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Effects of Atractylodes
macrocephala polysaccharide
on growth performance, serum
biochemical indexes, and
intestinal microflora of
largemouth bass
(Micropterus salmoides)
Xingxing Wen, Lingrui Ge*, Kejun Liu, Shengguo Tan and Yi Hu

College of Animal Science and Technology, Hunan Biological and Electromechanical Polytechnic,
Changsha, China
Introduction: As the aquaculture industry intensifies to enhance production

efficiency and capacity, the risk of disease outbreaks in high-density systems,

such as those for largemouth bass, has escalated. This necessitates the

exploration of novel strategies for disease prevention and control. Studies have

shown that Atractylodes macrocephala polysaccharide (AMP) possesses the

functions of promoting growth and enhancing immune capacity, making it a

potential feed additive in animal production.

Methods: This study aimed to assess the impact of AMP on the growth

performance, serum biochemical indices, and intestinal flora structure of

largemouth bass. A total of 360 healthy largemouth bass (mean weight: 15.25

± 1.29 g) were randomly assigned to four groups, each with three replicates. The

groups were fed diets supplemented with 0% (Group D, control group), 0.4%

(Group A), 0.8% (Group B), or 1.2% (Group C) AMP for 42 days.

Results: The results showed that the addition of an appropriate amount of AMP in

the feed significantly improved the weight gain rate (WGR) and specific growth

rate (SGR) of largemouth bass, reduced the feed conversion ratio (FCR), and

enhanced growth performance. AMP reduced the levels of AST and ALT,

indicating a hepatoprotective effect on largemouth bass, with significant

differences from the control group (P < 0.05). AMP also improved the intestinal

microbiota composition of largemouth bass, positively affecting intestinal health.

The analysis of intestinal microbiota revealed 1,288 amplicon sequence variants

(ASVs) in the intestine of largemouth bass in Group B, dominated by Firmicutes

and Bacteroidota. In contrast, Group C (1.2%) had 920 ASVs, with Fusobacteriota

and Firmicutes as the major components, while the relative abundance of

Firmicutes was lower, showing significant differences from the control Group

D. The functional analysis of intestinal microbiota based on KEGG showed

significant differences (P < 0.05) among the four groups in Carbon metabolism,

Biosynthesis of amino acids, and Metabolic pathways.
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Discussion: The study concludes that the inclusion of AMP at 0.8% – 1.2% in the

feed can enhance the growth performance and intestinal health of largemouth

bass, offering a promising strategy for disease prevention and control in intensive

aquaculture settings.
KEYWORDS

Atractylodes macrocephala polysaccharide, Micropterus salmoides, growth
performance, serum biochemical indexes, intestinal microflora
1 Introduction

The largemouth bass, a carnivorous fish native to North

America, was introduced to China in 1983 (He et al., 2020). It is

popular among aquaculturists due to its strong adaptability, rapid

growth, ease of catching, and short breeding cycle. In addition, its

delicious and nutritious meat, absence of intramuscular bones, and

elegant appearance render it suitable for consumption, which leads

to promising market prospects, making it one of the main

freshwater fish breeding species in China (Zhang and He, 1994;

Bai et al., 2008). According to the statistical data from “China

Fishery Statistical Yearbook 2023,” the annual output of largemouth

bass in China in 2022 was 802,500 tons, with a production value

exceeding 20 billion yuan. In pursuit of higher production efficiency

and increased capacity, the aquaculture industry is gravitating

towards intensification, making largemouth bass vulnerable to

diseases under artificial high-density breeding conditions. This

necessitates enhanced disease prevention strategies. Research has

shown that polysaccharides can reduce the incidence of diseases by

enhancing the immunity of animals, serving as potential immune

enhancers (Huang et al., 2015; Kong et al., 2020; Li et al., 2019;

Wang et al., 2023). Atractylodes macrocephala Polysaccharide

(AMP), an extract of the traditional Chinese medicine

Atractylodes macrocephala, is the core active ingredient of the

herb. It possesses pharmacological effects such as immune

regulation, gastrointestinal mucosa protection, liver protection,

antibacterial, and antioxidant properties, making it an efficient,

low-toxicity, and well-defined polysaccharide from traditional

Chinese medicine (National Pharmacopoeia Commission, 2020;

Bailly, 2021). As a feed additive, AMP is widely used in animal

production. AMP has significant effects on promoting growth,

enhancing macrophage phagocytosis, and enhancing cellular and

humoral immunity in livestock and poultry within a certain dose

range (Yang et al., 2018; Wang et al., 2023). In the aquaculture

industry, studies have also found that extracts of Atractylodes

macrocephala can improve the growth performance and disease

resistance of Macrobrachium nipponense, Oncorhynchus mykiss,

and Pseudobagrus fulvidraco (Bai et al., 2023; Lu et al., 2024; Zhuo

et al., 2022). Currently, there are few reports on the application of

AMP as a feed additive in largemouth bass, and its mechanism of
02
action remains unclear. Therefore, this study takes largemouth bass

as the research subject, analyzing the effects of different addition

levels of AMP on the growth performance, serum biochemical

indicators, and intestinal flora of largemouth bass. This marks the

first comprehensive exploration of the optimal additive

concentration range of AMP in largemouth bass, aiming to

provide a theoretical basis for the application of AMP in the basic

feed for largemouth bass aquaculture.
2 Materials and methods

2.1 Experimental feed design

Three experimental diets with a control were prepared. The

nutritional composition and levels of the experimental feeds are

shown in Table 1. The protein sources for the test feeds were

imported fishmeal, soybean meal, and other raw materials, while the

fat sources were fish oil, peanut oil, and other raw materials. The

experimental diet contained three concentrations of 0.4%, 0.8%, or

1.2% AMP. The control did not add AMP. AMP was purchased

from Shanxi Senyuan Biotechnology Co., Ltd., Xi’an, China. The

initial materials were crushed using an 80-mesh screen to remove

large particles and then precisely weighed according to the specific

feed formula’s proportions. The mixed feed was put into a batch

mixer, where a measured amount of distilled water was added to

ensure thorough blending. Subsequently, a ring die granulator was

employed to shape the mixed feed into pellets with a standardized

diameter of 1.5 mm. These pellets were then dried in an oven at

60 °C. Finally, the feed was air-dried and collected in sealed bags,

which were subsequently placed in a freezer at a temperature of

-25°C for preservation.
2.2 Husbandry methods

The largemouth bass were obtained from Hunan Aoyu

Aquaculture Co., Ltd. (Yueyang, China) and were temporarily

reared in a laboratory recirculating aquaculture system for 2

weeks to adapt to the environment, during which they were fed a
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basic diet ad libitum every day. All animals studies were performed

according to protocols approved by the Animal Care Advisory

Committee of Animal Science and Technology, Hunan Biological

And Electromechanical Polytechnic. A total of 360 healthy

largemouth bass (mean weight: 15.25 ± 1.29 g) were randomly

divided into four groups with three parallel sets in each group. Each

group was fed a diet supplemented with 0% (Group D, control

group), 0.4% (Group A), 0.8% (Group B), and 1.2% (Group C)

AMP for 42 days. The largemouth bass were raised in an indoor

culture barrels (200 L) with water exchanged once every two weeks

to ensure optimal growth conditions. During the experiment, the

water temperature in the tanks was maintained at 23-25 °C. The

feeding amount for the largemouth bass was determined based on

their body weight, and feeding was conducted at 7:00 am, 12:00 pm,

and 6:00 pm every day and adjusted promptly according to feeding

intensity or other factors. The remaining feed was collected one

hour after each feeding to avoid its influence on water quality.

Regular inspections were conducted, and the water quality in the

barrels was monitored daily, including dissolved oxygen, ammonia

nitrogen, pH, and water temperature, to ensure favorable breeding

conditions. At 42 d, The growth performance of each group was
Frontiers in Marine Science 03
tested and 8 largemouth bass were randomly selected from each

group, and serum immune indexes and intestinal microbial

population data were collected. The control group (Group D)

consisted of largemouth bass labeled D1-D8, while the

experimental groups (Groups A, B and C) consisted of

largemouth bass labeled A1-A8, B1-B8 and C1-C8 respectively.
2.3 Measurement and calculation of
growth performance

Each group of largemouth bass individuals was weighed on day

42 of the experiment, and the body weight gain, body length and

number of deaths of largemouth bass were recorded. The daily food

intake of largemouth bass was calculated, and the liver mass of

largemouth bass was weighed. The following formulae were used to

calculate growth performance of largemouth bass:

Weight gain rates (WGR,% ) = (W2 −W1)=W1 � 100 (1)

Specific growth rates (SGR,% ) = (lnW2 − lnW1)=t� 100 (2)
TABLE 1 Nutrient composition and nutrient level of experimental feed.

Nutritional
composition

Content(%)

Control group
(D, 0%)

Experimental group
(A, 0.4%)

Experimental group
(B, 0.8%)

Experimental group
(C, 1.2%)

Imported Fishmeal 40.00 40.00 40.00 40.00

Soybean Meal 6.00 6.00 6.00 6.00

Corn Gluten Meal 16.50 16.50 16.50 16.50

Corn Starch 15.00 15.00 15.00 15.00

Wheat Bran 10.00 9.60 9.20 8.80

Fish Oil 5.00 5.00 5.00 5.00

Peanut Oil 2.00 2.00 2.00 2.00

AMP 0.00 0.40 0.80 1.20

Vitamin Premix ① 1.00 1.00 1.00 1.00

Mineral Premix ② 2.00 2.00 2.00 2.00

Dicalcium Phosphate 1.50 1.50 1.50 1.50

Microcrystalline Cellulose 1.00 1.00 1.00 1.00

Total 100.00 100.00 100.00 100.00

Nutrient levels ③ Content(%)

Crude Protein (CP) 50.12 50.06 50.13 50.08

Crude Fat (EE) 8.15 8.17 8.18 8.13

Crude Ash 14.35 14.34 14.38 14.42

Total Calcium 0.68 0.67 0.66 0.67

Total Phosphorus 1.14 1.14 1.13 1.13
① Add premix according to the requirements of feed per kilogram. Vitamin content in premix: Vit A 6000 IU, Vit B1 6 mg, Vit B2 15 mg, Vit B6 8 mg, Vit C 8 mg, Vit D 2000 IU, Vit E 100 IU,
folic acid 7 mg;
② Add premix according to the requirements of feed per kilogram. Mineral content: Se 0.5 mg, I 1 mg, Cu 5 mg, Mn 20 mg, Zn 65 mg, Fe 70 mg.
③Nutrient levels were measured by instruments in our laboratory.
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Feed conversion ratio (FCR) = WTF=WTG (3)

Hepatopancreas somatic indices (HSI, % ) = Wh=W2 � 100 (4)

Survival rate (SR,% ) = N2=N1 � 100 (5)

The variables used in the calculations were as follows: W2

represents the body mass of largemouth bass at 42 d; W1

represents for the initial mass of largemouth bass; t represents the

number of days of testing largemouth bass; WTF represents for the

total feed intake during the trial phase of largemouth bass per

replicate; WTG represents total weight gain per replicate; Wh

represents for the liver mass of largemouth bass; N2 represents

for the final quantity; N1 represents the initial number of

largemouth bass.
2.4 Determination of serum indexes

After the feeding, 8 largemouth bass were randomly selected

from each group for blood collection. Blood was collected from the

tail vein of the fish using a 2 mL sterile syringe. The blood samples

were refrigerated at 4 °C for 4 h, and then centrifuged at 4 °C and

5000 RPM for 10 minutes. Subsequently, the serum was separated

and analyzed for various indicators. The kits from Nanjing

Jiancheng Bioengineering Institute were utilized to detect

biochemical parameters like cholesterol (CHOL), triglyceride

(TG), alkaline phosphatase (ALP), total protein (TP), serum

albumin (ALB), aspartate aminotransferase (AST), and alanine

aminotransferase (ALT). Additionally, serum immune indices

including superoxide dismutase (SOD), malondialdehyde (MDA),

complement C3, and C4 were also measured.
2.5 Intestinal microflora changes and
bioinformatics analysis

2.5.1 Intestinal sample collection
In order to study the microbial population in the intestinal tract

of largemouth bass, the intestinal tracts of largemouth bass in the

experimental group and the control group were sampled

respectively. Before sampling, we anesthetized the largemouth

bass by placing them in water to which 100 mg MS-222 had been

added per liter of water for 2 min. After removal, wipe 75% ethanol

on the body surface of the largemouth bass quickly disassembled

and removed the intestine, and squeezed the intestinal contents into

a 5 ml centrifuge tube. The samples were then frozen with liquid

nitrogen and stored at -80 °C for analysis of intestinal flora changes

of largemouth bass.

2.5.2 Analysis of microflora changes in
intestinal samples

The intestinal genome DNA of largemouth bass was extracted

and sequenced using the combined multiomics technology of

Shanghai OE Biotech Co., Ltd. Genomic DNA extraction was

performed using a dedicated DNA extraction kit, and its
Frontiers in Marine Science 04
concentration was accurately determined through agarose gel

electrophoresis and NanoDrop spectrophotometric analysis. This

purified genomic DNA served as the template for defining the

sequencing region, with specific primers added to ensure thorough

mixing. The resulting mixture was then processed in a Takara PCR

instrument, ensuring the validity and precision of the

detection values.

The FASTQ-formatted raw data underwent primer sequence

trimming using cutadapt software. Subsequently, DADA2

processed the raw sequences in accordance with Qiime2’s

established protocols, yielding high-quality sequences and ASV

abundance tables. The diversity of the obtained data was

analyzed, and the intestinal microflora information of largemouth

bass was obtained through various algorithms. This information

was used to analyze the changes of intestinal microflora of

largemouth bass by AMP.
2.6 Statistical analysis

Statistical analysis was performed according to Excel to sort

out the recorded data. The recorded data results were expressed

as (Mean ± SD). The normality of the data was tested by

SPSSAU, and then Duncan was used to conduct one-way

ANOVA on the obtained data to find significant differences

between the data (P < 0.05).
3 Results

3.1 Changes in growth performance

According to Table 2, it can be seen that the WGR and SGR of

largemouth bass with AMP added to the feed exhibited an upward

trend within a certain concentration range. The WGR and SGR of

each experimental group were significantly improved compared to

the control group (P < 0.05), with Group B (0.8% AMP)

demonstrating the best effect. The feed coefficient of each

experimental group decreased significantly compared to the

control group (P < 0.05). However, there was no significant

difference between Group B (0.8% AMP) and Group C (1.2%

AMP) (P > 0.05). The hepatosomatic index (HSI) of each

experimental group was significantly lower than that of the

control group (P < 0.05), and the HSI increased with the

increase in concentration among the experimental groups.

However, there was no significant difference between the

experimental groups. (P > 0.05).
3.2 Changes in serum
biochemical indicators

3.2.1 Effect of AMP on serum liver
function indicators

The serum liver function index data are shown in Table 3. There

were no significant differences in the levels of TP and ALB in the
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serum of largemouth bass among the experimental groups, except

for Group C (1.2% AMP) where the TP level decreased slightly and

was significantly different from the control group and other

experimental groups. The levels of AST and ALT showed a

downward trend with increasing amounts of AMP added within a

certain range and were significantly different from the control group

(P < 0.05). The ALP level showed an upward trend with increasing

amounts of AMP added within a certain range. Compared to the

control group, Groups A and B did not have significant differences,

while Group C (1.2% AMP) had a significant increase compared to

the control group.
3.2.2 Effect of AMP on lipid
metabolism indicators

As shown in Table 4, with the increasing dosage of AMP, the

levels of TG and CHOL in the serum of the experimental groups

exhibited a trend of initially increasing and then decreasing.

Specifically, the TG level in the high-dosage group (Group C,

1.2% AMP) was significantly lower than that of the other groups

(P < 0.05), while the TG levels in the low-dosage group (Group A,

0.4% AMP) and the medium-dosage group (Group B, 0.8% AMP)

were significantly higher than that of the control group (P < 0.05).

In terms of CHOL levels, Group A and Group C were significantly

lower than the control group, while there was no significant

difference between Group B and the control group.
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3.2.3 Effect of AMP on serum antioxidant and
non-specific immune indicators

As shown in Table 5, with the increase in the dosage of AMP, the

SOD content in each experimental group exhibited a trend of first

increasing and then decreasing. Group B (0.8% AMP) was

significantly higher than the other groups (P < 0.05). Additionally,

the MDA content in each experimental group was significantly lower

than that in the control group, with Group B (0.8% AMP) being

significantly lower than the other groups (P < 0.05). Furthermore, the

C3 content of each experimental group was higher than that of the

control group, and Group B (0.8% AMP) showed a significantly

higher content than the other groups (P < 0.05). However, there was

no significant difference in C4 content among the remaining groups.
3.3 Structural characteristics of
intestinal flora

3.3.1 Analysis of differences in intestinal
flora groups

The changes in intestinal flora may be the primary reason for

the enhancement of largemouth bass growth and metabolic levels

by AMP. The structure of intestinal flora was studied using 16S

rDNA amplicon sequencing technology. First, principal co-

ordinates analysis (PCoA) was performed based on Weighted

Unifrac distance to reflect the beta diversity of different groups.
TABLE 3 Serum liver function indicators of largemouth bass.

Items
Control group

(D, 0%)
Experimental group

(A, 0.4%)
Experimental group

(B, 0.8%)
Experimental group

(C, 1.2%)

TP(g/L) 34.75 ± 3.74a 34.99 ± 4.62a 35.16 ± 3.18a 29.81 ± 2.07b

ALB(g/L) 7.95 ± 1.07 8.16 ± 1.26 8.74 ± 0.74 7.65± 1.11

ALT(U/L) 54.30 ± 14.25a 20.08 ± 8.58b 2.85 ± 1.52c 3.29 ± 1.62c

AST(U/L) 229.88 ± 29.55a 170.50 ± 12.04b 68.88 ± 7.00c 77.13± 9.55c

ALP(U/L) 64.00 ± 15.70b 59.25 ± 8.97b 72.88 ± 9.46ab 81.63 ± 18.78a
In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P > 0.05).
TABLE 2 Growth performance of largemouth bass.

Items
Control group

(D, 0%)
Experimental group

(A, 0.4%)
Experimental group

(B, 0.8%)
Experimental group

(C, 1.2%)

IBW (g) 15.24 ± 1.46 15.26 ± 1.07 15.23 ± 1.58 15.29 ± 1.25

FBW (g) 30.25 ± 7.13d 37.12 ± 4.58c 63.28 ± 6.69a 52.51 ± 7.77b

WGR (%) 98.37 ± 38.50c 145.88 ± 46.44c 321.80 ± 81.43a 246.78 ± 64.96b

SGR (%/d) 1.59 ± 0.44d 2.11 ± 0.44c 3.39 ± 0.42a 2.92 ± 0.46b

SR (%) 91.11 ± 1.92b 95.56 ± 1.92ab 96.67 ± 3.33a 96.67 ± 3.33a

FCR 1.30 ± 0.01a 1.18 ± 0.02b 1.06 ± 0.03c 1.11 ± 0.03c

HSI (%) 1.57 ± 0.19a 1.41 ± 0.07b 1.46 ± 0.21b 1.53 ± 0.20b
In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P
> 0.05). IBW, Initial body weight; FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; SR, survival rate; FCR, feed conversion ratio; HIS, hepatosomatic index.
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The PCoA plot (Figure 1) showed that the intestinal flora of Group

C was significantly different from that of groups A, B, and D

[permutation multivariate analysis of variance (PerMANOVA),

P=0.001], indicating that Group C formed a unique flora.

3.3.2 Characteristics and changes of
intestinal flora

Analysis of the composition and structure of the intestinal flora

revealed that Group B (0.8% AMP) possessed the highest number of

ASVs (amplicon sequence variants) in largemouth bass intestinal

flora, reaching 1288 species, followed by groups D (0% AMP) and C

(1.2% AMP) with 943 and 920 species respectively, and group A

(0.4% AMP) had the least (714 species). There were few shared

ASVs among the four groups, indicating significant individual

differences among the samples within each group. Specifically,

each sample shared only 2 ASVs (Figures 2A, B).

Differences were observed in the intestinal flora structure of

largemouth bass among the groups (Figure 2C). In Group A (0.4%

AMP), the relative abundance of Firmicutes, Actinobacteriota,

Bacteroidota, and Proteobacteria accounted for over 99%, with

Firmicutes comprising 80.9%. In Group B (0.8% AMP), the relative

abundance of Firmicutes, Bacteroidota, and Actinobacteriota totaled

more than 84%, with Firmicutes accounting for 62.7%. Group D (0%

AMP) exhibited a relative abundance of Firmicutes, Bacteroidota,

Actinobacteriota, Fusobacteriota, and Proteobacteria that exceeded

98%, with Firmicutes comprising 66.5%. Notably, Group C (1.2%

AMP) differed significantly from groups A, B, and D, with

Fusobacteriota, Firmicutes, and Proteobacteria accounting for

85.5%, of which Fusobacteriota comprised 56.6%.

Cluster analysis was performed on the top 15 bacterial genera

with relative abundance, and a heat map was drawn (Figure 2D). It

was evident that the relative abundance of the four groups differed

significantly at the genus level. When comparing the variations in

bacterial abundance among individual samples, we found that in

Group A (0.4% AMP), the relative abundance of Mycoplasma and

others was high. In Group B (0.8% AMP), the relative abundance of
Frontiers in Marine Science 06
Bifidobacterium, Bacteroides, and others was relatively high. In

Group C (1.2% AMP), the relative abundance of Cetobacterium

and Aeromonas was relatively high. In Group D (0% AMP), the

relative abundance of Prevotella, Bacteroides, Muribaculaceae, and

others was relatively high, and there were significant abundance

differences among the different groups. Additionally, the abundance

of Cetobacterium and Aeromonas in Group C (1.2% AMP) was

lower compared to other groups.

The alpha diversity index of the intestinal flora can intuitively

reflect the species diversity within each group. As shown in

Figure 2E, there are differences in the Chao1 index, ACE index,

Shannon index, Simpson index, and PD_whole_tree index among

the four groups. Specifically, the median values of Chao1 index,

ACE index, and PD_whole_tree index were Group C > Group D >

Group A > Group B. The median values of Shannon index and

Simpson index were Group C > Group B > Group D > Group A.

3.3.3 Analysis of differential bacterial groups
In order to further analyze the differences in the composition of

intestinal flora in each group, LEfSe analysis was performed to find

biomarkers in each group. From the bar chart showing the

distribution of linear discriminant analysis (LDA) scores in

Figure 3A, we can see that 9 biomarkers were discovered in the

intestinal microbiota of Group A (0.4% AMP), with 8 having LDA

scores greater than 4, including Firmicutes, Bacilli, Mycoplasma,

Mycoplasmatales, Mycoplasmataceae, Clostridiales, Clostridiaceae,

and Clostridia. In Group B (0.8% AMP), 4 biomarkers were

identified, with only 1 having an LDA score greater than 4,

belonging to the class Acidimicrobiia. Group C (1.2% AMP)

exhibited 18 biomarkers, with 10 having LDA scores greater than

4, including Fusobacteriia, Fusobacteriota, Fusobacteriales,

Fusobacteriaceae, Cetobacterium, Aeromonadales, Aeromonadaceae,

Aeromonas, Ruminobacter, and Alloscardovia. 7 biomarkers were

found in the intestinal microbiota of Group D (0% AMP), with

only 1 having an LDA score greater than 4, belonging to the

genus Gardnerella.
TABLE 5 Serum antioxidant and non-specific immune indicators of largemouth bass.

Items
Control group

(D, 0%)
Experimental group

(A, 0.4%)
Experimental group

(B, 0.8%)
Experimental group

(C, 1.2%)

SOD/(U/L) 96.81 ± 1.73b 97.34 ± 2.64b 131.46 ± 6.19a 103.43 ± 1.04b

MDA(nmol/L) 8.48 ± 0.16a 6.44 ± 0.11b 5.51 ± 0.28c 6.46 ± 0.11b

C3/(mg/L) 0.24 ± 0.09a 0.32 ± 0.08a 0.43 ± 0.08b 0.31 ± 0.11a

C4/(mg/L) 0.05 ± 0.02 0.09 ± 0.03 0.11 ± 0.04 0.06 ± 0.03
In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P > 0.05).
TABLE 4 Serum lipid metabolism indicators of largemouth bass.

Items
Control group

(D, 0%)
Experimental group

(A, 0.4%)
Experimental group

(B, 0.8%)
Experimental group

(C, 1.2%)

TG(mmol/L) 8.65 ± 1.87b 10.94 ± 2.02a 11.53 ± 2.00a 5.44 ± 1.89c

CHOL(mmol/L) 9.81 ± 1.19a 9.02 ± 1.52b 11.06 ± 1.43ab 8.54 ± 0.76b
In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P > 0.05).
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As shown in the cladogram (Figure 3B), the biomarkers in

Group C (1.2% AMP) are not only numerous but also distributed

across multiple distant genetic evolutionary branches.

The relative abundance box plot of the top 10 differential

bacterial genera (biomarkers) between groups (Figure 4A) and the

relative abundance heat map of the top 15 differential bacterial

genera (biomarkers) between samples (Figure 4B) shows that

Bacteroidales_RF16_group, Mycoplasma, and Others have higher

abundance in Group A (0.4% AMP), Mycoplasma has higher

abundance in Group B (0.8% AMP), Alloscardovia, Cetobacterium,

Ruminobacter, and Citrobacter are commonly found in relatively

higher abundance in each sample in Group C (1.2% AMP). In Group

D (0% AMP), The abundance of Acinetobacter and Streptococcus

was higher.
3.3.4 Functional differences of intestinal flora
Use PICRUSt2 (2.3.0b0) to predict the functional composition

of knownmicrobial genes based on 16S sequences, thereby counting

the functional differences between different samples and groups.

Functional prediction at level 3 based on KEGG shows that Group

A, Group B, Group C, and Group D have important roles in ABC

transporters, Carbon metabolism, Biosynthesis of amino acids,

Microbial metabolism in diverse environments, Biosynthesis of

secondary metabolites, Metabolic There are significant differences

in pathways (P < 0.05, Figure 5A), and there are individual

differences in the samples in each group (Figure 5B). After

comparison, it was found that compared with Groups A, B, and

D, Group C had better metabolism in Starch and sucrose

metabolism, Purine metabolism, Pyruvate metabolism, Carbon

metabolism, Metabolic pathways, Amino sugar and nucleotide
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sugar metabolism, Pyrimidine metabolism, and Microbial

metabolism in diverse environments. Biosynthesis of amino acids,

Biosynthesis of secondary metabolites, Arinoacyl-tRNA

biosynthesis, ABC transporters, Quorum sensing, Ribosome,

Glycolysis/Gluconeogenesis were significantly enhanced, and the

order of strength was Group C > Group D > Group B > Group A.
4 Discussion

AMP is widely used as a feed additive in livestock and poultry

production. Research indicates that AMP can promote the growth

of weaned piglets and increase WGR by enhancing immunity,

improving intestinal health, and reducing diarrhea rates (Li et al.,

2009, 2011; Zhao and Wang, 2015; Chai et al., 2020). AMP also

enhances production performance and disease resistance of

ruminants by improving the immune function and anti-stress

ability of poultry (Cao et al., 2022; Jing et al., 2019; Xu et al.,

2015)In recent years, its application in aquatic animals has also been

reported. A study by Zhuo et al. found that replacing 25% of fish

meal with protein sources like soybean meal adversely affects the

growth and physiological metabolism of Pseudobagrus fulvidraco

(Zhuo et al., 2022). Adding AMP to the feed significantly improved

these effects, indicating that AMP has a protective effect on the

health of Pseudobagrus fulvidraco. Bai Ruxue et al. discovered that

Atractylodes macrocephala extract can improve the growth

performance, antioxidant capacity, and disease resistance of

Macrobrachium japonicum (Bai et al., 2023). Lu’s research

demonstrates that AMP, as a feed additive, can enhance the

growth performance, immunity, antioxidant capacity, and

resistance of rainbow trout against Aeromonas salmonicida (Lu

et al., 2024). In our study, adding 0.4%, 0.8%, and 1.2% AMP to the

feed all exhibited significant growth-promoting effects, and the FCR

showed a downward trend. The WGR and SGR were highest when

the concentration was 0.8%, indicating the best growth-

promoting effect.

Serum biochemistry is a fundamental blood test that can

quickly reflect organ inflammation, damage, and metabolic

abnormalities in the body. Among these parameters, AST and

ALT are commonly used clinical indicators to assess liver

damage. Research indicates that the application of AMP can

reduce AST and ALT levels in rats and goslings, thus playing a

protective role in preventing and treating non-alcoholic

steatohepatitis and improving liver immune function (Che et al.,

2017; Li et al., 2022). Furthermore, studies show that with an

increase in the amount of AMP added, the contents of AST and

ALT exhibit a downward trend within a certain range, suggesting

that AMP plays a hepatoprotective role in largemouth bass.

Additionally, blood lipid levels are closely linked to the body’s

lipid metabolism capabilities (Zhang et al., 2018). Serum TG and

CHOL are closely related to lipid metabolism. When there is excess

fat in the liver or fat metabolism disorders, their levels tend to

increase (Zhang et al., 2018; Wei et al., 2019). In this study, the TG

and CHOL levels in the serum of the experimental groups exhibited

a trend of first increasing and then decreasing. Notably, the TG of

the high-dose group (Group C) was significantly lower than that of
FIGURE 1

PCOA based on Weighted Unifrac distance. Each point in the figure
represents a sample, samples in the same group are represented by
the same color, and the color area represents the confidence
interval. A1-8 are the 8 samples from Group A; B1~8 are the 8
samples from Group B; C1~8 are the 8 samples from Group C;
D1~8 are the 8 samples from Group D. FIGURE 2, FIGURE 4 and
FIGURE 5 are the same.
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the other groups, and the CHOL content was also significantly

lower than the control group. This suggests that AMP can regulate

lipid metabolism in largemouth bass, promoting lipid metabolism.

These results are similar to Zhuo et al.’s study on the effects of AMP

on the growth and health maintenance of Pseudobagrus fulvidraco

(Zhuo et al., 2022). Moreover, peroxide ions, hydroxyl free radicals,

and other reactive species generated during metabolic processes can

cause cellular damage. The stronger the antioxidant capacity of an

animal’s body, the more effectively it can avoid the adverse effects of

oxidative reactions on the body (Chen et al., 2023).
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AMP, as an immune polysaccharide, has been demonstrated by

numerous studies to enhance the body’s antioxidant and non-

specific immune functions (Chen et al., 2023; Miao et al., 2021).

In this experiment, the SOD content and C3 levels in each test

group were significantly higher than those in the control group.

Conversely, the MDA content of each test group was significantly

lower than that of the control group. This finding aligns with Yang's

study on the impact of AMP on growth performance, serum

biochemical indicators, and intestinal morphology in broiler

chickens (Yang, 2023), indicating that AMP also enhances the
FIGURE 2

Effects of AMP on Intestinal Microflora of Largemouth Bass. (A, B) Venn diagram based ASVs; (C) relative abundance analysis of dominant bacterial
phyla in intestinal microflora; (D) heatmap of species abundance at genus level of intestinal microflora for each sample and each group; (E) diversity
analysis. In the figure, * mean P < 0.05, ** mean P <0.01, and *** mean P < 0.001.
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FIGURE 3

LEfSe analysis identified the biomarkers in different groups. (A) The LDA score distribution histogram mainly displays the species with LDA scores
greater than the preset values (less strict sets as 2; more strict sets as 4), indicates that the biomarker has statistical difference; the color of the bar
represents their respective groups, while the length represents the LDA score. (B) In the cladogram, the circle radiating from inside to outside in the
diagram represents the classification level from kingdom (single circle) to genus (or species); each small circle at different classification levels
represents a classification at that level, and the diameter of the small circle is proportional to the relative abundance. Different colors represent the
microbial groups that play an important role in each group.
FIGURE 4

Effects of AMP on relative abundances of differential bacteria genus (biomarkers) in intestinal microflora of largemouth bass. (A) box diagram of
relative abundance of the top 10 differential bacterial genus (biomarkers) among groups; (B) heatmap of relative abundance of the top 15 differential
bacterial genus (biomarkers) among samples.
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resistance, antioxidant capacity, and immune response of

aquatic animals.

Intestinal tissue and intestinal contents, together, constitute the

intestinal environment, which serves as a habitat for a large number

of microorganisms. These microorganisms participate in the

digestion and absorption of nutrients and the regulation of the

body’s immunity during the growth and development of animals,

thereby having a significant impact on animal health. They play an

extremely important role in growth, development, and overall well-

being (Zhang, 2020; Xu and Knight, 2015). Studies have shown that

the diversity and structure of fish intestinal flora are influenced by

various factors, including their own genetics, the environment,

individual size, and food composition. Among these factors, food

composition and environmental status are the most influential

(Bolnick et al., 2014; Sullam et al., 2012).

Shang et al (Shang et al., 2016). found that some bacteria in the

intestine may be related to the polysaccharide content in food.

Ingesting fucoidan can increase the number of lactobacilli in the

intestine and reduce the number of harmful bacteria such as

Escherichia coli. Huang et al (Huang et al., 2022). found in a

study on mice that the addition of fucoidan changed the

composition of the main intestinal flora of mice, significantly

increased the abundance of beneficial bacteria at the genus

Lactobacillus, and also made some beneficial bacteria The

abundance of functional genes is increased. In this study, adding

1.2% AMP to the feed increased the abundance of intestinal flora of

largemouth bass, but the diversity of each group decreased.
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At the phylum level, the relatively abundant bacterial groups in

the intestinal tract of largemouth bass in each group were

Firmicutes, Actinobacteriota, Bacteroidota, Fusobacteriota, and

Proteobacteria. Studies have found that among bacteria, many

pathogenic bacteria are members of the Proteobacteria phylum,

which increase the risk of disease in the body (Shin et al., 2015).

Fusobacteria can trigger inflammation in certain parts of the host

under certain conditions (Han et al., 2005). Some bacteria in the

Firmicutes phylum can play important roles in cellulose

decomposition and polysaccharide fermentation (Ji et al., 2016).

Actinobacteria are opportunistic pathogens that may infect animals

when their immunity is low, causing them to develop some chronic

or subacute diseases (Mai et al., 2020). Bacteroidetes can participate

in the conversion of proteins, lipids, etc., and can also participate in

the metabolism of sugars and bile acids (Michaud et al., 2009). In

this study, as the concentration of AMP added to the feed gradually

increased, the abundance of Firmicutes in the intestinal tract of

largemouth bass significantly decreased, and the abundance of

Fusobacteriota and Proteobacteria increased significantly,

indicating that the addition of Atractylodes macrocephala to the

feed Excessive concentration of AMP is not conducive to the

conversion and absorption of nutrients in the intestinal tract of

largemouth bass, and protects intestinal health, thereby reducing

the immunity of largemouth bass and increasing the probability of

disease occurrence.

At the bacterial genus level, in this study, the dominant species

of the intestinal flora of the 4 groups of largemouth bass were
FIGURE 5

KEGG function prediction based on 16S of largemouth bass intestinal flora. (A) KEGG prediction results with significant differences among groups
using Kruskal-Wallis method; (B) the heatmap of top15 mean proportion of predicted KEGG results with significant differences among
difference samples.
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different. Group A (0.4% AMP)was mainly Mycoplasma, Group B

(0.8% AMP) was mainly Bifidobacterium and Bacteroides, Group C

(1.2% AMP) was mainly Cetobacterium and Aeromonas, and Group

D was mainly intestinal flora. There are abundant probiotics such as

Prevotella (Galvez et al., 2020) and Muribaculaceae (Lagkouvardos

et al., 2019) in the intestinal flora, but the relative abundance of

these bacteria in the AMP-added group was low, and compared

with the control group, most samples in Group C had

Cetobacterium, the relative abundance of Aeromonas is high,

which shows that compared with the individual diversity of the

intestinal flora of the fish group in the control group, Group C

adjusted the intestinal flora structure of the fish group to make the

intestinal flora structure of the entire fish group tend to be

consistent. In this study, the addition of AMP had a significant

regulatory effect on the intestinal flora structure of largemouth bass.

The relationship between the intestinal flora structure and its

relationship needs further study.

At the same time, KEGG function prediction based on 16S

rRNA sequencing revealed that the intestinal flora regulated by

Group C strengthened amino acid metabolism, fat metabolism,

sugar metabolism, and various biosynthesis pathways compared to

Group D. The effects observed in groups A and B were opposite.

These findings (Li et al., 2023) are consistent with previous research

results. It is speculated that the diverse functions of the intestinal

flora in largemouth bass in this experiment also play a crucial role in

metabolism and contribute to maintaining the stability of the

microbiota structure. The experiment found that as the

concentration increased, the metabolic function, body system, and

genetic information processing expression in the intestinal tract of

largemouth bass in groups A, B, and C gradually improved. At low

concentrations, AMP had an inhibitory effect on these pathways.

However, when the concentration reached 1.2%, it effectively

promoted the expression of bodily functions, which benefits the

utilization of fish body nutrients and the development of cell

functions. This increase in nutrient utilization further promotes

the survival and growth of the fish (Zhang et al., 2023).
5 Conclusion

Adding an appropriate amount of AMP to the feed can increase

the WGR and SGR of largemouth bass, reduce the FCR, and improve

the growth performance of largemouth bass. It can also lower the

AST and ALT levels, protecting the liver function of largemouth bass.

Additionally, it enhances the activity of serum SOD, C3, and C4 in

largemouth bass, reduces MDA content, and improves the

antioxidant and disease resistance of largemouth bass. It improves

the composition of intestinal flora in largemouth bass, which has a

positive effect on intestinal health. Based on comprehensive analysis,

the recommended range of AMP in the feed is 0.8% – 1.2%.
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