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This study aimed to investigate the effects of Clostridium butyricum and its metabolites 
on the growth, antioxidant capacity, and intestinal microbiota of a selected population of 
Penaeus monodon. A total of 360 shrimp with similar vitality and size, having an initial 
body mass of (2.33±0.05) g, were selected and randomly divided into four groups, with 
three replicates per group and 30 shrimp per replicate. The groups were designated as the 
control group (CG, no additive in feed), the yeast extract group (YYG, feed supplemented 
with C. butyricum yeast extract), the supernatant group (SQG, feed supplemented with 
the supernatant of C. butyricum), and the juice-sediment group (JNG, feed supplemented 
with the bottom sediment of C. butyricum). Following 31 days feeding trial, the results 
showed that compared with the CG, the weight gain (WG), survival rate (SR), and specific 
growth rate (SGR) of YYG, SQG, and JNG increased, with YYG being significantly higher 
than CG (P<0.05), while JNG and SQG did not show significant differences compared to 
CG (P>0.05). Protease and lipase activities were significantly enhanced in YYG (P<0.05), 
alkaline phosphatase (AKP) activity was significantly higher in YYG and JNG than in CG 
(P<0.05), while there was no significant difference between SQG and CG (P>0.05). Acid 
phosphatase (ACP) activity was significantly higher in YYG and SQG compared to CG 
(P<0.05), with no significant difference between JNG and CG (P>0.05). Intestinal 
microbiota sequencing revealed that Proteobacteria was the most abundant phylum in all 
experimental groups, accounting for 71%, 69%, 73%, and 75% respectively. At the gene 
expression level, compared with CG, YYG showed significantly higher relative expression 
levels of immune-related genes such as PO, Toll, IMD, and Relish, as well as 
antioxidant-related genes such as CAT, GSH, and hsp70 in the hepatopancreas of P. 
monodon (P<0.05). Under the conditions of this experiment, supplementing feed with C. 
butyricum yeast extract achieved the best probiotic effect in P. monodon farming. 

INTRODUCTION 

Penaeus monodon, one of the significant aquaculture 
species worldwide, boasts a broad consumer market and 
relatively high aquaculture profits.1 With the rapid devel
opment of the aquaculture industry, improving aquaculture 
environments and enhancing aquaculture efficiency have 
increasingly garnered attention from practitioners. The ap
plication of safe, efficient, and environmentally friendly 
probiotics in aquaculture is regarded as a potentially effec
tive strategy for preventing and controlling diseases and in
fections in aquaculture.2 

Clostridium butyricum is a Gram-positive, obligately 
anaerobic, and endospore-forming bacterium that exhibits 
strong tolerance to strong acids, relatively high bile con
centrations, and high-temperature, high-pressure environ
ments, making it a good alternative to antibiotics.3 Butyric 
acid, one of the major metabolites of C. butyricum, serves 
as a primary nutrient and energy source for the regenera
tion and repair of intestinal epithelial cells, which under
goes energy metabolism through β-oxidation in intestinal 
epithelial cells.3 Studies have found that feeding aquatic 
animals with formulated feeds supplemented with appro
priate amounts of butyric acid can effectively maintain the 
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health of their intestines.4 At the cellular level, butyric acid 
not only preserves cell viability but also increases mucin 
secretion. In terms of intestinal mucosa, butyric acid pro
motes intestinal mucosa repair and reduces its permeabil
ity, contributing to the restoration of physiological func
tions.5 The intestinal microbiota performs many critical 
functions, such as pathogen displacement, competition for 
nutrients and receptor binding sites, production of antibac
terial factors, development of structural factors, and meta
bolic activities.4 Dysbiosis of the intestinal microbiota can 
lead to various diseases, and C. butyricum promotes the 
proliferation of probiotics, such as Bifidobacterium, Lacto
bacillus, and Bacteroides, while inhibiting the reproduction 
of harmful bacteria, such as Staphylococcus, Candida, Kleb
siella, Campylobacter, Pseudomonas aeruginosa, Escherichia 
coli, Shigella dysenteriae, Salmonella typhi, and Saprophytic 
bacteria, thereby reducing the production of harmful sub
stances in organisms.6 Dietary supplementation with a 
mixture of live C. butyricum, live cells, and fermented su
pernatant, as well as spray-dried spores, can significantly 
improve the growth performance of shrimp and induce 
nonspecific immunity in their serum, providing resistance 
to Vibrio parahaemolyticus. Additionally, it alters the in
testinal microbial community structure and the expression 
levels of digestion and immune-related genes in the ex
perimental shrimp.7 Therefore, this study aims to investi
gate the effects of C. butyricum and its metabolites on the 
growth performance, immune competence, and intestinal 
microbiota of P. monodon. The findings of this research con
tribute to enhancing the understanding of the impact of 
different forms of C. butyricum supplementation in feed on 
P. monodon, providing basic data and references for the for
mulation and optimization of feeds for this species. 

MATERIALS AND METHODS 

EXPERIMENTAL MATERIALS 

Prior to the experiment, P. monodon shrimp were temporar
ily reared in cement ponds at the Shenzhen Experimental 
Base of the South China Sea Fisheries Research Institute, 
Chinese Academy of Fishery Sciences, for one week and 
then fasted for 24 hours. A total of 360 shrimp with similar 
vitality and size, with an initial body weight of (2.33 ± 0.05) 
g, were selected and randomly divided into four groups, 
with three replicates per group and 30 shrimp per replicate. 
The groups were as follows: the control group (CG, fed 
without supplementation), the raw liquid group (YYG, fed 
with C. butyricum raw liquid supplementation), the super
natant group (SQG, fed with C. butyricum supernatant sup
plementation), and the bacterial sludge group (JNG, fed 
with C. butyricum bottom sludge supplementation). The C. 
butyricum strain was sourced from the South China Sea 
Fisheries Research Institute, Chinese Academy of Fishery 
Sciences, and the C. butyricum preparation was produced 
by Guangzhou Xinhai Lisheng Biotechnology Co., Ltd. The 
product was a liquid preparation directly packaged from the 
fermented raw liquid, with a C. butyricum count ≥8 × 108 

CFU/mL. 

EXPERIMENTAL FEED 

Based on the experimental requirements, commercial feed 
(purchased from Guangdong Haida Group Co., Ltd., with 
a crude protein content of 36%) was selected and supple
mented with C. butyricum raw liquid, supernatant sepa
rated from C. butyricum preparation, and sludge-separated 
from C. butyricum preparation, respectively. The supple
ments were incorporated into the feed through spraying, 
mixing, and drying. For the CG, the addition of C. butyricum 
was 0, with an equal volume of distilled water mixed in in
stead. The YYG was supplemented with 1% C. butyricum 
raw liquid, which included bacterial spores and fermenta
tion products formed after fermentation. The C. butyricum 
preparation was centrifuged at 8000 rpm for 10 minutes at 
4°C to obtain separated supernatant and precipitate. The 
SQG was supplemented with the supernatant obtained after 
high-speed centrifugation of the raw liquid, which mainly 
contained short-chain fatty acids such as butyric acid, a fer
mentation product of C. butyricum, with an addition of 1%. 
The JNG was supplemented with the sludge remaining at 
the bottom of the centrifuge tube after high-speed centrifu
gation of the raw liquid, and the sludge was then rinsed 
with physiological saline and adjusted to the same volume 
as the raw liquid for addition, with an addition of 1%. 

FEEDING AND MANAGEMENT 

The experiment was conducted at the Shenzhen Base of 
the South China Sea Fisheries Research Institute, Chinese 
Academy of Fishery Sciences. During the breeding exper
iment, the shrimp were fed to apparent satiation once at 
08:00, 15:00, and 22:00 each day for a total trial duration 
of 31 days. Residual feed and feces were removed using a 
siphon method, while shrimp shells and dead shrimp were 
removed using a net. The daily feeding rate was 3%-8% of 
the shrimp’s body weight, and one-third of the water was 
exchanged daily. The seawater used in the experiment was 
filtered using a sand filtration method. During the exper
iment, the water temperature was maintained at 27-32°C, 
salinity at 28-32 ppt, pH at 7.5-8.0, ammonia nitrogen con
centration at 0-0.2 mg/L, and dissolved oxygen concentra
tion at 6-7 mg/L. 

SAMPLE COLLECTION AND INDICATOR MEASUREMENT 

After the experiment, all shrimp were fasted for 24 hours 
before sampling. The surface moisture of the shrimp was 
dried using a towel. The number of shrimp in each plastic 
bucket was counted, and the total weight (accurate to 
0.01g) was measured to calculate the survival rate, weight 
gain rate, and specific growth rate of shrimp in each feed 
group. The calculation formulas are as follows: 

Survival Rate (SR, %) = Final Number of Shrimp / Initial 
Number of Shrimp × 100% 

Weight Gain (WG, %) = (Final Weight - Initial Weight) / 
Initial Weight × 100% 

Specific Growth Rate (SGR, %/day) = 100 × (ln(Final Body 
Weight) - ln(Initial Body Weight)) / Time (in days) 
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Feed Efficiency Ratio (FER) = Weight Gain (g) / Dry 
Weight of Feed Consumed (g) 

WHOLE SHRIMP BODY COMPOSITION ANALYSIS 

After the experiment, five shrimp were collected from each 
aquaculture tank and stored at -20°C for subsequent whole 
shrimp body composition analysis. The moisture content 
was measured after drying to a constant weight at 105°C. 
The ash content was determined by burning in a furnace at 
550°C for 8 hours. The crude protein content (N × 6.25) was 
measured using the Kjeldahl method (Kjeltec™ 8400; FOSS, 
Copenhagen, Denmark). The crude lipid content was mea
sured by Soxhlet extraction using the Soxtec System HT 6 
(Tacator, Stockholm, Sweden).8 

MEASUREMENT OF HEPATOPANCREATIC ENZYME 
ACTIVITY 

After the experiment, five shrimp were collected from each 
aquaculture tank. The hepatopancreas and intestine were 
excised, frozen in liquid nitrogen, and then transferred to 
-80°C storage for the measurement of antioxidant enzymes. 
The hepatopancreas and intestine samples were fully ho
mogenized using nine volumes of PBS buffer (1:9 dilution, 
w:v). The homogenate was then centrifuged for 15 minutes 
at 4°C and 3500 rpm, and aliquots of the supernatant were 
taken for analysis of antioxidant, digestive, and immune-
related enzymes. Acid phosphatase (ACP), alkaline phos
phatase (AKP), total antioxidant capacity (T-AOC), amy
lase, and chymotrypsin were tested using commercial test 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) according to the manufacturer’s instructions. 

ANALYSIS OF INTESTINAL MICROBIAL COMPOSITION 

After the experiment, three shrimp were randomly selected 
from each aquaculture tank. The intestines were removed 
on an ice tray, mixed, placed in cryovials, frozen in liquid 
nitrogen, and then stored at -80°C. Total genomic DNA was 
extracted from the samples using PCR-amplified universal 
primers for 16S rRNA or ITS (Internal Transcribed Spacer). 
Sequencing of the highly variable regions was then per
formed to identify strains and analyze the diversity of mi
croorganisms in the samples. A taxonomic table for species 
annotation was obtained by comparing the current ASV se
quences with those in the GreenGenes (16S rRNA) data
base. Based on recent research findings, the microbial di
versity of the four experimental animal groups was 
analyzed by evaluating α-diversity indices and β-diversity 
metrics (using principal coordinate analysis), with non-
metric multi-dimensional scaling (NMDS) used for data sta
tistical analysis. NMDS scatter plots were used to represent 
differences in microbial community species composition 
among different treatments. 

RNA EXTRACTION AND CDNA SYNTHESIS 

After the experiment, the hepatopancreas of three shrimp 
from each tank were collected and immersed in RNALater 

(Ambion, USA), stored at 4°C for 24 hours, and then trans
ferred to -80°C until further use. RNA extraction was per
formed using the HiPure Fibrous RNA Plus Kit (Megan, 
China) according to the manufacturer’s instructions to ex
tract total RNA from all collected samples. Full-length 
cDNA was prepared from the total RNA, and its purity and 
quantity were determined by measuring UV absorbance at 
260/280 nm using a NanoDrop 2000 spectrophotometer 
(Thermo, USA). The integrity of the total RNA was assessed 
by electrophoresis on a 1% agarose gel. According to the in
structions of the Evo M-MLV Mix Kit with gDNA Clean for 
qPCR reverse transcription kit (AG, China), the prepared to
tal RNA was immediately reverse-transcribed to synthesize 
the corresponding cDNA. The synthesized cDNA was stored 
at -80°C for further research on the expression of immune-
related genes. 

QUANTITATIVE RELATIVE EXPRESSION 

qRT-PCR was performed using a Roche Light Cycler® 480 II 
(Roche) with a 12.5 μL reaction mixture containing 0.5 μL 
of forward primer, 0.5 μL of reverse primer, 1 μL of cDNA 
template (50 ng/μL), 6.25 μL of SYBR Green Premix Pro 
Taq (AG, Guangdong, China), and 4.25 μL of double-dis
tilled water (Table 1). The relative expression levels of Heat 
Shock Protein 70 (hsp70), Immune Deficiency (Imd), CAT, 
Toll, Relish, glutathione (GSH), keafl, phenoloxidase (PO), 
and lys genes were determined using the 2^-ΔΔCT method. 
One-way ANOVA and Tukey’s multiple range test were used 
to determine statistical differences. Statistical significance 
was set at P < 0.05. The data obtained are presented as 
mean ± standard deviation (SD). 

DATA STATISTICS AND ANALYSIS 

The values of each variable were statistically analyzed and 
presented as mean ± SD (n=3). Statistical analysis was con
ducted using SPSS version 17.0 software. Statistical signif
icance was determined through one-way ANOVA. All data 
were tested for normality, homogeneity, and independence 
before ANOVA. When significant differences (P < 0.05) were 
observed, Dunnett’s multiple range test was further con
ducted to compare the means among groups. 

RESULTS 

GROWTH PERFORMANCE AND SPECIFIC GROWTH RATE 
OF P. MONODON 

Compared with CG, the weight gain (WG), survival rate 
(SR), specific growth rate (SGR), and feed efficiency ratio 
(FER) of the experimental groups increased (Table 2). 
Among them, the WG, SR, SGR, and FER of the YYG were 
significantly higher than those of the CG (P < 0.05). There 
were no significant differences in WG, SR, SGR, and FER be
tween the SQG and JNG compared with the CG (P > 0.05). 
Additionally, there were no significant differences in crude 
nutrient composition among P. monodon from the CG and 
the experimental groups (P > 0.05) (Table 3). 
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Table 1. Primers and primer sequence     

Primers Primer sequence (5’-3’) Tm/℃ ℃

Toll p-qF TTTATAGGAAATCGGGTGGGC 55.61 

Toll p-qR TTGTGAGGTTGGCGAAGAG 55.16 

IMD-qF 
IMD-qR 
Relish-qF 
Relish-qR 
PO-qF 

TTAAAACAGACTCAGCTCCCC 
CGTTGAGGTCGAGATGGATTC 
CTACATTCTGCCCTTGACTCTG 
GCCACGTATCTCCACTCAG 
ATCACTTTCACTTCGACCCC 

55.61 
57.57 
57.67 
57.32 
55.40 

PO-qR TGCGATGCTCCTTGTTATACC 55.61 

CAT-qF TGGCTATCGTCACATGAATGG 55.61 

CAT-qR CCTTGGTCCGTCTTGTAATGG 57.57 

GSH PX-qF 
GSH PX-qR 
HSP70-qF 
HSP70-qR 

GATGGTTATGTTCGGCAAAGTG 
GGCAGTCGTTCTTTCAGGTAC 
ATCTCGGGTCTTAATGTGCTG 
CTCGATGGTAAGGATGGACAC 

55.81 
57.57 
55.61 
57.57 

Table 2. Growth performance of    P. monodon   in different treatment groups     

Items CG YYG SQG JNG 

IW(g) 2.35±0.01a 2.35±0.03a 2.4±0.04a 2.38±0.09a 

FW(g) 9.56±0.28a 10.96±0.35ab 10.26±0.61ab 10.40±0.63ab 

WG(%) 307.46±0.12a 367.06±0.01b 327.80±0.20ab 337.47±0.44ab 

SR(%) 77.78±0.02a 83.33±0.01b 78.89±0.01a 80±0.02ab 

SGR(%day－1) 2.09±0.05a 2.35±0.08b 2.25±0.01ab 2.26±0.07ab 

FER(g) 0.63±0.02a 0.76±0.05b 0.69±0.06ab 0.71±0.03ab 

Note: Means within a column at the same concentration followed by different letters are significantly different (P < 0.05) 

Table 3. Nutritional composition of    P. monodon   in different treatment groups     

Items CG YYG SQG JNG 

Moisture 78.38±1.04a 76.69±1.44a 76.63±1.17a 78.51±1.42a 

Crude protein 72.15±0.32a 72.43±0.25a 72.44±0.98a 72.58±0.74a 

Crude fat 8.58±1.36a 9.07±1.66a 9.37±0.75a 9.41±0.13a 

Crude ash 17.71±1.00a 16.43±0.99a 17.43±0.85a 17.64±0.45a 

Note: Means within a column at the same concentration followed by different letters are significantly different (P < 0.05) 

DIGESTIVE AND IMMUNE ENZYME ACTIVITIES IN P. 
MONODON 

In the intestine, compared with the CG, the activities of 
chymotrypsin and lipase in the YYG were significantly en
hanced (P < 0.05) (Table 4). However, there were no sig
nificant differences in α-amylase activity between the ex
perimental groups and the CG (P > 0.05). In the 
hepatopancreas, the activities of trypsin and lipase in the 
YYG were also significantly increased (P < 0.05), while no 
significant differences were observed in α-amylase activity 
between the experimental groups and the CG (P > 0.05). 
The activity of alkaline phosphatase (AKP) in P. monodon is 
shown in Table 4. The AKP activity in the YYG was signif
icantly higher than that in the CG (P < 0.05). Similarly, the 
activity of acid phosphatase (ACP) in the YYG was signif
icantly enhanced compared with the CG (P < 0.05). There 

were no significant differences in total antioxidant capacity 
(T-AOC) activity between the control and experimental 
groups (Table 5). 

ANALYSIS OF GUT MICROBIAL DIVERSITY IN P. 
MONODON 

As shown in Figure 1, a total of 34 ASVs (Amplicon Se
quence Variants) were obtained through 16S rRNA gene 
high-throughput sequencing. According to the Venn dia
gram analysis, 30 ASVs were present across the three ex
perimental groups, with YYG having the highest number of 
unique ASVs, containing 7 exclusive ASVs. Combined with 
the Alpha diversity analysis results, the Chao1, Ace, and 
Shannon indices of the intestinal microbiota of P. monodon 
in the control group were higher than those in the exper
imental groups, while the Simpson index was lower in the 
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Table 4. Digestive enzyme activities of     P. monodon   in different treatment groups     

Groups 

Hepatopancreas Intestine 

trypsin 
activity(U/mg 

prot) 

α-Amylase 

activity(U/
mg prot) 

Lipase 
activity/(U/

mg prot) 

alpha-chymotrypsin from 
bovine pancreas activity (U/

mg prot) 

α-Amylase 

activity(U/
mg prot) 

Lipase 
activity (U/

mg prot) 

CG 155.82±13.99a 39.26±3.21a 3.45±0.23a 37.30±5.19a 4.05±0.26a 3.88±0.39a 

YYG 196.97±21.15b 4.85±0.41b 4.85±0.41b 47.45±4.28b 4.71±0.73a 5.31±0.37b 

SQG 176.41±12.3ab 42.44±3.02a 4.10±0.70ab 41.61±4.20ab 4.52±0.49a 4.71±0.51ab 

JNG 174.34±8.55ab 39.97±3.21a 3.90±0.28a 42.59±3.95ab 4.20±0.40a 4.39±0.44a 

Note: Means within a column at the same concentration followed by different letters are significantly different (P < 0.05) 

Table 5. Immune enzyme activities of     P. monodon   in different treatment groups     

Groups ACP AKP T-AOC (U/mg prot) 

CG 21.72±4.09a 58.04±8.86a 2.54±0.62a 

YYG 34.21±7.27b 79.32±3.61b 3.32±0.34a 

SQG 23.18±5.07a 72.47±14.31ab 2.96±0.16a 

JNG 29.05±3.68ab 62.12±7.85ab 3.25±0.85a 

Note: Means within a column at the same concentration followed by different letters are significantly different (P < 0.05) 

Figure 1. ASV diagram of gut microbial classification       
of  P. monodon   in different treatment groups     
Note: Numbers in the figure indicate the number of ASVS in different experimental 
groups 

control group. These findings indicate a decrease in the in
testinal microbiota diversity of P. monodon in the experi
mental groups. 

COMPOSITION OF GUT MICROBIOTA IN P. MONODON 

As shown in Figure 2, at the phylum level, Proteobacteria, 
Firmicutes, Bacteroidetes, and Actinobacteria were the 
dominant bacterial taxa. Among them, Proteobacteria was 
the most abundant phylum in all five groups, accounting for 

71%, 69%, 73%, and 75% in the CG, YYG, SQG, and JNG, 
respectively. As depicted in Figure 2, at the genus level, 
the Vibrio bacteria in the YYG were significantly reduced, 
while the proportion of Litorilituus increased. Furthermore, 
Lactobacillus, Mycobacterium, Pseudoalteromonas, and 
Aeromonas also comprised a relatively large proportion of 
the gut microbiota in the YYG. 

EXPRESSION OF IMMUNE-RELATED GENES 

As shown in Figure 3, compared with the CG, the relative 
expression levels of Toll, IMD, and Relish in the hepatopan
creas of P. monodon in the YYG were significantly enhanced 
(P < 0.05). There were also increases in SQG and JNG, but 
these were not statistically significant (P > 0.05). As de
picted in Figure 3, when compared with the CG, the relative 
expression levels of CAT, GSH, and hsp70 in the hepatopan
creas of the YYG were significantly increased (P < 0.05). 

DISCUSSION 

C. butyricum belongs to the genus Clostridium and is a strict 
anaerobic, Gram-positive bacillus. It is a probiotic bene
ficial to the intestinal tract, capable of inhibiting patho
genic bacteria in vivo to a certain extent and promoting the 
growth of beneficial bacteria.9 Furthermore, its metabolites 
include butyric acid and acetic acid, with butyric acid serv
ing as a crucial energy source for the regeneration and re
pair of intestinal epithelial cells. It possesses the functions 
of repairing intestinal mucosa and reducing intestinal mu
cosal permeability.5 

The growth performance of aquatic animals is generally 
indicated by indices such as SR, WG, and SGR. Numerous 
studies have demonstrated that C. butyricum, as a feed addi
tive, can promote the growth of aquatic animals,10 enhance 
digestive enzyme activity,11 and boost immunity.12 Some 
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Figure 2. Relative abundance of intestinal flora of       P. monodon   at phylum and genus levels in different treatment         
groups  

research has shown that, compared with the control group, 
adding C. butyricum to the feed significantly improves the 
growth performance of shrimp and reduces the feed conver
sion ratio.13 This may be due to the ability of C. butyricum 
added to shrimp feed to synthesize and secrete various di
gestive enzymes in the shrimp’s intestine. These enzymes 
help decompose proteins, fats, and complex carbohydrates 
in the feed, thereby improving feed utilization.12 Addition
ally, C. butyricum can ferment indigestible starch and poly
saccharides in the intestine, mainly producing metabolites 
such as butyric acid, which provides energy for various 
metabolic processes such as carbohydrate metabolism, lipid 
metabolism, and protein metabolism.14 In this study, C. bu
tyricum solution, supernatant separated from C. butyricum, 
and C. butyricum mud were used as additives mixed into 
the feed for feeding P. monodon. After the experiment, com
pared with the control group, SR, WG, and SGR in all treat
ment groups increased (P > 0.05), with YYG, presumably 
with C. butyricum incorporated showing a significant en
hancement. These results are similar to previous findings, 
indicating that C. butyricum can improve the growth per
formance of P. monodon. Compared with the control group, 
there were no significant differences in nutrient composi
tion among the treatment groups, which may be due to the 
relatively short breeding period. 

In crustaceans, the hepatopancreas is not only an impor
tant organ for the absorption and storage of nutrients but 
also a crucial organ for synthesizing digestive enzymes.15 

The activity of these enzymes directly determines the di
gestive and absorptive capacity of these animals for nutri
ents.15 Different feeds can affect the digestive enzyme ac
tivity of aquatic animals.15 Digestive enzymes play a vital 
role in the absorption and utilization of nutrients by the 
body.16 In this experiment, compared with the CG, the di
gestive enzyme activities in all experimental groups in
creased, with lipase and protease activities in YYG showing 
significant enhancements. This is similar to the research 
results of Duan.17 This phenomenon may be due to the di
gestive enzymes produced by the probiotics consumed by P. 
monodon. Simultaneously, C. butyricum can produce short-
chain fatty acids, lowering the pH of the intestinal envi
ronment and increasing digestive enzyme activity, thereby 
promoting shrimp growth. T-AOC, AKP, and ACP play im
portant roles in the nonspecific immunity of crustaceans. 
Among them, T-AOC is a crucial indicator reflecting the 
organism’s total antioxidant capacity, comprehensively re
flecting the antioxidant levels of both enzymatic and non-
enzymatic systems in the body. Additionally, increasing the 
activity of antioxidant enzymes can enhance the resistance 
of shrimp, while C. butyricum can produce hydrogen and 
butyric acid in organisms, both of which possess antioxi
dant properties, providing another explanation for the pos
sible reasons why C. butyricum improves the antioxidant ca
pacity of P. monodon.18 AKP is involved in the regulation of 
lipid metabolism and affects the absorption of calcium and 
phosphorus by crustaceans.18 ACP plays a crucial role in the 
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Figure 3. Quantitative expression of immune and antioxidant-related genes in the hepatopancreas of            P. monodon   
in different treatment groups     
Note: Means within a column at the same concentration followed by different letters are significantly different (P < 0.05) 

transfer and metabolism of phosphate groups, promoting 
the absorption and transport of substances.12 Furthermore, 
it can combine with other enzymes to form phagocytes, ef
fectively destroying and eliminating foreign bodies invad
ing the body.13 These two enzymes are closely related to 
immune regulation and cellular metabolism, reflecting the 
immune status of the organism to some extent.12 In this 
experiment, compared with the control group, T-AOC in the 
experimental groups increased (P > 0.05), and AKP and ACP 
in YYG significantly enhanced (P < 0.05), indicating that C. 
butyricum can increase the immune enzyme activity of P. 

monodon and enhance the body’s antioxidant defense level 
to a certain extent. 

The gut microbiota refers to the collective entity of var
ious microorganisms residing within the animal intestinal 
tract, upon which animals rely for the digestion and absorp
tion of ingested food and the execution of various physi
ological and biochemical functions.13 Changes in the feed 
of aquatic animals may exert certain influences on the in
testinal microbiota. Intestinal probiotics can facilitate the 
digestion and absorption of food, and maintain the ecologi
cal balance of the organism by providing nutrition, compet
itively inhibiting the growth of intestinal harmful microor
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ganisms or secreting bacteriocins to prevent the growth of 
pathogens, thereby promoting the healthy growth of the 
organism and enhancing the survival rate of aquatic an
imals.19 Furthermore, probiotics can influence the inter
actions among intestinal bacterial populations, enabling 
beneficial microorganisms to dominate within the body, 
further promoting the balanced state of the host’s intesti
nal microbiota, maintaining and adjusting the healthy mi
crobial environment in the body, and thus enhancing the 
intestinal nutrient absorption capacity.20 At the end of the 
experiment, the dominant intestinal bacterial species in 
shrimp was Proteobacteria. Studies have shown that Pro
teobacteria is the dominant phylum in the shrimp intestine 
at various growth stages.21 Some members of this phylum 
are involved in nitrogen cycling and the mineralization of 
organic compounds,12 playing a crucial role in the growth 
and development of organisms. In this study, Proteobac
teria was the most abundant bacterium among the five 
groups, accounting for 71%, 69%, 73%, and 75% in CG, YYG, 
SQG, and JNG, respectively. Additionally, the proportion of 
Bacteroidetes increased in YYG. 

Crustaceans primarily rely on their innate immune sys
tem for self-protection, which mainly encompasses cellular 
immunity and humoral immunity, with immune signaling 
pathways playing a vital role.22 Furthermore, probiotics can 
positively stimulate the cellular and humoral immunity of 
the body, such as enhancing the activity of interferons and 
macrophages and stimulating the production of nonspe
cific immune factors. Currently, three major signaling path
ways identified in the innate immune system of shrimp are 
the JAK/STAT signaling pathway, the IMD signaling path
way, and the Toll signaling pathway. The JAK/STAT signal
ing pathway is primarily responsible for immune responses 
to viral infections, while the Toll and IMD pathways are key 
signaling pathways controlling the expression of antimi
crobial peptide genes. Specifically, the Toll pathway plays 
a crucial role in response to Gram-positive bacteria and 
fungi. Moreover, the Toll signaling pathway can mediate 
innate immune responses triggered by bacterial and viral 
infections. The IMD signal is mainly responsible for the 
innate immune response to Gram-negative bacteria,23 pri
marily by regulating the production of antimicrobial pep
tides to resist bacterial infections. In invertebrates, the Toll 
receptor was initially discovered in Drosophila 
melanogaster. The activated signaling pathway prompts the 
nuclear transcription factor NF-κB to enter the nucleus, ul
timately triggering the expression of immune effector mol
ecules such as antimicrobial peptides, while Relish is a 
member of the NF-κB family.24 That is, Relish is the down
stream nuclear transcription factor of the IMD pathway. 
Recent scientific research reveals that the Toll and IMD 
pathways in Drosophila exhibit synergistic effects when ac
tivated. When the Toll pathway is activated, it may increase 
the expression level of the Relish gene, thereby enhancing 
the organism’s immune capacity against bacteria.25 The re
sults of this study showed that compared with the control 
group, the expression of IMD, Toll, and Relish genes was 
significantly upregulated (P<0.05) in the group supple
mented with C. butyricum stock solution, which is similar 

to previous research findings.17 Thus, it is inferred that 
the activation of the Toll pathway by C. butyricum in P. 
monodon leads to the active expression of IMD pathway 
molecules, further upregulating the expression of Relish in 
P. monodon. Prophenoloxidase (PO), which exists as a zy
mogen in crustaceans as a defensive enzyme, reflects the 
immune status of the organism and has the function of 
recognizing foreign substances.26 It is a key indicator for 
measuring the immune capacity of shrimp and plays an im
portant role in recognizing and defending against foreign 
substances in the shrimp’s defense system.27 In this exper
iment, the expression of PO was significantly upregulated 
after the addition of C. butyricum stock solution, indicat
ing that C. butyricum can activate the PO prophenoloxidase 
system of P. monodon, leading to an increase in PO activ
ity, which will enhance the shrimp’s ability to recognize and 
defend against foreign substances, thereby strengthening 
their immune capacity and improving their resilience to ad
versity. In this study, compared with the CG, the relative ex
pression levels of all immune-related genes (PO, Imd, Toll, 
and Relish) in the hepatopancreas of P. monodon signifi
cantly increased after the addition of C. butyricum stock so
lution. Among them, the group supplemented with C. bu
tyricum stock solution exhibited the most significant effect. 
In contrast, although the separated supernatant and bacte
rial mud could also stimulate the upregulation of immune-
related genes, their effects were inferior to that of the group 
supplemented with C. butyricum stock solution. This may 
be due to the optimal probiotic effect of C. butyricum and 
its secreted products on P. monodon. Further research is 
needed to investigate the impact of these three addition 
methods on the differential expression of immune-related 
genes in P. monodon. Heat shock protein (HSP) is a highly 
conserved protein that is highly induced and expressed in 
stress cells of almost all organisms.23 Among them, HSP-70 
is a molecular chaperone that protects proteins from de
naturation and assists in the repair of damaged proteins, 
playing a crucial role in maintaining intracellular stability 
and enhancing the organism’s stress resistance.28 In this 
study, the expression of HSP-70 in P. monodon fed with C. 
butyricum stock solution was significantly upregulated, in
dicating that C. butyricum improved the antioxidant status 
of the hepatopancreas of P. monodon, thereby enhancing its 
defense capability against oxidative stress. During the nor
mal physiological activities of organisms, various biochem
ical reactions generate free radicals, causing oxidative dam
age to the body.29 At this point, antioxidant enzymes such 
as SOD, CAT, and GSH in animals form an antioxidant de
fense system to maintain the organism’s oxidative stabil
ity and reduce oxidative damage to cells66. In this study, 
the addition of C. butyricum stock solution increased the 
expression of CAT and GSH in the hepatopancreas of P. 
monodon, thereby enhancing its antioxidant capacity and 
disease resistance, and promoting healthy growth, and C. 
butyricum may jointly regulate oxidative stress by increas
ing antioxidant enzyme activity and reducing reactive oxy
gen metabolite production. 
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