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This study is aimed at exploring the effects of Bacillus coagulans NRS 609 on the growth performance, intestinal health,
antioxidant activity, and immune response in common carp (Cyprinus carpio L.) by colonizing the intestinal tract with the
beneficial strain. Gavage B. coagulans with GFP-tag at 10° CFU/mL into common carp for 7 days. Results indicated that B.
coagulans were maintained in the intestine for at least 14 days. Four groups fed B. coagulans at different levels of inclusion,
including 0 (CK), 1x107 (A), 1x10® (B), and 1x10° (C) CFU/g of feed for 8 weeks. Experimental groups showed
significantly better growth performance than the control (P < 0.05). The treatment groups had higher digestive enzyme activity,
villus height, and muscle thickness than the control (P < 0.05). Supplementation with B. coagulans also altered the composition
of the intestinal flora. In addition, an enhancement of the antioxidant enzyme and a reduction of malondialdehyde in the liver
were observed with the addition of B. coagulans (P < 0.05). Moreover, the cytokines of IL-18 and IL-12, IL-10, and TGF-f3,
significant upregulation in experimental groups (P < 0.05). Based on the results, the optimal level of B. coagulans was 10" CFU/g

in diets for common carp.

1. Introduction

Common carp (Cyprinus carpio L.) has been farmed exten-
sively in China for decades due to its nutritional qualities,
delicious, and less expensive attributes [1, 2]. However, there
is a risk of bacterial infection in fish raised in intensive sys-
tems [3, 4]. Several studies have demonstrated the effective-
ness of antibiotics as feed additives in animal farming [5, 6].
Nevertheless, antibiotics are not recommended for disease
control in aquaculture because of the environmental damage
caused by antibiotic residues, bacterial resistance, the pollu-
tion of the environment, and negative consequences for the
health of fish, resulting in food safety risks for human health
[7-9]. Therefore, the search for alternative options to antibi-
otics is imperative for both the aquaculture industry and
public health [10].

Probiotics are live microorganisms consisting of non-
pathogenic microorganisms that benefit host animals by

enhancing growth, immunity, and gut microbial balance
[11-14]. Probiotics are being used as an alternative to antibi-
otics in aquaculture [13, 15, 16]. Several studies have docu-
mented the widespread use of probiotics in aquaculture,
including lactic acid bacteria and yeast. Meanwhile, Bacillus
spp. has been recognized as a developing trend [13, 17, 18].

In aquaculture, Bacillus coagulans, a spore-forming
gram-positive bacterium, has frequently been applied as a
feed additive due to its combination of lactic acid bacteria
and Bacillus properties [19, 20]. Moreover, B. coagulans is
known to endure high temperatures, acidity, and bile salts
and inhibit enteropathogens [21-24]. Several studies have
shown that B. coagulans improves growth, enhances
immune function and microbiota regulation, and protects
against disease [25, 26].

Previous studies have indicated that B. coagulans has
beneficial effects on the organism by colonizing the intestine
of animals, improving intestinal health, and resisting
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pathogens [27]. Therefore, in the process of screening
probiotics, the colonization ability under in vivo growth
conditions has been paid more attention [28]. Probiotics
can only exert their probiotic effects on the host when they
have been colonized for a long period of time. The presence
of additives facilitates the colonization of probiotics through
an interaction with the intestinal flora. Therefore, the adhe-
sion ability and colonization of probiotics have become
important criteria for screening probiotics [29].

A green fluorescent protein (GFP) label can be used to
allow bacteria to be visible within the host gut and to trace
their activities, including adhesion and colonization [30, 31].
GFP, a small protein weighing 27 K Da, is capable of fluoresc-
ing when exposed to ultraviolet (UV) light. Under UV light,
bacteria modified with the exogenous GFP gene are readily
recognizable. The GFP protein’s fluorescence does not
depend on cofactors, substrates, or any other gene products,
making it sensitive, stable, specific, nontoxic, and noninter-
fering with cell growth and function. [32, 33]. Previous
research has established the utility of GFP and used GFP-
marked probiotics to study interaction in vivo and in vitro
fish models [34].

Most importantly, this study primarily focused on inves-
tigating the colonization capacity of B. coagulans NRS 609 in
the intestine of common carp and investigating the effects of
dietary B. coagulans NRS 609 on the growth performance,
antioxidant capacity, intestinal microflora and health (mor-
phology and digestive enzyme activity), and disease resis-
tance against Aeromonas hydrophila of common carp.

2. Materials and Methods

2.1. Diet Preparation. The B. coagulans NRS 609 strain was
obtained from the China Center for Type Culture Collection
(CCTCC) located in Wuhan, Hubei Province, China. The
bacteria were streaked and revived in MRS broth under ster-
ile conditions. A 1:1 ratio of bacterial solution to glycerol
was used, with 60% glycerol used, stored at -80°C in the
microbiological preservation laboratory of the College of
Fisheries at Henan Normal University. Morphological and
biochemical characteristics of the bacterium were used, as
well as an analysis of the 16S rRNA gene, to identify it.
The strain was cultured at 42°C in MRS broth for the prep-
aration of competent cells. The plasmid pAD123-pgal-GFP
was gifted from the College of Life Sciences, Henan Univer-
sity, a variant of GFP with a red-shifted excitation peak at
488nm and maximal emission at 507nm. B. coagulans
NRS 609 with GFP-tag was constructed by introducing the
plasmid pAD123-pgal-GFP, named recombinant B. coagulans
[35]. The recombinant B. coagulans were incubated at 42°C
with shaking for 48h in MRS broth. Approximately centri-
fuged at 8000 x g for 10 minutes, washed three times with
pH 7.4 phosphate buffer saline, and then resuspended in sterile
water to achieve the desired concentration of 1 x 10° CFU/mL.
The B. coagulans colonization ability was determined by
gavaging the prepared bacterial suspension in the intestine
of common carp.

The feeding experiment was set up in four groups for
the determination of B. coagulans effects in common carp.
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During 48h of incubation at 42°C, B. coagulans strains
with shaking in MRS broth. Next, the cultures were sub-
jected to centrifugation for 10min at a speed of 5000 x g.
To resuspend the bacteria, three times sterile phosphate
buffer saline was adjusted to 1x 10° CFU/mL. The bacte-
rial suspension was diluted and evenly sprayed at different
concentration gradients (0 (control diet, PBS), 107, 10%, and
10° CFU/g) on the basal diet (Table 1), named CK, A, B,
and C. The diets were subsequently dehydrated and kept at
-20°C for feeding. And the actual count of bacteria in the for-
mulated diets was sampled to test by adopting the method of
gradient dilution coating whether it met the requirements of
this experiment. Exactly, 1 g formulated diet was mixed with
9 ml sterile PBS, then serially diluted. After that, a 0.1 mL ali-
quot was spread on MRS broth agar plates and incubated for
48 at 42°C. Plates with colony numbers between 30 and 300
were used to calculate and confirm the actual count of the
bacteria in the formulated diets, which was recorded in stages
and monitored effectively to ensure the meticulousness of the
process and the accuracy of the results.

2.2. Experimental Conditions. The common carp was
acquired from a Freshwater Aquaculture Institute located
in Henan Province in China. The basal diet was given to
healthy fish that had been acclimatized in 300 L tanks under
controlled lab conditions at 26-27°C for two weeks.

Since then, routine physical and microbiological exami-
nations have been conducted on these fish which are nor-
mally fed, disease-free and uninjured to guarantee that
there are no bacterial diseases or any abnormal clinical
symptoms. For the gavage trial, thirty healthy common carp
of similar size (62.36 + 3.80 g) were selected and placed into
two tanks with fifteen fish in each 100-L tank. Next, the
experimental group received 0.5mL of recombinant B by
gavage. Administer B. coagulans suspension (10° CFU/mL)
once daily for a duration of 7 days. In the control group,
the same volume of B. coagulans suspension was lacking
plasmid DNA. A basal diet was provided to the fish three
times a day (08:00, 12:00, and 16:00).

Furthermore, 240 healthy common carp, with similar
sizes (32.50 £ 1.52g), were randomly divided into twelve
100L tanks, with 20 fish in each tank. This was replicated
in three tanks per treatment for the feeding trial. After the
trial began, each group of fish was fed its respective diet
three times daily (at 08:00, 12:00, and 16:00). For 8 weeks,
3% of the common carp body weight was fed daily. After the
second week, the feed rate was adjusted based on body
weight.

During the trial, around 30% of the cultured water was
replaced once a day with dechlorinated, fresh water at the
same temperature, with oxygen saturation maintained by
aeration. Furthermore, the fish were kept in tanks of 100L
size that received constant water flow, while being subjected
to natural photoperiod conditions. The water temperature
ranged between 25.0 and 29.0°C, pH levels were maintained
between 7.2 and 7.6, the dissolved oxygen level was main-
tained above 5mg/L, and the nitrogen concentration was
restricted to less than 0.05mg/L. A collection of uneaten
diets was made, dried, and weighed.
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TaBLE 1: Ingredients and nutritional composition of the basal diet
(% dry matter).

Ingredients Composition
Fish meal 20.00
Flour 20.00
Soybean meal 20.00
Casein 19.00
CMC-Na 10.00
Cottonseed meal 5.00
Soybean oil 3.00
CaH,PO, 1.50
Mineral mixture 1.00
Methylcellulose 0.20
Salt 0.20
Vitamin mixture 0.10

Note: purchase from Tongwei Group Co., Ltd., Xinxiang, Henan Province,
China.

2.3. The Growth Dynamics of B. coagulans in Common Carp.
After 7 days of gavage, resume normal daily feeding. Three
fish and their intestines were, respectively, taken from the
experimental group at2d,4d,6d,8d, 10d, 12 d, and 14
d days after stopping gavage for imaging analysis by an ani-
mal in vivo imaging system (Aniview100, Yunxing Scientific
Instruments Co., Ltd, Guangzhou Province, China). Further-
more, we took three fish and their intestines from the control
group. The 200 ppm MS-222 solution was used to euthanize
these fish (purchased from Aladdin Bio-chemical Technol-
ogy Co., Ltd, Shanghai, China). Then, the interior of the fore-
gut, midgut, and hindgut were washed with PBS and,
respectively, collected in centrifuge tubes for imaging analy-
sis and colony count. The intestine samples were ground
and spread on LB medium with ampicillin for 24 h, and the
number of B. coagulans labelled with green fluorescence
was observed through a fluorescence microscope (LIFA,
Aunion Tech Co., Ltd, Shanghai, China).

2.4. Growth Performance. The following formulas were used
to calculate the initial body weight (IBW), final body weight
(FBW), weight gain rate (WGR), specific growth rate (SGR),
and feed conversion ratio (FCR):

FBW - IBW
WGR =100% X ———,
IBW

InFBW - InIBW

SGR = 100% x —— - 20 (1)
days
FCR < feed intake(g) .
FBW - IBW

2.5. Sample Collection. A growing trial of 8 weeks was
followed by a 24-hour fast before samples were collected.
Eighteen fish per dietary treatment (six fish per tank) were
selected at random and euthanized with MS-222 solution
at 200 ppm. Then, the liver and intestinal tissue of fish were
dissected under aseptic conditions with surgical scissors.

Moreover, aseptic scraping, snap-freezing, and freezing
intestinal contents were performed. After washing the intes-
tine with sterile PBS (pH 7.4), the tissue samples were kept at
-80°C for further analysis.

2.5.1. Analysis of Digestive Enzyme Activities. Homogenized
foregut, midgut, and hindgut samples from common carp
were homogenized with 0.9% aseptic saline in a ratio of 1:9
(tissue: saline) on ice for 10min. To analyze the digestive
enzyme activity, the homogenate was centrifuged for 10
minutes at 4°C at 3,000 rpm and collected in 1.5 mL centrifugal
tubes.

To determine protease, amylase, and lipase activities,
commercial kits were obtained from the Nanjing Jiancheng
Bioengineering Institute in China. Protease activity was
determined based on its ability to enter the chain of hydro-
lysis substrate ethyl arginine at 253 nm [36]. Amylase was
estimated based on the hydrolysis capacity of the unhy-
drolysed starch with iodine solution to produce relatively
stable brownish-red compounds and measured at a 660 nm
absorption peak. To quantify the level of amylase activity, a
solution was used to reveal nonhydrolyzed starch [37]. The
lipase activity was assessed by assessing its hydrolysis capa-
bility of triglyceride and its ability to produce a cloudy emul-
sion when combined with water, and then determining the
absorption peak at 420 nm [38].

2.5.2. Morphological Analysis. A 4% paraformaldehyde solu-
tion was used to fix the intestinal tissues. They were rou-
tinely processed, sectioned transversely at 6 ym, and then
stained with hematoxylin and eosin (H&E) under a light
microscope (Nikon Eclipse E400). The tissue slides were uti-
lized to measure the villus height and muscular thickness of
the intestine wall. 9 intestinal samples of each group were
used to measure both villus height and muscular thickness.
Each intestinal sample had 3 measurements of villus height
and muscular thickness.

2.5.3. Intestinal Microbiota Analysis. The QIAamp PowerFe-
cal DNA Kit was used to extract intestinal microbe DNA, in
accordance with manufacturer instructions. Then, the DNA
was amplified from the V3-V4 hypervariable region of the
16S rRNA using universal primers 338F (ACTCCTACGGG
AGGCAGCA) and 806R (GGACTACHVGGGTWTCTA
AT). Amplification of the 16S rRNA gene sequence by PCR,
the PCR program was conducted according to the volume
and reaction program previously reported by Chang et al.
[39]. The sequencing was performed on an Illumina MiseqTM
PE 300 system with high throughput (Shanghai Majorbio
Bio-pharm Technology Co., Ltd).

In order to acquire clean, high-quality reads, after
quality-filtered the raw reads. Additionally, for OTUs, a
sequence difference threshold of 97% was established. Com-
munity composition was shown by PCoA (principal coordi-
nate analysis), whereas the significant differences among
species were shown by the Kruskal-Wallis H test. The bar
diagram was used for assessing the microbe the samples con-
tain at a certain taxonomic level and the relative abundance
of the microbes in the samples.
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F1GURE 1: The growth dynamic of Bacillus coagulans in common carp. (a) Fish body imaging picture after gavage in the control group; (b-h)
Fish body imaging pictures of the experimental group at 2, 4, 6, 8, 10, 12, and 14 days after gavage.

2.5.4. Liver Antioxidant Analysis. A homogeneous sample of A commercial kit (provided by Nanjing Jiancheng Bio-
1 g liver tissue was mixed with 9g of PBS (0.01 M, pH7.4) on  logical Engineering Institute, China) was used to evaluate
ice. The supernatant was centrifuged for 10 minutes at 4°C the total antioxidant capacity (T-AOC), catalase (CAT),
to separate it carefully for subsequent analysis. superoxide dismutase (SOD), and malondialdehyde (MDA)
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F1GURE 2: The growth dynamic of Bacillus coagulans in the intestine of common carp. (a) Intestinal imaging photograph of the control
group. (b-h) Intestinal imaging photos of the experimental at group 2, 4, 6, 8, 10, 12, and 14 days after gavage.

on a Microplate Reader (PerkinElmer, USA). The T-AOC
activity was assessed by measuring its capacity to reduce
Fe®* to Fe*" with antioxidant substances, leading to complex
formation with phenanthrolines. This complex was quanti-
fied at a 520 nm absorption peak. To perform the catalase
(CAT) assay, hydrogen peroxide (H,0,) was spectropho-

tometrically determined with ammonium molybdate that
absorbs at 405nm. In order to determine the SOD activity,
nitrite and superoxide anion radicals were inhibited by
SOD. In this process, purplish red compounds were pro-
duced at a wavelength of 550 nanometers. The TBA method
was employed for the detection of MDA in a glacial acetic



acid solution. Condensing the decomposition products of
lipid hydroperoxide with TBA can yield red compounds
with an absorption peak at 532 nm.

2.6. A. hydrophila Challenge Experiment. A. hydrophila was
provided by the Henan Normal University’s aquatic animal
disease control center from infected common carp. A culture
of A. hydrophila was grown in a 250mL flat bottom flask
using 100 yuL of Luria broth. After 12h of incubation at
37°C and 180rpm, the cells were centrifuged (7,000 rpm
for 10 minutes at 4°C) and pelleted. The supernatant was
eliminated and PBS was used to reintroduce the bacterial
cells, which were then diluted to achieve varying concentra-
tions of A. hydrophila during the 7-day experiment. Upon
completion of the 8-week feeding trial, another three fish
from each replicate were randomly selected and injected
intramuscularly with 100uL of suspended bacteria
(LDsy =1x10* CFU/mL) at the third abdominal segment
for the disease resistance test. Nine common carps were
injected with PBS as a negative control (K-). As a positive
control, 100 uL of A. hydrophila (LDs,=1x 10® CFU/mL)
were injected. In accordance with the conditions described
earlier, 24 h after infection with A. hydrophila, the caudal
vein was punctured for the collection of blood. After
centrifuging at 3,500 rpm/min at 4°C for 15min. A micro-
plate reader (Perkin Elmer, USA) was used to perform
ELISA with cytokine polyclonal antibodies. To summarize,
the procedure involved coating a Nunc 96-well Immuno-
Maxisorb plate was similar to those of Feng et al. [40].

2.7. Statistical Analyses. The results were demonstrated in
the form of the mean plus the standard deviation (SD) of
three repeated measurements. An analysis of one-way vari-
ance was conducted for analysis purposes, followed by a
multiple-range test using Duncan’s formula. The statistical
significance was determined with a threshold of P < 0.05.
The tank means (n = 6 per treatment) were used as statistical
units.

3. Results

3.1. The Growth Dynamics of B. Coagulans in Common
Carp. Figures 1 and 2 show the results. As can be seen in
Figure 1, except for the control group. All fish displayed
fluorescence signals in other pictures. Combined with
Figure 2, the observation of stripping the intestinal tract
revealed that the fluorescence signals inside the intestines
remained intact for 2-14 days. Fluorescence signals weaken
over time. In Figure 3, there is a gradual downward trend
in fluorescence intensity in the fish and the intestine. After
gavage, the midgut fluorescence signal was stronger than
other parts of the intestines. However, the slowly decreasing
hindgut fluorescence intensity remained relatively stable.
Table 2 shows the total number of recombinant B. coagu-
lans in common carp intestines. The bacteria count remained
high for the entire 6-day period. However, on the 8th day, the
B. coagulans count sharply dropped. There was always a
detectable bacterial count in all three parts of the intestine dur-
ing the 14-day period. On the 14th day, the bacterial count in
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FIGURE 3: Variation trend of Bacillus coagulans in various parts of
common carp.

TaBLE 2: The count of Bacillus coagulans in the intestine.

Davs after cavage Foregut Midgut Hindgut
4 gavag Total bacteria count (CFU/g)
2 3.34 % 10° 6.10 x 10° 3.47 x 10*
4 2.06 x 10* 8.33x 10* 5.83 x 10*
6 2.67 x 10* 5.50 x 10* 3.50 x 10*
8 2.70 x 10° 3.10 x 10° 5.93 x 10°
10 2.20x 10° 2.30 x 10° 3.14x 10°
12 1.40 x 10° 2.60 x 10° 2.87x 10°
14 2.00 x 10? 1.10 x 103 2.00 x 10°

the foregut diminished dramatically to only 2.00 x 10> CFU/g
due to prolonged time. By the 4th day, the midgut bacteria had
decreased, and by the 8th, they had stabilized. The overall
number of bacteria in the hindgut exhibited a decreasing
trend, albeit modest. There were still 2.00 x 10> CFU/g of
recombinant B. coagulans on the 14th day. This was more sta-
ble than in the foregut and midgut.

3.2. Growth Performance. Table 3 presents growth perfor-
mance parameters. Upon feeding fish diets containing B.
coagulans, all harvest growth parameters (i.e., FBW, WGR,
and SGR) exceeded those of the control group by a signifi-
cant margin (P <0.05). Contrarily, the FCR of fish given
diets containing B. coagulans groups was significantly lower
than that of the control group (P < 0.05). The fish belonging
to group A demonstrated superior growth indices, with a
weight gain rate of 257.10, specific growth rate of 2.12, and
feed conversion rate of 1.03 (P < 0.05).

3.3. Digestive Enzyme Activities. Figure 4 illustrates the
impact of dietary supplementation with B. coagulans on
digestive enzyme activity in the intestine. Comparing group
C with the control group, protease activity in the intestines
improved dramatically (P < 0.05). As for the amylase activity
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TaBLE 3: Effects of Bacillus coagulans on growth performance of common carp.

Concentration of Bacillus coagulans
Growth parameter S

CK A B

IBW (g) 33.30 +0.52 32.16+0.38 32.66 +0.25

FBW (g) 90.16 + 7.90° 114.84 + 17.96° 103.31 +6.36" 101.14 + 14.17°
WGR (%) 171.10 + 9.05° 257.10 +2.29% 216.37 + 4.69° 217.53 +7.40°
SGR (%) 1.65 +0.04° 2.12+0.01° 1.92+0.03"

FCR 1.36 +0.05 1.03 +0.02° 1.20 +0.04°

Survive (%) 100.00 100.00 100.00

Note: control (CK): 0 CFU/g; group A: 10" CFU/g; group B: 10® CFU/g; group C: 10° CFU/g. Values with same superscript letters in the same column are not

significantly different, while different letters are significantly different (P < 0.05).
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FI1GURE 4: The digestive enzyme activities in common carp. Adding B. coagulans to 1 g commercial diet: control (CK), 0 CFU/g; group A,
107 CFU/g; group B, 10° CFU/g; and group C, 10° CFU/g. The values marked with different letters are significantly different (P < 0.05).

in the intestines, both the foregut and hindgut of group A
increased significantly compared to the control group
(P<0.05), but not among the midgut of all groups
(P>0.05). Supplementation of a diet with B. coagulans had
increased growth in both their foregut and hindgut. There
was a significant difference between the experimental and
control groups in lipase activity (P < 0.05). Groups A and
B showed higher lipase activity (significantly higher than
control), but groups C and the control showed no significant
difference (P > 0.05).

3.4. Intestinal Morphology. The histological status of the
midgut is shown in Figure 5. In the control group and
groups B and C (images (d), (b), and (c)), there were
revealed twists and fusions of intestinal villi. However, group
A showed a tendency towards a regular arrangement of
intestinal villi, with little or no observed twisting and fusion
(image (a)).

Figure 6 presents intestinal morphometric parameters. A
significant increase in villi height was observed in the midgut
and hindgut of fish supplemented with B. coagulans in com-
parison to those fed a control diet (P < 0.05). As compared

to the other groups, group B had significantly higher villi
height in the foregut. Additionally, all treatment groups dis-
played significantly increased muscle thickness compared to
the untreated group (P < 0.05).

3.5. Intestinal Microbiota Analysis. A total of 549,704 raw
reads were produced by high-throughput sequencing. With
quality filtering and merging, we obtained 528,841 trimmed
sequences from 12 samples, on average with a length of
428bp. Figure 7 shows that the OTU rarefaction curve,
based on a similarity cut-off of 97%, was leveled off, indicat-
ing sufficient sequencing depth.

A PCoA analysis was conducted using the pyrosequenc-
ing data to assess f-diversity. As shown in Figure 8, the
groups treated with B. coagulans exhibited structural dissim-
ilarity from CK. The primary principal component (PC)
scores are PC1 =49.04% and PC2 =24.13%. There was an
evident division of the microbial community in the intestine
into four groups, and each group was gathered, indicating
that the microorganisms in each group had certain similari-
ties and the community structures of the different groups
differed in certain respects.
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FIGURE 5: Photomicrographs and histological measurements of the midgut cross-cutting of common carp fed with different concentrations
of B. coagulans: (a) 107 CFU/g; (b) 108 CFU/g; (c) 10° CFU/g; (d) control. VH =villus height; MT = muscle thickness. Scale bar = 100 ym.
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F1GURE 6: The length of intestinal villi and muscular thickness in common carp. Adding B. coagulans to 1 g commercial diet: control (CK),
0CFU/g; group A, 10° CFU/g; group B, 10° CFU/g; and group C, 10° CFU/g. The values marked with different letters are significantly

different (P < 0.05).

Through phylogenetic analysis of the sequence, all
sequences belonged to 18 phyla based on the phylum level.
The 12 intestinal samples included CK1, CK2, CK3, Al,
A2, A3, Bl, B2, B3, Cl1, C2, and C3, with Proteobacteria
(97.85%), Firmicutes (1.49%), and Bacteroidetes (0.31%)
being the main organisms present. The total sequence was
accounted for by these sequences at a rate of 99.65%. These
groups were the main dominant flora of intestinal microbes.

The specific distribution is shown in Figure 9. The addition
of B. coagulans significantly increased Firmicutes among
them, reaching the highest value in Group C, while Bacter-
oides decreased with increasing concentrations of B. coagu-
lans and disappeared in group C.

At the genus level, all sequences belong to 151 genera,
and the species distribution of each group is shown in
Figure 10. The dominant species of the intestinal flora was
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FIGURE 7: Rarefaction curves. Adding Bacillus coagulans to 1g
commercial diet: control (CK): 0CFU/g; group A: 10’ CFU/g;
group B: 10° CFU/g; and group C: 10° CFU/g.
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FiGure 8: Control (CK): 0 CFU/g; group A: 10” CFU/g; group B:
10® CFU/g; group C: 10° CFU/g. Principal coordinates analysis of
the Spearman-approx scores of the microbial communities.
Principal components (PCs) 1 and 2 explain 49.04% and 24.13%
of the variance, respectively.

Aeromonas (81.54%). Shewanella proportions decreased
with increasing concentrations of Bacillus coagulans, while
Gemmobacter and Bacillus proportions increased.

After supplementing the diet of common carp with B.
coagulans for eight weeks, the researchers used Kruskal-
Wallis tests to examine the changes in gut microbiota at both
the phylum and genus levels. At the phylum level

(Figure 11), they demonstrated that there were no notable
differences in the prevalence of Proteobacteria (P =0.075)
and Bacteroidetes (P = 0.034), Chloroflexi (P = 0.183) among
the four groups (P > 0.05). With rising concentrations of B.
coagulans, the abundance of Firmicutes showed a gradual
increase that was significant (P =0.050). Actinobacteria
(P=0.048) increased significantly in the experimental
groups, and Chlamydia (P =0.050) increased significantly
in group C. At the genus level, in the experimental groups,
the relative abundances of Gemmobacter (P =0.016), Bacil-
Ius (P=0.022), Bosea (P =0.038), norank_f__Rhizobiales_
Incertae_Sedis (P =0.033), unclassified_f_Rhodobactera-
ceae (P =0.019), Rhodobacter (P=0.019), and norank_f
Desulfovibrionaceae (P =0.025) were increased significantly
when compared to the control group (P < 0.05), as indicated
by the value of Figure 12.

3.6. Liver Antioxidant Analysis. Figure 13 shows a liver oxida-
tive indicator in common carp. group C displayed significantly
higher T-AOC activity than other groups (P <0.05). The
improvement in CAT was significantly greater in groups B
and C compared to the control group, while it was relatively
lower in group A. SOD levels in the liver were significantly
higher in groups A and B than in control and group C
(P <0.05). Conversely, the oxidative damage indicator MDA
decreased dramatically across all B. coagulans-supplemented
groups (P <0.05), without significant differences between
the experimental groups (P > 0.05).

3.7. A. hydrophila Challenge Experiment. After the 7-day
challenge with A. hydrophila, the results are shown in
Figure 14. The treated groups secreted significantly more
proinflammatory factors IL-1f3 and IL-12 than the control
group (P < 0.05), with group A demonstrating the strongest
activity. And the secretion of IL-1f3 and IL-12 was remark-
ably upregulated in the positive control group than in the
K-group. For anti-inflammatory cytokines, the experimental
groups showed significantly higher expression levels of IL-10
and TGF-f (P < 0.05). The positive control group exhibited
a significant decrease in IL-10 and TGF-f expression com-
pared to the negative control group (P < 0.05).

4. Discussion

B. coagulans is a promising probiotic candidate among the
many probiotics used as a protein feed additive in the aqua-
culture industry because of its nonpathogenic and nontoxic
properties [16, 41]. Currently, there is a growing field of
research focusing on the colonization ability of probiotics,
which can adhere to and colonize the tissue surface of the
organism, leading to various prebiotic functions [34]. But
there is no report that has been directed towards the coloni-
zation ability of B. coagulans to common carp.

Previous studies have shown that probiotics have differ-
ent colonization ability in the intestines, generally between 2
and 65 days [42, 43]. According to this study, the results
showed that B. coagulans established colonization in the
common carp intestine within 2-14 days. Xu et al. [44] study
generally agreed with this, who found that the colonization
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FIGURE 9: Bacterial composition of the different communities at the phylum level. Adding Bacillus coagulans to 1 g commercial diet: control
(CK): 0 CFU/g; group A: 10" CFU/g; group B: 10° CFU/g; and group C: 10° CFU/g.

of Bacillus subtilis could survive and colonize the intestine of
zebrafish, but the colonization ability was not explained. In
our study, the trend of survival dynamics in B. coagulans
was similar to the observation of Ringo and Gatesoupe
[45]. This may be due to the metabolism of recombinant
B. coagulans present in the intestine suggests a colonization
rate of B. coagulans in the midgut was relatively high. To
determine whether B. coagulans has an effective function
on common carp, further study about the probiotic effect
after the colonization of B. coagulans in the intestine.

The current study assessed the impact of Bacillus coagu-
lans supplementation on the growth performance, intestinal
health, antioxidant capacity, and immune response of com-
mon carp through beneficial colonization in the intestine.
There has been evidence that supplementing animal diets
with Bacillus improves growth performance [19, 46, 47].
Furthermore, Sadeghi et al. [48] found that feeding fish with
a combination of B. licheniformis and 3% lemon peel
resulted in the most effective growth performance. Amoah
et al. [19] improved the WGR and SGR of Litopenaeus van-
namei with dietary supplementation with B. coagulans. Fur-
thermore, our findings align with multiple studies conducted
on other animals such as broiler chickens and piglets. These
studies have demonstrated that diets enriched with Bacillus
spp. enhance growth performance [49-51]. It is hypothe-
sized that the common carp’s enhanced growth performance
is due to the release of digestive enzymes by B. coagulans,
which improve feed digestion [16].

Fish digestion and absorption depend heavily on the
intestines [52]. Several morphological characteristics of the
gut (villi height, muscular) and digestive enzymes (protease,
amylase, and lipase) indicate the presence of a healthy gut
within fish [53]. It is also believed that the higher or wider
the microvilli of the intestinal epithelial cells, the broader
the surface area for absorbing nutrients [54, 55]. The current

research demonstrated a noteworthy rise in both the villi
height and muscular thickness of probiotic groups in com-
parison to the untreated group, which is corroborated by
Amoah et al. [19] findings. In previous studies, Bacillus
was added to the diets of several fish species, including trian-
gular bream (Megalobrama terminalis) as described by
Zhang et al. [56] and Nile tilapia (Oreochromis niloticus) as
reported by Han et al. [57]. Coincidentally, in our study,
improvements in protease, amylase, and lipase activities
were detected in the diet-supplemented B. coagulans group
were higher than the control in various degrees, but not
all improvements were significant. Similar results were
obtained in Litopenaeus vannamei with improved digestion
enzyme activity [58]. The improvement of common carp
with dietary supplementation B. coagulans on villi length
and muscular thickness may be associated with digestive
enzyme activity, which improves feed digestibility. Higher
rates of growth can be attributed to higher digestive enzyme
activity, which results in increased absorption capacity
through the breakdown and nutrient uptake by digestive
enzymes [59].

The intestinal microflora was crucial to shape the struc-
ture [60, 61]. As a result, they may contribute to the
improvement of the inflammatory response by forming a
protective barrier that prevents pathogens from entering
[60, 62, 63]. The results of our study indicated that there
was a profound impact of B. coagulans on the composition
and diversity of the intestinal microbiota of common carp,
as demonstrated by the number of OTUs analyzed, as well
as PCoA analysis and an increase in the diversity of alpha.
By adding B. coagulans significantly elevated the abundance
of Firmicutes and lowered the ratio of Bacteroides. The
results of Amoah et al. [19] parallel this. Several species
of the genera Aeromonas, Shewanella, Gemmobacter, and
Bacillus were dominant at the genus level in this study.
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Shewanella is a gram-negative bacterium that mainly
infects seafood such as fish and shrimp and makes them cor-
rupt and fester [64, 65]. The study showed that common carp
ted a balanced diet supplemented with B. coagulans had signif-
icantly lower Shewanella levels. Meanwhile, the proportion of
Bacillus increased gradually with the addition of B. coagulans,
presumably to facilitate the growth of other denitrifying bac-
teria, such as Gemmobacter. This study demonstrates that
advantageous colonization of B. coagulans can be achieved
when combined with the findings discussed earlier. B. coagu-
lans and the probiotic possess the capacity to generate anti-
microbial agents that diminish the prevalence of harmful
bacteria in the gut and augment the ratio of advantageous
bacteria [66-68].

Fish have a sophisticated antioxidant regulatory system
known as T-AOC, where SOD and CAT enzymes are com-
monly found and are essential to the protection of fish from
oxidative stress [69-72]. An indication of lipid peroxidation
is MDA content, with lower levels indicating better data
[73-75]. Fish that were given diets containing B. coagulans
had higher levels of SOD, CAT, and T-AOC activity in their
livers. MDA in all the treatment groups decreased signifi-
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cantly. There was a positive effect demonstrated by the
results of B. coagulans. There was an evaluation of the anti-
oxidant capacity tested with B. coagulans, and the results
aligned with Zhang et al. [6], it was reported that a basal diet
supplemented with 5 x 10° CFU/kg of Bacillus spp. was indi-
cated to significantly increase CAT and SOD levels and
decrease MDA levels. According to Han et al. [57], it is pos-
sible to enhance the production of antioxidant enzymes and
antioxidants, resulting in the effective removal of surplus
free radicals and an improvement in antioxidant capacity.
Teleosts have a defense system composed largely of non-
specific immunity [40, 76, 77]. There is no doubt that
inflammation is a key component of the innate immune
response system, which is mediated primarily by cytokines
[73]. Teleost fish can improve their immune response and
anti-infection ability against pathogens by regulating cyto-
kines [78]. Cytokines, namely, IL-1f3, IL-12, IL-10, and
TGF-f3, are frequently employed to assess an organism’s
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immune response, which can be further modulated by these
cytokines [21]. As shown in this research, the introduction
of A. hydrophila into a diet supplemented with B. coagulans
increased the expression of IL-1f, IL-12, IL-10, and TGF-f8
in the serum of nonspecific immunity, which promotes fish’s
immunity. In addition, B. coagulans could induce nonspe-
cific immunity, which promotes fish immunity. B. coagulans
protect fish from invasive organisms. Standen et al. [79]
found that tilapia was more responsive to probiotic supple-
mentation, which is in line with our findings. Our study
indicated that dietary supplementation of B. coagulans of
common carp experiences effective prevention and allevia-
tion of oxidative stress.

5. Conclusion

In conclusion, B. coagulans with GFP-tag had beneficial
colonization in the intestine of common carp, which was
maintained in the intestine for at least 14 days and more sta-
ble in the hindgut. A detailed analysis of the present study
reveals that supplementing the diet of common carp with
B. coagulans NRS 609 led to enhancements in growth per-
formance, antioxidant capacity, intestinal barrier health,
digestive enzyme activities, and disease resistance. The
greater growth performance could potentially be attributed
to boost digestive enzyme secretion and higher intestinal villi
and muscular thickness in the probiotic-supplemented
groups, promoting better feed digestibility and absorption.
Additionally, the study indicated that B. coagulans positively
influenced common carp’s regulation of cytokines, which is
an important component of the immune response, as well
as modulating gut microbial diversity and composition,
and enhancing liver antioxidant enzyme activity. A concen-
tration of 10" CFU/g was found to be the optimal choice of
B. coagulans in common carp diets, suggesting that the bac-
terial strain could serve as an effective and environmentally-
friendly approach to managing fish aquaculture.
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