez N, et al. The widespread presence of a family of fish virulence plasmids in
vibrio vulnificus stresses its relevance as a zoonotic pathogen linked to fish farms.
Emerg Microbes Infect (2021) 10(1):2128-40. doi: 10.1080/22221751.2021.1999177

36. Leung KY, Wang Q, Yang Z, Siame BA. Edwardsiella piscicida: A versatile
emerging pathogen of fish. Virulence (2019) 10(1):555-67. doi: 10.1080/
21505594.2019.1621648

37. Serek P, Oleksy-Wawrzyniak M. The effect of bacterial infections, probiotics and
zonulin on intestinal barrier integrity. Int ] Mol Sci (2021) 22(21):11359. doi: 10.3390/
1jms222111359

38. Chen C, Huang X, Wang H, Geng F, Nie S. Effect of B-glucan on metabolic
diseases: A review from the gut microbiota perspective. Curr Opin Food Sci (2022)
47:100907. doi: 10.1016/j.cofs.2022.100907

39. Scheppach W. Effects of short chain fatty acids on gut morphology and function.
Gut (1994) 35(1 Suppl):S35-8. doi: 10.1136/gut.35.1_suppl.s35

40. Ragland SA, Criss AK. From bacterial killing to immune modulation: recent
insights into the functions of lysozyme. PloS Pathog (2017) 13(9):e1006512.
doi: 10.1371/journal.ppat.1006512

41. Pompella A, Corti A. The changing faces of glutathione, a cellular protagonist.
Front Pharmacol (2015) 6:98. doi: 10.3389/fphar.2015.00098

42. Chang Q, Lu Y, Lan R. Chitosan oligosaccharide as an effective feed additive to
maintain growth performance, meat quality, muscle glycolytic metabolism, and
oxidative status in yellow-feather broilers under heat stress. Poult Sci (2020) 99
(10):4824-31. doi: 10.1016/j.psj.2020.06.071

43. He L, Guo J, Wang Y, Wang L, Xu D, Yan E, et al. Effects of dietary yeast B-
glucan supplementation on meat quality, antioxidant capacity and gut microbiota of
finishing pigs. Antioxidants (Basel Switzerland) (2022) 11(7):1340. doi: 10.3390/
antiox11071340

44. van der Oost R, Beyer ], Vermeulen NP. Fish bioaccumulation and biomarkers in
environmental risk assessment: A review. Environ Toxicol Pharmacol (2003) 13(2):57~
149. doi: 10.1016/51382-6689(02)00126-6

45. Xing J, Zhan WB, Zhou L. Endoenzymes associated with haemocyte types in the
scallop (Chlamys farreri). Fish Shellfish Immunol (2002) 13(4):271-8. doi: 10.1006/
fsim.2001.0402

46. Gao C, Koko MYF, Ding M, Hong W, Li J, Dong N, et al. Intestinal alkaline
phosphatase (Iap, iap enhancer) attenuates intestinal inflammation and alleviates
insulin resistance. Front Immunol (2022) 13:927272. doi: 10.3389/fimmu.2022.927272

47. Zhao CJ, Schieber A, Ganzle MG. Formation of taste-active amino acids, amino
acid derivatives and peptides in food fermentations - a review. Food Res Int (2016) 89
(Pt 1):39-47. doi: 10.1016/j.foodres.2016.08.042

48. Zhou TX, Chen YJ, Yoo JS, Huang Y, Lee JH, Jang HD, et al. Effects of
chitooligosaccharide supplementation on performance, blood characteristics, relative
organ weight, and meat quality in broiler chickens. Poult Sci (2009) 88(3):593-600.
doi: 10.3382/ps.2008-00285

49. Luo J, Zeng D, Cheng L, Mao X, Yu J, Yu B, et al. Dietary B-glucan
supplementation improves growth performance, carcass traits and meat quality of
finishing pigs. Anim Nutr (2019) 5(4):380-5. doi: 10.1016/j.aninu.2019.06.006

50. Nimrat S, Suksawat S, Boonthai T, Vuthiphandchai V. Potential bacillus
probiotics enhance bacterial numbers, water quality and growth during early
development of white shrimp (Litopenaeus vannamei). Vet Microbiol (2012) 159(3-
4):443-50. doi: 10.1016/j.vetmic.2012.04.029

51. Ninawe AS, Selvin J. Probiotics in shrimp aquaculture: avenues and challenges.
Crit Rev Microbiol (2009) 35(1):43-66. doi: 10.1080/10408410802667202

52. Chen Z, Chang Z, Zhang L, Jiang Y, Ge H, Song X, et al. Effects of water
recirculation rate on the microbial community and water quality in relation to the
growth and survival of white shrimp (Litopenaeus vannamei). BMC Microbiol (2019)
19(1):192. doi: 10.1186/s12866-019-1564-x

53. Camacho MI, Garcia JM, Roget D, Ferrer A, Wieme AD, Vandamme P, et al.
Isolation and identification of a bacillus sp. From freshwater sediment displaying
potent activity against bacteria and phytopathogen fungi. Curr Microbiol (2022) 79
(12):398. doi: 10.1007/s00284-022-03090-2

54. Wen X, Wang HG, Zhang MN, Zhang MH, Wang H, Yang XZ. Fecal microbiota
transplantation ameliorates experimental colitis via gut microbiota and T-cell
modulation. World ] Gastroenterol (2021) 27(21):2834-49. doi: 10.3748/
Wig.v27.i21.2834

frontiersin.org


https://doi.org/10.1016/j.fsi.2021.09.038
https://doi.org/10.1016/j.aqrep.2020.100369
https://doi.org/10.1016/j.aqrep.2020.100369
https://doi.org/10.16768/j.issn.1004-874X.2019.04.014
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/j.aquaculture.2021.737510
https://doi.org/10.3390/foods12010018
https://doi.org/10.3390/pathogens8040295
https://doi.org/10.1038/s41598-022-26661-6
https://doi.org/10.4319/lo.1969.14.5.0799
https://doi.org/10.4319/lo.1969.14.5.0799
https://doi.org/10.31938/jsn.v12i1.323
https://doi.org/10.1016/j.marpolbul.2020.111088
https://doi.org/10.1016/j.marpolbul.2020.111088
https://doi.org/10.1038/s41598-019-49462-w
https://doi.org/10.1080/19490976.2021.1900996
https://doi.org/10.3389/fvets.2018.00181
https://doi.org/10.1080/22221751.2021.1999177
https://doi.org/10.1080/21505594.2019.1621648
https://doi.org/10.1080/21505594.2019.1621648
https://doi.org/10.3390/ijms222111359
https://doi.org/10.3390/ijms222111359
https://doi.org/10.1016/j.cofs.2022.100907
https://doi.org/10.1136/gut.35.1_suppl.s35
https://doi.org/10.1371/journal.ppat.1006512
https://doi.org/10.3389/fphar.2015.00098
https://doi.org/10.1016/j.psj.2020.06.071
https://doi.org/10.3390/antiox11071340
https://doi.org/10.3390/antiox11071340
https://doi.org/10.1016/s1382-6689(02)00126-6
https://doi.org/10.1006/fsim.2001.0402
https://doi.org/10.1006/fsim.2001.0402
https://doi.org/10.3389/fimmu.2022.927272
https://doi.org/10.1016/j.foodres.2016.08.042
https://doi.org/10.3382/ps.2008-00285
https://doi.org/10.1016/j.aninu.2019.06.006
https://doi.org/10.1016/j.vetmic.2012.04.029
https://doi.org/10.1080/10408410802667202
https://doi.org/10.1186/s12866-019-1564-x
https://doi.org/10.1007/s00284-022-03090-2
https://doi.org/10.3748/wjg.v27.i21.2834
https://doi.org/10.3748/wjg.v27.i21.2834
https://doi.org/10.3389/fimmu.2023.1266997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Effects of dietary chito-oligosaccharide and β-glucan on the water quality and gut microbiota, intestinal morphology, immune response, and meat quality of Chinese soft-shell turtle (Pelodiscus sinensis)
	Introduction
	Materials and methods
	Experimental design and sampling
	16S rRNA gene sequencing for gut and water microbiota analysis
	Determination of antioxidant and immune parameters in serum and liver tissue
	Amino acid and proximate compositions of muscle
	Intestinal morphology
	Water quality measurement
	Statistical analysis

	Results
	Composition and diversity of gut microbiota
	Alteration of intestinal morphology
	Changes in liver and serum enzyme activities related to antioxidant capacity and immunity
	Improvement of amino acid composition and nutrient content of muscle
	Improvement of water and sediment environments in paddy fields

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


