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Abstract

The prevalence of bacterial digestive diseases in plateau animals has caused considerable losses to the Tibetan live-
stock industry. Therefore, this study aimed to isolate safe lactic acid bacteria (LAB) with beneficial probiotic proper-
ties to protect yaks from intestinal diseases. After 16S rDNA matching, four strains of Lactobacillus fermentum (A4),
Pediococcus pentosaceus (A3.4 and A1.2), and Pediococcus acidilactici (B1.9) were isolated from the intestinal tissues
and content of healthy yaks. The results indicated that A4 was more tolerant to bile salt (0.3%), while A3.4 had better
stability in an acidic (pH=3.0) environment. The results of the antibacterial activity test suggested that the isolates
inhibited most pathogenic bacteria by up to 20%, except for A3.4, which inhibited Pasteurella and Staphylococcus
aureus by more than 20%. Moreover, the results of the antioxidant test demonstrated that A4 and A3.4 had potent
antioxidant activity. In addition, the drug sensitivity test revealed that the isolates were susceptible to commonly
used antibiotics. In terms of safety, the isolates promoted growth, enhanced intestinal development, and protected
the intestinal barrier without causing any adverse effects. In conclusion, LAB isolated from yak intestinal contents are
potential probiotics with excellent antibacterial properties.
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Introduction health in recent years (Cabello and Godfrey 2016). In

A variety of antibiotics have been discovered and
applied in the animal husbandry industry due to their
anti-infective and growth-promoting effects over the
past few decades (Oliver et al. 2011; Low et al. 2021).
However, the misuse of antibiotics has been reported to
potentially generate environmental hazards to human
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addition, the emergence of antimicrobial-resistant
microorganisms caused by the irrational use of antibi-
otics is a continuous threat to human and animal health
(Robinson et al. 2016). In addition, previous studies
have shown that the abuse of antibiotics can disrupt
the homeostasis of the intestinal flora, leading to anti-
biotic-associated diarrhea (AAD) and allergic reactions
(Slama et al. 2005). Therefore, the European Union and
the United States Food and Drug Administration (FDA)
have introduced several policies about the rational use
of antibiotics in the animal husbandry industry over
the past decade (Phillips 2007; Briissow 2017). Nev-
ertheless, since antibiotic use in animal husbandry is
restricted, high-density farming has contributed to
the development of zoonotic infections and increased
the incidence of infectious diseases since the advent
of intensive animal husbandry (Graham et al. 2008;
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Leibler et al. 2017). Hence, there is an urgent need for a
safe and effective alternative to antibiotics on the global
market.

Recently, probiotics have been identified as an ideal
alternative to antibiotics owing to their anti-infective
and growth-promoting effects. Probiotics are defined as
live microorganisms that benefit the host when taken at
the recommended dosages (Lim et al. 2020). Accumulat-
ing evidence has shown that these probiotics have various
beneficial effects, such as regulating the intestinal flora,
strengthening the intestinal barrier, and increasing anti-
microbial activity (Wehkamp et al. 2004; Pridmore et al.
2008; Zhong et al. 2020). Supplementing livestock feed
with probiotics benefits animal gastrointestinal health,
improves feed utilization, and reduces the incidence of
diarrhea (Yadav and Jha 2019). The probiotic Lactobacil-
lus has recently gained popularity due to its capacity to
ferment carbohydrates into lactic acid. Xin et al. reported
that Lactobacillus johnsonii BS15 could significantly pro-
mote growth performance, enhance intestinal immunity,
and maintain the gut microbiota in piglets (Xin et al
2020).

Additionally, previous studies have demonstrated that
Lactobacillus acidophilus enhances the growth perfor-
mance, intestinal morphology, barrier function, and
immune response of broilers induced with Escherichia
coli 0157 (Wu et al. 2021). Lactobacillus species are
potential alternatives to antibiotics due to their ability
to maintain the balance of the intestinal flora and pro-
mote the growth of the body. Nevertheless, there is still a
need for further screening and research on Lactobacillus,
with the above excellent potential arising from probiotics
being host- and strain specific.
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Considering its host and strain specificity, Lactoba-
cillus strains isolated from yaks are highly resistant to
harsh environments and have antimicrobial properties.
Yaks are representative species living on the Qinghai-
Tibet Plateau and are characterized by adapting to low
temperatures and hypoxic environments. However,
due to grazing practices and harsh climatic conditions,
there is a high incidence of gastrointestinal diseases
in yaks, causing severe economic losses (Gomez et al.
2017). At the same time, the selection of antibiotic
usage poses a severe challenge to the treatment of
intestinal diseases in yaks. Numerous studies have sug-
gested that Lactobacillus strains isolated from yaks are
alternatives to antibiotics due to their strong tolerance
and antimicrobial properties. Furthermore, Lactobacil-
lus strains isolated from yaks were proven to promote
growth and prevent intestinal diseases. Consequently,
this study aimed to isolate Lactobacillus strains with
excellent biological viability from the gastrointestinal
tract and gastrointestinal tract (GIT) contents of yaks to
facilitate the prevention of intestinal diseases in yaks.

Results

Isolation and identification of isolates

The four strains (named A4, A3.4, A1.2 and B1.9) with
small colonies, a milky white color, and apparent cal-
cium soluble circles on MRS agar plates were found to
be gram-positive and catalase-negative (Fig. 1). A phylo-
genetic tree of the four isolated strains was constructed
with MEGA V. 7.0 software. A4 was 55% homologous to
Lactobacillus fermentum, and B1.9 was 98% homologous
to Pediococcus acidilactici. In addition, A3.4 and Al.2

£ - o5 &
Fig. 1 Colony morphology and Gram staining findings of the isolates: A A4; B A3.4;C A1.2; D B1.9.Bar means 100 um
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Fig. 2 Phylogenetic tree of isolated strains
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were 83% and 60% homologous to Pediococcus pentosa-
ceus, respectively (Fig. 2).

Growth curve

A4, A3.4 and A1.2 entered the logarithmic growth period
at 2 h, while B1.9 entered at 4 h. Moreover, A4 and A1.2
reached plateau phases at 8 h and 12 h, respectively, while
A3.4 and B1.9 reached the same state at 10 h (Fig. 3).
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Acid and bile salt resistance test

The survival rate in bile salts and acidic environments
represented the resistance of the strain to harsh cli-
mates. The different strains had different tolerances to
both environmental conditions. The maximum survival
rate of A4 was 51.21 +3.44% when the concentration of
bile salt was 0.3%. Moreover, A3.4 showed greater toler-
ance, with a 50.61 +0.30% survival rate, than Al.2 and
B1.9 did when the pH of the broth was maintained at 3.0
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Fig. 4 Resistance of the isolated strains to acid and bile salt: A Resistance to acid (pH=3.0); B Resistance to bile salt (0.3%). **p < 0.01, ***p < 0.001
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(***p<0.001). However, there were no significant differ-
ences between the survival rates of strain A4 and strain
A3.4 at pH 3.0 (Fig. 4A-B).

Hydrophobicity and autoagglutination ability

The strain’s capacity to adhere is a good indicator of its
capacity to colonize, and to some extent, hydrophobic-
ity and autoagglutination are indicators of the strain’s
adherence. The hydrophobicity of the isolates ranged
from 19.17% to 52.83% (Fig. 5A), and the autoaggluti-
nation ability of the different strains was high, between
67.43% and 85.88% (Fig. 5B). The highest hydrophobicity
and autoagglutination ability of A3.4 were found among
all strains, at 52.83+1.10% and 85.88+0.18%, respec-
tively, which were distinctly different from those of the
other strains (*p <0.05).

Antioxidant activity
The antioxidant capacity of strains is an essential ele-
ment in assessing the beneficial potential of probiotics
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Fig. 5 Hydrophobicity (A) and autoagglutination (B) of the isolates *p <0.05, **p < 0.01, ***p < 0.001
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(Zeng et al. 2022). According to our findings, the DPPH

radical scavenging ability of the four strains was gener-
ally high, ranging from 85.36-67.32% (Fig. 6A), while
the hydroxyl radical scavenging ability was low, rang-
ing from 29.77% to 18.90% (Fig. 6B); the reduction
power varied considerably, ranging from 22.22-42.71%
(Fig. 6C). Comparatively, the antioxidant capacity assay
indicated that A3.4 had the greatest reduction power,
which was significantly different from that of A4, A1.2
and B1.9 (*p<0.001). Moreover, A3.4 possessed a greater
hydroxyl radical scavenging ability than did A1.2 and
B1.9 (*p<0.001).

Antibiotic susceptibility test

All the isolates were sensitive to oxacillin, florfeni-
col and cefuroxime and exhibited high or moderate
sensitivity to amoxicillin, carbenicillin, piperacillin,
doxycycline, ceftazidime and cefoperazone (Table 1).
However, A4 was resistant to gentamicin, and A3.4
was resistant to neomycin. At the same time, A1.2 was



He et al. Animal Diseases (2024) 4:17 Page 5 of 12
A _ B C * |
*kk I
| *Kk 1 I
! *kk ! *FE
100 —_— 401 Hk 50~ L S—

- —— —

g = — 9 —_ -~

o 804 < $ 40

= g8 304 = LA

; E g

g 60 s E 30+

s = 20+ ]

ol « =]

$ 407 5 £ 20+

: 2 E

g 20 i 10 & 10+

a =]

0 T 0 T 0 T

Ad A34 Al2 BL.9 Ad A34 Al2 BL9 Ad A34 Al2 B1.9

Fig. 6 Antioxidant activity of the strains: A DPPH clearance rate results of the isolates; B OH™ clearance rate of the isolates; C Reduction rate

of the isolates, ***p < 0.001

resistant to gentamicin, ceftazidime and ofloxacin, and
B1.9 was resistant to neomycin and cefadroxil. Gen-
erally, the isolates exhibited sensitivity to most of the
standard drugs.

In vitro antibacterial tests

The inhibition effect of these isolates was evaluated
based on the diameter of the zone of inhibition from
the isolated strains against the indicator pathogens. All
the isolates showed antibacterial activity against five
pathogens, in which A3.4 showed antibacterial activ-
ity against Pasteurella multocida with an inhibition
diameter of 22.71+0.75 mm. In addition, B1.9 showed
antibacterial activity against Escherichia coli, Staphylo-
coccus aureus, and Listeria monocytogenes, with inhibition
diameters of 12.533+0.361 mm, 14.30+0.106 mm, and
14.833 £ 0.064 mm, respectively (Fig. 7).

Table 1 Antibiotic drug sensitivity test of the isolates

Antibiotics A4 A3.4 A1.2 B1.9

Amoxicillin
Oxacillin
Carbenicillin
Piperacillin
Neomycin
Gentamicin

Doxycycline
Cephalexin
Cefradine
Ceftazidime
Cefuroxime

S
S
S
S
I
R
Florfenicol S
S
|
S
|
S
Cefoperazone S
|

S S
S S
I S
I S
R R
S S
S S
S S
I R
S |

I I

S S
S I

I I

\

S
\

S
S
R
S
\

S
R
S
S
\

R

Ofloxacin

Notes: S sensitive, R resistant, | moderately sensitive. Results refer to the latest
CLSI standeres

Animal safety study

During the experimental period, no mortality, disease, or
diarrhea was observed in either group of mice. There was
no significant difference in weight gain between the pro-
biotic group and the control group (Fig. 8 left). Addition-
ally, the organ indices in the probiotic group showed an
increase of spleen index (Fig. 8 right), but no significant
difference in liver index (Fig. 8 middle), compared to the
control group.

Histopathological analysis

After H&E staining of the jejunum from both groups, the
microphotographs were observed under a microscope.
The probiotic and control groups showed no signs of
inflammation or pathological damage, and the structures
were clear and undamaged (Fig. 9).

Discussion

The use of antibiotics in agriculture has risen sharply
due to the increased global demand for meat (Manyi-
Loh et al. 2018). However, the irrational surge in
antibiotic use has led to the emergence of multiple anti-
biotic-resistant pathogens that can penetrate humans
and cause disease (Baran et al. 2023). Previous studies
have shown that antibiotics can protect against patho-
genic bacteria and suppress intestinal inflammation
during an animal’s growth period, improving nutrient
absorption and an animal’s overall health (Khan et al.
2020). However, the misuse of antibiotics can lead to
intestinal diseases (Silverman et al. 2017).

Probiotics are known to be living microorganisms and are
commonly used as feed additives. Probiotics not only pro-
mote the growth of host animals but also inhibit the multi-
plication of harmful pathogens and are favorable for host
animal health by regulating the composition of the intestinal
microflora and promoting nutrient absorption (Deng et al.
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2021). Therefore, probiotics are treated as an alternative to
antibiotics due to their unique characteristics (Goldenberg
et al. 2017). In this study, we isolated A4 (L. fermentums),
B1.9 (P acidilactici), A3.4 and Al1.2 (P pentosaceus) from
the gastrointestinal tissues and contents of yaks. We evalu-
ated the probiotic potential of these isolated LAB strains by
in vitro testing.

Probiotics can tolerate the adverse conditions of low
pH and bile salts to survive and develop physiological
activity in the GI tract (Ren et al. 2014). Therefore, assess-
ing the bile tolerance and acid tolerance of LAB strains

in screening for potential probiotics is essential. For suc-
cessful influence and colonization of the host’s small
intestine, potential probiotic strains must be able to tol-
erate the low pH environment of the stomach (approxi-
mately 2.0-3.0). After the ingestion of food, the pH of
gastric juice is usually 3.0, while the density of bile in the
small intestine is typically between 0.1 and 0.3% (Liu et al.
2013; Zeng et al. 2022). In the present study, we assessed
the tolerance of LAB strains isolated from yak intestines
at pH 3.0 and 0.3% bile salt conditions. The results indi-
cated that A4 exhibited greater tolerance to the bile salt
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environment, A3.4 exhibited greater tolerance to the
acidic environment, and B1.9 exhibited the least toler-
ance under both conditions. The isolates survived in bile
salts and acidic environments, which was consistent with
the results of Ren et al. (2014).

The ability to hydrophobically and autoagglutinate
are crucial markers for determining whether probiotics
have the potential to colonize the digestive tract (He et al.
2022). Self-agglutination, which aids probiotics in adher-
ing to and colonizing host enterocytes, is the most critical
step in biofilm production. Conversely, autoaggregation
allows probiotics to form a barrier that effectively pre-
vents intestinal pathogens from adhering to enterocytes
(Grilli et al. 2019; Danchik and Casadevall 2020). Among
all the strains, A3.4 had the greatest hydrophobicity
and autoagglutination ability (52.83+1.10% and 85.89 +0.18%,
respectively), which were distinct from those of the other
strains. B1.9 had the lowest hydrophobicity and autoag-
glutination ability. The evolutionary tree results indi-
cated that A3.4 and A1.2 were most likely P. pentosaceus,
while B1.9 and A4 were more likely P acidilactici and L.
fermentum, respectively. Previous research has shown
that P pentosaceus ameliorates nonalcoholic fatty liver
disease (NAFLD) by modulating the intestinal macrog-
enome and metabolic environment of mice (Yu et al.
2021). In addition, prior studies have shown that

various strains of P pentosaceus have anti-inflammatory,
anticancer, antioxidant, detoxification, and lipid-lowering
effects (Chung et al. 2021; Jiang et al. 2021; Li et al. 2021;
Dong et al. 2022). Notably, in line with our findings, there
were indications of encouraging adherence to P. pentosa-
ceus (Kim et al. 2021).

Previous studies have suggested that strain-specific
probiotics can exhibit antioxidant activity and reduce
damage caused by oxidation (Wang et al. 2017). Spe-
cifically, L. fermentum has been speculated to contain
antioxidants in vitro, inhibiting the oxidative effects of
fermentation (Chen et al. 2015a). Additionally, P pen-
tosaceus has been proven to be a promising probiotic
because of its antioxidant capacity through the activation
of the Nrf2-Keapl antioxidant signaling pathway (Wang
et al. 2022). In our study, P pentosaceus (A3.4) had the
greatest DPPH scavenging ability, hydroxyl scavenging
activity, and reduction power, which were significantly
different from those of Al.2 and B1, which was consist-
ent with the results of previous studies (Son et al. 2018;
Diguta et al. 2020). Although A3.4 and A1.2 were both P
pentosaceus, the antioxidant capacity of A3.4 was much
greater than that of A1.2, which may be due to the strain
specificity of probiotics (Jankiewicz et al. 2023). In addi-
tion, P acidilactici and L. fermentum (B1.9 and A4)
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showed varying antioxidant activities, consistent with the
findings of Mohammadi et al. (2022).

The yak (Bos grunniens) is an emblematic symbol
of the Tibetan Plateau at high altitudes, yet diarrhea
is a common disease in yaks that causes significant
economic losses in the Tibetan Plateau region (Gao
et al. 2013; Chen et al. 2015b). It has been demon-
strated that supplementation with Lactobacillus not
only accurately promotes intestinal microflora prolif-
eration in mice but also relieves diarrhea, which might
be regulated by the richness and composition of the
intestinal flora (Dong et al. 2020). Previous studies
have confirmed that Lactobacillus-produced antibac-
terial substances inhibit the growth of pathogenic bac-
teria, indicating its potential as a feed additive (Wang
et al. 2018; Lin and Pan 2019; Monteiro et al. 2019).
In line with the aforementioned results, the investiga-
tion showed that the isolates exhibited distinct anti-
bacterial activity against five pathogens (Escherichia
coli, Staphylococcus aureus, Listeria monocytogenes,
Salmonella, and Pasteurell), with A3.4 (P pentosa-
ceus) demonstrating the strongest antibacterial activity
(Reuben et al. 2019; Saboori et al. 2022).

The safety and probiotic properties of probiotics are
equally important (Lara-Villoslada et al. 2007). Two
approaches, an in vitro hemolysis test and an in vivo
mouse experiment, were used to assess the safety of pro-
biotics in this study. The results suggested that the iso-
lates showed y-hemolysis with no zone effect, which was
consistent with the results of Sathiyaseelan et al. (2022).
We also investigated the safety of the isolates via a mouse
experiment. In the current study, the experimental group
had no abnormal physical condition during the infusion
of probiotics, and there were no significant lesions in the
organs, which was in line with the findings of Sandera’s
study (2010).

Furthermore, regarding body weight, body weight in
the probiotic group was distinctly greater than that in
the control group. However, there was no significant dif-
ference in the liver index between the probiotic group
and the control group, while the spleen index increased.
Moreover, the depth of the villus and jejunum was also
measured, which is frequently utilized as an indicator of
intestinal mucosal barrier function or to reflect intestinal
health status (Wang et al. 2019). The ratio of villus length
to crypt depth (V/C) was greater in the probiotic group
than in the control group, which was consistent with the
findings of Zeng et al. (2022). Therefore, the aforemen-
tioned findings show that probiotics may strengthen the
structure of the jejunal mucosa and improve the body’s
capacity to digest and absorb nutrients.
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Conclusion

In summary, the probiotic potential of Pediococcus pen-
tosaceus A3.4 was better than that of the other three
isolates in many aspects according to a series of in vitro
experiments. Additionally, it was shown that Pediococ-
cus pentosaceus A3.4 was extremely safe, that it enhanced
the growth of mice and that it had a favorable impact on
intestinal development; as a result, it may be investigated
further as a LAB with exceptional probiotic potential.

Methods

Isolation and identification of isolates

Samples of intestinal tissues and contents from healthy
yaks were collected randomly in Tibet, China, trans-
ported in ice boxes to Huazhong Agricultural Uni-
versity in Wuhan and stored at -80°C for subsequent
experiments.

The thawed samples (0.5 g) were weighed, and approxi-
mately 7 mL of sterile phosphate-buffered saline (PBS)
was added, followed by 3 h in a 37°C shaker. The super-
natant (100 pL) was aspirated in triplicate on Deman,
Rogosa and Sharp (MRS) agar (Qingdao Reagent Com-
pany, China) and incubated at 37°C for 24 h. Milky white
suspicious colonies were purified by selection and incu-
bated on MRS agar plates three times until individual
colonies were homogeneous in morphology. All suspi-
cious strains were identified by morphological character-
ization and Gram staining.

16S rRNA sequencing technology was used to identify
the isolates. First, the DNA of the isolates was extracted
by bacterial DNA extraction kits (Aidlab Biotech DN11,
China), and then 16S rRNA sequencing technology was
employed to identify the isolates (Qin et al. 2022). Finally,
MEGA V. 7.0 software was used to analyze the 16S rRNA
results and construct a phylogenetic tree.

Growth curves of the isolates
The culture solutions of the isolates were added to MRS
broth at 2% (v/v) and incubated at 37°C in a shaker at 150
r/min. The OD was measured every 2 h at 600 nm with a
spectrophotometer for 24 h.

Acid and bile salt tolerance of the isolates

Acid tolerance measurement: The strain cultures were
inoculated with 2% (v/v) inoculum in MRS broth at
pH=3.0 and in regular MRS broth. After 3 h, the absorb-
ance was determined at 600 nm by using a spectropho-
tometer. Survival rates were calculated as follows, and the
test was repeated three times:

OD600 of the Experimental group
OD600oftheControlgroup

Survival rates (%) = x 100%
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Bile salt resistance test: The strain culture was inocu-
lated at 2% (v/v) inoculum in MRS broth containing 0.3%
bile salt and in regular MRS broth. After 3 h, the absorb-
ance was measured at 600 nm by using a spectropho-
tometer. The calculation method above and the test were
repeated three times.

Hydrophobicity and autoagglutination capabilities

of the isolates

For the hydrophobicity assay, the isolates cultured to the
stable growth phase were centrifuged at 8000 r/min for
10 min, after which the bacteria were collected. After
washing twice with PBS solution, the bacteria were resus-
pended in PBS solution. The absorbance of the strain
suspension was adjusted to 1.0+0.05 at 600 nm and
recorded as AO. Three milliliters of the strain suspension
was mixed with 1 mL of xylene, shaken in a vortex mixer
for 2 min, and then kept at 37°C for 30 min. The aqueous
phase was slowly aspirated, and its absorbance (A1) was
measured at 600 nm. The whole process was repeated
three times. The hydrophobicity (%) of the strain was cal-
culated as follows:

Al
Hydrophobicity (%) = (1 — E) x 100%

In the autoaggregation assay, the isolates were pre-
treated as described above, and the absorbance of the
suspension was measured at 600 nm (B0). After 2 mL of
each isolate was shaken for 10 s on a vortex and left for
4 h, the absorbance of the supernatant was calculated
(B1). The assay was repeated three times. The autoaggre-
gation (%) of the strains was calculated based on the fol-
lowing equation:

Bl
Auto—aggregation (%) = (1 — %) x 100%

Antioxidant activity of the isolates

The isolates were pretreated as described above (hydro-
phobicity and autoagglutination capabilities of the
isolates).

DPPH radical scavenging ability assay

The experimental course was based on the
approach of Qin et al. (2022). The calcula-
tion was performed using the following formula:
DPPH radical scavenging rate (%) = AOAT(;“ x 100%

Al and AO are the absorbance values of each post-
processed sample at 517 nm and a control group
consisting of ultrapure water and an ethanolic solu-
tion of DPPH at 517 nm, respectively.
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Hydroxyl radical scavenging activity assay

The experimental course was based on the
approach of Qin (Qin et al. 2022). The calcula-
tion was executed using the following formula:
hydroxyl radical scavenging rate (%) = BOB;OM x 100%. B1
and BO are the absorbance values of each processed sam-
ple at OD;;, nm and the control group (ddH,O instead of
the bacterial suspension) at ODj;, nm, respectively.

Reducing power assay

The procedure was based on the method of Tailb
with minor modifications (Talib et al. 2019). Calcula-
tions were performed using the following formula:
Reducing rate (%) = AOXOAl x 100%. A1 was the absorb-
ance value of each processed sample at OD,,, nm, while
A0 was the absorbance value of the control group (deion-
ized water instead of the bacterial suspension) at OD,
nm.

Antibiotic susceptibility of the isolates

The test was performed using the Kirby-Bauer disc
agar diffusion method (K-B method) recommended
by the Clinical and Laboratory Standards Institute
(CLSI) (Baran et al. 2023). The isolates (1 x 103 CFU/mL)
were streaked onto MRS agar plates with sterile cotton
swabs. The plates were incubated at 37°C for 24 h, after
which the inhibition circle diameter was measured. The
types of antibiotics used were amoxicillin (20 pg), car-
benicillin (100 pg), piperacillin (100 pg), oxacillin (1 pg),
neomycin (30 pg), gentamicin (10 pg), florfenicol (30 pg),
doxycycline (30 pg), cephalexin (30 pg), cefradine (30 pg),
ceftazidime (30 pg), cefuroxime (30 pg), cefoperazone
(75 pg) and ofloxacin (5 pg).

In vitro antibacterial tests

The indicator pathogens were Escherichia coli (E.
coli ATCC 25922), Salmonella enteritidis (S. enter-
itidis NCTC 13349), Staphylococcus aureus (S. aureus
ATCC 26112), and Listeria monocytogenes (clinical iso-
lates) provided by the State Key Laboratory of Agricul-
tural Microbiology, Huazhong Agricultural University,
Wuhan, Hubei. P multocida (P. multocida CUCC1764)
was obtained from the College of Animals Husbandry
and Veterinary Medicine, Tibet Agricultural and Animal
Husbandry University, Linzhi, Tibet.

The freshly cultured indicator bacteria were applied
onto LB agar plates with sterile cotton swabs. Then, the
hole (diameter of 5 mm) was punctured with an aseptic
perforator. Then, 100 uL of freshly cultured supernatant
from the isolates was added to the wells and kept in an
incubator at 37°C for 12 h. Finally, the diameters of the
zones of inhibition were measured.
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Hemolytic evaluation of the isolates

The freshly cultured bacterial solutions were streaked
onto blood agar plates containing 5% sheep blood. Then,
the plates were incubated at 37°C for 24 h, and S. aureus
was used as a positive control.

Animal safety assessment for A3.4

The mouse model was used for the animal safety assess-
ment of A3.4. Briefly, 20 male C57BL/6 mice (18+2 g)
were housed under standard hygienic conditions with
constant temperature (22+2 °C), constant humidity
(55+2%), and a 12/12 h light-dark cycle. The animals
were allowed a standard diet and free access to drink-
ing water for the experimental period. After three days
of acclimatization, the mice were randomly divided
into control and probiotic groups (#=10). Then, mice
in the probiotic group were supplemented with 0.4 mL
(1x10° CFU/mL) of A3.4 for 19 consecutive days, while
the mice in the control group were provided with the
same volume of normal saline instead. During the feeding
process, the mental status, health condition, food intake,
and diarrhea status of the mice were observed daily, and
the weight of each mouse was recorded. After 19 d of
probiotic gavage, all the mice were culled by cervical dis-
location, and liver, spleen, jejunum, and blood samples
were collected under sterile conditions.

All the experiments were approved and reviewed by the
Institutional Animal Welfare and Research Ethics Com-
mittee guidelines of Huazhong Agricultural University,
Wuhan, China (HZAUMO-2023-0276).

Histopathological analysis of the jejunum

The jejunal samples were washed in saline and stored
in 4% paraformaldehyde. Then, the samples were dehy-
drated in various ethanol concentrations, embedded in
paraffin, cut into 4 um sections, and stained with hema-
toxylin-eosin (H&E) (He et al. 2022). Finally, the sections
were observed under a microscope.

Statistical analysis

All data in the current study were statistically analyzed
by MEGA V. 7.0 software and plotted using Graph-
Pad Prism V. 8 software, and the data are shown as the
mean * standard deviation (SD) and were analyzed via t
tests. Compared to the control group, *p <0.05, **p <0.01,
***p <0.001.

Abbreviations
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AAD Antibiotic-associated diarrhea
FDA Food and Drug Administration
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