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Bacillus subtilis SOMS8 isolated from sesame ==

oil meal for potential probiotic application
in inhibiting human enteropathogens
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Abstract

Background While particular strains within the Bacillus species, such as Bacillus subtilis, have been commercially
utilised as probiotics, it is critical to implement screening assays and evaluate the safety to identify potential Bacillus
probiotic strains before clinical trials. This is because some Bacillus species, including B. cereus and B. anthracis, can
produce toxins that are harmful to humans.

Results In this study, we implemented a funnel-shaped approach to isolate and evaluate prospective probiotics
from homogenised food waste — sesame oil meal (SOM). Of nine isolated strains with antipathogenic properties, B.
subtilis SOM8 displayed the most promising activities against five listed human enteropathogens and was selected
for further comprehensive assessment. B. subtilis SOM8 exhibited good tolerance when exposed to adverse stressors
including acidity, bile salts, simulated gastric fluid (SGF), simulated intestinal fluid (SIF), and heat treatment. Addition-
ally, B. subtilis SOM8 possesses host-associated benefits such as antioxidant and bile salt hydrolase (BSH) activity.
Furthermore, B. subtilis SOM8 contains only haemolysin toxin genes but has been proved to display partial haemolysis
in the test and low cytotoxicity in Caco-2 cell models for in vitro evaluation. Moreover, B. subtilis SOM8 intrinsically
resists only streptomycin and lacks plasmids or other mobile genetic elements. Bioinformatic analyses also predicted
B. subtilis SOM8 encodes various bioactives compound like fengycin and lichendicin that could enable further bio-
medical applications.

Conclusions Our comprehensive evaluation revealed the substantial potential of B. subtilis SOM8 as a probiotic
for targeting human enteropathogens, attributable to its exceptional performance across selection assays. Fur-
thermore, our safety assessment, encompassing both phenotypic and genotypic analyses, showed B. subtilis SOM8
has a favourable preclinical safety profile, without significant threats to human health. Collectively, these find-

ings highlight the promising prospects of B. subtilis SOM8 as a potent probiotic candidate for additional clinical
development.
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but also with the general public market including probi-
otic food and beverages, dietary supplements and ani-
mal feed, which estimates project a Compound Annual
Growth Rate (CAGR) of 14% from 2023 to 2030 [2]. For
a long period, lactic acid bacteria (LAB) such as Lacto-
bacillus, Lactococcus, Streptococcus and Bifidobacterium
have been considered to be safe for use [3-5]. Despite the
widespread use of various functional LAB in probiotic
fermented foods on a global scale, there remains a strong
demand within the biofunctional product market for the
implementation and expansion of available probiotic
products. Therefore, much research effort has focused
on the identification and selection of novel strains pos-
sessing diverse and distinct functional properties [6]. In
fact, novel microbial groups, such as yeast, other strains
of LAB and Bacillus [7], continue to be discovered by sci-
entists annually [8, 9].

Bacillus strains have garnered historical validation for
their utility in large-scale enzyme production. They have
also been employed as probiotics for human consump-
tion and as direct-fed microbial supplements to enhance
animal health over a long period. Their suitability as pro-
biotics stems from their inherent capacity for endospore
formation. This characteristic enables them to endure
the harsh conditions of low pH and bile salt exposure
within the gastrointestinal tracts (GIT) of both humans
and monogastric animals [10, 11]. Some strains of Bacil-
lus, e.g., B. coagulans, B. clausii and B. subtilis, have been
widely utilised as probiotics in the food and pharmaceu-
tical industry due to this endospore forming property
and safe profile [12-14]. B. subtilis, in particular, pos-
sesses a well-documented history of safe consumption
on a global scale. Noteworthy examples include its role
in the production of traditional fermented foods such as
natto in Japan, kimchi in Korea, and Thua nao in Thai-
land [15-17]. However, certain Bacillus species, includ-
ing B. anthracis and B. cereus etc., are known to produce
enterotoxins, raising concerns about their safety [18]. In
addition, specific B. subtilis strains, for example, B. sub-
tilis G7 strain obtained from a deep-sea hydrothermal
vent exhibits lethality towards vertebrate creatures when

Table 1 Human enteropathogens used in this study

Page 2 of 19

deliberately introduced into animals [19]. Therefore,
assessing the safety of strains from Bacillus are necessary
from both phenotypic and genotypic aspects.

Typically, probiotics were discovered and isolated from
humans or dairy products such as kefir [20], cheese [21],
and fruits [22] as they are perceived as a reliable reser-
voir of microorganisms, and are considered to be safe
and suitable for product development. However, alterna-
tive sources such as grains and waste [23] are now being
utilised for isolating novel microbe strains. Homogenised
food waste, including okara [24], spent coffee grounds
[25], spent barley grains [26], and oil pressed cakes [27],
offers promising sources for the isolation of specific
microbes. These substrates are characterized by their
consistent and valuable nutritional profiles, which are
conducive to the growth of various microorganisms. Fur-
thermore, the conventional disposal of such food waste
in landfills gives rise to significant environmental con-
cerns. The isolation of potential probiotics from these
food waste materials can facilitate their reuse in the val-
orisation of food waste for various potential applications
in food [28], animal feed [29], as nutraceuticals [30], and
biomedical purposes [31].

Material and methods

Materials

The sesame oil meal (SOM) used in this study was
sourced from oil processing residues that were gener-
ously provided by the Oh Chin Hing sesame oil factory
in Singapore. In various assays, we utilised Lactobacil-
lus plantarum WT (Wild type strain) and Lactobacillus
rhamnosus GG (LGG) as positive probiotic controls. The
specific human enteropathogens employed in this inves-
tigation are detailed in Table 1. All enteric pathogens
and human intestinal Caco-2 cell lines (HTB-37"") were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, United States) except Staphylo-
coccus aureus, which was supplied by our colleagues at
the Singapore Centre for Environmental Life Sciences
Engineering (SCELSE).

Species Strain Media Aerobic/Anaerobic Temperature
(WO]

Staphylococcus aureus USA300 TSB OX (Aerobic) 37

Escherichia coli O157:H7 ATCC43888 TSB OX 37

Bacillus cereus ATCC 11778 NB OX 30

Vibrio parahaemolyticus ATCC 17802 NB with 3% w/v NaCl ~ OX 37

Salmonella enterica subsp. Enterica ATCC-BAA-190 NB OX 37
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De Man, Rogosa, and Sharpe (MRS), Tryptic Soy (TS),
Nutrient broth (NB), and Rogosa media were employed
for the isolation of strains from SOM. The acquisition of
these media was facilitated through Thermo Fisher Sci-
entific (Waltham. MA, United States). Cycloheximide at a
concentration of 150 mg/L was added into MRS, NB, TS,
and Rogosa media to inhibit yeast growth. The antibiotics
were subjected to filtration and subsequently introduced
into the respective autoclaved media. Bacto agar was
obtained from BD (Franklin Lakes, NJ, United States).
In addition, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Dul-
becco’s Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), and trypsin-ethylenediaminetetraacetic
acid (EDTA) were purchased from Thermo Fisher Sci-
entific (Waltham. MA, United States). The Q5 High
Fidelity PCR kit was sourced from New England Biolabs
(Ipswich, MA, United States), while the CytoTox 96R
non-radioactive cytotoxicity kit was obtained from Pro-
mega (Madison, WI, United States). The DNeasy Ultra-
clean Microbial Kit was acquired from QIAgen (Hidden,
Germany). All other chemicals used in this study were
purchased from Sigma Aldrich (St. Louis, MO, United
States). Furthermore, all media except Rogosa, chemi-
cal solutions, and apparatus were subject to sterilization
through autoclaving at 121 °C for 15 min prior to their
utilization.

Methods

Isolation of Microbes from SOM

Firstly, the SOM was subjected to aerobic incubation at
37 °C for two days to facilitate a starving approach for
the cultivation of microorganisms originally presented
in the SOM that can utilise SOM well. Subsequently, the
cultured SOM was subjected to a series dilution pro-
cess using 1xPhosphate-buffered saline (PBS) solution,
wherein 1 mL of the microbe culture was mixed with
9 mL of the PBS solution. Following this, 100 mL of the
microbial solution at different concentrations was spread
onto different selective agar plates and incubated at 37 °C
aerobically for 24 h. MRS and Rogosa media were spe-
cifically employed for the isolation of Lactic acid bacteria
(LAB), as the majority of known or commercially avail-
able probiotic strains belong to this group. NB and TS
media were employed as general broths.

After 24 h of incubation, individual colony of different
microbes was selected based on their characteristics such
as form (circular, filamentous, etc.), elevation (raised,
flat, etc.), margin (filiform, lobate, etc.), surface (smooth,
rough, etc.), opacity (transparent, opaque, etc.), and
pigmentation (white, purple, etc.) [32]. A single colony
of each microbe was then be inoculated into the corre-
sponding broth, followed by another day of incubation at
37 °C aerobically. Subsequently, the incubated microbial
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cultures were streaked onto agar plates once again for
purification. Finally, the single colony of each microbe
was inoculated and preserved in a -80 °C freezer for fur-
ther study. The stock solution was prepared by combin-
ing 900 mL of the microbial culture with 300 mL of a 60%
(v/v) glycerol solution, resulting in a total glycerol con-
centration of 15% (v/v).

Identification of Isolated Species by 16S rRNA

The 16S rRNA was sequenced to determine the species
identity of SOM derived microbial strains. Genomic
DNA was isolated from respective microbial culture
using DNeasy Ultraclean Microbial Kit in accordance
with the manufacturer’s instructions. The Q5 High Fidel-
ity PCR kit was used with universal primers 27F and
1492R to amplify 16S rRNA for bacteria. The PCR reac-
tion mix consisted of 10 pL 5X Q5 reaction buffer, 1 pL
10 mM dNTPs, 2.5 uL. 10 mM forward primer, 2.5 uL
10 mM reverse primer, 0.5 uL. Q5 High Fidelity DNA
polymerase, 5 uL DNA template, and 28.5 pL nuclease-
free water, total 50 pL. PCR amplification was carried out
with the following parameters: 98 °C for 3 min, 30 cycles
(98 °C for 10 s, 55 °C for 15 s, 72 °C for 90 s), 72 °C for
2 min, and holding at 4 °C. PCR products were checked
by gel electrophoresis using the Gel Doc system (Bio-Rad
Laboratories, Hercules, CA, United States). PCR prod-
ucts at the predicted size were sent to an external vendor
(1st base, Singapore) for sequencing. Obtained nucleo-
tide sequences were analysed using the ApE plasmid
editor software [33], and species assignment of SOM iso-
lates was done using the National Centre for Biotechnol-
ogy Information (NCBI) BLAST platform, based on the
BLAST result which yielded the highest total score.

Agar well diffusion assay to assess antipathogenic activity

The experimental procedure followed the protocol pro-
posed by Tan et al. with modifications [34]. Five human
enteropathogens listed in Table 1 were inoculated into
respective broth to grow for 24 h. Then pathogen cul-
tures were appropriately diluted to an initial OD600
of 0.1 in their respective media. Subsequently, 100 pL
of the diluted pathogen cultures were spread onto agar.
To create wells, 6 mm-diameter cavities were carefully
made and these wells were subsequently filled with 50
puL of microbial cultures containing isolated microbes
from SOM. Following the preparation of the plates, they
were incubated under growth conditions specific to the
pathogens for 24 h. Finally, the plates were examined for
the presence of inhibition zones surrounding individ-
ual wells. These inhibition zones were characterized by
clear areas devoid of visible pathogen growth. Inhibition
zones measuring greater than 4 mm, ranging between 2
and 4 mm, and less than 2 mm were classified as strong
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(+++), intermediate (++), and weak inhibition (+),
respectively [34].

Whole genome sequencing for genotypic characterization
The selected potential probiotics B. subtilis SOMS8 (after
phenotype screening and 16S rRNA) underwent fur-
ther genotypic characterization through WGS. Genomic
DNA was extracted from these isolates using the DNeasy
Ultraclean Microbial Kit following the manufacturer’s
instructions. Prior to sequencing, the quality and con-
centration of the extracted DNA were assessed through
gel electrophoresis and a Qubit 2.0 Fluorometer, respec-
tively. Then the DNA samples were sent to an external
vendor (Azenta Life Sciences, Singapore). The quality of
raw reads was verified using FastQC [35] and the qual-
ity of the assembled contigs was assessed using the DDB]
Fast Annotation and Submission Tool (DFAST).

The assembled contigs of the chosen B. subti-
lis SOMS8 strain with most promising antipathogenic
activities were submitted to GenBank under the Bio-
Project ID PRJNA1009692, with accession number
JAVICJ000000000. Functional gene annotation of the
assembled contigs was performed using the NCBI
prokaryotic genome annotation pipeline. Second metab-
olites, bacteriocins, virulence factors, and antimicrobial
resistance (AMR) genes were identified using the ant-
iSMASH [36], BAGEL4 [37], Virulence factors Database
(VEDB) [38] and Comprehensive Antibiotic Resistance
Database (CARD) [39] respectively. Plasmids and Mobile
Genetic Elements (MGEs) were identified using Plasmid-
Finder 2.1 [40] and MobileElementFinder [41].

Taxonomic analysis was conducted using the Type
Strain Genome Server (TYGS) [42]. Specifically, the
genomes of isolates were compared against all type strain
genomes present in the TYGS database to identify closely
related type strains. These strains were then compared
pairwise to determine their intergenomic distances,
which were subsequently used to construct a balanced
minimum evolution tree with branch support through
FASTME 2.1.6.1 [43].

Minimum Inhibitory Concentration (MIC) Evaluation
The MIC protocol strictly followed Clinical and Labo-
ratory Science Institute (CLSI) M07 standard [44] and
European Food Safety Authority (EFSA) MIC Resist-
ance Threshold for Bacillus strains [45]. In general, eight
commonly prescribed antibiotics (chloramphenicol, clin-
damycin, erythromycin, gentamicin, kanamycin, strepto-
mycin, oxytetracycline, and vancomycin) were used for
MIC evaluation of isolated B. subtilis SOMS, as can be
seen in Supplementary Figure S1.

In general, a 96-well microplate was utilised for the
experiment. To each well, 100 pL of different kinds of
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drugs were introduced into Well 1, and from Well 2 to
Well 12, 50 uL of broth without bacteria was dispensed.
Subsequent to this, a sequential process was followed: 50
uL of the drug solution from Well 1 was transferred until
Well 10. At this point, 50 pL of the resultant mixture was
extracted from Well 10 and discarded, resulting in uni-
form 50 pL solutions across all wells. For all antibiotics
except streptomycin, the initial concentration added was
64 pg/mL, resulting in a concentration of 0.125 pg/mL in
well 10. For streptomycin, the initial concentration was
set at 1024 pg/mlL, leading to a concentration of 2 pg/
mL in the well. Following this, 50 uL of a bacterial culture
was added, starting from Well 1 up to Well 11, while Well
12 received 50 pL of broth without bacteria, serving as a
negative control.

The bacterial culture added to the wells was stand-
ardized to a concentration of 10° colony forming units
(CFU) CFU/mL, in accordance with CMSI standards, to
achieve a consistent final concentration of 5x10° CFU/
mL. This precise standardization is crucial because the
initial bacterial concentration significantly affects MIC
results. After standardization, the microplate underwent
an incubation period of 16 to 20 h at 37 °C.

Acid and bile resistance

The experimental procedure for this assay is based on
the methodology described by Tan et al. [10] and aims
to assess the survivability of isolated microbes under
2 h exposure to acid and bile salts. For this purpose,
broths were adjusted to pH 2, 3, and 4 and/or supple-
mented with 0.5%, 1.0%, and 1.5% (w/v) ox-bile. The cul-
ture of microbes was prepared by incubating inoculated
microbes for 24 h. Subsequently, 100 pL of the microbial
culture was inoculated into 4.9 mL of each respective
broth medium, followed by incubation at 37 °C for 2 h
under continuous shaking conditions (200 rpm). Enu-
meration of CFUs was performed through drop plating
(100 pL solution, spread onto the agar plates, incuba-
tion for 1-2 days) before and after exposure to acid/bile
treatment.

Simulated Gastric Fluids/Simulated Intestinal Fluids (SGF/
SIF) Resistance

The experimental procedure for this assay is based on the
methodology described by Tan et al. [34, 46] and aims to
evaluate the survival of isolated microbes in the human
GIT environment by subjecting them to SGF and SIE.
The SGF was prepared as a solution of 0.2 M NaCl, 2000
units/mL porcine pepsin, with a pH of 2 using HCI. The
SIF was prepared by combining PBS with a pH of 7.4 and
0.3% ox-bile salts and 0.1% pancreatin [47]. 100 pL of the
culture of isolated microbes were inoculated into 4.9 mL
SGF or SIF, followed by incubation at 37 °C for 2 h under
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continuous shaking conditions (200 rpm). Enumeration
of CFUs was performed before and after exposure to SGF
or SIF.

Heat stability

The experimental protocol for this assay is based on
the methodology outlined by Feng et al. [48]. The
objective of this study is to evaluate the viability of
isolated microorganisms under conditions of elevated
temperature, thus providing valuable insights for sub-
sequent industrial processing techniques, including
spray drying. The microbial culture tubes were sub-
jected to incubation in a water bath at temperatures
of 40, 60, and 80 °C for 30 min. Enumeration of CFUs
was conducted before and after exposure to varying
temperatures.

Antioxidant Activity (DPPH assay)

The experimental procedure follows the DPPH scav-
enging protocol proposed by Luang-In V. and Dee-
seenthum S. [49] with modifications: Microbial
cultures (0.5 mL) were combined with 0.05 mM DPPH
in absolute ethanol (3 mL) in duplicate. Controls
were prepared by mixing broth with absolute ethanol
(3 mL). Subsequently, the reaction mixture was incu-
bated in darkness at room temperature for 30 min.
The presence of antioxidant activity was indicated by
a discernible colour transition from deep violet to light
yellow. Following incubation, the solution was centri-
fuged at 8000 gx for 10 min to spin down substances.
Then the absorbance at 517 nm was quantified using
a spectrophotometer. The antioxidant activity percent-
age (AA%) was determined using the following Eq. 1.
L. Ascorbic acid was used as positive control, L. plan-
tarum, a common commercial probiotic was used for
comparison.

AA% = [1 = (Asample/Acontrol)] (1)
Here, Ay, represents the average absorbance at
517 nm measured for the sample with DPPH added
(A: 0.5 mL culture+3 mL DPPH ethanol solution),
subtracted by the absorbance of broth without DPPH
added (B: 0.5 mL broth + 3 mL absolute ethanol), while
A onirol denotes the absorbance at 517 nm measured
for broth with DPPH added (C: 0.5 mL broth+3 mL
DPPH ethanol solution), minus the absorbance of
broth without DPPH added. The Eq. 1 can be simpli-
fied as below.
C—-A

C-B

C-B

A—B
e
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BSH (Bile salt hydrolase) Activity Assay

The experimental procedure follows Tan et al. [34] with
modifications. A volume of 5 pL of the isolated microbial
culture was dispensed onto two sets of TS agar plates:
one set containing 0.5% (w/v) taurodeoxycholate hydrate
(TDC) and the other set without TDC supplementation.
The plates were then incubated at 37 °C for 24 h. The
presence of BSH activity was assessed by the appearance
of a distinctive white precipitate, which corresponds to
the deconjugated bile acid on the TDC-supplemented
agar plates after 48 h incubation. L. plantarum W'T was
used as positive control.

Haemolytic activity

Isolated strains were subjected to haemolysis testing on
Columbia agar supplemented with 5% (v/v) sheep blood.
This was achieved by streaking bacterial cultures on
blood agar plates, followed by incubation at 37 °C under
aerobic conditions for 24—48 h. The haemolytic activity
of the isolates was determined based on the presence of
a clear or green halo around the bacterial colonies. Bac-
terial strains exhibiting a clear halo were categorized as
B-haemolytic (complete lysis of red cells, such as S. aga-
lactiae, S. aureus), while those with a green halo were
considered a-haemolytic (partial or green haemolysis
associated with reduction of red cell haemoglobin, such
as S. pneumonia). Isolates without any halo surrounding
the colonies were designated as y-haemolytic (slight or
nonhaemolytic, such as Enterococcus faecalis) [50] as can
be seen in Supplementary Figure S2.

Cell Cytotoxicity Using Caco-2 cells (CCK-8 Assay)

The cytotoxicity of the isolated microbial culture was
assessed using Caco-2 cells, employing the CytoTox
96 non-radioactive cytotoxicity kit: Cell Counting Kit
— 8 (CCK-8). Caco-2 cells were revived and cultured in
DMEM supplemented with 10% (v/v) FBS and 1% Non-
Essential Amino Acids (NEAA) and maintained at 37 °C
in a humidified atmosphere with 5% CO, for seven days
to form a confluent monolayer. For the cytotoxicity assay,
100 pL of Caco-2 cell suspensions were seeded into each
well of a 96-well microplate (5000 cells/well). The micro-
plate was then incubated overnight to allow cells to
adhere to the wells. Subsequently, the medium in each
well was replaced with 100 pL of different concentrations
of cell-free filtrate (0.005, 0.05, 0.5, 5, 50, 500 pL cell-free
filtrate/mL completed DMEM medium, prepared by fil-
tering 24 h fermented bacterial culture using 0.22 pum fil-
ter) and 100 pL of different concentrations of lyophilized
cell-free filtrate dissolved in DMEM (0.1, 1, 10, 100, 1000,
10,000 pg/mL completed DMEM medium, prepared by
filtering 24 h fermented bacterial culture using 0.22 um
filter and freeze-dried). After incubation for 24 h, 10 uL
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of CCK-8 solution was added to each well and incubated
at 37 °C for an additional 4 h. The background absorb-
ance was determined using 100 pL completed DMEM
medium and completed DMEM medium with different
concentrations of (lyophilized) cell-free filtrate without
Caco-2 cells (Cell-free filtrate itself has colour, which will
affect the absorbance), while the OD cateq group was
prepared by incubating Caco-2 cells using 100 pL PBS
solution (Negative control). ODy,.,.q Was determined
with 100 pL complete DMEM medium with Caco-2
cells (Positive control) or different filtrate treatment with
Caco-2 cells. The commercial probiotic strain LGG and
B. subtilis ATCC 6051 were employed for comparison.

Cytotoxicity effect was measured using a spectropho-
tometer at 450 nm.

D treated

x 100%

Cellviability = oD
untreated

Adhesion Capacity Assay Using Caco-2 Cells

The adhesion capability of microbial cultures to an intes-
tinal surface was evaluated through an in vitro adhesion
assay employing the human epithelial cell line Caco-2,
following the methodology outlined by Ayala et al. [51].
The assay entails seeding Caco-2 cells at a density of
2.8x10* cells/cm? in 12-well tissue culture plates, with
the culture medium being refreshed daily for 21 days
to facilitate growth until the late post-confluence stage.
During the final medium change, DMEM without antibi-
otics is employed.

Subsequently, duplicate confluent monolayers of
Caco-2 cells were inoculated with 1 mL of the micro-
bial culture, adjusted to a concentration of 108, 107, and
10° CFU/mL. Before inoculation, the microbial culture
underwent washing with PBS solution and was subse-
quently resuspended in DMEM. The inoculated Caco-2
plates were then incubated for 2 h under controlled con-
ditions of 37 °C and 5% CO, to facilitate microbial attach-
ment. After incubation, non-attached or loosely adherent
microbes were removed by performing three washes of
the Caco-2 monolayers using sterile PBS.

For the detachment of adherent microbes, 200 mL of
a trypsin solution with a concentration of 0.25% (w/v)
and supplemented with 0.53 mM EDTA were added to
each well, followed by a 10-min incubation at 37 °C and
5% CO,. Subsequently, PBS (800 mL) was pipetted into
each well to dilute the trypsin—-EDTA solution, and ten-
fold serial dilutions were prepared. Drop-plating was
conducted to enumerate the CFU of the attached isolated
microbes. The percentage of adhesion was calculated by
dividing the number of attached microbes by the initial
CFU count of the added microbes.
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Statistical analysis

All data were presented as the mean + standard deviation
(SD). Statistical analyses were performed using GraphPad
Prism 9 software. One-way and/or two-way ANOVA was
employed for comparisons among various groups, and
t-test was used to assess differences between two groups.
Significance levels were denoted as follows: *, p <0.05; **,
p<0.01; ***, p<0.001; ****, p<0.0001, indicating statistical
significance.

Results

Isolated Strains from SOM

A total of 23 distinct strains were isolated from SOM
based on the isolation process. Among these, nine strains
demonstrated notable antipathogenic properties, effec-
tively inhibiting the growth of the listed human enter-
opathogens, as shown in Supplementary Figure S3.

Antipathogenic Activities (Agar Well Diffusion Assay)

Out of the 23 strains isolated from SOM, nine isolates
exhibited notable inhibitory activities against common
human enteropathogens. The results of the inhibitory
activities of these nine strains are presented in Table 2.
The raw data on the diameters of the inhibition zones are
provided in Supplementary Table S1.

Within this group of nine strains, eight were identified
via 16S rRNA sequencing as members of the B. subtilis
species, with the remaining one strain classified as Weis-
sella paramesenteroides. Among these strains, B. subtilis
SOMS8 displayed the most promising inhibitory activities
against all five selected human enteropathogens. Notably,
B. subtilis SOMS8 exhibited remarkable inhibitory effects
on the growth of common foodborne pathogens, includ-
ing V. parahaemolyticus and B. cereus, which can cause
diarrhoeal diseases, as well as the virulent serotype E.
coli O157:H7, responsible for diarrhoea and associated
complications. Furthermore, B. subtilis SOM8 exhib-
ited inhibitory effects on not only Gram-positive patho-
gens (S. aureus, and B. cereus) but also Gram-negative
pathogens (E. coli, S. enterica, and V. parahaemolyticus).
Consequently, B. subtilis SOM8 was selected for further
comprehensive phenotypic and genotypic screening.

Taxonomic Information of B. subtilis SOM8

Phylogenetic analysis was employed to discover the rela-
tionship between B. subtilis SOMS8 and several closely
related strains. A phylogenetic tree of B. subtilis SOM8
was constructed using TYGS, as illustrated in Fig. 1, the
raw data of TYGS results are shown in Supplementary
Table S2 and S3. B. subtilis SOM8 was found to share
close phylogenetic proximity with well-known wild-
type strains, notably B. subtilis NCIB 3610 and B. subti-
lis ATCC 6051. Moreover, in alignment with the BLAST
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Table 2 Isolated strains’inhibition to human enteropathogens
Species Strain Pathogens
S. aureus E.coliO157:H7 B. cereus S. enterica V.
parahaemolyticus
B. subtilis 1 + ++ + + +
- ++ + + -
2 ++ + ++ + -
+++ + ++ - +
3 +++ +++ +++ ++ ++
+++ ++ +4+ ++ ++
4 +4++ ++ ++ + ++
++ ++ ++ + ++
5 + ++ ++ + +++
+ ++ ++ + ++
6 ++ +++ +++ ++ ++
++ ++ +++ ++ ++
7 +++ ++ +++ + +++
++ ++ ++ + +++
8 + 4+ +++ + 4+ ++ +++
+++ ++ +++ ++ +++
Weissella paramesenteroides 1 - + +++ + +++
- + ++ + + 4+

Each assay was conducted in duplicate, and inhibition zones were categorized as follows: Zones of inhibition exceeding 4 mm were categorized as strong inhibition
(+++), those measuring between 2 and 4 mm were considered intermediate inhibition (++), while zones smaller than 2 mm were regarded as weak inhibition (+),

with (-) signifying the absence of any discernible zone of inhibition [34]

results in prior research, B. subtilis SOMS8 also demon-
strated a close taxonomic alignment with B. subtilis
subsp. subtilis 168, as well as a commercially available
probiotic strain, B. subtilis MB40 [10]. These findings
underscore the substantial potential of isolated B. subtilis
SOMS for application as a probiotic.

Acid and bile tolerance

The results depicting survival of B. subtilis SOMS8 after
exposure to acid (pH 2, 3, and 4) and varying con-
centrations of ox-bile salts (0.5%, 1.0%, 1.5% w/v), as
well as mixed acid and bile salt conditions for 2 h, are
presented in Figs. 2 and 3. Notably, B. subtilis SOM8
exhibited susceptibility to low pH conditions (pH 2
and pH 3), resulting in a reduction of 4 to 5 Log,,CFU/
mL. However, under pH 4, the reduction in Log,,CFU/
mL was less than 1, indicating a good survivability to
acidic environments when the pH exceeded 4. In the
context of bile salts, B. subtilis SOM8 demonstrated
Log,,CFU/mL reductions ranging between 2 and 3
across various concentrations, indicating its great tol-
erance to bile salts. Furthermore, it is noteworthy that
under both pH 4 and bile salt conditions, the final
Log,,CFU/mL count for B. subtilis SOM8 remained
consistently above 6. This observation suggests the

considerable potential of B. subtilis SOMS to establish
a colony within the human GIT, thereby contributing
to its functional role [52]. In addition, when B. subtilis
SOMS8 was exposed to mixed acid and bile salt condi-
tions, the survival pattern was closely related to that
observed under solely acidic stress conditions, empha-
sizing the dominant role of acid in affecting the surviv-
ability of B. subtilis SOMS.

SGF/SIF Tolerance

The susceptibility of B. subtilis SOMS8 to SGF and SIF was
assessed to simulate the gastrointestinal conditions, with
the results presented in Fig. 4. B. subtilis SOM8 demon-
strated robust survival in SIF, maintaining a Log;,CFU/
mL count exceeding 8 after 2 h. Conversely, the strain
exhibited relative susceptibility to SGF due to its low
acidic environment (pH 2) and the presence of por-
cine pepsin, resulting in a reduction of Log;,CFU/mL
between 4 and 5. Nonetheless, the survivability remained
at approximately 50%, signifying a better tolerance to
both SGF and SIF than mostly applied commercial probi-
otic strain LGG [53]. Therefore, B. subtilis SOMS8 exhibits
substantial potential for applications as probiotics, with
the possibility of encapsulation to enhance its survivabil-
ity under human GIT.
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Fig. 1 Phylogenetic tree of B. subtilis SOM8 with similar Bacillus strains using TYGS database
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Fig. 2 B.subtilis SOMS tolerance to acid and bile salt. Log,CFU/mL of B. subtilis SOM8 was measured before and after exposure to acid or ox-bile

salts for 2 h, respectively

Heat stability

The outcomes of this investigation are presented in
Fig. 5. Evidently, the figure depicts that the amount
of the bacteria remained constant under 40 °C, with

Log,()CFU/mL reduction smaller than 0.1. As the
temperature elevated to 60 °C, a minor decline in the
Log,(,CFU/mL from 8.3 to 7.8 was observed, with
survivability retained at more than 90%. However, a
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Fig. 5 B.subtilis SOMS8 tolerance to elevated temperatures from 40 °C to 100 °C for 30 min

substantial decline was observed as the temperature
reached 80 °C, leading to a reduction in the Log,,CFU/
mL to 4.7. Notably, the exposure of the bacteria to

100 °C for the same duration resulted in complete cell
inactivation.

Antioxidant Activity (DPPH Scavenging Assay)

The antioxidant activities of the cell culture, supernatant,
and PBS-resuspended cells of B. subtilis SOMS are illus-
trated in Figs. 6 and 7, respectively. In Fig. 6, it reveals
that B. subtilis SOMS8 in TS broth, exhibited a remarkable
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Fig. 7 Antioxidant activity of B. subtilis SOM8 in TS broth with different concentrations of supplemented sucrose

antioxidant activity, evidenced by an approximate 40%
DPPH scavenging, similar to that of L. plantarum.
Contrarily, B. subtilis SOM8 in MRS broth resulted in
low antioxidant activity, with DPPH scavenging rang-
ing between 10 and 15%. Notably, all PBS-Resuspended
cells including dissoluble metabolites displayed relatively
lower antioxidant activity, while the original cell culture
and the supernatant exhibited comparatively high anti-
oxidant activity. This discrepancy could be attributed to
the fact that the antioxidant activity primarily originates
from secondary metabolites present in the supernatant,
such as the exopolysaccharide (EPS) and organic acids
produced by the cells. When B. subtilis SOMS is intro-
duced into MRS, a broth with relatively lower pH that is
usually used for growing lactic acid bacteria, it appears
to augment biofilm production [54]. Such a strategy is
usually employed by microbes to overcome harsh envi-
ronments like low pH, rather than synthesizing second-
ary metabolites for antioxidant activity. In Fig. 7, the
data illustrates a progressive enhancement in antioxidant

activity, reflected by the DPPH scavenging increasing
from 40 to 60%, as supplementary sucrose is incremen-
tally introduced into the TS broth, up to a concentra-
tion of 150 g/L. Therefore, there exists a saturation point,
beyond which adding more sucrose will have no effect on
antioxidant activity. The results also proved the dominant

role of sucrose instead of monosaccharide in producing
EPS [55].

BSH activity

The BSH activity of isolated B. subtilis strains SOM 1-8
were shown in Supplementary Figure S4. Evidently, all
eight strains of isolated B. subtilis exhibited BSH activi-
ties, as signified by the white precipitation surrounding
the colonies. In contrast to their growth on standard
TS agar plates devoid of TDC supplementation, the
morphology is notably distinct. The formation of this
white precipitate around the colonies underscores the
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enzymatic deconjugation of bile salts to primary bile salts
by these strains [56].

Haemolytic activity

The haemolytic activity of isolated B. subtilis SOMS8 and
wild type strain B. subtilis ATCC 6051 was shown in Sup-
plementary Figure S5. Both isolated B. subtilis SOM8 and
wild-type B. subtilis ATCC 6051 exhibited a-haemolytic
activity, characterized by partial or green haemolysis
linked to the reduction of red cell haemoglobin. This
phenomenon is attributed to the production of hydrogen
peroxide by the bacterium such as S. pneumoniae, caus-
ing oxidation of iron in haemoglobin and resulting in the
formation of the green oxidized derivative, methaemo-
globin [57].
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Cell cytotoxicity using Caco-2 cells (CCK-8 Assay)

The results depicting cell cytotoxicity resulting from
exposure to the cell-free filtrate and lyophilized cell-free
filtrate of B. subtilis SOMS8 and B. subtilis ATCC 6051 are
illustrated in Figs. 8 and 9, respectively.

Notably, both the cell-free filtrate and freeze-dried
filtrate of B. subtilis SOMS8 and B. subtilis ATCC 6051
exhibited low cytotoxicity. At concentrations of 5 pL/
mL or 10 mg/mL, an observable trend indicated that
the filtrates demonstrated to inhibit the proliferation
of Caco-2 cells. This phenomenon might be attributed
to the presence of bioactive compounds and hydrogen
peroxide produced by both strains of B. subtilis. Fur-
thermore, the substitution of the fermented solution
for DMEM was identified as a contributing factor to the
observed inhibition, as evidenced by a relatively higher
inhibitory effect for the cell-free filtrate compared to
the freeze-dried filtrate. In summary, considering the
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Fig. 8 The effects of B. subtilis SOM8 and B. subtilis ATCC 6051 cell-free filtrate on viability of Caco-2 cells
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Fig. 9 The effects of B. subtilis SOM8 and B. subtilis ATCC 6051 freeze-dried cell-free filtrate on viability of Caco-2 cells
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low cytotoxicity towards Caco-2 cells, both B. subtilis
SOMBS8 and B. subtilis ATCC 6051 are viable candidates
for probiotic applications, with B. subtilis SOMS exhib-
iting comparatively better performance.

Adhesion capacity assay using caco-2 cells

The adhesion capabilities of B. subtilis SOMS8, B. sub-
tilis ATCC 6051, and LGG to Caco-2 cells are graphi-
cally represented in Fig. 10. Notably, adhesion capacity
exhibits no apparent correlation with the initial seed-
ing concentration. Interestingly, all three strains
demonstrated optimal adhesion at an initial seeding
concentration of 10" CFU/mL, with B. subtilis SOM8
owning an approximately 70% adhesion rate, signifi-
cantly higher than both B. subtilis ATCC 6051 of 20%
and LGG of 8%. This heightened adhesion exhibited
by B. subtilis SOMS is possible to be attributable to its
augmented biofilm-producing and intrinsic adhesion
properties. Importantly, it is observed that B. subtilis
SOMBS consistently meets the required criteria for pro-
biotic efficacy, maintaining adhesion values surpassing

LGG to Caco-2 cells under different initial seeding concentrations

Table 3 Summary of isolated B. subtilis SOM8 genome for
virulence factor prediction using VFDB database

Virulence factors Category Related genes

Toxin Haemolysin Il hlylll

Immune evasion Polyglutamic acid capsule capA
capB
capC
capD
dhbA
dhbB
dhbC
dhbD

dhbE

Iron acquisition Bacillibactin

10° CFU/mL across varying seeding concentrations.
This adherence threshold, as established guidelines
[52], indicated B. subtilis SOMS8’s fulfilment of the nec-
essary criteria for optimal probiotic functionality under
diverse seeding conditions.
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WGS of B. subtilis SOM8 for Genotypic Characterization
Virulence factors identification

The prediction of virulence factors within B. subtilis
SOM8 was facilitated through the VFDB database. As
illustrated in Table 3, the genome of B. subtilis SOM8
revealed a total of 10 matches with VF-associated pro-
tein. B. subtilis SOM8 was observed to lack the B. cereus
cereulide gene cluster (cesABCHPT) and the enzyme
genes encoded by pathogenic Bacillus species. The viru-
lence factor of B. subtilis SOMS involves toxins, immune
evasion, and iron acquisition. Among the identified
virulence factors, the iron acquisition, related genes
dhbABCDE were identified within the genome of B. sub-
tilis SOMS8. However, these dhbA-E genes are a com-
mon genetic component in B. subtilis subsp. subtilis 168,
a strain extensively utilised in industrial applications.
Notably, B. subtilis SOM8 was also predicted to encode
for capABCD genes, implicated in polyglutamate synthe-
sis and transport. However, the capE gene, present in B.
anthracis and B. cereus biovar anthracis, is absent. The
final identified virulence factor is toxins. The B. subtilis
SOMS was predicted to encode a haemolysin, putative
membrane hydrolase (h/yIll), based on genetic informa-
tion. Notably, comparable haemolytic activity has been
detected across several Bacillus strains, including those
utilised as commercial probiotics [58]. Furthermore, the
likelihood of an orally administered probiotic translocat-
ing through the intestinal barrier into the bloodstream
remains limited and has been reported only at minimal
frequencies in hospitalized patients [59].

In the comparative analysis of VFs between isolated
B. subtilis SOMS8 and B. subtilis ATCC 6051 a striking
similarity in VFs was observed. However, it was found
that B. subtilis SOMS8 lacks the bpsC gene responsible
for B. cereus EPS production that exists in B. subtilis
ATCC 6051, a specific immune evasion VF present in B.
cereus. This absence of the bpsC gene in B. subtilis SOM8
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highlights its enhanced safety profile compared to B. sub-
tilis ATCC 6051.

Antibiotic resistance genes identification

The evaluation of antibiotic resistance genes within B.
subtilis SOM8 was undertaken utilizing the CARD. Out
of a total of 274 hits, 10 hits exhibited a minimum iden-
tity of 95% and were subsequently categorized as strict
matches, as shown in Supplementary Table S4. Notably,
the remaining hits displaying identity levels below 80%
were not taken into consideration. For instance, with
an identity of 98.59% to the aadK gene, the isolated B.
subtilis SOMS is predicted to exhibit resistance against
streptomycin. Additionally, its resistance to macrolides
spiramycin and telithromycin can be attributed to a
98.35% identity with the gene mphK, which encodes a
macrolide phosphotransferase. In summary, B. subtilis
SOMS8 was predicted to harbour 10 antibiotic resist-
ance genes, conferring potential resistance against a
diverse spectrum of antibiotics. These encompass pep-
tides, fluoroquinolones, aminoglycosides, tetracyclines,
phenicols, lincosamides, nucleosides, macrolides,
streptogramins antibiotics as well as disinfecting
agents and antiseptics. Nevertheless, it is imperative to
acknowledge that gene prediction does not necessarily
imply gene expression. To address this critical aspect,
MIC assessments against a spectrum of medically sig-
nificant antibiotics were conducted.

Plasmid and MGEs Identification

Drawing from the outcomes obtained through the Plas-
midFinder 2.1 [40] and MobileElementFinder [41], it
is evident that B. subtilis SOMS8 lacks plasmid genes
and any MGEs. The inference can be drawn that this
strain may not possess the capability to transfer poten-
tial antibiotic resistance genes to other bacterial enti-
ties. It is necessary to acknowledge, however, that these

Table 4 MIC results of isolated B. subtilis SOM8 against eight common antibiotics

Antibiotics Function Type MIC (i g/mL) EFSA
Threshold
(kg/mL)
Vancomycin Cell wall synthesis Glycopeptide 0.25 4
Gentamicin Protein synthesis (305) Aminoglycosides 1 4
Kanamycin Protein synthesis (30S) Aminoglycosides 8 8
Streptomycin Protein synthesis (509) Aminoglycosides 128 8
Erythromycin Protein synthesis (509) Macrolides 0.25 4
Clindamycin Protein synthesis (509) Macrolides 2 4
Tetracycline Protein synthesis (305) Tetracycline 0.25 8
Chloramphenicol Protein synthesis (509) Phenicol 4 8
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conclusions stem from BLAST-based assessments and
genetic data. For a more comprehensive understanding,
the need for in vivo investigations or subsequent clini-
cal trials is still necessary, especially in anticipation of
the eventual integration of this strain into both indus-
trial and medical applications.

MIC Evaluation of B. subtilis SOM8

The sensitivity of B. subtilis SOMS8 to eight medically
prescribed antibiotics was tested following CMSI and
EFSA MIC standard, the results were shown in Table 4.
The investigation revealed that isolated B. subtilis
SOMS displayed susceptibility to seven out of eight
common antibiotics, including one glycopeptide, two
aminoglycosides, two macrolides, one tetracycline,
and one phenicol antibiotic, in accordance with EFSA
standards. The MIC of B. subtilis SOMS to streptomy-
cin was approximately 128 pg/mL, notably exceeding
the EFSA threshold. However, it is essential to notify
that resistance to streptomycin is generally regarded
as an intrinsic property of Bacillus species that contain
the putative aadK genes. Moreover, there is no sup-
porting evidence indicating the potential horizontal
transfer of such genes to other bacterial strains [60].

Secondary Metabolites (antiSMASH, BAGEL4) Prediction
The assessment of secondary metabolites, includ-
ing bacteriocins, synthesized by the isolated B. subti-
lis SOM8 was conducted using the antiSMASH and
BAGEL4 databases, as detailed in Table 5. B. subtilis
SOMS8 was predicted to yield six distinct secondary
metabolites, encompassing both Ribosomally Syn-
thesized and Post-Translationally Modified Peptides
(RiPPs) and Non-Ribosomal Peptide Synthases (NRPS).
These include fengycin, bacillaene, subtilosin, bacilysin,
bacillibactin, and lichendicin.

In contrast to primary metabolites, these second-
ary metabolites represent non-essential, small organic
molecules that can potentially confer evolutionary

Table 5 Summary of predicted secondary metabolites produced
by isolated B. subtilis SOM8

Type Most similar cluster % Similarity
NRPS Fengycin 93
Polyketide + NRPS Bacillaene 100

RiPPs: Thiopeptide Subtilosin A 100

Other Bacilysin 100

NRPS Bacillibactin 100

RiPPs: Lanthipeptide Lichendicin A1 96
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advantages over time, such as enhancing survival in
competition with other organisms. B. subtilis SOMS is
predicted to engage in the synthesis of diverse bioactive
molecules, notably encompassing various antibiotics
with considerable potential for applications. These find-
ings underscore the SOM’s capacity to produce an array
of compounds with potential therapeutic applications.

Comparison with Wild Type Strain B. subtilis ATCC 6051

The growth patterns of B. subtilis SOMS8 and the wild-
type strain B. subtilis ATCC 6051 were compared under
both aerobic and anaerobic conditions, as depicted in
Supplementary Figure S6. Additionally, their respective
antipathogenic activities against the specified human
enteropathogens were tested under both aerobic and
anaerobic conditions, as presented in Supplementary
Figure S7. The results underscored B. subtilis SOMS8'’s
superior growth performance under both aerobic and
anaerobic conditions. Notably, the B. subtilis SOM8
colonies exhibited enhanced dimensions and were sur-
rounded by a more substantial excretion of biofilm, a
matrix of extracellular substances known to create a
favourable microenvironment for bacterial proliferation,
particularly in challenging conditions.

The outcomes from Supplementary Figure S7 empha-
size that both isolated B. subtilis SOMS8 and B. subti-
lis ATCC 6051 own a wide spectrum of antipathogenic
activities against several pathogens. However, it is note-
worthy that B. subtilis SOM8 outperforms B. subtilis
ATCC 6051 under anaerobic conditions. Specifically,
when cultivated under anaerobic conditions (represented
by Number 5 and 6), B. subtilis ATCC 6051 exhibits a
loss of antipathogenic efficacy against V. parahaemolyti-
cus and S. aureus, whereas B. subtilis SOMS8 sustains its
robust inhibition of pathogen growth, as evidenced by
the inhibition zones.

Discussion

Over a long period, numerous strains within the Bacil-
laceae family, such as B. subtilis, B. licheniformis, and B.
coagulans, have found application as probiotics in dietary
supplements for both human consumption and animal
feed [61]. Nevertheless, it is vital to ensure safety when
considering Bacillaceae species as probiotics. This is
especially so given that certain members, including B.
anthracis and B. cereus, are pathogenic to both humans
and animals [62]. Here, we present evidence that sup-
ports the candidacy of isolated B. subtilis SOMS, sourced
from food processing waste—SOM, as a potential probi-
otic strain. B. subtilis SOMS8 has great potential for inhib-
iting human enteropathogens, it is also equipped with
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robust stress tolerance, beneficial host-associated attrib-
utes, and an evidently safe preclinical profile.

The observed stress tolerance of B. subtilis SOMS8 to
acidic conditions, bile salts, and its heat stability can
be ascribed to its inherent capacity for biofilm produc-
tion. The self-produced biofilm serves as a shield, not
only contributes to its stress tolerance but also imparts
mucoadhesive properties, thus enhancing its utility in
biomedical and nutraceutical applications [63]. Moreo-
ver, it is assumed that its performance in tolerating harsh
conditions is superior to what was observed in this test.
During the stress tests, certain actions, such as pipet-
ting and vortexing, may have disrupted the original bio-
film structure produced by B. subtilis SOMS8, potentially
reducing its effectiveness in withstanding challenging
environments. Nonetheless, B. subtilis SOMS still exhib-
ited commendable performances.

BSH activity of B. subtilis SOMS8 accounts for its cho-
lesterol lowering potential. BSH enzymes can catalyse
a reaction involving the cleavage of the peptide linkage
within bile acids, the resulting unconjugated bile acids
exhibit decreased solubility and tend to precipitate under
acidic conditions. As a result, larger quantities of free bile
acids will be excreted in faeces. Such deconjugation could
increase the demand for cholesterol as a substrate for the
de novo synthesis of bile acids, compensating for the loss
of bile acids excreted in faeces. This elevated demand
for cholesterol may result in a reduction in circulating
cholesterol levels. In addition, the deconjugation of bile
salts may decrease in the solubility of cholesterol, thereby
impeding its absorption across the intestinal lumen. As a
consequence, the overall absorption of cholesterol from
the gut is diminished [56].

Antioxidants have gained significant interest due to
their numerous benefits, including anti-aging and anti-
inflammatory properties. In the area of food technology,
antioxidants are incorporated into a wide range of food
products to enhance their nutritional value. The antioxi-
dant activities of B. subtilis SOM8 makes it promising for
its use in the prevention and treatment of diseases in the
area of pharmacology, cosmetics, and medicine area [64].

With regards to the virulence factors associated with
B. subtilis SOMS, it is notable that the products encoded
by these genes exhibited the absence of intrinsic toxicity.
For instance, the catecholate siderophore Bacillibactin,
a secondary metabolite encoded by the dhb operon, is
responsible for chelating and facilitating the utilization of
ferric ions. The iron acquisition potential of Bacillibactin
has garnered interest in applications beyond pathogen-
esis, including its role in addressing iron accumulation in
the substantia nigra of the brain, thereby holding prom-
ise for the treatment of conditions such as Parkinson’s
disease [65]. B. subtilis SOM8 genome also encodes the
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capABCD genes, responsible for polyglutamate synthesis
and transport. Notably, polyglutamate has been impli-
cated in enhancing the pathogenicity of B. anthracis by
evading the host’s innate immune response. However, it
is important to emphasize that polyglutamate produc-
tion is a characteristic shared by numerous commensal
Bacillus strains, including commercially utilised strains
such as B. licheniformis and B. subtilis subsp. subtilis 168.
Furthermore, the presence of polyglutamate is a common
occurrence in various foods subjected to fermentation
processes involving Bacillus species [66], indicating its
intrinsic nature. Furthermore, B. subtilis SOMS lacks the
capE gene found in pathogenic species, further substanti-
ating its safer profile.

The cytotoxicity of B. subtilis SOMS8 were investigated
using Caco-2 cells models, the findings revealed that
both the cell-free filtrate and freeze-dried cell-free filtrate
exhibited low cytotoxicity towards Caco-2 cells. Nev-
ertheless, upon the increased concentration, an inhibi-
tory trend on cell proliferation emerged, attributed to
the presence of bacteriocin and other substances, such
as hydrogen peroxide, exerting cytotoxic effects on the
cells. It is noteworthy that previous study has also proved
the cytotoxic impact of commercial LAB, including
LGG, L. casei M3, and L. plantarum YYC-3, along with
their metabolite secretions, on colon cancer cells such
as Caco-2 and HT-29 [67]. This observation suggests an
inherent anti-cancer potential in a distinct context, high-
lighting the multi-faceted nature of bacterial interactions
with colon cancer cells.

Isolated B. subtilis SOMS8 demonstrated a-haemolytic
activity, raising potential safety concerns for its applica-
tion in human consumption or animal nutrition. Never-
theless, considering the precedent application of various
Bacillus strains [68, 69], particularly B. subtilis ATCC
6051 [70], it is observed that only strains exhibiting
B-haemolytic activity are discouraged for further applica-
tion. Moreover, even in many Lactobacilli probiotic prod-
ucts, such as kefir isolates [34, 71], the presence of toxin
protein hlylll is common and has not been considered
a significant concern. Additionally, cases of bacteremia
demonstrating the transmission of the probiotic from the
product to the blood are infrequent to be identified [59],
suggesting a low likelihood of an oral probiotic translo-
cating through the intestinal barrier into the bloodstream
[10]. In addition, we have proved B. subtilis SOMS8 low
cytotoxicity using Caco-2 cell line models.

AMR mechanisms have undergone changes through
bacterial evolution. Certain mechanisms have primar-
ily emerged to bacteria against natural antimicrobial
agents, whereas others have evolved for distinct cellular
functions. These mechanisms are commonly denoted
as intrinsic mechanisms. It is noteworthy that intrinsic
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resistance mechanisms usually do not spread horizontally
among bacteria; instead, they tend to proliferate clon-
ally. Therefore, when a bacterial species exhibits inherent
resistance to an antimicrobial, denoted as 'intrinsic resist-
ance, a characteristic prevalent among all strains of that
species, is generally not considered as a safety concern.
In contrast, when a strain of a species typically suscepti-
ble to a specific antimicrobial demonstrates resistance to
that drug, it is categorized as ‘acquired resistance! Such
acquired resistance warrants further in-depth investiga-
tion [45]. The prevalence of streptomycin resistance is a
phenomenon that spans across a wide spectrum of Bacil-
lus species, and it is highly probable that this resistance
is an inherent characteristic rather than acquired resist-
ance from mobile genetic elements [10, 15]. As such, the
observed resistance of B. subtilis SOMS to streptomycin
is not considered as a serious safety concern.
Furthermore, B. subtilis SOM8 is predicted to engage
in the synthesis of diverse bioactive molecules, nota-
bly encompassing various antibiotics with considerable
potential for applications. These findings underscore its
capacity to produce an array of promising compounds
with potential therapeutic applications. For instance,
Fengycin has exhibited antimicrobial properties in pre-
clinical studies and has been suggested as bioactive in
clinical observational trials to combat pathogens like S.
aureus [72]. Bacilysin, a dipeptide antibiotic, has demon-
strated efficacy in inhibiting Gram-negative foodborne
pathogens [73], while bacillaene, a polyene antibiotic,
displays broad-spectrum antimicrobial activity against
pathogens including S. aureus and E. coli [74]. Moreo-
ver, bacillaene has the additional capacity to promote
biofilm formation [75]. Subtilosin A, another secondary
metabolite predicted to be produced by isolated B. sub-
tilis SOMS, is characterized by its remarkable resistance
to enzymatic proteolysis and its stability under moder-
ate heat and acid conditions. It has demonstrated efficacy
against various Gram-positive bacteria, including Listeria
[76, 77]. Lastly, lichendicin, categorized as a lantibiotics,
showcases antimicrobial activities against a spectrum of
strains including Listeria monocytogenes, S. aureus, and
vancomycin-resistant Enterococcus [78].

Conclusion

Given the results of conducted screening assays, includ-
ing both phenotypic and genotypic assessments, the
isolated B. subtilis SOMS8 strain exhibits a safe preclini-
cal profile. These findings support the potential utility of
B. subtilis SOMS as a viable candidate for applications
as probiotics for human consumption, including dietary
supplements, nutraceuticals, and medical purposes.

Page 16 of 19

Abbreviations

SOM Sesame oil meal

SGF Simulated gastric fluids

SIF Simulated intestinal fluids

BSH Bile salt hydrolase

MIC Minimum inhibitory concentration
FAO Food and Agriculture Organization
WHO World Health Organization

CAGR Compound Annual Growth Rate
LAB Lactic acid bacteria

GIT Gastrointestinal tracts

GRAS generally recognized as safe

AMR Antimicrobial resistance

ATCC American Type Culture Collection
SCELSE  Singapore Centre for Environmental Life Science Engineering

MRS De Man Rogosa and Sharpe

TS Tryptic Soy
NB Nutrient broth
DPPH 2,2-diphenyl-1-picrylhydrazyl

DMEM  Dulbecco’s Modified Eagle Medium

FBS fetal bovine serum

EDTA ethylenediaminetetraacetic acid

PBS phosphate-buffered saline

NCBI National Centre for Biotechnology Information
WGS Whole Genome Sequencing

DFAST  DDBJ Fast Annotation and Submission Tool
VFDB Virulence factor database

CARD Comprehensive Antibiotic Resistance Database
MGEs Mobile Genetic Elements

TYGS Type Strain Genome Server

CLSI Clinical and Laboratory Science Institute

EFSA European Food Safety Authority

CFU colony forming units; AA%: antioxidant activity percentage
TDC taurodeoxycholate hydrate

CCK-8 Cell Counting Kit 8

NEAA Non-Essential Amino Acids

SD standard deviation

LGG L. rhamnosus GG

EPS exopolysaccharide

RiPPs Ribosomally Synthesized and Post-Translationally Modified Peptides
NRPS Non-Ribosomal Peptide Synthases

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512866-024-03263-y.

[ Supplementary Material 1. }

Acknowledgements

The authors gratefully acknowledge Oh Chin Hing Sesame Oil Factory for
providing the sesame oil meal used in this study. This Research Project was
supported by the Singapore Food Agency (SFS_RND_SUFP_001_06) and the
Ministry of Education (RG79/22 and RT03/21)

Authors’ contributions

ZT1.Z.and S.CJ.L. conceptualised this work. ZT.Z. carried out the experiments
and gathered and processed the data with WR.L. and T.T.T. ZT.Z. drafted the
manuscript. S.CJ.L, WR.L contributed critical feedback to the research, data
analysis, and manuscript development. All authors reviewed and approved
the final version of the manuscript.

Funding
This Research Project was supported by the Singapore Food Agency (SFS_
RND_SUFP_001_06) and the Ministry of Education (RG79/22 and RT03/21).


https://doi.org/10.1186/s12866-024-03263-y
https://doi.org/10.1186/s12866-024-03263-y

Zhao et al. BMC Microbiology (2024) 24:104

Availability of data and materials

The raw fastq data of B. subtilis SOM8 can be available at NCBI Sequence Read
Archive (SRA) website database using the given NCBI/Genbank accession num-
ber PRINA1009692. Link: (https://www.ncbi.nlm.nih.gov/sra/PRINAT009692).
The assembled fasta data of B. subtilis SOM8 can be available at NCBI
Nucleotide database using the given NCBI/Genbank accession number
JAVICJ000000000. Link:
(https://www.ncbi.nlm.nih.gov/nuccore/JAVICJ000000000).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 31 January 2024 Accepted: 17 March 2024
Published online: 28 March 2024

References

1. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. The Inter-
national Scientific Association for Probiotics and Prebiotics consensus
statement on the scope and appropriate use of the term probiotic. Nat
Rev Gastroenterol Hepatol. 2014;11(8):506-14. https://doi.org/10.1038/
nrgastro.2014.66.

2. Research GV. Probiotics Market Size, Share & Trends Analysis Report By
Product (Food & Beverages, Dietary Supplements), By Ingredient (Bacte-
ria, Yeast), By Distribution Channel, By End-use, By Region, And Segment
Forecasts, 2023 - 2030. https://www.grandviewresearch.com/industry-
analysis/probiotics-market (2023). Accessed Nov 5 2023.

3. Doron S, Snydman DR. Risk and Safety of Probiotics. Clinical Infectious
Diseases. 2015;60(suppl_2):5129-S34; doi: https://doi.org/10.1093/cid/
civ085.

4. KantR, Blom J, Palva A, Siezen RJ, de Vos WM. Comparative genomics of
Lactobacillus. Microb Biotechnol. 2011;4(3):323-32. https://doi.org/10.
1111/j.1751-7915.2010.00215.x.

5. Prado FC, Parada JL, Pandey A, Soccol CR. Trends in non-dairy probiotic
beverages. Food Res Int. 2008;41(2):111-23. https://doi.org/10.1016/j.
foodres.2007.10.010.

6. Pereira GVD, Coelho BD, Magalhaes Al, Thomaz-Soccol V, Soccol CR.
How to select a probiotic? A review and update of methods and criteria.

Biotechnol Adv. 2018;36(8):2060-76. https://doi.org/10.1016/j biotechadv.

2018.09.003.

7. Liu C-H,Wu K, Chu T-W, Wu T-M. Dietary supplementation of probiotic,
Bacillus subtilis E20, enhances the growth performance and disease
resistance against Vibrio alginolyticus in parrot fish (Oplegnathus
fasciatus). Aquacult Int. 2018;26(1):63-74. https://doi.org/10.1007/
510499-017-0189-z.

8. Lee MG, Joeng H, Shin J,Kim S, Lee C, Song YB, et al. Potential Probiotic
Properties of Exopolysaccharide-Producing Lacticaseibacillus paracasei
EPS DA-BACS and Prebiotic Activity of Its Exopolysaccharide. Microorgan-
isms. 2022;10(12); https://doi.org/10.3390/microorganisms10122431.

9. Mathur H, Beresford TP, Cotter PD. Health Benefits of Lactic Acid Bacteria
(LAB) Fermentates. Nutrients. 2020;12(6); https://doi.org/10.3390/nu120
61679.

10. Brutscher LM, Borgmeier C, Garvey SM, Spears JL. Preclinical Safety
Assessment of Bacillus subtilis BS50 for Probiotic and Food Applications.
Microorganisms. 2022;10(5):1038. https://doi.org/10.3390/microorgan
isms10051038.

11. Cutting SM. Bacillus probiotics. Food Microbiol. 2011;28(2):214-20.
https://doi.org/10.1016/j.fm.2010.03.007.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 17 of 19

. Colom J, Freitas D, Simon A, Brodkorb A, Buckley M, Deaton J, et al.

Presence and Germination of the Probiotic Bacillus subtilis DE111 in the
Human Small Intestinal Tract: A Randomized, Crossover, Double-Blind,
and Placebo-Controlled Study. Front Microbiol. 2021;12; https://doi.org/
10.3389/fmicb.2021.715863.

. Elshaghabee FMF, Rokana N, Gulhane RD, Sharma C, Panwar H. Bacillus As

Potential Probiotics: Status, Concerns, and Future Perspectives. Frontiers
in Microbiology. 2017;8; https://doi.org/10.3389/fmicb.2017.01490.

. Lee NK, Kim WS, Paik HD. Bacillus strains as human probiotics: charac-

terization, safety, microbiome, and probiotic carrier. Food Sci Biotechnol.
2019;28(5):1297-305. https://doi.org/10.1007/510068-019-00691-9.

. Jeon H-L, Lee N-K, Yang S-J, Kim W-S, Paik H-D. Probiotic characteriza-

tion of Bacillus subtilis P223 isolated from kimchi. Food Sci Biotechnol.
2017;26(6):1641-8. https://doi.org/10.1007/5s10068-017-0148-5.

. Ngampuak V, Thongmee A, Pongpoungphet N, Wongwailikhit K,

Kanchanaphum P. Probiotic Properties of Exopolysaccharide-Producing
Bacteria from Natto. Int J Food Sci. 2023;2023:1-10. https://doi.org/10.
1155/2023/3298723.

. Inatsu'Y, Nakamura N, Yuriko Y, Fushimi T, Watanasiritum L, Kawamoto

S. Characterization of Bacillus subtilis strains in Thua nao, a traditional
fermented soybean food in northern Thailand. Lett Appl Microbiol.
2006;43(3):237-42. https://doi.org/10.1111/j.1472-765X.2006.01966 X.

. Sorokulova IB, Pinchuk IV, Denayrolles M, Osipova IG, Huang JM, Cutting

SM, et al. The Safety of Two Bacillus Probiotic Strains for Human Use. Dig
Dis Sci. 2008;53(4):954-63. https://doi.org/10.1007/510620-007-9959-1.

. Gu H-J,Sun Q-L, Luo J-C, Zhang J, Sun L. A First Study of the Virulence

Potential of a Bacillus subtilis Isolate From Deep-Sea Hydrothermal Vent.
Frontiers in Cellular and Infection Microbiology. 2019;9; https://doi.org/
10.3389/fcimb.2019.00183.

Fiorda FA, de Melo Pereira GV, Thomaz-Soccol V, Rakshit SK, Pagnoncelli
MGB, Vandenberghe LPdS, et al. Microbiological, biochemical, and func-
tional aspects of sugary kefir fermentation - A review. Food Microbiology.
2017,66:86-95 https://doi.org/10.1016/j.fm.2017.04.004

Plessas S, Nouska C, Karapetsas A, Kazakos S, Alexopoulos A, Mantzourani
I, et al. Isolation, characterization and evaluation of the probiotic potential
of a novel Lactobacillus strain isolated from Feta-type cheese. Food
Chem. 2017;226:102-8. https://doi.org/10.1016/j.foodchem.2017.01.052.
Chen O, Hong Y, Ma JH, Deng LL, Yi LH, Zeng KF. Screening lactic acid
bacteria from pickle and cured meat as biocontrol agents of Penicillium
digitatum on citrus fruit. Biological Control. 2021;158; https://doi.org/10.
1016/j.biocontrol.2021.104606.

Sornplang P, Piyadeatsoontorn S. Probiotic isolates from unconven-
tional sources: a review. Journal of Animal Science and Technology.
2016;58(1); https://doi.org/10.1186/540781-016-0108-2.

Vong WC, Liu SQ. Biovalorisation of okara (soybean residue) for food and
nutrition. Trends Food Sci Technol. 2016;52:139-47. https://doi.org/10.
1016/].1ifs.2016.04.011.

Mussatto SI, Machado EMS, Martins S, Teixeira JA. Production, Com-
position, and Application of Coffee and Its Industrial Residues. Food
Bioprocess Technol. 2011;4(5):661-72. https://doi.org/10.1007/
s11947-011-0565-z.

Gupta M, Abu-Ghannam N, Gallaghar E. Barley for Brewing: Characteristic
Changes during Malting, Brewing and Applications of its By-Products.
Compr Rev Food Sci Food Saf. 2010;9(3):318-28.

Ramachandran S, Roopesh K, Nampoothiri KM, Szakacs G, Pandey A.
Mixed substrate fermentation for the production of phytase by Rhizopus
spp. using oilcakes as substrates. Process Biochemistry. 2005;40(5):1749-
54. https://doi.org/10.1016/j.procbio.2004.06.040.

Rodriguez LGR, Gasga VMZ, Pescuma M, Van Nieuwenhove C, Mozzi

F, Burgos JAS. Fruits and fruit by-products as sources of bioactive
compounds. Benefits and trends of lactic acid fermentation in the
development of novel fruit-based functional beverages. Food Res Int.
2021;140; https://doi.org/10.1016/j.foodres.2020.109854.

Tan YX, Mok WK, Lee J, Kim J, Chen WN. Solid State Fermentation of Brew-
ers'Spent Grains for Improved Nutritional Profile Using Bacillus subtilis
WX-17. Fermentation. 2019;5(3):52. https://doi.org/10.3390/fermentati
on5030052.

Wang R, Thakur K, Feng J-Y, Zhu Y-Y, Zhang F, Russo P, et al. Functionaliza-
tion of soy residue (okara) by enzymatic hydrolysis and LAB fermentation


https://www.ncbi.nlm.nih.gov/sra/PRJNA1009692
https://www.ncbi.nlm.nih.gov/nuccore/JAVICJ000000000
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://www.grandviewresearch.com/industry-analysis/probiotics-market
https://www.grandviewresearch.com/industry-analysis/probiotics-market
https://doi.org/10.1093/cid/civ085
https://doi.org/10.1093/cid/civ085
https://doi.org/10.1111/j.1751-7915.2010.00215.x
https://doi.org/10.1111/j.1751-7915.2010.00215.x
https://doi.org/10.1016/j.foodres.2007.10.010
https://doi.org/10.1016/j.foodres.2007.10.010
https://doi.org/10.1016/j.biotechadv.2018.09.003
https://doi.org/10.1016/j.biotechadv.2018.09.003
https://doi.org/10.1007/s10499-017-0189-z
https://doi.org/10.1007/s10499-017-0189-z
https://doi.org/10.3390/microorganisms10122431
https://doi.org/10.3390/nu12061679
https://doi.org/10.3390/nu12061679
https://doi.org/10.3390/microorganisms10051038
https://doi.org/10.3390/microorganisms10051038
https://doi.org/10.1016/j.fm.2010.03.007
https://doi.org/10.3389/fmicb.2021.715863
https://doi.org/10.3389/fmicb.2021.715863
https://doi.org/10.3389/fmicb.2017.01490
https://doi.org/10.1007/s10068-019-00691-9
https://doi.org/10.1007/s10068-017-0148-5
https://doi.org/10.1155/2023/3298723
https://doi.org/10.1155/2023/3298723
https://doi.org/10.1111/j.1472-765X.2006.01966.x
https://doi.org/10.1007/s10620-007-9959-1
https://doi.org/10.3389/fcimb.2019.00183
https://doi.org/10.3389/fcimb.2019.00183
https://doi.org/10.1016/j.fm.2017.04.004
https://doi.org/10.1016/j.foodchem.2017.01.052
https://doi.org/10.1016/j.biocontrol.2021.104606
https://doi.org/10.1016/j.biocontrol.2021.104606
https://doi.org/10.1186/s40781-016-0108-2
https://doi.org/10.1016/j.tifs.2016.04.011
https://doi.org/10.1016/j.tifs.2016.04.011
https://doi.org/10.1007/s11947-011-0565-z
https://doi.org/10.1007/s11947-011-0565-z
https://doi.org/10.1016/j.procbio.2004.06.040
https://doi.org/10.1016/j.foodres.2020.109854
https://doi.org/10.3390/fermentation5030052
https://doi.org/10.3390/fermentation5030052

Zhao et al. BMC Microbiology

31.

32.
33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2024) 24:104

for B2 bio-enrichment and improved in vitro digestion. Food Chem.
2022;387:132947.

Sanjukta S, Rai AK. Production of bioactive peptides during soybean
fermentation and their potential health benefits. Trends Food Sci Technol.
2016;50:1-10. https://doi.org/10.1016/jifs.2016.01.010.

College AC. Bacterial Colony Morphology. http://www.austin.cc.tx.us/
microbugz/03morphology.html (2005). Accessed.

Davis MW. ApE — A Plasmid Editor. https://jorgensen.biology.utah.edu/
wayned/ape/ (2022). Accessed.

Tan LL, Tan CH, Ng NKJ, Tan YH, Conway PL, Loo SCJ. Potential Pro-

biotic Strains From Milk and Water Kefir Grains in Singapore-Use for
Defense Against Enteric Bacterial Pathogens. Frontiers in Microbiology.
2022;13; https://doi.org/10.3389/fmicb.2022.857720.

Bioinformatic B. FastQC A Quality Control Tool for High Throughput
Sequence Data. https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/ (2022). Accessed.

Blin K, Shaw S, Kloosterman AM, Charlop-Powers Z, van Wezel GP,
Medema Marnix H, et al. antiSMASH 6.0: improving cluster detection and
comparison capabilities. Nucleic Acids Res. 2021,49(W1):W29-35. https://
doi.org/10.1093/nar/gkab335.

van Heel AJ, de Jong A, Song C, Viel JH, Kok J, Kuipers OP. BAGEL4: a user-
friendly web server to thoroughly mine RiPPs and bacteriocins. Nucleic
Acids Res. 2018;46(W1):W278-81. https://doi.org/10.1093/nar/gky383.
Chen L, Yang J,Yu J,Yao Z,Sun L, Shen Y, et al. VFDB: a reference database
for bacterial virulence factors. Nucleic Acids Res. 2005;33(Database
issue):D325-8. https://doi.org/10.1093/nar/gki008.

Alcock BP, Huynh W, Chalil R, Smith KW, Raphenya AR, Wlodarski MA,

et al. CARD 2023: expanded curation, support for machine learning, and
resistome prediction at the Comprehensive Antibiotic Resistance Data-
base. Nucleic Acids Res. 2023;51(D1):D690-9. https://doi.org/10.1093/
nar/gkac920.

Carattoli A, Hasman H. PlasmidFinder and In Silico pMLST: Identification
and Typing of Plasmid Replicons in Whole-Genome Sequencing (WGS).
Methods Mol Biol. 2020;2075:285-94. https://doi.org/10.1007/978-1-
4939-9877-7_20.

Johansson MHK, Bortolaia V, Tansirichaiya S, Aarestrup FM, Roberts AP,
Petersen TN. Detection of mobile genetic elements associated with
antibiotic resistance in Salmonella enterica using a newly developed web
tool: MobileElementFinder. J Antimicrob Chemother. 2021;76(1):101-9.
https://doi.org/10.1093/jac/dkaa390.

Meier-Kolthoff JB, Géker M. TYGS is an automated high-throughput plat-
form for state-of-the-art genome-based taxonomy. Nature Communica-
tions. 2019;10(1); https://doi.org/10.1038/541467-019-10210-3.

Lefort V, Desper R, Gascuel O. FastME 2.0: A Comprehensive, Accurate,
and Fast Distance-Based Phylogeny Inference Program. Mol Biol Evol.
2015;32(10):2798-800. https://doi.org/10.1093/molbev/msv150.

Melvin P. Weinstein M. MO7 Methods for Dilution Antimicrobial Suscepti-
bility Tests for Bacteria That Grow Aerobically. 11th edn; 2018.

Rychen G, Aquilina G, Azimonti G, Bampidis V, Bastos MDL, Bories G, et al.
Guidance on the characterisation of microorganisms used as feed addi-
tives or as production organisms. EFSA Journal. 2018;16(3); https://doi.
0rg/10.2903/j.efsa.2018.5206.

Tan LL, Mahotra M, Chan SY, Loo SCJ. In situ alginate crosslinking during
spray-drying of lactobacilli probiotics promotes gastrointestinal-targeted
delivery. Carbohyd Polym. 2022,286:119279. https://doi.org/10.1016/].
carbpol.2022.119279.

Mazzantini D, Calvigioni M, Celandroni F, Lupetti A, Ghelardi E. In vitro
assessment of probiotic attributes for strains contained in com-

mercial formulations. Sci Rep. 2022;12(1); https://doi.org/10.1038/
$41598-022-25688-7.

Feng K, Zhai M-Y, Zhang Y, Linhardt RJ, Zong M-H, Li L, et al. Improved
Viability and Thermal Stability of the Probiotics Encapsulated in a Novel
Electrospun Fiber Mat. J Agric Food Chem. 2018;66(41):10890-7. https://
doi.org/10.1021/acs jafc.8002644.

Luang-InV, Deeseenthum S. Exopolysaccharide-producing isolates from
Thai milk kefir and their antioxidant activities. Lwt-Food Science and
Technology. 2016;73:592-601. https://doi.org/10.1016/j.lwt.2016.06.068.
Dabiré Y, Somda NS, Somda MK, Mogmenga |, Traoré AK, Ezeogu LI, et al.
Molecular identification and safety assessment of Bacillus strains isolated
from Burkinabe traditional condiment “soumbala” Annals of Microbiol-
ogy. 2022;72(1); https://doi.org/10.1186/513213-022-01664-w.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 18 of 19

Ayala DI, Cook PW, Franco JG, Bugarel M, Kottapalli KR, Loneragan GH,

et al. A Systematic Approach to Identify and Characterize the Effective-
ness and Safety of Novel Probiotic Strains to Control Foodborne Patho-
gens. Front Microbiol. 2019;10:1108. https://doi.org/10.3389/fmicb.2019.
01108.

Marinova VY, Rasheva IK, Kizheva YK, Dermenzhieva YD, Hristova PK.
Microbiological quality of probiotic dietary supplements. Biotechnol
Biotechnol Equip. 2019;33(1):834-41. https://doi.org/10.1080/13102818.
2019.1621208.

Costa MG, Ooki GN, Vieira AD, Bedani R, Saad SM. Synbiotic Amazonian
palm berry (acai, Euterpe oleracea Mart.) ice cream improved Lactoba-
cillus rhamnosus GG survival to simulated gastrointestinal stress. Food
Funct. 2017;8(2):731-40. https://doi.org/10.1039/c6fo00778c.

Yahav S, Berkovich Z, Ostrov |, Reifen R, Shemesh M. Encapsulation of
beneficial probiotic bacteria in extracellular matrix from biofiim-forming
<i>Bacillus subtilis</i>. Artificial Cells, Nanomedicine, and Biotechnology.
2018;46(sup2):974-82. https://doi.org/10.1080/21691401.2018.1476373.
Shih I-L, Yu Y-T, Shieh C-J, Hsieh C-Y. Selective Production and Characteri-
zation of Levan by <i>Bacillus subtilis </i>(Natto) Takahashi. J Agric Food
Chem. 2005;53(21):8211-5. https://doi.org/10.1021/jf0580840.

Begley M|, Hill C, Gahan CGM. Bile Salt Hydrolase Activity in Probiotics.
Appl Environ Microbiol. 2006;72(3):1729-38. https://doi.org/10.1128/aem.
72.3.1729-1738.2006.

McDevitt E, Khan F, Scasny A, Thompson CD, Eichenbaum Z, McDaniel
LS, et al. Hydrogen Peroxide Production by Streptococcus pneumo-

niae Results in Alpha-hemolysis by Oxidation of Oxy-hemoglobin to
Met-hemoglobin. mSphere. 2020;5(6) https://doi.org/10.1128/mSphere.
01117-20.

Deng F, ChenY, SunT,Wu Y, Su, Liu C, et al. Antimicrobial resistance,
virulence characteristics and genotypes of Bacillus spp. from probiotic
products of diverse origins. Food Res Int. 2021;139:109949. https://doi.
0rg/10.1016/j.foodres.2020.109949.

Yelin |, Flett KB, Merakou C, Mehrotra P, Stam J, Snesrud E, et al. Genomic
and epidemiological evidence of bacterial transmission from probiotic
capsule to blood in ICU patients. Nat Med. 2019;25(11):1728-32. https://
doi.org/10.1038/541591-019-0626-9.

Agerso Y, Bjerre K, Brockmann E, Johansen E, Nielsen B, Siezen R, et al.
Putative antibiotic resistance genes present in extant Bacillus licheni-
formis and Bacillus paralicheniformis strains are probably intrinsic and
part of the ancient resistome. PLoS ONE. 2019;14(1):0210363. https://doi.
org/10.1371/journal.pone.0210363.

Chaucheyras-Durand F, Durand H. Probiotics in animal nutrition and
health. Benef Microbes. 2010;1(1):3-9. https://doi.org/10.3920/bm2008.
1002.

Little SF, Ivins BE. Molecular pathogenesis of Bacillus anthracis infection.
Microbes Infect. 1999;1(2):131-9. https://doi.org/10.1016/51286-4579(99)
80004-5.

Wang X, Cao Z, Zhang M, Meng L, Ming Z, Liu J. Bioinspired oral

delivery of gut microbiota by self-coating with biofilms. Sci Adv.
2020;6(26):abb1952. https://doi.org/10.1126/sciadv.abb1952.

Zehiroglu C, Ozturk Sarikaya SB. The importance of antioxidants and
place in today's scientific and technological studies. J Food Sci Technol.
2019;56(11):4757-74. https://doi.org/10.1007/513197-019-03952-x.

Kaur D, Yantiri F, Rajagopalan S, Kumar J, Mo JQ, Boonplueang R, et al.
Genetic or pharmacological iron chelation prevents MPTP-induced
neurotoxicity in vivo: a novel therapy for Parkinson'’s disease. Neuron.
2003;37(6):899-909. https://doi.org/10.1016/50896-6273(03)00126-0.

Lee NR, Lee SM, Cho KS, Jeong SY, Hwang DY, Kim DS, et al. Improved
production of poly-y-glutamic acid by Bacillus subtilis D7 isolated from
Doenjang, a Korean traditional fermented food, and its antioxidant activ-
ity. Appl Biochem Biotechnol. 2014;173(4):918-32. https://doi.org/10.
1007/512010-014-0908-0.

Yue Y-C, Yang B-Y, Lu J, Zhang S-W, Liu L, Nassar K, et al. Metabolite secre-
tions of Lactobacillus plantarum YYC-3 may inhibit colon cancer cell
metastasis by suppressing the VEGF-MMP2/9 signaling pathway. Microb
Cell Fact. 2020;19(1):213. https://doi.org/10.1186/512934-020-01466-2.
Lee S, Lee J, JinY-l, Jeong J-C, Chang YH, Lee Y, et al. Probiotic characteristics
of Bacillus strains isolated from Korean traditional soy sauce. LWT Food Sci
Technol. 2017;79:518-24. https://doi.org/10.1016/jIwt.2016.08.040.

Torino MI, Limén Rl, Martinez-Villaluenga C, Mékinen S, Pihlanto A,
Vidal-Valverde C, et al. Antioxidant and antihypertensive properties of


https://doi.org/10.1016/j.tifs.2016.01.010
http://www.austin.cc.tx.us/microbugz/03morphology.html
http://www.austin.cc.tx.us/microbugz/03morphology.html
https://jorgensen.biology.utah.edu/wayned/ape/
https://jorgensen.biology.utah.edu/wayned/ape/
https://doi.org/10.3389/fmicb.2022.857720
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1007/978-1-4939-9877-7_20
https://doi.org/10.1007/978-1-4939-9877-7_20
https://doi.org/10.1093/jac/dkaa390
https://doi.org/10.1038/s41467-019-10210-3
https://doi.org/10.1093/molbev/msv150
https://doi.org/10.2903/j.efsa.2018.5206
https://doi.org/10.2903/j.efsa.2018.5206
https://doi.org/10.1016/j.carbpol.2022.119279
https://doi.org/10.1016/j.carbpol.2022.119279
https://doi.org/10.1038/s41598-022-25688-z
https://doi.org/10.1038/s41598-022-25688-z
https://doi.org/10.1021/acs.jafc.8b02644
https://doi.org/10.1021/acs.jafc.8b02644
https://doi.org/10.1016/j.lwt.2016.06.068
https://doi.org/10.1186/s13213-022-01664-w
https://doi.org/10.3389/fmicb.2019.01108
https://doi.org/10.3389/fmicb.2019.01108
https://doi.org/10.1080/13102818.2019.1621208
https://doi.org/10.1080/13102818.2019.1621208
https://doi.org/10.1039/c6fo00778c
https://doi.org/10.1080/21691401.2018.1476373
https://doi.org/10.1021/jf058084o
https://doi.org/10.1128/aem.72.3.1729-1738.2006
https://doi.org/10.1128/aem.72.3.1729-1738.2006
https://doi.org/10.1128/mSphere.01117-20
https://doi.org/10.1128/mSphere.01117-20
https://doi.org/10.1016/j.foodres.2020.109949
https://doi.org/10.1016/j.foodres.2020.109949
https://doi.org/10.1038/s41591-019-0626-9
https://doi.org/10.1038/s41591-019-0626-9
https://doi.org/10.1371/journal.pone.0210363
https://doi.org/10.1371/journal.pone.0210363
https://doi.org/10.3920/bm2008.1002
https://doi.org/10.3920/bm2008.1002
https://doi.org/10.1016/S1286-4579(99)80004-5
https://doi.org/10.1016/S1286-4579(99)80004-5
https://doi.org/10.1126/sciadv.abb1952
https://doi.org/10.1007/s13197-019-03952-x
https://doi.org/10.1016/s0896-6273(03)00126-0
https://doi.org/10.1007/s12010-014-0908-0
https://doi.org/10.1007/s12010-014-0908-0
https://doi.org/10.1186/s12934-020-01466-2
https://doi.org/10.1016/j.lwt.2016.08.040

Zhao et al. BMC Microbiology (2024) 24:104

70.

71.

72.

73.

74.

75.

76.

77.

78.

liquid and solid state fermented lentils. Food Chem. 2013;136(2):1030-7.
https://doi.org/10.1016/jfoodchem.2012.09.015.

Luise D, Bosi P, Raff L, Amatucci L, Virdis S, Trevisi P. Bacillus spp. Probiotic
Strains as a Potential Tool for Limiting the Use of Antibiotics, and Improv-
ing the Growth and Health of Pigs and Chickens. Frontiers in Microbiol-
ogy. 2022;13 https://doi.org/10.3389/fmicb.2022.801827.

Sarikkha P, Nitisoravut R, Poljungreed |, Boonyarattanakalin S. Identifica-
tion of bacteria and yeast communities in a Thai sugary kefir by Polymer-
ase Chain Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE)
analyses. 2023.

Piewngam P, Zheng Y, Nguyen TH, Dickey SW, Joo H-S, Villaruz AE,

et al. Pathogen elimination by probiotic Bacillus via signalling inter-
ference. Nature. 2018;562(7728):532-7. https://doi.org/10.1038/
$41586-018-0616-y.

Nannan C, Vu HQ, Gillis A, Caulier S, Nguyen TTT, Mahillon J. Bacilysin
within the Bacillus subtilis group: gene prevalence versus antagonistic
activity against Gram-negative foodborne pathogens. J Biotechnol.
2021;327:28-35. https://doi.org/10.1016/j jbiotec.2020.12.017.

Patel PS, Huang S, Fisher S, Pirnik D, Aklonis C, Dean L, et al. Bacillaene,

a Novel Inhibitor of Procaryotic Protein Synthesis Produced by Bacillus
subtilis: Production, Taxonomy, Isolation, Physico-chemical Characteriza-
tion and Biological Activity. J Antibiot. 1995;48(9):997-1003. https://doi.
org/10.7164/antibiotics.48.997.

LiH,Han X, Dong Y, Xu S, Chen C, Feng Y, et al. Bacillaenes: Decomposi-
tion Trigger Point and Biofilm Enhancement in Bacillus. ACS Omega.
2021;6(2):1093-8. https://doi.org/10.1021/acsomega.0c03389.

Alajlani MM. Characterization of subtilosin gene in wild type Bacillus spp.
and possible physiological role. Sci Rep. 2022;12(1) https://doi.org/10.
1038/541598-022-13804-y.

Shelburne CE, An FY, Dholpe V, Ramamoorthy A, Lopatin DE, Lantz MS.
The spectrum of antimicrobial activity of the bacteriocin subtilosin A. J
Antimicrob Chemother. 2007;59(2):297-300. https://doi.org/10.1093/jac/
dkl495.

Begley M, Cotter PD, Hill C, Ross RP. Identification of a novel two-peptide
lantibiotic, lichenicidin, following rational genome mining for LanM

proteins. Appl Environ Microbiol. 2009;75(17):5451-60. https://doi.org/10.

1128/aem.00730-09.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1016/j.foodchem.2012.09.015
https://doi.org/10.3389/fmicb.2022.801827
https://doi.org/10.1038/s41586-018-0616-y
https://doi.org/10.1038/s41586-018-0616-y
https://doi.org/10.1016/j.jbiotec.2020.12.017
https://doi.org/10.7164/antibiotics.48.997
https://doi.org/10.7164/antibiotics.48.997
https://doi.org/10.1021/acsomega.0c03389
https://doi.org/10.1038/s41598-022-13804-y
https://doi.org/10.1038/s41598-022-13804-y
https://doi.org/10.1093/jac/dkl495
https://doi.org/10.1093/jac/dkl495
https://doi.org/10.1128/aem.00730-09
https://doi.org/10.1128/aem.00730-09

	Bacillus subtilis SOM8 isolated from sesame oil meal for potential probiotic application in inhibiting human enteropathogens
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Material and methods
	Materials

	Methods
	Isolation of Microbes from SOM
	Identification of Isolated Species by 16S rRNA
	Agar well diffusion assay to assess antipathogenic activity
	Whole genome sequencing for genotypic characterization
	Minimum Inhibitory Concentration (MIC) Evaluation
	Acid and bile resistance
	Simulated Gastric FluidsSimulated Intestinal Fluids (SGFSIF) Resistance
	Heat stability
	Antioxidant Activity (DPPH assay)
	BSH (Bile salt hydrolase) Activity Assay
	Haemolytic activity
	Cell Cytotoxicity Using Caco-2 cells (CCK-8 Assay)
	Adhesion Capacity Assay Using Caco-2 Cells
	Statistical analysis

	Results
	Isolated Strains from SOM
	Antipathogenic Activities (Agar Well Diffusion Assay)
	Taxonomic Information of B. subtilis SOM8
	Acid and bile tolerance
	SGFSIF Tolerance
	Heat stability
	Antioxidant Activity (DPPH Scavenging Assay)
	BSH activity
	Haemolytic activity
	Cell cytotoxicity using Caco-2 cells (CCK-8 Assay)
	Adhesion capacity assay using caco-2 cells
	WGS of B. subtilis SOM8 for Genotypic Characterization
	Virulence factors identification

	Antibiotic resistance genes identification
	Plasmid and MGEs Identification
	MIC Evaluation of B. subtilis SOM8
	Secondary Metabolites (antiSMASH, BAGEL4) Prediction
	Comparison with Wild Type Strain B. subtilis ATCC 6051

	Discussion
	Conclusion
	Acknowledgements
	References


