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Abstract

Bacillus sp. DU-106, a potential probiotic, has been proved to activate innate immunity, reduce hypercholesterolemia, and
regulate the gut microbiota of mice. In the present study, we investigated the therapeutic effect of strain DU-106 in antibiotic-
associated diarrhea (AAD) via analyzing the changes in gut microbial composition in mice. The results indicated that supple-
mentation of strain DU-106 alleviated gastrointestinal symptoms, improved gut barrier integrity and immunoglobulin-A level
of mice with AAD. A 16S rRNA sequencing showed that antibiotics decreased bacterial diversity and the abundances of Alis-
tipes, Roseburia, Hungatella, Eubacterium-xylanophilum, Lachnospiraceae-UCG-001, Intestinimonas, and Lachnospiraceae-
NK4A136, but increased the abundance of Klebsiella, Bacteroidota, and Verrucomicrobiota. However, strain DU-106 treat-
ment reversed these alternations in mice with AAD. In conclusion, strain DU-106 could alleviate AAD in association with
the regulation of intestinal microbiota and could be used as an alternative treatment for AAD.
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Introduction

Diarrhea was a commonly multifactorial gastrointestinal dis-
order, clinically characterized by thin feces and increased
fecal moisture [1]. There were nearly 1.7 billion cases of
childhood diarrheal disease annually [2]. Among them, most
bacterial infectious diarrhea treated with antibiotics, which
also severely destroyed the diversity, uniformity, and func-
tionality of gut microbiota when antibiotics were misused,
which led to a common complication in clinical treatment
[3], called “antibiotic-associated diarrhea (AAD).” Although
patients could recover spontaneously in most cases, targeted
intervention could promote patients’ recovery and reduce
their pain [4]. Recently, drug therapy is a commonly used
method for the treatment of AAD. However, the problem of
safety and efficacy of drug therapy [5] is controversial. Thus,
new effective and safe strategies are needed to treat AAD.
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In recent years, increasing research has evidenced the
close relationship between diarrhea and gut microbiota [6].
Literature shows that the occurrence and recovery of AAD
are usually along with the disruption and restoration of intes-
tinal flora respectively [7], suggesting intestinal flora may be
the target of AAD treatment. Those presented a new avenue
of treatment for intestinal diseases AAD [8]. The ability of
test substances to regulate intestinal flora is a pivotal fac-
tor in the intervention of AAD. Probiotics are intended to
confer health benefits when consumed by humans, generally
by restoring the gut flora diversity or modulating gut micro-
biota with a decrease of the relative abundance of harmful
bacteria [9], such as opportunistic pathogens Clostridium
difficile [10], Klebsiella pneumonia [11], and Staphylococ-
cus aureus [12]. Therefore, the administration of probiotics
is a reasonable therapeutic strategy for the treatment of AAD
by regulating or restoring the intestinal microbiota.

Clinical studies have shown that probiotics such as Bifido-
bacterium animalis subsp. lactis BB-12 [13], Saccharomyces
boulardii CNCM 1-745 [14], and Lactobacillus rhamnosus
GG [15] have a positive effect on the intestinal flora regula-
tion and the prevention and treatment of AAD. Although tradi-
tional probiotics mentioned above show outstanding probiotic
activities that increasing beneficial bacteria, considering their
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survivability in an extremely harsh environment, its utility may
not achieve satisfactory results. Interestingly, as spore-forming
probiotic bacteria, some Bacillus strains own high resistance
in the gut and are more likely to exert their probiotic role in the
intestinal tract than traditional live probiotics. They are more
suitable candidates for health care than commercial probiotics
[16], and the administration of Bacillus strains may be an attrac-
tive therapeutic approach for AAD. In the current research,
Bacillus coagulants can regulate host symbiotic microbiota and
inhibit the growth of pathogenic bacteria [16], even act as pro-
biotics on intestinal microflora populations of broiler chickens
to improve their growth performance [17]. While the effect of
Bacillus strains for AAD is still not reported.

We previously isolated Bacillus sp. DU-106, which pos-
sessed the ability to produce lactic acid, exerted a positive
effect on gut dysbiosis diarrhea. It could resist bile salt and
low pH of simulated gastric juice in vitro experiments, and
the acute oral toxicity test of mice certificated the safety of
strain DU-106 for humans [18]. These characteristics indicate
that DU-106 is more stable than other probiotics [19, 20]. We
previously showed a beneficial effect in hypercholesterolemia
and gut dysbiosis in high-fat diet rats [21] or activating innate
immunity [22] in mice. Therefore, we speculated that Bacillus
sp. DU-106 had the potential to become probiotics to treat
diarrhea resulting from changes in gut microbial communities.
The current study initially investigated the anti-AAD ability of
strain DU-106 and evaluated its effects on the gut microbiota
in AAD mice compared with three known probiotic strains.
The results of this work provide a safe and effective probiotic
for the alleviation of AAD and gut dysbiosis, which facilitated
its development as probiotics in the food industry.

Materials and Methods
Bacterial Strain

The bacterial strain used in the study was Bacillus sp. DU-106;
it is a newly isolated member of Bacillus cereus group accord-
ing to our previous report [18] and preserved in our laboratory
with powder form. The other three comparative strains were
Bifidobacterium animalis subsp. lactis BB-12, Lactobacil-
lus rhamnosus LGG and Lactobacillus acidophilus LAOS,
combined into a probiotic complex, purchased from Infinitus
(Guangzhou, China) Co., Ltd.

Animals and Experimental Design

In total, 50 SPF KM mice (4-week-old, body weight ~18-22 g)
were obtained from the Guangdong Medical Laboratory Ani-
mal Center (Animal production license number: SYXK (yue)
2018-0002). All mice were housed five per cage in Laboratory
Animal Center of Guangzhou University of Chinese Medicine

(Animal Use License number: SYXK (yue) 2018-0001), with
specific pathogen-free (SPF) conditions under a 12-h dark/
light cycle at an appropriate temperature (23 +3 °C), and rela-
tive humidity between 40 and 70%. The mice were fed with a
normal chow diet (Research diets LF10B, Guangdong Medical
Laboratory Animal Center, Foshan, China). We comply with
the guidelines for the care and use of laboratory animals as
described by the U.S. National Institutes of Health.

After a 3-day acclimation period, the mice were randomly
allocated to five groups (n=10, each group consisted of
male and female mice equally): (1) blank control group (BC,
administered intragastrically at 10 mL/kg bw/day for saline),
(2) model control group (MC, administered intragastrically
at 10 mL/kg bw/day for saline after modeling), (3) probiotics
control group (PC, administered intragastrically for probiotic
complex supplement (Bifido subsp. lactis BB12 6 x 10° CFU/
kg, Lact. LGG 6 x 10° CFU/kg, Lact. LA05 6x 10° CFU/kg)
after modeling,), (4) high-dose group (HD, administered
intragastrically at 3.5x 10° CFU/kg bw/day for Bacillus sp.
DU-106 supplement after modeling), and (5) low-dose group
(LD, administered intragastrically at 1.75x 10° CFU/kg bw/
day for Bacillus sp. DU-106 supplement after modeling).

Subsequently, group MC, group PC, group HD, and group
LD were given triple antibiotics (clindamycin 700 mg/kg bw/
day, ampicillin 790 mg/kg bw/day, streptomycin 395 mg/kg
bw/day, all purchased from TCI (Shanghai) Chemical Indus-
try Development Co., Ltd, Shanghai, China) by intragastric
administration to establish antibiotic-associated diarrhea
(AAD) mouse model according to previous research [19].
Different amounts of the powdered Bacillus sp. DU-106, tri-
ple antibiotic, and probiotic complex were dissolved in saline
to prepare a solution with different concentrations. All the
groups received an equivalent volume of 10-mL/kg bw/day
solution. Model establishment and test substance treatment
both lasted for 2 weeks. Bodyweight, fecal morphology, and
the difference in dry/wet weight ratio were recorded daily for
each mouse. At the end of the treatment, all the mice were
allowed to fast overnight, then their eyeballs were picked
for blood, killed with spinal dislocation, and dissected. 2-cm
jejunum intestine of each mouse was taken.

Diarrhea Rate Statistics and Evaluation of Diarrhea
Model

The fecal morphology and diarrhea rate were the key to
judge the success of modeling. The feces of each mouse
were collected by squeezing the root of the mouse tail, and
its morphology was divided into three grades (Fig. S1A
from supplementary materials): level O (brown, shaped, hard
stool), level 1 (yellow or brown, shaped, soft stool), and level
2 (yellow or brown, pulpy, unshaped stool).

A certain amount of feces was collected for wet weighing
and dry weighing (dry the feces in the oven until the mass
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change is less than 1%); its dry—wet weight ratio (reflect
the water content of feces) was calculated. The minimum
dry—wet ratio in the BC group was taken as the reference
value, and those with a dry—wet ratio less than the reference
value were defined as positive diarrhea. The diarrhea rates
of the BC group, MC group, PC group, and treatment (HD,
LD) group were recorded, and the differences among the
groups were statistically compared.

ELISA for Biochemical Determination

Serum samples were separated from blood samples (over-
night at 2 to 8 ‘C) after centrifugation(3000 r/min) for 1 min
under 4 °C and stored at —20 “C in 1.5-mL centrifuge tubes.
The IgA, IgG, IL-4, IL-6, and IFN-y levels in the serum
samples were analyzed according to the manufacturer’s
instructions of Sandwich ELISA kit (Shanghai Enzyme-
linked Biotechnology Co., Ltd, Shanghai, China).

Histopathological Evaluation

Two centimeters of jejunum intestine tube of each mouse
were taken during dissection. Then rinsed with saline and
fixed with 10% formalin immediately. The jejunum was
stained with H.E. after dehydration and embedding. His-
topathological sections were made to observe the changes
of villi, crypt, and intestinal glands in the small intestine of
mice under a light microscope. At least three fields under
a 40 x optical microscope of the section from each mouse
were randomly selected to record the length of villi and crypt
on average, and the ratio of above two was calculated. The
morphology of intestinal villi in pathological sections was
observed under 100 X and 200 X optical microscope, and his-
tological changes of villi, crypt, and intestinal glands in the
jejunum were evaluated.

DNA Extraction and PCR Amplification

After the treatment, bacterial DNA was extracted from the
fecal samples (collected aseptically in a sterile EP tube and
stored at — 80 °C) of each mouse (randomly selected from
each group) by using cetyltrimethylammonium ammonium
bromide (CTAB) method. The purity of extracted DNA was
determined by 1% agarose gel electrophoresis. Then DNA
was diluted to 1 ng/pL with sterile water in a centrifuge tube
before subsequent processing.

The bacterial 16S rRNA V4 region was amplified from extracted
DNA using barcoded specific primer 515F (5'-GTGCCA
GCMGCCGCGGTAA-3') and 806R (5'-GGACTACHVGGG
TWTCTAAT-3"), Phusion High-Fidelity PCR Master Mix with
GC Bulffer, and high-efficiency high-fidelity enzymes. The PCR
products were detected by electrophoresis on 2% agarose gel and
mixed with the same volume of 1 Xxloading buffer (contained
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SYB green), then mixture PCR products were purified with Qia-
gen Gel Extraction Kit (Qiagen, Germany).

Library Construction and Sequencing

Sequencing libraries were generated using TruSeq DNA
PCR-Free Sample Preparation Kit (Illumina, San Diego,
CA, United States), and its quality was assessed on the
Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent
Bioanalyzer 2100 system. Then, 250 bp paired-end reads
were generated after the libraries were sequenced on an Illu-
mina Novaseq 6000 platform at Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China). Paired-end reads
were merged using FLASH [23] (Version 1.2.7, Baltimore,
MD, USA), and the splicing sequences were called raw tags.
After quality filtration using QIIME [24] (Version 1.9.1)
and chimera removal using UCHIME algorithm [25], high-
quality clean tags [26] were finally obtained. Operational
taxonomic units (OTUs) were obtained from sequences
with >97% similarity using Uparse software [27] (Uparse
v7.0.1001). Representative sequences were selected for each
OTU, and the Silva Database [28] was used to annotate
taxonomic information based on Mothur algorithm.

Alpha diversity metrics (Observed-species, Chaol, Shan-
non, Simpson, ACE, Good-coverage) and beta diversity on
the weighted Unifrac distance were calculated by QIIME
software based on normalized OTU data and both displayed
with R software (Version 2.15.3). The Venn diagram, heat-
map analysis of the major genus, and principal coordinates
analysis (PCoA) results were displayed by WGCNA pack-
age, stat packages, and ggplot2 package in R software (Ver-
sion 2.15.3). The Anosim and multi-response permutation
procedure (MRPP) tests for significance were performed.

Statistical Analysis

All statistically significant differences were analyzed by a one-
way ANOVA procedure followed by Tukey’s test with SPSS
24 software (IBM, Chicago, USA). Unless otherwise stated,
data points were expressed as mean values and error bars rep-
resent standard deviations of biological replicates. The results
were considered statistically significant at P <0.05.

Results

Bacillus sp. DU-106 Reduces AAD-Related
Gastrointestinal Symptoms

The dry—wet weight ratio (Fig. 1A) of the BC group was
extremely significantly higher than the other groups at the
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beginning of the intervention period. The fecal morphology
of the mice in the model group was all level 1 or above,
while the BC group was all level 0 (Fig. SIA from supple-
mentary materials). These results supported that the mice
were in a diarrhea state, and the model was established
successfully.

The probiotic complex significantly increased the
dry—wet ratio (Fig. 1A) and decreased the diarrhea rate
(Fig. 1B) (P<0.05) compare with the MC group at day 3,
indicating that the compound probiotics worked. The dry—wet
ratio and diarrhea rate of the DU-106 group was significantly
different (P <0.05) from the MC group at day 4, indicating
that the Bacillus sp. DU-106 began to take effect and could
accelerate the recovery of diarrhea in mice. The difference in
the diarrhea rate between the HD, LD, and PC group denoted
that the Bacillus sp. DU-106 had a dose—response relationship
and the improvement in the diarrhea of mice was similar with
the compound probiotics.

Bacillus sp. DU-106 Enhances the Imnmune Function
of AAD Mice

The level of IgA (Fig. 2A) in treatment group and the IL-4
level in MC group (Fig. S2C from supplementary materi-
als) were both increased (P <0.01) compared with the BC
group, but compound probiotics and high dose of DU-106
alleviated the IL-4 tendency of AAD mice. Besides, the
IgG, IFN-y, and IL-6 (Fig. S2 from supplementary mate-
rials) had no significant changes between each group.
These results supported that the tested substance, and the
compound probiotics had a certain effect of enhancing
immunity.

>

—BC
—MC
—PC
—HD
0.6 LD

0.7 ~

Dry-wet weight ratio
(=]
~
%
[FREAN
*
1>7
>
\\\

0.3 *E=— i } 4

02 -

0.1 T T T T T 1
o 1 2 3 4 5 6

Intervention days

Fig.1 Dry-wet weight ratio of feces from mice (A). The dry—wet
weight ratio of feces is negatively correlated with its moisture con-
tent. Changes of diarrhea rate in each group during the intervention

Bacillus sp. DU-106 Improves Gut Barrier Integrity
in AAD Mice

Compared with BC group, villus length (Fig. 2B) (P> 0.05)
and crypt depth (Fig. 2C) (P <0.05) were both increased
in MC group, but the value of V/C ratio (Fig. 2D) was
decreased (P <0.05). After 2 weeks of intervention of
compound probiotics and DU-106, compared with the MC
group, the crypt of AAD mice shallowed, but the villus
length (P <0.05) and the ratio of V/C (P <0.01) were both
markedly increased. The results of significance analysis
showed that DU-106 restored the damage of intestinal villi
caused by antibiotics, and the effect of high dose DU-106
was similar to compound probiotics.

As shown in Fig. 3, obvious swelling, shortening, thicken-
ing, fracture, and other phenomena occurred in AAD mice,
along with crypt deepened, intestinal mucosa damaged,
resulted in a decrease in villi height and density. The patho-
logical symptoms of jejunum villi in treatment group were
significantly relieved, indicating that DU-106 and compound
probiotics could ameliorate the damage of intestinal mucosa
in AAD mice.

Sequencing Data Quality Assessment and Alpha
Diversity Analysis

A total of 2,879,716 paired-end reads were obtained by
sequencing of 30 fecal samples, and an average of
79,593 +£6699 clean tags were produced from each sam-
ple after selection. The rank abundance curves (Fig. 4A)
were approaching the saturation plateau. These results
revealed that the sequencing depth covered the majority
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with diarrhea/the number of mice in the group x 100%
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Fig.2 Effects of Bacillus sp. DU-106 supplement on Immunoglob-
ulin A (A). The V/C ratio (D) was based on the length of villi (B)
and the depth of crypt (C) in the small intestine. The values are pre-

of species as well as reflected most of the diversity and
the true state of samples. The overall differences in gut
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Fig. 3 Pathological analysis of jejunum. The morphology of small intestine was observed in the sections by a microscope, and representative
pathological pictures of jejunum from mice were used to assess the intestinal barrier condition of mice
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It can be found (Fig. 4B-D; Fig. S3B-D from supple-
mentary materials) that alpha diversity indexes were gen-
erally decreased in AAD mice. The Shannon index was
significantly decreased in the MC group, while the high
dose DU-106 treatment could reverse this reduction, and
the HD group could improve alpha diversity index com-
pared with the LD group, but the above two changes did
not reach the significant level. The alpha diversity was
related to the richness of bacterial species and the number
of bacteria in the gut [29]. The Venn diagram (Fig. 4D)
showed that DU-106 and other groups shared 283 OTU,
and L, H group owned 7, 16 OTU for unique respectively.
These results showed that Bacillus sp. DU-106 interven-
tion concentrated the community structure and increased
the diversity and richness of intestinal flora.
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Fig.4 Alpha diversity analysis of each group. The smoother the rank
abundance curve (A), the more uniform the distribution of OTUs.
The longer the span of curve A on the horizontal axis, the more abun-
dant the species content of the sample. Shannon index (B) and Venn

Bacillus sp. DU-106 Alters Gut Microbiota
Composition in AAD Mice

The PCoA plot (Fig. 5SA) presented a distinct clustering of
microbiota structure for five groups based on Bray—Curtis
distances. Group BC was concentrated in the upper right
quadrant while other groups were gathered in the left lower
quadrant, but group HD shifted the overall compositions of
the gut microbiota in the MC group toward the composition
of the BC group, suggesting that high-dose Bacillus sp.
DU-106 had played a positive role in restoring the change
caused by the antibiotic. Both Anosim and MRPP analyses
(Fig. 5B) supported that statistically significant separation
was found between MC and the microbiota of BC and LD
group; while we did not detect an obvious difference among
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diagram (D) are positively correlated with species diversity, F/B ratio
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Fig.5 Bacillus sp. DU-106 alters gut microbiota composition in antibiotic-
associated diarrhea mice. Principal coordinates analysis (A) reflects the
differences between samples directly. The contribution to variation of
X-axis and Y-axis is 37.18% and 11.50%, respectively. Anosim/MRPP (B)

PC, HD, and MC. UPGMA cluster analysis (Fig. 5C) pre-
sented similar results.

The overall microbial composition of all groups was dis-
played at the phylum and genus levels (Figs. 5C and 6A—B).
Bacteroidota, Firmicutes, Proteobacteria, and Verrucomi-
crobiota were the most dominant phylum across all groups
(Fig. 5C). The MC group showed a significant decrease in
the relative abundance of Firmicutes but increase in the
relative abundance of Bacteroidota and Verrucomicrobiota
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Relative Abundance in Phylum Level

analysis presents the difference at OTU level between each group. Relative
abundance of the dominant bacterial and UPGMA cluster analysis at the
phylum level (C)

compared with the BC group, but the PC and HD group
changed this variation tendency. The relative abundance of
Proteobacteria rose significantly in AAD mice, LD could
weaken this change. Histogram (Fig. 6A) showed that the
number of identifiable genus in PC group and Du-106 group
was more than that in BC group and MC group. At the
genus level, we found the Alistipes, Roseburia, Hungatella,
Eubacterium-xylanophilum, Lachnospiraceae-UCG-001,
Intestinimonas, and Lachnospiraceae-NK4A136 were
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«Fig. 6 Distribution and comparison of bacterial genus among groups.
Histogram of relative abundance at the genus level (A). The heatmap
analysis of each group at the genus level (B). Compared with the MC
group, the bacteria that increased significantly and decreased signifi-
cantly were marked red and blue, respectively

decreased but Klebsiella increased significantly in the MC
group compared with the BC group, whereas high-dose of
Bacillus sp. DU-106 supplementation reversed these altera-
tions (P <0.05; Fig. 6B).

Discussion

Excessive antibiotic intake could impair resistance to patho-
gens and intestinal mucosal injury as well as gut microbiota
dysbiosis and lead to diarrhea [19]. Several lines of evidence
supported the beneficial effects of probiotics on AAD [9,
19, 30]. Bacillus strains are emerging probiotics in recent
years, but the effectiveness of Bacillus on AAD improve-
ment remains poorly understood. In the present study, AAD
mice were intervened by Bacillus sp. DU-106, using entero-
pathology, immunomics, and gut microbiome, to determine
whether and if yes, how potential probiotics DU-106 was
able to ameliorate the gastrointestinal symptoms in AAD
mice. Our result showed that Bacillus sp. DU-106 admin-
istration sped up the restoration of AAD mice. It might be
connected with the regulation of intestinal flora, improve-
ment of gut barrier integrity, and enhancement of the
immune function.

The dry—wet ratio of feces and diarrhea rate directly
reflected the diarrhea condition of mice [21]. On the 6th
day of the intervention period, there is no significant differ-
ence (P <0.05) in the dry—wet ratio or diarrhea rate among
all groups, pointing that the natural recovery of the mice
took 6 days, and the gastrointestinal symptoms persisted for
a span after antibiotics stopped. We can notice from Fig. 1
that the strain DU-106 and compound probiotics began to
work on the 3rd day and significantly shortened the diar-
rhea process in AAD mice, which strongly supported the
strain DU-106 possessed the ability to treat AAD. During
the experiment, we found that a steady increase and no
significant difference in body weight among all the groups
presented in Fig. S1B (supplementary materials), which dif-
fered from other research [20, 30], whose mice experienced
a significant weight loss during the modeling period. The
discrepancy might be attributed to many reasons including
but not limited to the dosage of antibiotics. A lower dose
of ceftriaxone did not cause body weight loss in mice [31].

Cytokines were the mediators between immune cells
and other types of cells. Interleukin series function in
intestinal immunity, inflammation, and other processes.
The inflammatory response of body is generally caused by
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disequilibrium between cytokines [32]. The results showed
that IL-4 increased significantly in the MC group, as the
level of IL-6 and IFN-y did not change, lead dynamic bal-
ance disrupted, indicating that inflammation occurred in the
AAD mice, which meant the body’s immunity weakened.
The tendency to destroy the balance was alleviated by probi-
otics or high-dose DU-106, which were similar to the results
of Qi’s research [33]. IgA and IgG were the two highest con-
tent immune proteins produced by plasma cells. They were
the key to the immune response, and their content positively
correlated with the body’s immune function. The IgA con-
tent in the treatment groups increased significantly, which
suggested that the immunity of AAD mice was improved by
strain DU-106, which was in line with our previous study
on DU-106 to enhance immunity [20]. These results suggest
that AAD was associated with fluctuations in cytokines. And
the strain DU-106 might possess the anti-inflammatory abil-
ity. The acceleration of DU-106 to AAD restoration may be
related to its enhancement of the immune function.

The intestinal villi and crypt were essential physical bar-
riers preventing luminal pathogens from entering the blood-
stream and provided a living environment for gut micro-
biota [34]. The invasion of foreign substances can destroy
the intestinal villi and increase the depth of the crypt. The
ratio of villi length to crypt depth indicates the functional
status of the intestinal mucosa, and a significant decrease
in this ratio represents that intestinal mucosa is damaged,
which leads to the disturbance of intestinal flora, closely
linked to diarrhea [35]. Unlike the previous results [36], the
length of intestinal villi in our AAD mice was increased,
which might be related to the individual diversity of mice
or the difference in section making. As the villi and crypt
were difficult to ensure that they were completely vertical
cut during section making, which caused a discrepancy in
villi length and crypt depth. However, the antibiotics sig-
nificantly deepened the crypt and decreased the V/C ratio
in mice. We also observed that the AAD mice exhibited a
rise of frequency on edema, rupture, and fragmentation of
intestinal villus interstitium. Villi were damaged while its
fragments appeared in the intestinal lumen simultaneously,
which confirmed that antibiotics could destroy the intestinal
physical barrier. Similar to compound probiotics, we found
that strain DU-106 could promote the growth of intestinal
villi and recovery of crypt damage or intestinal mucosa
injury in AAD mice. The intestinal epithelial barrier was an
essential part of gut immunity [37]. Correspondingly, strain
DU-106 could improve the intestinal immunity of AAD
mice. This result indicated that the underlying mechanism
of DU-106 speed up AAD recovery involves the improve-
ment of intestinal barrier or intestinal immunity.

The development of diarrhea was generally accompanied by
the perturbation of intestinal flora [38]. In the present study, the
OTUs and Shannon index were used to measure the density and
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diversity of bacterial populations, respectively. The decline in
the diversity of gut microbiota was regarded as one of the bases
of the development of AAD [39]. We found that the AAD mice
had lower unique OTUs and alpha diversity index compared
with the BC group and treated group. These results showed
that the intestinal bacterial density and diversity were decreased
upon AAD but restored by high-dose DU-106 or compound
probiotic treatment, and both have similar recovery effects. Our
findings suggest that the strain DU-106 may inhibit AAD asso-
ciated with the improved bacterial growth and proliferation.

Changes in the intestinal microbiota were related to gut
diseases development such as diarrhea [39] and inflamma-
tory bowel disease (IBD) [40]. In our study, Bacteroidota,
Firmicutes, Proteobacteria, and Verrucomicrobiota were the
predominant gut microbiota of all groups at the phylum level.
Figure 4C shows that antibiotics decreased the relative abun-
dance of Firmicutes but increased the Bacteroidetes, caused
a decrease in the F/B ratio, and notably influenced the domi-
nating components of intestinal microbiota, consistent with
the previous study [41]. By contrast, high-dose DU-106 and
probiotics reduce the relative abundances of Bacteroidota,
Proteobacteria, and Verrucomicrobiota but increase the Fir-
micutes, which brought a huge alternation to microbial com-
munity structure and made the bacterial composition of AAD
mice closer to the BC mice at the phylum level.

The alteration of some genus is the pivotal mechanism
to ameliorate AAD [21]. Prior studies noted that the AAD
increased the relative abundance of Salmonella [19], CL. difficile
[39], and other pathogenic bacteria that colonized the intestinal
tract, which induced disruption of the gut microbiome and lasted
for a long time. At the genus level, antibiotics decreased the rela-
tive abundance of Alistipes, Roseburia, Hungatella, Eu. xylano-
philum, Lach.UCG-001, Intestinimonas, and Lach. NK4A136,
but increased the Klebsiella. Opportunistic pathogenic bacteria
did not cause disease under normal circumstances, but it would
disorder the gut microbiota of mice after the interference of anti-
biotics, leading to diarrhea and other symptoms [41]. Klebsiella
was one of the opportunistic pathogens, which associated with
AAD [42]. Other reduced bacteria genera in AAD mice were
also associated with health. Alistipes is a relatively new genus of
bacteria, isolated from clinical samples. A review suggested it
might have a protective effect against colitis and cardiovascular
fibrotic disorders [43]. Roseburia, Intestinimonas [44], and Eu.
xylanophilum [45] were common SCFA producing bacteria,
which contributed to the recovery of tight junction barrier by
affecting the expression of claudin-2, occludin, cingulin, and
zonula occludens proteins-1, 2 [46]. The relative abundance of
Lach. UCG-001 [47] and Lach. NK4A136 [48] decreased sig-
nificantly in dysbacteriosis mice, and the rebound occurred in
the two genera after the intervention of inulin or the conversion
to a normal diet. Hungatella hathewayi normalize the blood tau-
rine levels and significantly reduced the risk of intracranial aneu-
rysm formation and rupture in mice [49]. However, the aforesaid

variable bacteria in AAD mice were reversed and normalized
by high-dose DU-106 and compound probiotics. Thus, it is pos-
sible to state that the strain DU-106 could increase the beneficial
community relevant to the gut barrier integrity and decrease the
adverse flora, which can be an effective and probiotic candidate
with a therapeutical effect on AAD.

Conclusion

Taken collectively, dietary supplementation of Bacillus sp.
DU-106 exerted health beneficial effects against AAD by
alleviating diarrhea symptoms, improving gut barrier integ-
rity and immunoglobulin-A content as well as restoring the
diversity and composition of gut microbiota. Thus Bacillus
sp. DU-106 could serve as probiotics to treat AAD and more
detailed molecular mechanisms of Bacillus sp. DU-106 on
alleviating AAD needed to be explored.
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