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Yaks (Bos grunniens) live primarily in high-altitude hypoxic conditions and have a unique
intestinal micro-ecosystem, remarkable adaptability, and strong climatic resistance.
Accumulating evidence revealed the importance of probiotics in host metabolism,
gut microbiota, growth performance, and health. The goal of this study was to
screen out probiotics with excellent probiotic potential for clinical application. In
this study, four strains of Bacillus, i.e., Bacillus proteolyticus (named Z1 and Z2),
Bacillus amyloliquefaciens (named J), and Bacillus subtilis (named K), were isolated
and identified. Afterward, their probiotic potential was evaluated. Antioxidant activity
tests revealed that Z1 had the highest DPPH and hydroxyl radical scavenging activity,
whereas Z2 had higher reducing power and inhibited lipid peroxidation. Additionally,
the antibacterial testing revealed that all strains were antagonistic to three indicator
pathogens, Escherichia coli C83902, Staphylococcus aureus BNCC186335, and
Salmonella enteritidis NTNC13349. These isolates also had a higher hydrophobicity,
autoaggregation, and acid and bile tolerance, all of which helped to survive and keep
dangerous bacteria out of the host intestine. Importantly, all strains could be considered
safe in terms of antibiotic susceptibility and lack of hemolysis. In conclusion, this is the
first study to show that B. proteolyticus and B. amyloliquefaciens isolated from yaks
have probiotic potential, providing a better foundation for future clinical use.

Keywords: yaks, antioxidant capacity, Bacillus proteolyticus, Bacillus amyloliquefaciens, probiotics

INTRODUCTION

Reactive oxygen species (ROS) is a single-electron reduction product of oxygen in the body,
including superoxide anion, hydroxyl radical, and hydrogen peroxide (Mukherjee et al., 2014).
Previous studies have shown that ultraviolet radiation, inflammatory cytokines, ionizing radiation,
and chemicals are the primary sources of exogenous ROS production and intracellular oxidative
metabolism that induce endogenous free radicals (Moné et al., 2011). Generally, there are
antioxidant defense systems, including antioxidant enzymes and non-enzymatic antioxidants, in
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most cells to eliminate free radicals, which are constantly
generated. Oxidative stress is a series of damage processes of lipid
peroxidation, protein denaturation, and DNA hydroxylation, all
of which are primarily produced by oxygen free radicals when the
body is unable to remove them. Previous studies have shown that
oxidative stress is closely related to cancer, parkinsonism, diabetes
mellitus, and multiple cardiovascular diseases (Pires et al., 2019).

Additionally, oxidative stress can also reduce production
performance and meat quality, resulting in severe economic
losses to the breeding industry, although some synthetic
antioxidants such as butylated hydroxytoluene and tert-butylated
hydroxyanisole are widely used to relieve oxidative stress
(Hossain et al., 2020). These antioxidants are not currently
recommended due to hepatic injury and carcinogenicity.
Therefore, increasing research is devoted to finding safer and
more natural antioxidants to alleviate the adverse effects of
oxidative damage.

Increasing evidence suggested that probiotics have many
health benefits to the host, such as maintaining intestinal
flora balance, modulating immune responses, improving growth
performance, and antimicrobial activities. Additionally, several
recent studies have suggested the ability of the probiotic in
enhancing antioxidant properties. Wang et al. reported that
Bacillus amyloliquefaciens SC06 could significantly increase the
antioxidant capacity of porcine intestinal epithelial cells to
alleviate the oxidative stress induced by hydrogen peroxide
(Wang et al., 2019). Probiotic representatives of species Bacillus
subtilis and Lactobacillus casei can scavenge free radicals (in vitro)
and reduce oxidative damage by improving lipid metabolism and
reducing lipid peroxidation (Wang et al., 2018).

The Tibetan Plateau (average elevation 4,000 m) is the world’s
highest plateau. Low oxygen partial pressure and intense UV
radiation characterize the frigid environment, which changes
greatly from day to night (Li et al., 2020). Yak is an indigenous
breed of the Qinghai–Tibet Plateau, and some researchers suggest
that yaks have inhabited the region for millions of years (Li
et al., 2015). Despite the fact that the hard-living environment
might cause oxidative damage to the animal’s body, the yak
has thoroughly adapted to the harsh conditions of the Tibetan
plateau. Therefore, microorganisms living in the intestines of
yaks may also have antioxidant properties (Li et al., 2019a).
However, there have been few studies on the oxidation resistance
of probiotics in yaks. As a result, the goal of the present
study was to evaluate if Bacillus isolated from yak possesses
antioxidant capabilities.

MATERIALS AND METHODS

Isolation and Identification of Bacillus
Strains
The fecal samples used in the present study were collected
from the yaks of the Tibet Autonomous Region. The feces
(2 g) were mixed with sterile phosphate-buffered saline and
boiled for 15 min at 80◦C. The supernatant (0.1 ml) was
plated out in triplicate over Luria–Bertani (LB) agar and
cultured for 24 h at 37◦C under aerobic conditions. The

suspected Bacillus strains with milky white were selected
for purification and cultivation until the colony morphology
was nearly comparable. Suspected strains were also tested by
Gram staining and bacterial biochemical kits (Qingdao Haibo
Biotechnology Co.). We used the technique of Wang et al.
(2018) for conducting 16S rRNA sequencing to identify the
bacteria species further. The isolated strains’ genomic DNA
was extracted using Bacterial DNA Isolation Kit (Tiangen
Biotech Co., Ltd.) and 16S rRNA via universal PCR primers.
Finally, the PCR products were transferred to Qingke Biotech
Company (Wuhan, China) for sequencing. MEGA 6 software
was used to perform BLAST analysis and build a phylogenic
tree using the acquired gene sequences. Furthermore, new
evidence suggested using draft genome sequencing or another
suitable approach.

PCR Amplification of Antimicrobial
Resistance Genes
To detect whether the four isolates carry the resistance genes, all
strains had tested for tet(K), tet(L), tet(M), tet(O), vanA, and vanB
genes (Table 1).

Resistance to Hydrogen Peroxide
The hydrogen peroxide tolerance test is an important part
of the antioxidant test (Asad et al., 1998). We designed and
experimented, as previously reported by Eiamphungporn, to
assess the isolated strains’ resistance to hydrogen peroxide,
with few modifications (Eiamphungporn et al., 2003). The
overnight cultures of isolated strains were inoculated at the
level of 109 CFU/ml in LB broth containing 0, 0.4, 0.6,
0.8, and 1.2 mM H2O2 at 37◦C for 8 h. Afterward, the
cultured bacteria suspension was diluted by using isotonic
saline and 0.1 ml of bacterial diluent in triplicate on LB agar.
After incubation at 37◦C for 24 h in a constant temperature
incubator, the bacteria populations were visually counted on
LB agar to assess bacterial viability at various hydrogen
peroxide concentrations.

Hydroxyl Radical Scavenging Activity
The bacterial saline suspension (bacterial suspension) was
incubated for 24 h and then centrifuged at 4◦C for 10 min at
4,000 × g. The supernatant was discarded, and the remaining
precipitate was then washed with sterile saline. After one more
repeat, the bacterial suspension was allowed to be monitored at
600 nm on a UV spectrophotometer (UV1800, Shanghai AUCY
Scientific Instrument Co., Ltd.) in order to obtain the value of 1.0.

The isolated strains were cultured for 24 h before being broken
down for 20 min using an ultrasonic cell crusher (Shanghai Ji Pu
Electronic Technology Co.) and centrifuged at 4◦C for 10 min at
12,000 × g to obtain the bacteria-free extract. The sediment was
discarded, and the supernatant was finally obtained.

The modified Fenton reaction method was used to evaluate the
isolated strains’ hydroxyl radical scavenging activity (Areskogh
and Henriksson, 2011). The reaction system of Fenton was 4.5 ml
containing 1.0 ml of brilliant green (0.435 mM), 2.0 ml of ferrous
sulfate (0.5 mM), 1.5 ml of hydrogen peroxide (3.0%, w/v), 1.0 ml
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of bacterial saline suspension and 1.0 ml of bacteria-free extract.
The above reactants were mixed uniformly and then incubated
at 37◦C for 30 min in a thermostat water bath. The reaction
mixture was centrifuged at 8,000 × g for 10 min at 4◦C high-
speed centrifuges (H2050R-1, Changsha, China). The absorbance
of the resulting supernatant was monitored at 525 nm via a
visible, ultraviolet spectrophotometer (UV1800, Shanghai AUCY
Scientific Instrument Co., Ltd.). The hydroxyl radical scavenging
activity (%) was calculated with the following formula:[

(AS− A0)

A− A0

]
× 100%

where A is the absorbance of the blank in the absence of H2O2,
AS represents the absorbance of each sample, and A0 represents
the absorbance of the supernatant without the samples.

DPPH Radical Scavenging Activity
The method of Wu, with some modifications, was used to
evaluate the DPPH radical scavenging activity of isolated strains
(Wu et al., 2014). Precisely, the reaction mixture, including 2.0 ml

of 0.4 mM DPPH solution (diluted with 95% ethanol), 1.0 ml of
bacterial saline suspension and 1.0 ml of bacteria-free extract was
placed in darkness for 30 min at room temperature. Afterwards,
the absorbance of the isolated supernatant was measured at
517 nm after centrifugation at 8,000 × g for 10 min. The DPPH
radical scavenging activity (%) was calculated as[

1−
(AS− AB)

AC

]
× 100%

where AS represents the absorbance of the sample, AB represents
the absorbance of the blank consisting of bacteria samples and
ethanol and AC represents the absorbance of control consisting
of DPPH solution and deionized water.

Reducing Power
The reducing power of the isolated strains was determined
according to Oyaizu with minor modifications (Oyaizu, 1988).
Each isolated strain’s bacterial suspension (0.5 ml) and the
bacteria-free extract (0.5 ml) were mixed with phosphate buffer
solution (0.2 mol/L, pH 6.6) and 1% potassium ferricyanide

TABLE 1 | PCR primers used in this study.

Target gene Primer pair 5′-3′,sequence References

tet(K) tet(K)-F tet(K)-R TTAGGTGAAGGGTTAGGTCC GCAAACTCATTCCAGAAGCA Aarestrup et al., 2000

tet(L) tet(L)-F tet(L)-R CATTTGGTCTTATTGGATCG ATTACACTTCCGATTTCGG Aarestrup et al., 2000

tet(M) tet(M)-F tet(M)-R GTTAAATAGTGTTCTTGGAG CTAAGATATGGCTCTAACAA Aarestrup et al., 2000

tet(O) tet(O)-F tet(O)-R GATGGCATACAGGCACAGAC CAATATCACCAGAGCAGGCT Aarestrup et al., 2000

vanA vanA-F vanA-R GGGAAAACGACAATTGC GTACAATGCGGCCGTTA Dutka-Malen et al., 1995

vanB vanB-F vanB-R GTGCTGCGAGATACCACAGA CGAACACCATGCAACATTTC Ramos-Trujillo et al., 2003

FIGURE 1 | Continued
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KY393007.1 Bacillus amyloliquefaciens strain STM14

HQ003407.1 Bacillus amyloliquefaciens strain NBGD43

LC414175.1 Bacillus amyloliquefaciens R2.3 gene

J

MT122819.1 Bacillus amyloliquefaciens strain ANA25

MN099146.1 Bacillus amyloliquefaciens strain LZH-Aa2

MN240439.1 Bacillus amyloliquefaciens strain CHL4

K

JN366724.1 Bacillus subtilis strain 30N2-7

MT275804.1 Bacillus subtilis strain ANA3 1

EF101709.1 Bacillus subtilis strain HU58

MT641205.1 Bacillus subtilis strain soilG2B

MK389424.1 Bacillus cereus strain 96

MN746186.1 Bacillus cereus strain LXJ82

MN209912.1 Bacillus proteolyticus strain TA-203

Z1Z1
MT544821.1 Bacillus proteolyticus strain 4275
Z2

MT510519.1 Lactobacillus reuteri strain 6111

KM513640.1 Lactobacillus fermentum strain CSI6

MT463430.1 Pediococcus acidilactici strain 5127

KY484789.1 Pediococcus claussenii strain HY3

KY549392.1 Pediococcus acidilactici strain AZZ2

KY929436.1 Pediococcus acidilactici strain SK2

99

98

65

34

100

99 99

10064

84

59

0.01

B

FIGURE 1 | (A) The diagram shows the results of Gram staining for four isolates: Z1 and Z2 (Bacillus proteolyticus), J (Bacillus amyloliquefaciens), and K (Bacillus
subtilis). (B) Phylogenetic tree constructed by using a neighbor-joining method on the basis for 16S rRNA gene sequences. J (Bacillus amyloliquefaciens), K
(B. subtilis), Z1 and Z2 (B. proteolyticus).

(2.5 ml, m/v) and incubated for 20 min at 50◦C. The reaction
mixture was then quickly cooled in ice water before being
terminated with 2.5 ml of 10% trichloroacetic acid (w/v). The
mixture reaction was centrifuged at 3,000 × g for 10 min, then
the obtained supernatant (2 ml) was mixed with 1 ml of ferric
chloride (0.1% m/v) and 2 ml of deionized water. The absorbance
of the mixture was measured at 700 nm after 10 min. Instead of
the sample, deionized water was used to substitute the control
group. The higher absorbance value in this assay indicated that
the reducing power of the sample had improved.

(
AS− AB

AB
) × 100%

where AS represents the absorbance of the sample and AB
represents the absorbance of the blank.

Inhibition of Lipid Peroxidation
In the present study, the thiobarbituric acid (TBA) method was
performed to assess the isolated strains to inhibit unsaturated
linoleic acid peroxidation (Klimek et al., 1982). The linoleic acid
emulsion (20 ml) was prepared by mixing linoleic acid (0.1 ml),
Tween 20 (0.2 ml) and deionized water (19.7 ml). An aliquot of
bacterial suspension (0.4 ml) and bacteria-free extract (0.4 ml)
of isolated strains were mixed with 0.5 ml of phosphate buffer
solution (0.02 mol/L, pH 7.4), 0.2 ml of 0.01% FeSO4 (m/v), 1 ml

of linoleic acid emulsion, and 0.02 ml of 0.01% ascorbic acid
(m/v) and incubated at 37◦C for 12 h. After that, the reaction
solution (2 ml) was mixed with 2 ml of 0.8% thiobarbituric acid
(TBA, m/v), 0.2 ml of 0.4% Tert-butyl para-cresol (BHT, m/v),
and 0.2 ml of 4% trichloroacetic acid (TCA, m/v). The above
mixture was allowed to cool quickly on ice water after incubating
at 100◦C for 30 min. Simultaneously, the obtained supernatant
was centrifuged again for 10 min with the same conditions, and
then the absorbance of the supernatant was measured at 523 nm.
The inhibition rate of linoleic acid peroxidation was calculated by
using the following equation:(

1−
AS
AB

)
× 100%

where AS represents the absorbance of the sample and AB
represents the absorbance of the blank.

Heat Tolerance, pH, and Bile Salt
The overnight cultures of isolated strains were centrifuged at
3,000 × g for 10 min and then washed three times with
phosphate-buffered saline (PBS) for further experiments. The
medium was adjusted to pH 7.2 by adding 1% trypsin (m/v) or
pH 2.5 with a hydrochloric acid solution containing 1% pepsin
(m/v). After incubation for 0, 1, and 2 h, the isolated strains’
viable cell number was counted using the plate count method.
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Also, the cultures were inoculated into LB broth containing
different bile salts (0.1, 0.2, 0.3, 0.4, and 0.5%) and hydrochloric
acid concentrations (pH 2.0, pH 3.0, pH 4.0, and pH 5.0).
Also, the LB broth without bile salts and hydrochloric acid (pH
7.0) were used as a control. In order to test heat resistance,
the bacterial suspensions were heated at 40, 50, 60, 70, 80,
90, and 100◦C for 15 min. During this procedure, bacterial
suspension without heat treatment was used as a control. At the
end, the absorbance of the culture was measured at 600 nm to
calculate the survival rate according to the following equation:

Survival Rate =
(
Experimental Group OD− Blank Group OD

)(
Control Group OD

)
− Blank Group OD

× 100%

Antibiotic Susceptibility and Hemolytic
Activity
Antibiotic sensitivity and hemolytic activity are important
indicators to evaluate the safety of probiotics. In this assay,
the disc diffusion method was used to assess the antibiotic
sensitivity of the isolated strains (Kapse et al., 2018). Specifically,
the four isolated strains (1 × 108 CFU/ml) were evenly
spread onto LB agar plates with a sterile cotton swab. Then
12 drug-sensitive discs (ampicillin 10 µg, tetracycline 30 µg,
gentamicin 10 µg, cefalexin 30 µg, enrofloxacin 10 µg,
chloramphenicol 30 µg, norfloxacin 10 µg, erythromycin
15 µg, cefazolin 30 µg, vancomycin 30 µg, rifampin
5 µg, and lincomycin 2 µg) were used to evaluate the
antibiotic sensitivity. After incubation at 37◦C for 24 h, the
inhibition zone diameter was measured using an electronic
vernier caliper.

The hemolysis assay was processed according to the method
(Liu et al., 2020). After overnight culture, all isolated strains
were scribed on the LB agar plate containing sheep blood,
and the Staphylococcus aureus BNCC186335 was used as a
positive control. The hemolytic activity of the isolated strains was
assessed via the presence of hemolytic rings after incubation at
37◦C for 24 h.

Antimicrobial Activities
Standard strain: Escherichia coli C83902, S. aureus BNCC186335,
and Salmonella enteritidis NTNC13349 were provided by the
state key laboratory of agricultural microbiology, Huazhong
Agricultural University, Wuhan, China.

In the present study, the agar diffusion test was used to
evaluate all isolated strains’ antimicrobial activity and three
indicator pathogens (E. coli C83902, S. aureus BNCC186335,
and S. enteritidis NTNC13349) were selected. LB liquid medium
was used to raise these four strains, namely, Z1, Z2, J, and
K, at 37◦C for 24 h. Indicator pathogens (E. coli, S. aureus,
and S. enteritidis) were activated in a 37◦C LB liquid medium
to rejuvenate. To test the antimicrobial activities, we refer
to the method of Xia (Xia et al., 2019). Each of the three
indicator bacteria (100 µl), E. coli (1.0 × 108 CFU/ml), S. aureus
(1.0 × 108 CFU/ml), and S. enteritidis (1.0 × 108 CFU/mL),
were evenly spread in LB agar plates with a sterile cotton
swab. The sterilized Oxford cups (round glass or metal tubes

TABLE 2 | Biochemical characterization of bacterial isolates.

Biochemical Z1 Z2 J K

Sodium citrate + + + +

Propionic acid + + − −

Fructose + + + +

Mannitol − − + +

Mannose − + + +

Galactose − − − −

Inulin − − − −

Rhamnose − − − −

Lactose − − + −

Myo-inositol − − − −

Salicin − − − −

Urea − − − −

Hydrogen sulfide − − − −

Dextrose + + − +

Sucrose + + − +

Xylose − + − −

Sorbitol − − + +

Catalase − − − −

“+” positive reaction and “−” negative reaction.
The results were based on a bacterial biochemical assay kit (Qingtao Haibo
Biotechnology Co., Ltd.).

with an inner diameter of 6 mm, an outer diameter of 8 mm,
and a height of 10 mm) were lightly pressed in LB agar
plates. Respectively, the bacterial suspensions of all isolated
strains (1.0 × 108 CFU/mL) were injected into the Oxford
cups with 100 µl. Finally, 100 µl of sterile water was added
to the Oxford cup as a negative control group (Guo and
Wang, 2017). There are three parallel spots for each strain.
A vernier caliper measured inhibition areas after incubating at
37◦C for 24 h.

Autoaggregation Assay
The overnight cultures of isolated strains were centrifuged at
6,000× g for 10 min at 4◦C. Subsequently, the obtained bacterial
cells were washed three times via PBS, and the concentration was
adjusted to 108 CFU/ml. After incubation of bacterial suspension
at 37◦C, the optical density (OD600) values were measured at 2,
4, 8, 16, and 28 h. The autoaggregation ability was described as
follows:

Auto− aggregation % =
(

1−
Ax
A0

)
× 100%

where A0 is the optical density at 0 h, and Ax is the optical density
at×h (2, 4, 8, 16, 28 h).

Cell Surface Hydrophobicity Assay
The overnight cultures of isolated strains were centrifuged at
10,000 × g for 3 min at 4◦C. Afterward, the obtained bacterial
cells were washed three times using PBS, and then OD600 optical
density values of the isolated strains were adjusted to 0.50± 0.05.
An aliquot (3 ml) of bacterial suspension was combined with 3 ml
of hexadecane and vortexed for 5 min at high speed. The mixture
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FIGURE 2 | (A,B) The scavenging ability of BS and BFE on hydroxyl radicals and DPPH. (C,D) The results of lipid peroxidation reducing ability inhibitory activity and
anti-lipid peroxidation ability of BS and BFE. BS, bacterial saline suspension; BFE bacteria-free extract. The data were expressed as the mean ± SD. *P < 0.05,
**P < 0.01.

FIGURE 3 | The results of autoaggregation and cell surface hydrophobicity experiment. (A) Hydrophobic ability. (B) Autoaggregation ability.

was allowed to stand for 1 h, and then the organic solvent was
discarded to obtain an aqueous phase. The percentage of surface
hydrophobicity was described as follows:

Hydrophobicity % =
(

1−
Ax
A0

)
× 100%

where A0 represents the optical density at 0 h, and Ax represents
the optical density at×h.

Statistical Analysis
All data were analyzed by one-way analysis of variance using SPSS
17.0 software. All data were expressed in mean + SD, where SD is

Frontiers in Microbiology | www.frontiersin.org 6 August 2021 | Volume 12 | Article 649207

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-649207 August 14, 2021 Time: 10:12 # 7

Zeng et al. Probiotic Properties of Bacillus proteolyticus

FIGURE 4 | The results of the antibacterial experiment. (A) The result shows the antimicrobial capacity of Z1. (B) The result shows the antimicrobial capacity of Z2.
(C) The result shows the antimicrobial capacity of J. (D) The result shows the antimicrobial capacity of K.

TABLE 3 | The antibiotic susceptibility results of all strains.

Antibiotics Z1 Z2 J K

Ampicillin R R S R

Tetracycline S S S S

Gentamicin S S S S

Cefalexin S S S I

Enrofloxacin S S S S

Chloramphenicol S R S S

Norfloxacin R S S S

Erythromycin I I S I

Cefazolin R R S R

Vancomycin S S S S

Rifampin R R R R

Lincomycin R R R R

S, sensitive; R, resistant; I, intermediate.
The test result was based on NCCLS (Wayne, 2003).

the standard deviation. A level of probability value (p < 0.05) was
considered statistically significant.

RESULTS

Species Isolation and Identification of
the Bacteria
After screening milky white, large, and developed colonies on
LB agar, 40 Bacillus strains were identified (Supplementary
Figure 1). Unfortunately, following many inoculations, some
strains showed a considerable decrease in vitality. So, we only
selected stable and well-produced strains (Z1, Z2, J, K) for
further study to avoid repetition. All the isolated strains were

Gram-positive rod-shaped (Figure 1A) and catalase negative
(Table 2). The phylogenic tree was constructed based on the 16S
rRNA gene, using the neighbor-joining method with MEGA 7
software (Figure 1B).

Results of Antimicrobial Resistance
Genes Tests
None of the isolated strains had tetracycline resistance genes,
according to the findings. tet(K), tet(L), tet(M), tet(O) and
vancomycin van(A), van(B).

Hydroxyl and DPPH Radical Scavenging
Activity
The radical scavenging activity of the isolated strains is shown
in Figures 2A,B. The findings indicated that all of the isolated
strains had strong radical scavenging activity and that various
strains had high species specificity. The antioxidant capacity
of the bacterial suspension was much higher than that of
the nonbacterial extract. Specifically, the scavenging rate of
the isolated strains for hydroxyl and DPPH radical were
14.67–46.05% and 46.15–190.04%, respectively. Interestingly, Z1
showed the highest hydroxyl and DPPH radicals scavenging
activity among all the isolated strains (Figures 2A,B). On the
contrary, J had the weakest scavenging ability for hydroxyl radical
and DPPH radical (Figures 2A,B).

Reducing Power and Lipid Peroxidation
Inhibition Activity
The lipid peroxidation inhibitory activity and reduction ability of
different strains were similar to free radical scavenging activity
results. The inhibition rate of lipid peroxidation of the isolated
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FIGURE 5 | The survival rate of strains under different bile salt concentrations. (A) The result determines tolerance to bile salts of Z1. (B) The result determines
tolerance to bile salts of Z2. (C) The result determines tolerance to bile salts of J. (D) The result determines tolerance to bile salts of K.

strains varied from 2.9 to 26.77%. The results indicated that Z2
had the highest lipid peroxidation inhibition activity with an
inhibition rate of 26.77%, while J had the lowest inhibition rate
of 2.9% (Figure 2D). In addition, Z2 showed the most potent
reducing power compared with other strains (Figure 2C).

Autoaggregation and Cell Surface
Hydrophobicity
The ability of different strains to customize was very variable in
the current investigation. The percentage hydrophobicity for the
isolated strains was in the range of 14.40–81.92% (Figure 3A) for
xylene. The agglutination ability for the isolated strains was in the
span of 6.98–84.78% (Figure 3B). The maximum hydrophobic
rate was observed among all the strains in Z1 (81.92%), while J
exhibited the minimum hydrophobic rate (14.40%).

Antibacterial Tests in vitro
The antimicrobial activity of the isolated strains was evaluated
according to the inhibition zone diameter. As shown in Figure 4,
all the isolated strains exhibited inhibitory activities against
S. enteritidis, S. aureus, and E. coli. However, different isolated
strains exhibited different antimicrobial activity against different
pathogens. Among all the isolated strains, Z2 exhibited the
highest antimicrobial activity to E. coli, followed by Z1 and

J, while J showed more significant inhibition to S. aureus,
with a diameter of 19.20 mm. Z2 exhibited the strongest
antimicrobial activity against S. enteritidis, with an inhibitory
zone diameter of 22.13 mm.

Antibiotic Susceptibility Assay and
Hemolytic Activity
Our results showed that all the isolated strains suggested lower
antibiotic resistance (Table 3). In addition, all the isolated strains
were γ-hemolysis (no zone effect), and the S. aureus results in β

hemolysis (blood lysis zones).

Heat Resistance, Acid, and Bile
We monitored the survival rate of the isolates at various
temperatures, acid, and bile salt at different concentrations in
order to study their effect. As shown in Figures 5, 6, the survival
rate of isolated strains gradually decreased with increased acid
and bile concentrations. All the isolated strains had survival
rates over 50 and 60% at pH 3.0 and 0.3% bile concentrations.
Additionally, strain Z1 had the most substantial resistance to acid,
with a survival rate of 53% at pH 3.0, while strain J had the highest
tolerance to bile salts, with a survival rate of 66.7% at pH 3.0. On
the other hand, the survival rate of the isolated strains remained

Frontiers in Microbiology | www.frontiersin.org 8 August 2021 | Volume 12 | Article 649207

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-649207 August 14, 2021 Time: 10:12 # 9

Zeng et al. Probiotic Properties of Bacillus proteolyticus

FIGURE 6 | The survival rate of different strains under different acid conditions. (A) The result determines tolerance to acid conditions of Z1. (B) The result
determines tolerance to acid conditions of Z2. (C) The result determines tolerance to acid conditions of J. (D) The result determines tolerance to acid conditions of K.

above 80% at 40–80◦C, while the survival rate decreased sharply
at 80–100◦C.

The Resistance of Isolates to H2O2
The growth of the isolates under different hydrogen peroxide
concentrations is shown in Figure 7. The results showed that
the tolerance of strains to H2O2 is concentration dependent. All
the isolated strains showed strong resistance to 0.4 mM H2O2.
However, the survival rates of the isolates were gradually dropped
with the increase in H2O2 concentration. The survival rate of
all the isolates was less than 10% when subjected to 1.0 mM
H2O2 for 8 h.

DISCUSSION

It is well known that animals are susceptible to oxidative stress
due to environmental, nutritional, and physiological factors in
the breeding process (Kara et al., 2005). Moreover, heat stress
in broiler chickens and animals might decrease production
performance (Tang et al., 2016). Therefore, many measures have
been performed to improve the antioxidant capacity of animals
to mitigate the oxidative adverse effects of stress. Conventional
synthetic antioxidants have been gradually restricted to use due

to various toxic effects (Pattono et al., 2009). On the other
hand, probiotics have gotten much attention because of their
many probiotic characteristics (Rehaiem et al., 2014). Previous
research has shown that the yak intensely adaptable to intense
ultraviolet rays, cold, and oxygen deficiency (Li et al., 2018). In
the current study, we attempted to isolate Bacillus from the feces
of yaks and explore its antioxidant properties in vitro by Gram
staining, biochemical assays (Bergey’s manual of determinative
bacteriology) and 16S rRNA analysis. Our results firstly revealed
that Z1 and Z2 (B. proteolyticus), J (B. amyloliquefaciens), and K
(B. subtilis) isolated from yaks have good free radical scavenging
ability and probiotic properties.

Furthermore, probiotics can also stimulate the host’s
antioxidant system to improve antioxidant enzyme levels
(Sanders et al., 2019). More notably, probiotics can also produce
multiple metabolites with antioxidant activity. However, not
all probiotics have antioxidant properties due to the high
heterogeneity of strains (Wang et al., 2017). In this study, we
attempted to screen out Bacillus with antioxidant properties
in vitro. Our results suggested that the isolated strains have
high DPPH radical and hydroxyl radical scavenging ability with
higher hydrogen peroxide tolerance, lipid peroxidation inhibition
activity, and reducing power. Specifically, Z1 (B. proteolyticus)
showed the highest DPPH and hydroxyl radical scavenging
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FIGURE 7 | The tolerance ability of all strains to 1, 0.7, 0.4, and 0% concentration of H2O2 solution. (A) The result demonstrates the different concentrations of
H2O2 tolerance of Z1. (B) The result demonstrates the different concentrations of H2O2 tolerance of Z2. (C) The result demonstrates the different concentrations of
H2O2 tolerance of J. (D) The result demonstrates the different concentrations of H2O2 tolerance of K.

activity, while Z2 (B. proteolyticus) was better in reducing power
and lipid peroxidation inhibition.

Hydrogen peroxide can penetrate most of the cell membrane
and react with iron in the cell to form hydroxyl radicals
(Brackman and Havinga, 1955). Therefore, hydrogen peroxide
is more cytotoxic than superoxide anion radicals that cannot
penetrate cell membranes. The catalase’s main biological function
is to accelerate the decomposition of hydrogen peroxide in cells
and prevent the further production of highly toxic hydroxyl
radicals (Li et al., 2011). The results are also consistent with
previous findings where Z1, Z2, J, and K exhibited strong
tolerance to hydrogen peroxide. Hence, the strains isolated from
yaks contained strong antioxidant capacity, consistent with the
extremely harsh living environment of yaks.

Stomach and intestine can secrete a large amount of gastric
juice and bile into the body every day, tolerance of the acidic
environment in the stomach and the bile salt environment in
the intestine is the foundation on which probiotics exert their
positive effects on the host. At present, deactivation of bacteria
during processing and transport is now one of the most serious
problems for probiotics (Liu et al., 2020). However, Bacillus
strain is stronger against stress, which multiplies quickly and
tenacious vitality. More importantly, Bacillus strains can form
endophytic resistant spores to resist high temperature, acid, and
alkali polar environments (Kapse et al., 2018). In the current
study, all the isolated strains showed great thermal ability, as
well as varying degrees of tolerance to acid and bile. Concretely,
B. amyloliquefaciens (J) exhibited the strongest bile salt tolerance

in 0.3% concentration compared with B. subtilis (K). While Z1
(B. proteolyticus) showed the highest acidic ability at pH less
than 4.0 than B. subtilis (K). These results are consistent with
the Kapse findings.

Antibiotics are widely used to improve growth performance
and treat bacterial diseases (Li et al., 2019b). However, the
misuse of antibiotics may increase the emergence of antibiotic-
resistant bacteria and dysbacteriosis. Previous studies have shown
that antibiotic resistance can be overwhelming among microbial
communities, and even some probiotics may have resistance
genes. In addition, antibiotic resistance can also spread to
humans by the food supply chain and lead to a significant threat
to human health and food safety (Verraes, 2013). According
to FAO/WHO regulations, probiotics must be supported by
safety evidence before they are used in clinical practice (FAO,
2002). We also tested the antagonistic effect of the isolated strain
on E. coli C83902, S. aureus BNCC186335, and S. enteritidis
NYNC13349 to evaluate the antibacterial effect. Consistent with
previous research (Redman et al., 2014), antimicrobial resistance
genes, antibiotic susceptibility, and hemolytic activity were used
to demonstrate the safety of the four strains identified in the
experiment. The antimicrobial resistance genes and hemolytic
activity tests revealed that none of the four strains was positive.
Furthermore, all strains were active against Gram-positive and
negative pathogens, although their effectiveness varied. If these
three or more probiotics are combined, it may provide better
clinical effects. However, further research is required before the
clinical applications of these strains.
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The autoaggregation and cell surface hydrophobicity of
probiotics are both important features. Adhesion between cells
causes autoaggregation, which is closely linked to intestinal
adhesion and the production of beneficial biofilms (Agostiano
et al., 1993). Generally, the ability of adhesion between probiotics
and intestines and the formation of beneficial biofilms are
positively correlated with the ability of agglutination. In addition,
probiotic biofilms can also reduce the colonization of pathogenic
bacteria in the intestines and improve the resistance of the gut
to biological, chemical, and physical attacks. Prior studies have
suggested that the adhesion of the microorganisms is closely
related to the surface properties of the bacteria (O’Mahony
et al., 2005). The cell surface hydrophobicity is the main factor
that determines the nonspecific adhesion of bacteria to the
host surface. Bacterial cells can interact with digestive tract
epithelial cells via nonspecific noncovalent weak interactions
called hydrophobic interactions, and the force among them is
positively correlated to hydrophobicity (Kamberi et al., 2004;
Israelachvili, 2005; Petrie et al., 2011). Therefore, the method of
microbial adhesion to hydrocarbons was used to evaluate the
cell surface hydrophobicity. Our results demonstrated that the
isolated strains were highly capable of cell surface hydrophobicity
and autoaggregation (the highest of which were Z1 and Z2),
suggesting that the isolated strains may have high adhesion to
intestinal mucosal cells.

CONCLUSION

The present study revealed that the isolates from yak had
strong antioxidant and probiotic activity. Moreover, these strains
proved safe through in vitro experiments with restraining ability
against the proliferation of pathogenic bacteria. These abilities
imply an important role in bacterial diseases. This was the first
study to reveal the probiotic potential of B. proteolyticus and
B. amyloliquefaciens isolated from yaks.
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