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Abstract

Selenium (Se) is a necessary essential component that has antioxidant, immune-modulating, and
anticancer activities. Emerging research highlights the role of gut microbiota in colorectal cancer,
with probiotics like Lactobacillus and Bifidobacterium potentially enhancing treatment efficacy,
reducing inflammation, and supporting gut homeostasis. Probiotics, particularly Bacillus subtilis subsp.
stercoris, play a vital role in gut microbiota regulation, improving gastrointestinal health and nutrient
bioavailability. In this study, Bacillus subtilis subsp. stercoris, was isolated from fermented sorghum
(Koozh), a traditional Tamilian fermented food, and enriched with sodium selenite to enhance its
functional properties. The selenium enrichment process resulted in a distinct orange pigmentation,
indicating the biotransformation of inorganic selenium into bioavailable organic selenium compounds.
The enriched strain was characterized for probiotic potential, including gastric fluid and bile salt
tolerance, carbohydrate fermentation, and hydrophobicity. To evaluate its anticancer effects, an
MTT assay was performed on Caco-2 colorectal cancer cells, revealing dose-dependent cytotoxicity
with an IC, | of 81.517 ug/mL. Further AO/ETBR staining confirmed apoptosis induction in treated
cancer cells, while maintaining good viability in non-cancerous cells. Selenium-enriched probiotics,
particularly Bacillus subtilis subsp. stercoris, show promise as functional food supplements with
potential anticancer and gut health benefits, highlighting their therapeutic potential as nutraceuticals
for probiotic formulations, functional foods, and colorectal cancer prevention.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most
prevalent cancers globally, impacted by hereditary,
lifestyle, and environmental factors. Emerging
research underlines the critical involvement of gut
microbiota in CRC formation and progression, with
an imbalance in microbial composition linked to
inflammation, immunological dysregulation, and
carcinogenesis.! Probiotic strains like Lactobacillus
and Bifidobacterium help to maintain gut
homeostasis by suppressing pathogenic bacteria,
generating beneficial metabolites, and lowering
oxidative stress and irritation.?? Early clinical
findings indicate that probiotics may improve
chemotherapy tolerance, increase treatment
efficacy, and reduce the risk of CRC by affecting
cell proliferation, apoptosis, and immunological
modulation.*

Selenium (Se) is a necessary component
mineral that plays a crucial role in various
biological functions, antioxidant defense, immune
system modulation, and cancer prevention.®
Selenoproteins, including GPx and TrxR, play a
crucial role in protecting cells from oxidative stress
and lowering the risk of chronic illness.® Selenium
deficiency is associated with weakened immunity,
neurodegenerative disorders, cardiovascular
diseases, and increased susceptibility to cancer.”
The human body cannot synthesize selenium, so
it must be obtained from dietary sources such as
selenium-rich foods, supplements, or biofortified
functional foods.®

Although selenium is essential for human
health, its bioavailability and absorption depend
on its chemical form.® Most dietary sources contain
inorganic selenium, which has limited absorption
efficiency and potential toxicity.'® However,
probiotic bacteria like Bacillus subtilis can naturally
transform inorganic selenium into organic forms,
such as selenocysteine, selenomethionine, and
selenium nanoparticles, through enzymatic
biotransformation.!* Research has highlighted
selenium’s role in colorectal cancer prevention, as
it enhances DNA repair mechanisms, modulates
apoptosis pathways, and suppresses tumor
progression.’? Probiotic bacteria, particularly
Bacillus subtilis, have been identified as efficient

microbial systems for selenium biotransformation,
allowing the production of functional probiotics
enriched with organic selenium for human health
applications.*®

Traditional fermented foods are known
to harbor diverse probiotic microorganisms, which
confer numerous health benefits when consumed
regularly. Koozh, a fermented millet-based
porridge, is a staple traditional food in Tamil Nadu,
India, and has been consumed for centuries due to
its digestive, nutritional, and probiotic properties.**
Sorghum (Sorghum bicolor) is a highly nutritious
gluten-free cereal rich in dietary fiber, polyphenols,
and essential minerals. The natural fermentation
of Koozh enhances nutrient bioavailability and
promotes the growth of beneficial probiotic
bacteria such as Lactic Acid Bacteria (LAB) and
Bacillus species.®™

Fermentation transforms complex
carbohydrates into easily digestible bioactive
compounds, enhancing gut health and promoting
beneficial microbiota balance.'® Probiotic strains
isolated from fermented foods demonstrate high
resistance to acidic pH, bile salts, and enzymatic
digestion, making them ideal candidates for
gut health enhancement and functional food
applications.'” The presence of probiotics in koozh
makes it an excellent source of spore-forming
probiotics, known for their heat stability, long
shelf-life, and ability to colonize the human gut
efficiently.®®

This microbial biotransformation enhances
selenium bioavailability, reduces toxicity, and
improves its therapeutic properties.’ Selenium-
enriched probiotics demonstrate stronger
antioxidant activity, improved gastrointestinal
survival, and enhanced functional properties,
making them highly beneficial for gut health,
immune modulation, and cancer prevention.?
Moreover, selenium-enriched probiotics have
been shown to inhibit cancerous and pre-
cancerous lesions, and enhance the effectiveness
of conventional cancer treatments.?! This study
aims to isolate and identify probiotic strains from
fermented sorghum koozh, enrich the identified
strain with selenium and bioaccumulation
analysis, evaluate probiotic properties and assess
anticancer activity on Caco-2 Cells.
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MATERIALS AND METHODS

Collection of fermented sorghum (Koozh)
Sample preparation

White Sorghum grains were procured
from the local market in Guduvanchery, Tamil
Nadu, India. The grains were carefully selected to
ensure quality and uniformity. Before processing,
they were thoroughly cleaned by washing them
under running water to remove any dirt, dust, or
impurities. This washing step is crucial to eliminate
potential contaminants and ensure the grains
are hygienic for consumption. After washing, the
sorghum grains were soaked in distilled water
for a duration of 12 hrs. Once the soaking period
was completed, the water was drained, and the
softened grains were transferred to a grinding unit.
The grains were ground into a fine, smooth paste
using a high-speed mixer grinder. The grinding
process ensured uniformity in texture, making the
paste suitable for further cooking (Figure 1).

The prepared sorghum paste was then
subjected to heat treatment using a pressure
cooker. The paste was carefully placed in the
cooker, and a measured quantity of water was
added to achieve the desired consistency. The
pressure cooker was sealed, and the mixture was
cooked under controlled conditions for a duration
of 1-3 whistles. The number of whistles was
monitored to ensure proper cooking, preventing
undercooking or overcooking, which could
affect the final texture and taste. After cooking,
the pressure was allowed to release naturally
before opening the cooker. The cooked sorghum
paste was then ready for further use in food
formulations, dietary applications, or sensory
evaluation studies.

Fermentation process

The cooked paste was left to ferment
at the temperature (30-35 °C) for 24 hrs. Natural
fermentation encouraged probiotic bacterial
growth, enhancing nutrient bioavailability and
flavor. Freshly fermented sorghum porridge was
kept in sterile containers at 4 °C and brought to
the laboratory within 24 hrs for microbiological
investigation. After fermentation, pH and microbial
load were measured before proceeding with
bacterial isolation.

Isolation of Bacillus subtilis
Bacterial isolation and culture conditions

MRS agar (de Man, Rogosa, and Sharpe
agar) serves as a selective medium for lactic acid
bacteria and Bacillus species. In the serial dilution
procedure, 1 mL of the fermented Koozh sample
was diluted in sterile saline (0.85% NaCl) and
plated onto MRS agar plates. The plates were then
incubated at 37 °C for 24-48 hrs under aerobic
conditions.

Morphological and biochemical characterization

Gram staining confirmed the presence
of Gram-positive rod-shaped bacteria. Catalase
and oxidase tests were performed to differentiate
Bacillus subtilis from lactic acid bacteria.
Additionally, carbohydrate fermentation tests
using glucose, lactose, sucrose, and maltose were
conducted to confirm the fermentation capability
of the isolates.

16S rRNA gene sequencing

The 16S rRNA gene was amplified and
sequenced to confirm the identified strain.
Genomic DNA was extracted using the Qiagen
DNeasy Blood and Tissue Kit with modifications
to enhance bacterial DNA yield, and its quality
and concentration were assessed by NanoDrop
spectrophotometer. The V3-V4 region of the
16S rRNA gene, commonly used for identifying
lactic acid bacteria, was amplified using primer
pairs 341F and 805R. PCR was performed in a
25 pl reaction mixture containing 2x KAPA HiFi
HotStart ReadyMix, 0.2 uM of each primer, and 10
ng of DNA template, following a thermal cycling
protocol that included an initial denaturation
at 95 °C for 3 mins, 25 cycles of denaturation at
95 °C for 30 seconds, annealing at 55 °C for 30
seconds, and extension at 72 °C for 30 seconds,
with a final extension at 72 °C for 5 mins. The PCR
products were purified using AMPure XP beads
and verified by gel electrophoresis and a Qubit
fluorometer. Sequencing libraries were prepared
using the Nextera XT DNA Library Preparation Kit
and sequenced on an lllumina MiSeq platform
with 2x300 bp paired-end reads. Raw sequencing
reads were quality-controlled using Trimmomatic,
while the DADA2 pipeline in QIIME2 was used
for denoising, chimera removal, and amplicon
sequence variant (ASV) identification. The final
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sequences were compared with the NCBI GenBank
database for accurate strain identification.

Selenium enrichment procedure

The selenium content in bacterial
biomasses was determined using UV-Vis molecular
absorption spectroscopy following the method
described by Pant et al.?? To establish a calibration
curve, aliquots of selenium (Se) in concentrations
ranging from 0.025-0.250 mg/L were carefully
drawn from a stock solution. These aliquots
were then transferred into a series of 10 mL
volumetric flasks to ensure consistent and accurate
preparation of standard solutions.

To facilitate selenium detection, each
flask received 1 mL of 2% potassium iodide (KI)
solution (prepared as a mass/volume solution)
and 1 mL of 2 M hydrochloric acid (HCI). The
contents were gently swirled, allowing the reaction
to proceed until a distinct yellow coloration
appeared, which signified the release of iodine.
This color change is an essential step, indicating
the successful oxidation-reduction reaction that
prepares selenium for spectroscopic analysis.

Next, 200 pL of 1% starch solution
prepared as a (mass/volume solution) was added
to each volumetric flask. Starch acts as an indicator
by forming a blue-black complex with free iodine,
enhancing the sensitivity and visibility of the
reaction. Following this stage, each flask was filled
with ultrapure water to bring the total volume
up to 10 mL, guaranteeing consistent sample
preparation.?

The prepared solutions were
analysed using a UV-Vis molecular absorption
spectrophotometer, with the absorbance
measured at 589 nm. This specific wavelength
was selected to maximize the detection of the
selenium-iodine complex, ensuring precise
quantification. To enhance reliability, the same
protocol was applied to all bacterial biomass
samples, and each measurement was performed
in triplicate to account for any experimental
variability.

The presence and enrichment of
selenium in bacterial cultures were confirmed
through a visible color change from white to
orange. This transformation is a characteristic
indicator of selenium uptake and accumulation by

bacteria, providing a straightforward visual cue to
supplement the spectrophotometric analysis.

Probiotic characterization

Assessment of Survival and Adaptability of
probiotics in Simulated Gastrointestinal Conditions
and Determination of Bile Salt Tolerance.

Gastrointestinal tolerance

The bacterial strain (1 mL suspension) was
incubated with 9 mL of artificial gastric juice (0.2
g NaCl and 1 g of pepsin in 100 mL HCl, pH 2.0) at
37 °C for 120 mins. Samples were taken at 0, 30,
60, 90, and 120 mins to assess viable counts (CFU/
mL). The bacteria were then transferred to 9 mL
of artificial intestinal fluid (0.68 g KH,PO,and 1 g
of trypsin in 100 mL distilled water, pH 7.0) and
incubated at 37 °C for up to 240 mins, with samples
taken at 150, 180, 210, and 240 mins.

To assess bile salt tolerance, bacterial
suspensions were prepared, and initial CFU/
mL was determined through serial dilution and
plating. The suspensions were then inoculated
into media containing 0% (control), 0.3%, and 0.5%
(w/v) oxgall and incubated at 37 °C for 24 hrs. Final
bacterial counts were determined, and the survival
rate (%) was calculated as:

Initial CFU/mL
Final CFU/mL

To evaluate survival in simulated
gastrointestinal conditions, selenium-enriched
Bacillus subtilis was exposed to simulated gastric
juice (pH 2.0, pepsin 3 mg/mL) for 120 mins,
followed by exposure to simulated intestinal juice
containing bile salts (0.3%-0.5%) for 4 hrs. Viability
was assessed by plating bacterial suspensions on
MRS agar after exposure.

Survival rate = x 100 W1

Bile salt tolerance

Bacterial suspensions were prepared
and their initial CFU/mL assessed. The strain was
inoculated into media containing 0% (control),
0.3%, and 0.5% (w/v) oxgall and incubated at 37
°C for 24 hrs. Post-incubation, viable counts were
determined, and survival rates were calculated
using the same formula. All tests were conducted
in triplicate, and statistical analysis was applied to
assess the consistency and significance of bacterial
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survival across different conditions. This provides
a reliable evaluation of probiotic strains ability to
endure harsh gastrointestinal conditions, which is
essential for determining their viability as probiotic
supplements.

Carbohydrate fermentation profiles

Carbohydrate broths containing phenol
red and a specific carbohydrate (glucose, lactose,
sucrose, or mannitol) were prepared, each with
a Durham tube to capture gas. Pure probiotic
cultures have been infused and incubated for 24-
48 hrs at 37 °C. Fermentation produced organic
acids and/or gases, lowering the pH and turning
the phenol red indicator yellow. Gas production
was detected by bubble formation in the Durham
tube. Results were analysed based on color change
and gas presence.

Hydrophobicity and adhesion properties

The key characteristic of successful
probiotics is their capacity to bind to the intestinal
epithelium, which allows gut colonisation,
competitive exclusion of pathogens, and immune
system modulation. The initial step in probiotic
adhesion is surface hydrophobicity, which
influences bacterial interactions with intestinal
mucus and epithelial cells. In this study, the
hydrophobicity of selenium-enriched Bacillus
subtilis was assessed using the microbial adhesion
to hydrocarbons (MATH) assay. The bacterial
culture was suspended in phosphate-buffered
saline (PBS) and mixed with xylene, followed by
optical density (OD) measurements at 600 nm
before and after phase separation.

Figure 1. (a) Raw Sorghum Grains Soaked in distilled water and (b) Fermented Sorghum koozh after 24 hrs of

fermentation

Figure 2. Initial Isolation of probiotics from Koozh

Figure 3. Growth of Bacillus subtilis subsp. stercoris
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Lyophilization process for probiotic preservation

The bacterial culture was first centrifuged
to separate the cells from the medium, forming a
dense pellet while the supernatant was discarded.
To protect the cells during freezing and drying,
the pellet was resuspended in a cryoprotectant
solution containing 10% skim milk and 5% sucrose.
The mixture was then flash-frozen using liquid
nitrogen. Next, the frozen suspension underwent
freeze-drying at -50 °C to -80 °C under a vacuum
of 0.01 mbar for 12 hours. This process removed
moisture through sublimation without damaging
the cells. The resulting dried probiotic powder
was collected and stored in sterile vials at 4 °C to

preserve bacterial viability and stability for further
research.

In vitro analysis in Caco-2 cell line
Cytotoxicity study

In 1 mg of lyophilised sample was
mixed with sterile complete media and diluted
to the desired concentration. Caco-2 cancer cells
(5 x 10* cells per well) were seeded into 96 well
plates and incubated for 24 hrs for adhesion.
The cells were then treated with varying
concentrations (0-512 mg/mL) of the selenium-
enriched lyophilized strain for 24 hrs. After
treatment, the strain was removed, and the wells

ORO064144.1 Paenibacillus durus strain S3

X77846.1 Paenibacillus durus

LR215117.1 Paenibacillus durus

NR 181769.1 P

AB192294.2 Bacillus subtilis

0Q380527.1 Bacillus subtilis

illus allorhi;

strain

P

NR 181854.1 Paenibacillus caui strain

NR 181760.1 Paenibacillus brevis strain

ONB847335.1 Bacillus licheniformis strain
0Q847843.1 Bacillus siamensis strain Y COMO1
MT634553.1 Bacillus velezensis strain KLP31 16S
GQ870260.1 Bacillus megaterium strain
0Q410708.1 Bacillus zanthoxyli strain

PP064124.1 Bacillus cereus strain JSNBEBTS0 4E
OR394242.1 Bacillus paramycoides strain ZL1
OR388778.1 Bacillus paranthracis strain TR3
OR604494.1 Bacillus anthracis strain K86
OR775572.1 Bacillus proteolyticus strain ss2nbrio2
OR787559.1 Bacillus sanguinis strain PE2
OR726085.1 Bacillus cereus strain REZ

LC764402.1 Escherichia coli AAE gene

strain FB13

MH196947.1 Bacillus tequilensis strain MB29
0Q847843.1 Bacillus siamensis strain

OR544502.1 Bacillus inaquosorum strain BGSC 3A28
LC557811.1 Bacillus subtilis strain S4gb gene

4@ PP264540. Bacillus subtilis subsp. stercoris NGSG1

Figure 4. 16S rRNA sequencing result of Bacillus subtilis subsp. stercoris

Journal of Pure and Applied Microbiology

1824 www.microbiologyjournal.org



Govindaraj et al | J Pure Appl Microbiol. 2026;20(2):1819-1832. https://doi.org/10.22207/JPAM.20.2.71

were rinsed with phosphate-buffered saline (PBS)
to eliminate any residual components.

Wells were treated with 5 mg/mL MTT
solution and incubated for 4 hrs to allow purple
formazan crystal formation. The MTT solution
removed, and 100 pL of dimethyl sulfoxide
(DMSO) was added to dissolve the crystals and
were evaluated using ELISA plate reader at 570
pum (BIORAD). The percentage of cell viability was
calculated using the formula:

Cell viability (%) = [Absorbance of
control / Absorbance of Test] x 100 L2

AO/EtBr staining for apoptosis analysis
To visualize nuclear changes and apoptotic
body formation, 3 x 10* Caco-2 cells were seeded

in 6-well plates, incubated in a CO, chamber, and
treated with the sample at its IC_, concentration
for 24-48 hrs. After incubation, the media was
removed, and cells were washed twice with DPBS.
A 20 pL acridine orange and ethidium bromide
stain (100 pg/mL, 1:1) was added, followed by 30
mins of dark incubation. Excess stain was washed
off with PBS, and apoptosis was analyzed under a
fluorescent microscope. Non-treated cells served
as the control.

Apoptotic cell percentage was calculated
using:

Apoptic cells (%) = Total number of
apoptotic cells / Total number of Live and Dead

cells x 100 .3

(b)

Figure 5. (a) & (b) Selenium-Enriched Bacillus subtilis showing orange pigmentation and colonies
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(a)

Figure 6. (a) The cell cytotoxicity assay image depicts Caco-2 cells treated with selenium-enriched probiotics at varying
concentrations (1, 2, 4, ... up to 512 pg/mL) and (b) 10X magnification of control Caco-2 cells with 90% confluency
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Statistical analysis

Statistical analysis and graphs were
generated using GraphPad Prism 8.4. The MTT
assay and other in vitro experiments were
repeated at least three times for accuracy. Data
were presented as mean * standard deviation
(SD). Statistical tests were used to determine
significance, with a P-value <0.05 considered
statistically significant.

RESULTS

Isolation and identification of Bacillus subtilis

Accurate identification of probiotic
bacterial strains is crucial for their effective use
in functional foods, gut health improvement,
and disease prevention. This study successfully
isolated Bacillus subtilis subsp. stercoris from
fermented sorghum (Koozh), a traditional Tamil
beverage known for its probiotic-rich composition.
The strain was identified using morphological,
biochemical, and molecular techniques
(Figures 2 and 3).

ar
Ed

"
.
=y
> N

24 hours

48 hours

Morphological analysis confirmed Bacillus
characteristics, including rod-shaped, Gram-
positive, endospore-forming cells. Biochemical
tests validated its identity, showing catalase
positivity, starch hydrolysis, and carbohydrate
fermentation patterns consistent with Bacillus
subtilis subsp. stercoris. Molecular identification
through 16S rRNA sequencing confirmed a
high sequence similarity with reference strains
(Figure 4). The combination of these methods
ensured accurate strain identification, highlighting
its potential as a probiotic for functional food
applications and gut health benefits.

Morphological and biochemical characterization

Bacterial strains were isolated on MRS
agar and analyzed for morphology using a light
microscope. The colonies were circular, smooth,
cream-colored, and opaque, characteristic of
Bacillus species. Gram staining confirmed a Gram-
positive, rod-shaped bacterium with endospore-
forming ability, a key trait of Bacillus subtilis.** The
cells were arranged in chains or clusters, enhancing
resistance to harsh conditions.

(d)

Figure 7. Fluorescent microscopic images of AO/EtBr staining at varying concentrations (1, 2, 3, 4, ... up to 512
pg/mL). (a) & (c) represent the control groups at 24 and 48 Hrs, respectively. (b) & (d) show selenium-enriched
probiotics-treated Caco-2 cells at 24 and 48 Hrs, respectively
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Biochemical tests confirmed a positive
catalase reaction, indicating the strain’s ability
to break down hydrogen peroxide, a common
trait in aerobic bacteria like Bacillus subtilis.?
The oxidase test was negative, distinguishing
it from other Bacillus species. Carbohydrate
fermentation tests showed efficient glucose and
maltose fermentation, producing acid without
gas, demonstrating metabolic adaptability.?® The
strain also exhibited strong bile salt (0.3%-0.5%)
and gastric tolerance, key indicators of probiotic
potential.?”

Molecular identification through 16S rRNA
sequencing

The 16S rRNA sequencing analysis of
selenium-enriched strains isolated from fermented
samples revealed the taxonomic composition
of the microbial community. Colonies subjected
to 16S rRNA sequencing were identified as
representatives of the Bacillus genera (Figure 4).

Bacillus species have been frequently
isolated from fermented sorghum, known for their
robustness and enzymatic production capabilities
that facilitate the fermentation process. Research
by Poornachandra et al identified Bacillus subtilis
strains from fermented sorghum, demonstrating
their probiotic potential through notable
enzyme production and antimicrobial activities.?®
Furthermore, llango and Antony reported the
isolation of numerous probiotic strains from
fermented sorghum, with Bacillus subtilis being
prominently identified in their findings.* The
results of this study revealed the presence of
Bacillus subtilis subsp. stercoris, consistent
with previous research that has also identified
Bacillus species, including Bacillus subtilis, in
similar fermentation processes. This discovery
further underscores the consistent occurrence of
beneficial Bacillus strains in fermented sorghum
koozh and highlights their potential probiotic
applications.

Selenium enrichment and bioaccumulation

The enrichment of Bacillus subtilis
subsp. stercoris with selenium was visually
confirmed by a distinct color change from
white to orange, a well-documented indicator
of organic selenium compound formation. This
transformation signifies selenium uptake and

metabolic conversion, wherein bacterial cells
reduce inorganic selenium (sodium selenite,
Na,SeO,) into bioavailable organic selenium
species such as selenomethionine, selenocysteine,
or elemental selenium.?

Initially, Bacillus subtilis subsp. stercoris,
colonies grown on MRS agar appeared creamy or
white due to their natural pigmentation. However,
when cultivated in MRS broth supplemented with
0.5 mg/L sodium selenite, the bacterial culture
gradually changed from light yellow to an intense
orange-red color within 32 hrs of incubation at 37
°C. This colour transition serves as a visual marker
of selenium biotransformation and accumulation.

Further quantitative analysis of selenium
uptake in bacteria isolated from fermented
samples confirmed selenium metabolism
and bioaccumulation. Among the isolates,
Bacillus subtilis subsp. stercoris demonstrated a
selenium concentration of 150 pg/g dry weight,
with an absorbance of 0.450 AU, indicating
moderate selenium accumulation. These findings
suggest that Bacillus subtilis subsp. stercoris
effectively assimilates and metabolizes selenium,
potentially contributing to its role in probiotics, or
bioremediation applications (Figure 5).

UV-vis spectroscopy analysis

To quantitatively confirm selenium
uptake UV-Vis spectroscopy was performed on
selenium-enriched Bacillus subtilis subsp. stercoris
cultures. This technique is widely used to detect
characteristic absorbance peaks associated with
selenium typically observed in the 260-300 nm
range. After 24 hrs of incubation in selenium-
supplemented media, analysis of the culture
supernatant revealed a strong absorbance
peak at approximately 270 nm, indicating the
intracellular biosynthesis of selenium. The peak
at ~270 nm is a chemical fingerprint, indicating
selenium enrichment. UV-Vis spectral analysis also
demonstrated that the selenium enriched Bacillus
subtilis subsp. stercoris remained stable, with no
significant peak shifts over extended incubation
periods.

Carbohydrate fermentation profiles
Fermentation of dietary carbohydrates

produces organic acids like acetic and lactic acid,

which reduce intestinal pH, suppress pathogenic

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Govindaraj et al | J Pure Appl Microbiol. 2026;20(2):1819-1832. https://doi.org/10.22207/JPAM.20.2.71

microorganisms, and improve nutrient absorption.
In this study, the selenium-enriched Bacillus
subtilis subsp. stercoris strain was evaluated
for its ability to ferment various carbohydrates,
including glucose (monosaccharide), lactose and
maltose (disaccharides), sucrose (common dietary
sugar), and mannitol (polyol sugar with prebiotic
potential). The results showed that Bacillus subtilis
subsp. stercoris efficiently fermented glucose,
sucrose, lactose and maltose, producing significant
amounts of acid but no gas, a desirable trait for
probiotic strains. However, no fermentation was
observed for mannitol. Fermentation efficiency
was further assessed by measuring the pH
drop around 4.5 after 24 hrs of incubation in
carbohydrate broth, where a significant decrease
for glucose, sucrose, lactose and maltose,
confirmed the production of lactic acid and other
beneficial metabolites that contribute to gut
health.

Survival in simulated gastric and intestinal
conditions

A key criterion for probiotic selection
is survival in the gastrointestinal tract, where
acidic pH and bile salts pose major challenges
to microbial colonization. The stomach’s acidic
environment (pH 1.5-3.0) aids digestion but
threatens bacterial viability, while bile salts
(0.3%-0.5%) in the small intestine can disrupt
cell membranes and inhibit colonization. In this
study, the acid tolerance of selenium-enriched
Bacillus subtilis subsp. stercoris was assessed by
incubating it in simulated gastric juice (pH 2.0, 3
mg/mL pepsin) and measuring survival at 30, 60,
and 120 mins. The strain maintained ~85% viability
after 2 Hrs, demonstrating its ability to withstand
gastric acidity. Bile salt tolerance was evaluated
by exposing the strain to MRS broth with 0.3%-
0.5% oxgall for 4 hrs, where it retained over 80%
viability, indicating strong adaptation to intestinal
conditions. These high survival rates confirm
the strain’s resilience, supporting its potential
as a robust probiotic capable of withstanding
digestive stress and exerting beneficial effects in
the intestine.

Hydrophobicity and adhesion properties
The results showed that the strain
exhibited a hydrophobicity of approximately

65%-70%, which is classified as moderate to high,
indicating strong cell surface properties that
enhance its ability to adhere to the intestinal lining.
These findings suggest that selenium-enriched
Bacillus subtilis possesses favourable adhesion
characteristics, further supporting its potential as a
robust probiotic strain for gut health applications.

Cytotoxicity studies on Caco-2 cells (MTT Assay)

The antiproliferative effects of selenium
enriched-probiotics on cell viability were examined
in Caco-2 colorectal cancer cell lines by MTT assay.
These results indicated that the exposure of
probiotics at concentrations of 1-512 pug/mL for 48
hrs significantly reduced the cell viability of Caco-2
cells in a dose dependent manner. The IC_, values
of different concentration of (1, 2, 4, 8, 16, 32, 64,
128, 256 and 512) selenium enriched-probiotics
for Caco-2 cellsat 48 hwas 95.4+0.120 uM, 91.81
+0.08 uM, 87.45+0.118 uM, 78.31 + 0.905 uM,
67.58 £ 0.255 pM, 56.261 + 0.061 pM, 50. 63 +
0.115 uM, 44.63 £ 0.292 pM, 38.69 + 0.359 uM,
and 30.78 £ 0.392 uM, respectively. Moreover, the
results showed that selenium enriched-probiotics
treatment reduced Caco-2 cell viability in a
concentration-dependent manner. Furthermore,
the results revealed that the probiotic strains
significantly reduced cell viability in colorectal
cancer cells. The results demonstrated a dose-
dependent cytotoxic effect, where increasing
concentrations of selenium-enriched Bacillus
subtilis subsp. stercoris led to a progressive decline
in Caco-2 cell viability. The half-maximal inhibitory
concentration (IC, ) was determined to be 81.517
ug/mL, suggesting significant cytotoxicity at lower
concentrations (1-8 ug/mL), cell viability remained
above 90%, indicating minimal cytotoxicity and
suggesting that low-dose selenium-enriched
probiotics do not significantly disrupt normal
cellular metabolism (Figure 6). However, at higher
concentrations (16-512 pg/mL), a sharp decline
in cell viability was observed, highlighting a direct
correlation between selenium exposure and
cancer cell growth inhibition.

This effect is likely mediated by selenium-
induced oxidative stress and apoptosis activation,
which disrupts mitochondrial function and triggers
programmed cell death in cancerous cells while
sparing normal cells. These findings suggest
that selenium-enriched probiotics may serve as
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a selective anticancer agent, offering potential
applications in colorectal cancer prevention and
adjunct therapy.

Apoptotic cell analysis (AO/EtBr staining)

Caco-2 cells were treated with selenium-
enriched probiotic extracts at IC_  value of
selenium enriched probiotic for 24 and 48 Hrs,
followed by AO/EtBr staining and fluorescence
microscopy analysis. The control group (untreated
cells) exhibited a higher proportion of apoptotic
and necrotic cells, with orange-red nuclear
staining, chromatin condensation, and membrane
blebbing—hallmarks of apoptosis. Some control
cells displayed intense red fluorescence, indicating
necrotic cell death due to oxidative stress and
DNA damage in the tumor microenvironment. In
contrast, selenium-enriched probiotic-treated cells
showed a lower Percentage of apoptotic cells, with
the majority exhibiting bright green fluorescence,
indicating high cell viability (Figure 7).

DISCUSSION

The study began by isolating selenium-
enriched strains of Bacillus subtilis subsp.
stercoris from fermented sorghum (koozh), a
traditional food consumed in Tamil Nadu, India.
Using selective culture techniques and 16S
rRNA gene sequencing, researchers accurately
identified the bacterial species. The isolated
strains demonstrated significant selenium uptake
when cultured in selenium-supplemented media,
confirming their ability to bioaccumulate selenium.
This finding suggests potential applications in
producing selenium-fortified fermented foods
to address selenium deficiency and improve
nutritional health.

The presence of Bacillus subtilis in
fermented sorghum has been well-documented
in previous studies. Research by Poornachandra et
al. identified Bacillus subtilis strains in fermented
sorghum and highlighted their probiotic potential
due to enzyme production and antimicrobial
activity.®® Similarly, llango and Antony reported
multiple probiotic strains, including Bacillus
subtilis, in fermented sorghum, confirming its
consistent occurrence in such traditional foods.**
The identification of Bacillus subtilis subsp.

stercoris in this study aligns with these findings,
reinforcing its potential as a beneficial probiotic.

Quantification of selenium uptake
among different bacterial species revealed
variations in bioaccumulation efficiency. Previous
research by Morschbacher et al. demonstrated
that bacteria such as Enterococcus faecalis,
Lactobacillus parabuchneri, L. paracasei, and
L. plantarum convert selenite into elemental
selenium, accumulating high intracellular selenium
levels.*® This study supports similar conclusions,
showing that Bacillus subtilis subsp. stercoris can
efficiently transform selenium into a less toxic form
while storing high concentrations within its cells.

Carbohydrate fermentation tests were
conducted to assess the metabolic potential of
the isolated Bacillus strains. Research by Simon et
al. showed that Bacillus species could ferment 11
out of 49 tested carbohydrates, including D-ribose,
L-arabinose, D-xylose, D-glucose, D-fructose, and
D-mannitol.*! Similarly, Nithya & Halami found that
Bacillus strains isolated from various food sources
demonstrated diverse carbohydrate fermentation
capabilities, which are critical for their probiotic
functionality. The findings from this study confirm
that Bacillus subtilis subsp. stercoris possesses
significant carbohydrate fermentation abilities,
supporting its role as a probiotic strain.?

To evaluate probiotic potential, the ability
of Bacillus subtilis subsp. stercoris to survive
gastrointestinal conditions was tested. Research
by Lee et al and Khatri et al. demonstrated that
probiotic strains possess mechanisms to withstand
acidic stomach conditions and bile salts, often
facilitated by spore formation.>** Additionally,
studies by Chen et al. and Patel et al. confirmed
that Bacillus species exhibit significant bile salt
tolerance, ensuring survival in the digestive
tract.®3* This study aligns with these findings,
confirming that the isolated probiotic strain can
endure the harsh conditions of the gastrointestinal
tract, reinforcing its suitability for probiotic
applications.

The potential anticancer properties
of selenium-enriched Bacillus subtilis subsp.
stercoris were evaluated using the MTT assay, a
method that assesses cell viability and metabolic
function (Figure 6). Previous studies have reported
similar findings: Cheng et al. demonstrated that
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Fengycin, a compound extracted from Bacillus
subtilis, inhibited HT29 colon cancer cell growth
by inducing apoptosis.® Likewise, Sirpu et al.
found that a crude extract of Bacillus subtilis
exhibited strong antiproliferative effects against
human breast cancer cells.®® In the present
study, selenium-enriched Bacillus subtilis subsp.
stercoris triggered the anti-proliferation of Caco-
2 colon cancer cells, reducing cell viability in a
dose-dependent manner. At higher selenium
concentrations, cell viability declined sharply,
followed by a stabilization phase, indicating a
saturation threshold. These findings support the
anticancer potential of selenium-enriched Bacillus
subtilis subsp. stercoris.

To further confirm apoptotic effects,
Acridine Orange/Ethidium Bromide (AO/EtBr)
staining was performed. This fluorescence-
based technique differentiates live, apoptotic,
and necrotic cells based on membrane integrity
and chromatin changes. AO stains live and early
apoptotic cells green, while EtBr penetrates
compromised membranes, staining late apoptotic
and necrotic cells orange-red. The results revealed
that selenium-treated cancer cells exhibited
nuclear condensation, chromatin fragmentation,
and increased EtBr uptake, indicating programmed
cell death rather than necrotic damage. A dose-
dependentincrease in apoptotic (orange-stained)
cells was observed at higher concentrations (>100
pg/mL), yet with significantly fewer necrotic (red-
stained) cells compared to the untreated group.
This suggests that selenium-enriched probiotics
selectively induce apoptosis in cancer cells while
preserving normal cell viability (~85%), supporting
their potential as targeted anticancer agents.

There is currently no research has been
conducted on the apoptotic effects of Bacillus
subtilis subsp. stercoris using Acridine Orange/
Ethidium Bromide (AO/EtBr) staining, making
this study a pioneering effort in validating its
apoptotic potential. This research provides the first
documented evidence demonstrating the strain’s
ability to induce apoptosis in colorectal cancer
(Caco-2) cells. The use of AO/EtBr staining allowed
for the visualization of characteristic apoptotic
features, such as chromatin condensation,
nuclear fragmentation, and membrane integrity
loss, confirming selective cytotoxicity against
cancerous cells while preserving the viability of

non-cancerous cells. These findings establish a
critical foundation for further investigation into
the strain’s potential as a natural anticancer agent
and highlight its relevance in functional food and
nutraceutical applications aimed at colorectal
cancer prevention and management.

This study provides compelling
evidence that selenium-enriched Bacillus subtilis
isolated from fermented sorghum (Koozh)
possesses significant probiotic potential,
selenium biotransformation capability, and
anticancer properties. The strain demonstrated
efficient conversion of inorganic sodium selenite
(Na,SeO,) into bioavailable organic selenium
confirmed by the characteristic color transition and
UV-Vis spectroscopy analysis. Its strong probiotic
characteristics, including high tolerance to gastric
and bile conditions, carbohydrate fermentation
ability, and adhesion to intestinal epithelial
cells, highlight its potential for functional food
applications. Notably, the selenium-enriched strain
exhibited dose-dependent cytotoxicity against
colorectal cancer (Caco-2) cells, with an IC,  value
of 81.517 pg/mL, indicating moderate anticancer
activity. AO/ETBR staining further validated the
selective induction of apoptosis in cancerous cells
while maintaining high viability in non-cancerous
cells, suggesting a safe and targeted anticancer
mechanism. The integration of selenium-enriched
probiotics into functional foods and nutraceuticals
offers a novel strategy for disease prevention,
immune system modulation, and gut health
enhancement.

CONCLUSION

In conclusion, the selenium-enriched
Bacillus subtilis isolated from fermented sorghum
(Koozh) exhibits promising probiotic potential,
efficient selenium biotransformation, and
moderate anticancer activity. Its ability to tolerate
gastric conditions, adhere to intestinal cells, and
selectively induce apoptosis in colorectal cancer
cells underscores its potential as a functional
food ingredient. The findings highlight the role
of selenium-fortified probiotics in gut health,
immune modulation, and disease prevention.
Given the increasing demand for natural, health-
promoting food ingredients, these findings support
the potential of selenium-fortified probiotics as
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innovative dietary interventions for colorectal
cancer management and overall well-being.
Further in vivo studies and clinical trials are
warranted to validate its therapeutic applications
and enhance its integration into nutraceuticals for
colorectal cancer management and overall well-
being.
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