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ABSTRACT: This study developed an environmentally friendly, selenium-enriched lactic acid bacteria (Se-LAB)
preparation using Lactobacillus delbrueckii subsp. bulgaricus GIM1.155 to address selenium deficiency, oxidative stress-
related diseases, and food safety. Optimal conditions (pH 6, 37°C, 30 h, 3% (v/v) inoculation, 8 pg/ml ion
concentration) achieved a 21.83 £0.69% inorganic selenium conversion rate. Selenium nanoparticles were 40-110 nm
intracellularly and 100-340 nm extracellularly. The selenium-enriched L. delbrueckii subsp. bulgaricus GIM1.155 (Se-
LBG) showed enhanced antioxidant properties and significant antifungal activity against Aspergillus flavus at 17 pg/ml,
comparable to nystatin. This suggests its potential as a natural preservative, enhancing selenium bioavailability,

antioxidant properties, and antifungal activity.
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INTRODUCTION

Lactic acid bacteria (LAB) effectively convert inorganic
selenium into low-toxicity nano-selenium, enhancing
their antioxidant properties [1]. The color of Se-LAB
biomass indicates nano-selenium levels [2], and these
enriched LAB have various applications in biological
research [3]. Selecting suitable LAB strains is crucial
for creating selenium-enriched products, focusing on
their ability to convert selenium into absorbable forms
and their health benefits, such as antioxidant and anti-
inflammatory effects [4]. Optimizing the preparation
process, including adjusting fermentation conditions
like pH, temperature, and selenite concentration, is
vital for improving production efficiency. For exam-
ple, specific conditions increased selenium reduction
efficiency in Pediococcus acidilactici DSM20284, Lacto-
bacillus bulgaricus, and Streptococcus thermophilus to
over 90% within 48 h [5].

In animal husbandry, Se-LAB are applied to elevate
selenium content in animal products and ameliorate
animal health. Dietary supplementation of Se-LAB in
Cyprinus carpio has been shown to enhance growth
performance, protect hepatic tissue, improve lipid
metabolism, alleviate inflammation and boost antiox-
idant capacity, even under high-saline conditions [6].
In food fermentation, Se-enriched Lactobacillus plan-
tarum (Se-enriched L. plantarum) improves the antiox-
idant activity, flavor and selenium content of fermented
Pleurotus eryngii, accompanied by increased phenolic

content and DPPH radical scavenging capacity [7].
The LAB also exert antifungal activity, which mitigates
fungal toxin contamination and spoilage in fermented
foods and agricultural products, thus reducing the
associated hazards to humans and animals [7, 8]. De-
spite extensive research on Se-enriched LAB, studies
specifically focusing on selenium enrichment in Lac-
tobacillus delbrueckii subsp. bulgaricus (L. delbrueckii
subsp. bulgaricus) remain limited. Yang et al [9] inves-
tigated the antibacterial activity of Se-enriched LAB,
yet their work primarily analyzed fermentation broths
and supernatants, with scarce attention to antifungal
activity and dose-dependent antibacterial efficacy. Fur-
thermore, existing antioxidant studies lack evaluations
of the concentration-dependent antioxidant properties
of Se-enriched LAB and the enhancements in antioxi-
dant capacity induced by selenium enrichment [1].

Numerous studies have explored the preservative
effects of supernatants and fermentation broths from
Se-enriched LAB, but further research is required to
evaluate their application as preservatives in agricul-
tural products. Notably, L. delbrueckii subsp. bulgaricus
is well recognized for its fermentation, probiotic, and
antibacterial properties [10]. This study aimed to
optimize and characterize the selenium enrichment of
L. delbrueckii subsp. bulgaricus, evaluate its antifungal
and antioxidant activities at different selenium concen-
trations, and assess its potential as an antifungal agent
and antioxidant in agriculture and fermented foods.
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MATERIALS AND METHODS
Strain and reagents

L. delbrueckii subsp. bulgaricus was obtained from
the Guangdong Provincial Microbial Strain Collection
Centre (GDMCC), Guangdong, China. A. flavus
was preserved in the College of Environment
and Ecology, Hunan Agricultural University,
Changsha, China. 3,3’-Diaminobenzidine (DAB),
2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azobis-3-
ethylbenzothiazoline-6-sulphonic acid (ABTS), and
Potato Dextrose Agar (PDA) were purchased from
Beijing Coolaber Technology Co., Ltd., Beijing, China.
All chemicals were of analytical grade (Shanghai
Aladdin Biochemical Technology Co., Ltd., Shanghai,
China) except nitric acid and hypochlorous acid
(high purity). The Mann, Rogosa, Sharp (MRS)
medium for LAB contained: casein peptone (10.0 g/1),
beef extract (10.0 g/1), yeast extract (5.0 g/l),
glucose (20.0 g/1), K,HPO, (2.0 g/D), MnSO, - 7H,0
(0.05 g/, MgSO,-7H,0 (0.2 g/l), CH,COONa
(5.0 g/), Tween 80 (1.0 g/1), and triammonium
citrate (2.0 g/1), adjusted to pH 6.8. These chemicals
were mixed under MRS formula.

Optimization of the preparation process for
Se-LBG

L. delbrueckii subsp. bulgaricus was inoculated at 1%
(v/v) into MRS medium (pH 6.8) containing different
selenium concentrations (0, 2, 4, 6, 8, 10, 12, 14,
16 ng/ml). Fifty milliliters of the selenium-enriched
MRS medium were incubated at 37 °C for 24 h. After
incubation, 30 ml sterile saline was added to the
bacterial pellets, vortexed, and centrifuged (4,000 rpm
for 10 min). The supernatant was discarded, and the
washing step was repeated 2-3 times. Each treatment
was performed in triplicate, with results averaged to
serve as a reference for subsequent orthogonal experi-
ments [11].

We examined various culture conditions to iden-
tify key factors and minimize experimental effort.
L. delbrueckii subsp. bulgaricus was grown in MRS
medium (pH 6, 8 ng/ml selenium, 1% inoculum v/v)
at temperatures from 29°C, to 45°C, for 24 h in a
sealed environment. We then conducted single-factor
experiments, altering one variable at a time (pH: 4-8;
inoculum: 1-5%; selenium: 6-10 pg/ml; time: 6-30 h)
while keeping others constant. Using Minitab 18,
an L9(3%) orthogonal design was applied (Table S1).
Results indicated significant effects of pH, time, and
temperature (p < 0.05), which were chosen for further
testing, while inoculum (3%) and selenium concentra-
tion (8 pg/ml) were kept constant to explore optimal
selenium transformation [11].

Selenium content determination in Se-LBG

Biomass determination, wet digestion pretreatment,
and selenium content analysis of L. delbrueckii subsp.
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bulgaricus were performed using the DAB colorimetric
method as per protocol [12]. The selenium standard
curve was slightly modified from the method described
[13]. Briefly, aliquots of a 15 pg/ml selenium standard
solution (0 to 12 ml) were placed in 100 ml beakers,
mixed with 35 ml ultrapure water, and processed
as per the original method. Each assay included
three biological replicates, with triplicates for each to
determine the mean. Selenium cellular conversion
rate and enrichment content were calculated using
specific equations.

Cellular conversion rate (%) = (Total intracellular
Se (ng)/Initial total added inorganic Se (ng)) x 100

Selenium enrichment content (%) = (Intracellular
Se concentration (pg/ml) x Digestion solution volume
(10 ml)/Bacterial cell biomass (g)) x 100

Characterization of Se-LBG

Under the optimal selenium-enrichment conditions,
comprehensive characterization was conducted on Se-
LBG. Se-LBG bacterial suspensions were analyzed for
the size, morphology and distribution of selenium
nanoparticles (Se-NPs) by biological transmission elec-
tron microscopy (TEM, Hitachi-7800, Hitachi, Japan).
Fourier transform infrared spectroscopy (FT-IR, Nicolet
iS50, Thermo Scientific, USA) was used to identify
Se NP functional groups over a wavenumber range
of 4000-400 cm™'. Scanning electron microscopy
(SEM) coupled with energy dispersive spectroscopy
(EDS) (ZEISS Sigma 300, Germany) was employed to
verify selenium accumulation in L. delbrueckii subsp.
bulgaricus.

Detection of antioxidant activity in Se-LBG

The Se-LBG bacterial suspension was prepared with
a selenium concentration of 23 pg/ml with a bac-
terial biomass concentration of 71.43 mg/ml. This
suspension was subjected to 2-, 2.5-, 5-, and 10-fold
serial dilution. The control group was non-selenium
biomass with an initial bacterial biomass concentration
of 71.43 mg/ml, which underwent the identical serial
dilution to yield final concentrations ranging from
7.14 mg/ml to 71.43 mg/ml. The scavenging activities
against DPPH radicals using DPPH-ethanol solution
[6], hydroxyl radicals via the Fenton reaction, ABTS
radicals with ABTS*" solution, and reactive oxygen
species (ROS) in Tris-HCI solution were determined
following the methods described [13-15].

In vitro bacteriostatic activity of Se-LBG against
A. flavus

The inhibitory effect of Se-LBG on A. flavus was eval-
uated via the growth rate method. Following opti-
mal cultivation, Se-LBG was suspended in PBS and
incorporated into PDA medium at three selenium con-
centrations (17, 8.5, and 4.25 pg/ml), corresponding
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to bacterial biomass concentrations of 52, 26, and
13 mg/ml, respectively. The mixture was poured into
9 cm Petri dishes for solidification. A blank control
(PBS only) and a positive control (Nystatin) were also
prepared. Pre-cultured A. flavus on PDA was punched
into 6 mm discs, which were placed with the mycelial
side down at the center of each Petri dish. Each treat-
ment was performed in triplicate, incubated inverted
at 28°C for 3 days. Mycelial growth inhibition rate
was determined by the plate colony diameter method.
After the control colonies formed typical circular mor-
phology, colony diameters were measured via the cross
method, and the mean values were substituted into
the formula: inhibition rate = [(control colony di-
ameter — treatment colony diameter)/control colony
diameter] x 100%. Three replicates were performed
for each group.

Effectiveness of Se-LBG on mold prevention in
corn kernels

The inhibitory effect of Se-LBG on A. flavus was evalu-
ated as described [13]. Healthy, undamaged corn ker-
nels (moisture <13%) were selected and divided into
three portions. After disinfection with 75% ethanol
and thorough rinsing, samples were autoclaved at
121°C for 30 min. Sterility was verified by PDA
culture, aflatoxin B; was confirmed <0.1 ng/kg by
ELISA, and the corn was stored at 4°C. Each portion
was sprayed with 3 ml of 17 pg/ml Se-LBG suspen-
sion. Nystatin was used as the positive control, and
sterile water containing 0.5% Tween-80 as the blank
control. Subsequently, 1 x 10® CFU/ml A. flavus spore
suspension was uniformly sprayed onto the corn sur-
face. Treated corn cubes were placed in sealed plastic
boxes and incubated at 28°C for 7 days. Disease
occurrence assessment, grading criteria, disease index
calculation, and relative control effect determination
were performed as described by Cao et al [16].

Statistical analysis

Data were analyzed and plotted using SPSS 25 and
GraphPad Prism 8. Analysis of variance (ANOVA) was
employed to compare variable-treatment interactions.
p-values were used to determine statistical signifi-
cance. Orthogonal experimental design and analysis
were performed using Minitab 18. All values are
expressed as mean=+SD, with p < 0.05 considered
statistically significant.

RESULTS

The selenium content standard curve, established via
the DAB colorimetric method, is presented in Fig. S1.
The curve is described by the equation y = 0.8334x +
0.0137, with a high coefficient of determination (R? =
0.9991), indicating excellent linear fitting and suitabil-
ity for subsequent related analyses.

Effect of different culture conditions on the rate of
selenium conversion

The optimal sodium selenite concentration was identi-
fied by measuring intracellular selenium and observing
bacterial biomass color. Table S1 shows that selenium
conversion rates in L. delbrueckii subsp. bulgaricus
generally rose with higher selenium concentrations.
At 8 ng/ml, the conversion rate was notably higher
than at 4 and 6 pg/ml. The highest rate (19.73%)
occurred at 14 pg/ml, but biomass was lower than at
8 ng/ml. Biomass dry weight decreased significantly as
selenium concentration increased, especially beyond
8 ng/ml. The conversion rate at 14 ng/ml exceeded
that at 16 pg/ml, resulting in a darker red color.
Fig. 1 shows biomass was bright pink at 8 ng/ml;
below this, it was mostly white with a pink tint, and
above, it turned brick red. The optimal selenium
concentration, based on biomass, selenium conversion
rate, and color, is 8 pg/ml, yielding a conversion
efficiency of 6.36+0.18% and a biomass dry weight
of 0.0466+0.0008 g/50 ml.

The effects of five culture conditions (pH, tempera-
ture, inoculum volume, sodium selenite concentration,
and time) on the selenium conversion rate and biomass
of Se-LBG were investigated. Selenium conversion rate
peaked at pH 6 and decreased at higher pH values,
while biomass increased with rising pH and reached a
maximum of 0.0406+0.0019 g at pH 8. Both selenium
conversion efficiency and biomass attained their max-
imum at 37 °C, with both indices declined at tempera-
tures above this value. The highest selenium conver-
sion rate (17.19+2.69%) was observed at a 3% (v/v)
inoculum volume, whereas biomass peaked at 4%
inoculum volume. Selenium conversion rate reached
its peak at 8 pg/ml sodium selenite (27.58 +1.94%),
and biomass was the lowest at this concentration.
Selenium conversion rate maximized at 24 h, while
biomass reached a maximum of 0.0322+0.0011 g at
30 h. Significance analysis revealed that initial pH,
temperature and time significantly affected selenite
transformation in L. delbrueckii subsp. bulgaricus (p <
0.05) (Fig. 2).

Orthogonal experiment design and analysis

The culture conditions were optimized via orthogonal
experiments. Three key factors (pH, temperature, and
time) were selected for optimization, and the fifth ex-
perimental set was found to yield the highest selenium
conversion rate (Tables S2, S3). ANOVA demonstrated
that all three factors significantly affected the selenium
conversion rate, with the order of influence ranked as
pH > temperature > stress time (Table 1). The pre-
dictive model derived from the orthogonal experiment
identified the optimal conditions as follows: initial
pH 6, temperature 37 °C, time 30 h, inoculum volume
3%, and sodium selenite concentration 8 ng/ml Valida-
tion experiments confirmed a selenium conversion rate
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12 pg/mL 14 pg/mL 16 pg/mL

Fig. 1 The color of bacterial precipitation at selenium concentrations of 0, 2, 4, 6, 8, 10, 12, 14, and 16 ug/ml, respectively for a—i.
(Pictures taken at the bottom of glass tubes, tube size is 15 mm x 150 mm in diameter)
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Fig. 2 Effects of various factors on selenium conversion rate and biomass. a: pH, b: inoculum volume, c: temperature, d: selenium
concentration, e: time.
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Table 1 Analysis of variance of orthogonal experiment results.

Source Degree of freedom Adj SS Adj MS F value p value

Initial pH 2 93.873 46.9365 228.50 0.004*

Temperature (°C) 2 58.331 29.1657 141.99 0.007*

Time (h) 2 35.443 17.7217 86.27 0.011*

Error 2 0.411 0.2054

Total 8 188.059

Adj SS = Adjusted Sum of Squares; Adj MS = Adjusted Mean Square; * statistically significant.

Fig. 3 TEM analysis results of Se-LBG. a: Intracellular presence

of nano-selenium; b: Extracellular presence of nano-selenium;
The arrow indicates selenium nanoparticles. The image size is
1 pm.

of 21.83 £0.69% under these conditions, representing
a relative increase of 15.47 £0.51%. These optimized
culture conditions were subsequently adopted for the
preparation of Se-LBG.

TEM and EDS analyses

After optimal cultivation, Se-LBG was washed, fixed
with glutaraldehyde, and examined via TEM to study
selenium enrichment and Se-NPs distribution in lac-
tic acid bacteria. Fig. 3 shows Se-NPs localization,
with particle sizes measured using Nano Measurer
1.2. Analysis of ten TEM images. The result revealed
that intracellular Se-NPs were spherical (40-110 nm
in size, averaging 66 nm) while extracellular Se-NPs
were irregular (100-340 nm, averaging 190 nm). EDS
analysis confirmed carbon (C), oxygen (O), sulfur (S),
and selenium (Se) in the enriched bacterial products,
as basic cellular components, consistent with microbial
biomass (Fig. S2).

FTIR analysis

FTIR analysis was employed to characterize functional
group variations in Se-LBG cells (Fig. 4). A strong and
broad absorption band at 3397.15 cm™* was assigned
to O-H stretching vibrations, indicative of hydroxyl
or phenolic groups. A weak band at 2929.99 cm™
corresponded to saturated C-H stretching, confirming
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Fig. 4 FTIR spectroscopic characterization of Se-LBG cells.

the presence of alkane (-CH,-) and methylene moi-
eties. The weak absorption at 1652.41 cm™! suggested
carbonyl-containing compounds. A moderate band
at 1546.21 cm™! arose from C=C or N-O stretching
vibrations, implying nitro (NO,) compounds. A weak
broad doublet band at 1405.93 cm™! was attributed to
in-plane bending vibrations of saturated C-H bonds,
supporting the presence of alkanes. Weak bands at
1235.33 cm™! and 1079.03 cm™ indicated the possible
presence of alcohols, ethers, lipids, or amines.

Under optimal conditions, a Se-LBG suspension
was prepared, using its non-selenium counterpart as
the control. Linear regression analysis revealed that
the antioxidant capacity of both suspensions increased
with biomass concentration (p < 0.001) (Fig. 5). A
paired t-test confirmed that the selenium-enriched
group exhibited significantly stronger free radical scav-
enging activity than the control (p < 0.001), except for
ABTS radicals. Compared with the non-selenium sus-
pension, the selenium-enriched one showed enhanced
antioxidant properties: at a selenium concentration of
2.3 pg/ml (corresponding to 7.14 mg/ml biomass), its
scavenging efficiencies for DPPH, ABTS, and *OH radi-
cals were increased by 2.47%, 11.68%, and 52.88%,
respectively. At 9.2 ng/ml selenium (28.57 mg/ml
biomass), ROS and *OH scavenging efficiencies were
elevated by 22.40% and 26.72%, respectively. At
11.5 ng/ml selenium, the increases in *OH and ROS
scavenging were 22.72% and 23.62%, respectively. At
23 pg/ml selenium, DPPH and ROS scavenging rates
rose by 19.00% and 34.69%, respectively. These find-
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Fig. 5 Antioxidant activity of L. delbrueckii subsp. bulgaricus GIM1.155 and Se-LBG at different biomass concentrations: a: DPPH
radical scavenging activity, b: ABTS radical scavenging activity, c: ROS radical scavenging activity, d: *OH radical scavenging activity.
Statistical analysis: *** means p < 0.001, ns means no significant difference. Linear regression and paired T-test analyses were used.

ings indicated that the antioxidant performance of the
Se-LBG suspension varied significantly with selenium
concentration and free radical type, with particularly
prominent effects on DPPH, ROS, and *OH scavenging.

In vitro antibacterial and antifungal effects of
Se-LBG on corn kernels

Fig. 6 and Fig. 7 show that at 17 pg/ml selenium, Se-
LBG inhibited A. flavus by 89.93+0.74%. Nystatin’s
inhibition rates were 80.09+1.06%, 89.24+1.96%,
and 91.20 £ 0.40% at 4.25, 8.5, and 17 pg/ml, respec-
tively, with no significant difference from Se-LBG at
17 ng/ml. This concentration was used for further corn

www.scienceasia.org

mold control tests. Fig. 7 indicates no mold growth
in any group for the first 5 days. By day 7, A. flavus
appeared on control samples but not in natamycin or
Se-LBG groups. Using a sensitive corn mold index
(Table S4), the control had 55.56% fungal contamina-
tion, while both treatments achieved 100% inhibition,
showing Se-LBG’s antifungal activity matches that of
natamycin at the same concentration.

DISCUSSION

Optimizing culture conditions is critical for maximiz-
ing selenium conversion efficiency and biomass of
the target strain [17]. Optimal pH and selenium
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Fig. 6 Inhibition of A. flavus growth by Se-LBG and nystatin. a—c: Se-LBG at 17, 8.5, and 4.25 png/ml, respectively. d—f: Nystatin at

17, 8.5, and 4.25 pg/ml, respectively. g: Control group.

Fig. 7 The effects of a: control group, b: antibiotic group, and
c: Se-LBG group on A. flavus-infected corn. The concentrations
of nystatin and selenium rich groups were both at 17 png/ml.

concentrations differ by species, influencing selenium
conversion and biomass [18]. This study showed that
higher pH and selenium levels decrease selenium con-
version and biomass, aligning with previous findings
that high pH (>6) or Na,SeO, (>4.0 mM) reduced
LAB-SeNPs’ selenium conversion efficiency [19]. High
selenium concentrations are toxic, lowering cellular
biomass and microbial selenium reduction [20]. More-
over, selenium-enriched LAB can harm host intestinal
microbiota at doses over 3.0 mg Se/kg, indicating
toxicity at high levels [18]. Although 6 pg/ml is the
reported optimal selenium concentration for LAB [14],
our study showed 8 ng/ml induced L. delbrueckii subsp.
bulgaricus’s pink pigmentation which meets production
requirements. The maximum selenium conversion at
24 h fermentation, unlike Lactobacillus paracasei (peak

at 32 h) [19]. The optimal temperature for growth
and selenite biotransformation was 37°C [5], with
an optimal inoculum of 3% (v/v) differing from the
reported 6% for L. bulgaricus and S. thermophilus, and
1% for L. plantarum and Lactobacillus reuteri, likely
due to nutrient depletion at high inoculum and de-
layed growth at low inoculum [21]. Under optimized
conditions (pH 6, 37°C, 30 h fermentation, 3% (v/v)
inoculum, 8 png/ml selenium), the selenium conversion
rate reached 21.83% £0.69% in this study which was
lower than values from other LAB (e.g., 65.35% from
Lactobacillus rhamnosus ATCC 53103 using response
surface methodology [22]. LAB selenite reduction and
biotransformation depend on strain-specific metabolic
capacity, environmental adaptability, and genetic de-
terminants of selenium transport/reductase systems
[23]. For example, Lactobacillus casei ATCC 393 upreg-
ulates selenium metabolism-associated proteins dur-
ing logarithmic growth [24]. Low selenite promotes
growth/biotransformation, while high concentrations
induce detoxification and reduce biomass [25]. Thus,
the relatively low conversion rate is speculated to
result from insufficient selenium metabolism genetic
potential and selenite biotoxicity [26].

Intracellular SeNP biosynthesis involves direct
synthesis and intermediates like selenodiglutathione
[27]. FTIR spectroscopy highlights hydroxyl and phe-
nolic groups as crucial for LAB-mediated SeNP biosyn-
thesis [19]. Hydroxyl groups help maintain cell struc-
ture and bind Se(IV) [19], enhancing SeNP stability
and uniformity. EDS and FTIR analyses show strains
like L. rhamnosus ATCC 53103, Enterococcus durans
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EF8-1[28], and Escherichia coli DSM 20284 [4] encap-
sulate SeNPs with polysaccharides and proteins. Phe-
nolic groups protect LAB from selenium-induced ox-
idative stress through antioxidant and Se(IV)-chelating
actions [7]. TEM reveals that extracellular SeNPs have
irregular shapes and larger sizes due to low phenolic
content. EDS analysis confirms the presence of C, O,
S, and Se, underscoring these groups’ roles in SeNPs
formation [9].

Balancing cost-effectiveness, stability, and con-
sumer acceptability is crucial for the practical use of
low-dose Se-LAB, which offers significant advantages.
At 4 ng/ml sodium selenite, L. plantarum produces
antioxidant metabolites to degrade nitrite [29]. Our
study revealed that Se-LBG has a free radical scaveng-
ing capacity of 60%-90%. Selenium biotransformation
in these preparations creates highly bioactive sele-
nium species, enhancing antioxidant capacity through
both enzymatic and non-enzymatic mechanisms [30],
unlike conventional LAB. Selenium-amino acid com-
pounds are highly water-soluble, thermally stable, and
85%-95% bioavailable. They are incorporated into
GSH-Peroxidase and Thioredoxin Reductase, which
scavenge H,O, and lipid peroxides through enzymatic
reactions, disrupting free radical chain reactions [17].
Se-NPs, with favorable colloidal stability, large specific
surface area, and abundant surface electrons, scavenge
free radicals through direct electron transfer, surface
adsorption, and catalytic ROS dismutation [31]. Both
can activate the transcription factor Nrf2 and upregu-
late HO-1 and NQO-1 gene expression [32].

The development of eco-friendly antifungal agents
is driven by antibiotic resistance and environmental
concerns. Here, Se-LBG suspension inhibited ~90%
of A. flavus at a low dose, showing strong antifungal
effects. The Se-LAB’s activity is primarily due to
SeNPs, which cause physical damage, enhance antimi-
crobial metabolite secretion, inhibit enzymes, disrupt
oxidative stress, and compete with pathogens [26, 27].
Selenium-free bacteria have normal cell structures,
while selenium supplementation results in small spher-
ical particles forming on and around cells [23]. Both
intracellular and extracellular SeNPs were found in Se-
LAB, indicating that its antifungal effectiveness is due
to Se-LAB-derived antimicrobial substances and SeNP-
induced damage. SeNPs’ nanoscale size and large
surface area disrupt fungal spore enzymes and proteins
[33], as shown from the report on L. paracasei SeNPs
inhibiting Candida/Fusarium and damaging Fusarium
hyphae [22]. Key LAB pathways enhance secretion
of organic acids, bacteriocins, and volatile compounds
[33]. Selenium-enriched L. plantarum showed strong
anti-C. albicans activity, likely due to selenium dioxide-
induced antimicrobial metabolites [34]. L. rhamnosus
also combats C. albicans by competing for nutrients and
altering the growth environment [35]. Understand-
ing differences between selenium-free and selenium-
enriched LAB is crucial. Future research should employ
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multi-omics and in vitro/in vivo methods to study
antibacterial activity and synergy.

CONCLUSION

This study developed a Se-LBG formulation with a
21.83% selenium conversion rate, exhibiting signifi-
cant antioxidant and antifungal activities. At 17 ng/ml
Se, the formulation inhibited A. flavus by 90% and corn
spoilage by 100%, comparable to antibiotics. Addition-
ally, the work enriched the characterization of Se-LBG.
However, detailed mechanisms of selenium enrich-
ment, antioxidant and antifungal activities require fur-
ther investigation, as do their broader applications in
other fields. In summary, this study provides valuable
insights for the application of Se-LBG in agriculture,
food safety, and fermentation.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2026.
046.
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Appendix A. Supplementary data

S1

Table S1 Changes in biomass dry weight and conversion rate of selenium at different selenium concentrations. Different
letters represent statistically significant differences within the same group (p < 0.05).

Selenium concentration (1g/ml)

Selenium conversion rate (%)

Biomass dry weight (g/50 ml)

2 6.17+0.714 0.0475 +0.0006%
4 3.27+0.26° 0.0475 +0.0008?
6 5.82+0.984 0.0466 + 0.0008%°
8 6.36+0.184 0.0456 %+ 0.0004°
10 10.86+0.24¢ 0.0422 +0.0009¢
12 16.33+£0.37> 0.0393 +0.00104
14 19.73+1.77° 0.0351£0.0002¢
16 17.53+2.10% 0.0343+0.0001¢

Table S2 Orthogonal test factors and levels.

Level Initial pH Temperature (°C) Time (h)
1 5 33 18
2 6 37 24
3 7 41 30
Table S3 Orthogonal experiment results.
Exp. No Initial pH Temperature (°C) Time (h) Conversion of selenium (%)
1 5 33 18 5.85
2 5 37 24 13.43
3 5 41 30 14.99
4 6 33 24 11.63
5 6 37 30 21.16
6 6 41 18 15.45
7 7 33 30 7.74
8 7 37 18 8.58
9 7 41 24 8.32
K1 11.423 8.407 9.960
K2 16.080 14.390 11.127
K3 8.213 12.920 14.630
R 7.867 5.983 4.670
Factor order 1 2 3
Table S4 Effectiveness of different drug concentrations against mold in corn kernels on day 7.
Se-LBG group Antibiotic group Control group
Corn mold index 55.56%

Control effect 100% 100% -
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Selenium Standard Curve

2.5+ y =0.8334x + 0.0137
R?=0.9991

Absorbance OD420

0.0 T T

0 1 2 3
Selenium concentration (pug/ml)

Fig. S1 The standard curve of selenium.

63.13 74.41 6.52  12413.880.3687 1.05090.5558 1.0000
OK 25.85 22.88 9.05 3764.00 0.0922 0.99270.35951.0000
SelL 8.23 1.47 3.31 1187.25 0.0551 0.65151.02741.0000
SK 2.80 1.24 538 473.08 0.0235 0.85690.97701.0051
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Fig. S2 The results of EDS analysis.
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