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ABSTRACT: Many microorganisms are capable of surviving selenium (Se)-rich environments and
efficiently transforming inorganic Se into organic Se, enabling them to act as a potent biocatalyst for the
synthesis of organic Se. Here, we isolated a novel selenium-enriching lactic acid bacterium, Pediococcus
acidilactici 03W, from the selenium-rich soil. The growth experiment showed that glucose is the optimal
carbon source for P. acidilactici 03W when grown in 1000 pg-mL™! sodium selenite at pH 6. RNA-seq
analysis revealed that a total of 761 genes exhibited altered expression in response to selenite exposure.
Downregulation of the phosphate transporter operon (pstA/B/C) and TauE/SafE-type exporters signaled a
flux-throttling program that curtailed transmembrane anion flow—Ilimiting high-affinity phosphate uptake
and modulating sulfur/selenite export—thereby aligning net anion influx with the cell’s available reductive
capacity. In contrast, the expression of the key genes responsible for NAD(P)H or FMN-dependent
oxidoreductases and thiol-based redox systems (e.g., t7xA4/B, tpx, gor, and garB) was induced, together with
cysteine desulfurases and sulfurtransferases, supporting the enzymatic reduction of selenite. Interestingly,
Fe—S cluster assembly genes (e.g., sufU) were suppressed (not induced), suggesting a shift away from de
novo Fe—S biogenesis toward sulfur—selenium transfer and detoxification under oxidative stress. Also, some
key genes involved in central carbon metabolism, including the glycolytic pathway (e.g., pfkA) and the
pentose phosphate pathway (PPP) (e.g., zwf), were downregulated, which is consistent with reallocating
resources from rapid growth to redox homeostasis. Collectively, selenium assimilation in P. acidilactici
03W proceeds through anion transport, enzymatic reduction to Se or H2Se, and incorporation into seleno-
amino acids (selenocysteine and selenomethionine). Our findings provide a basis for microbial selenium
transformation and highlight the potential of P. acidilactici 03W for developing selenium-enriched
probiotic foods.
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1. Introduction

Selenium (Se) is an essential trace element that plays vital roles in antioxidant defense, immune
modulation, and the prevention of several human and animal diseases [1]. It is incorporated into
selenoproteins such as glutathione peroxidase and thioredoxin reductase through the amino acid
selenocysteine, which is directly encoded by the UGA codon [2,3]. However, Se exhibits a narrow range
between essentiality and toxicity—deficiency leads to disorders such as Keshan disease, cardiovascular
dysfunction, and cancer, whereas excessive intake results in selenosis [4,5]. Given the narrow margin
between deficiency and toxicity, developing bioavailable and low-toxicity selenium sources is essential for
human and animal health [6].

In contrast to chemical synthesis, microbial biotransformation offers an efficient and environmentally
friendly strategy for converting inorganic selenium into more bioavailable organic forms. Through this
transformation, selenium becomes more biologically accessible and markedly less harmful [7,8]. A variety
of microorganisms enriched with selenium—such as bacteria [9,10], yeasts, and fungi [11]—convert
selenite or selenate through reduction, methylation, and incorporation into amino acids like selenocysteine
and selenomethionine [12]. Among these, lactic acid bacteria (LAB) are particularly attractive due to their
safety, probiotic functionality, and ability to maintain viability while synthesizing organic selenium under
oxidative stress conditions [13,14]. Selenium-enriching LAB strains have been widely applied in fermented
foods and dietary supplements, contributing both nutritional selenium and probiotic benefits to the host [15,16].

Selenium metabolism is closely intertwined with sulfur metabolism, as numerous sulfur-related
enzymes and transporters also interact with selenium analogs. Genes such as serd, sat, cysH, selD, and
metE participate in inorganic selenium assimilation and seleno-amino acid biosynthesis, while the
glutathione (GSH) system plays a central role in redox homeostasis and detoxification [17,18]. Nevertheless,
the molecular mechanisms governing selenium uptake, tolerance, and incorporation vary substantially
among species and strains, suggesting that the effectiveness of selenium accumulation is shaped by a
combination of genetic traits and environmental conditions [19,20].

With the advancement of omics technologies, particularly transcriptomics and proteomics, selenium-
responsive genes, pathways, and enzymes have been systematically characterized in diverse
microorganisms. Comparative transcriptomic analyses between selenium-treated and control conditions
have revealed major changes in transport systems, redox metabolism, and energy pathways associated with
selenium detoxification and assimilation. In lactic acid bacteria, omics-based studies have highlighted the
differential expression of genes related to amino acid metabolism, NADPH regeneration, and antioxidant
defense, reflecting complex cellular adaptations to selenium-induced oxidative stress [21].

In this study, we isolated a selenium-tolerant strain of Pediococcus acidilactici (03W) and found that
it was particularly effective at accumulating selenium. To better understand how this strain takes up and
adapts to selenium, we combined physiological optimization experiments with transcriptome profiling
under selenium stress. By linking gene expression changes to biochemical measurements, we identified the
major genes and metabolic pathways involved in selenium transport, reduction, and incorporation. These
findings not only clarify how microorganisms handle selenium but also offer a scientific basis for
developing selenium-enriched probiotic products.

2. Materials and Methods

2.1. Chemical Reagents

All chemicals were of analytical grade. Sodium selenite (Na2SeOs, >99%; Se(IV)) was obtained from
Tansoole Co., Ltd. (Shanghai, China) and used as the selenium source in all stress experiments unless stated
otherwise. Glucose, peptone, yeast extract, beef extract, sodium acetate, ammonium citrate, K2HPOs,
MgSO4-7H20, MnSO4-H20, Tween 80, and CaCOs were purchased from Shanghai Sangon Biotech Co.,
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Ltd. (Shanghai, China) and used as the components of the MRS medium or for the preparation of selenium-
supplemented media. All solutions were prepared using ultrapure water (Milli-Q grade, 18.2 MQ-cm). The
pH adjustments were made with sterile 1 M HCl or 1 M NaOH solutions prepared in ultrapure water and
filtered through a 0.22 pm membrane, instead of autoclaving, to maintain reagent stability.

2.2. Sample Collection and Selenium-Tolerant Strain Isolation

Soil samples were collected from selenium-rich areas and transported to the laboratory under aseptic
conditions. Approximately 10 g of each soil sample was added to 90 mL of sterile phosphate-buffered saline
(PBS, pH 7.2) containing glass beads and agitated at 30 °C and 200 rpm for 30 min to detach
microorganisms. Subsequent enrichment and growth assays were performed at 37 °C with shaking at 180
rpm. The mixture was allowed to stand for 5 min, after which the supernatant was collected and centrifuged
at 5000 rpm for 15 min. The pellet was resuspended in 10 mL sterile PBS and stored at 4 °C for further use.

For enrichment, 2 mL of the soil suspension was inoculated into 100 mL of MRS broth supplemented
with 100 pg-mL™" sodium selenite (Na2SeO3) and incubated at 30 °C, 200 rpm for 48 h. Serial dilutions
(1072-107%) were prepared and spread on MRS agar containing 0.5 g L' CaCOs. Plates were incubated at
30 °C until colonies appeared. Colonies with distinct morphology or reddish pigmentation were isolated
and purified by repeated streaking. The composition and preparation of MRS medium are provided in
Supplementary Table S1. The pH was adjusted to 6.2 + 0.2 prior to sterilization (121 °C, 15 min). Sodium
selenite (Na2SeO3) was added aseptically to sterile cooled medium (<50 °C) when required.

Preliminary tolerance tests were conducted in 50 mL MRS broth (in 250 mL Erlenmeyer flasks) with
graded concentrations of sodium selenite (Na2SeQ3, 0400 pg-mL™"). Each flask was inoculated with 1%
(v/v) of an overnight seed culture adjusted to an initial ODeoo of =0.1 (approximately 1 x 10" CFU-mL™).
Cultures were incubated at 37 °C and 180 rpm, and growth was monitored by measuring optical density at
600 nm (OD600) at regular intervals. Strains exhibiting ODsoo > 0.6 incubation after 24 h in >200 pg-mL™"
Na2SeOs were considered selenium-tolerant.

The isolate exhibiting the highest growth rate and red coloration—indicative of elemental selenium
(Se®) deposition—was selected for further study and designated as strain 03W. Pure isolates were examined
by Gram staining and microscopy to confirm lactic acid bacteria characteristics (Gram-positive, non-spore-
forming, coccoid or short-rod). Purified strains were stored in MRS broth with 20% glycerol at —80 °C for
long-term preservation. All isolation experiments were performed in triplicate, and identical results were
obtained in independent trials.

2.3. Morphological and Biochemical Characterization

Cell morphology was examined by Gram staining under an optical microscope (Mshot, Guangzhou,
China) to examine the cellular shape and surface structure. To evaluate selenium tolerance and growth
kinetics, cultures were grown in MRS broth containing different concentrations of sodium selenite
(Na2Se03, 0400 pg-mL™") at 37 °C with shaking at 180 rpm. Optical density at 600 nm (ODsoo) was
measured using a microplate reader (Tecan Infinite M Nano 2000, Mannedorf, Switzerland), and growth
curves were plotted based on ODeoo values.

2.4. 16S rRNA Gene Amplification and Taxonomic Identification

Genomic DNA was extracted from the selenium-tolerant isolate grown to mid-log phase in MRS broth
using a bacterial genomic DNA kit (Takara Bio, Tokyo, Japan). The nearly full-length 16S rRNA gene was
amplified with universal primers 27F/1492R; detailed PCR mix and thermocycling parameters are provided
in Supplementary Tables S2 and S3. Amplicons were gel-purified (E.Z.N.A. Gel Extraction Kit, Omega
Bio-Tek, Norcross, GA, USA) and bidirectionally Sanger-sequenced by Guangdong Magigene (Guangzhou,
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China). Sequences were assembled and edited in BioEdit; taxonomic assignment was performed using
BLAST against NCBI GenBank and EzBioCloud. A phylogenetic tree was constructed in MEGA 11 using
the neighbor-joining method with 1000 bootstrap replicates.

2.5. Detection of Biosynthetic Selenium Accumulation and Conversion Efficiency
2.5.1. Cultivation and Sample Preparation

A selenium-tolerant strain was inoculated into MRS broth containing sodium selenite (Na2SeOs3) and
incubated at 37 °C with shaking at 180 rpm for 48 h. Cells were harvested by centrifugation at 8000 rpm
for 10 min, washed three times with deionized water to remove residual inorganic selenium, freeze-dried,
and ground into a fine powder. This preparation ensured complete recovery of intracellular selenium for
subsequent analysis.

2.5.2. Total Selenium Content Measurement

Total selenium was measured after complete digestion of bacterial cells. Microwave-assisted acid
digestion was used to disrupt the cell wall and release intracellular selenium. The digested solution was
treated with hydrochloric acid and potassium ferricyanide, then atomized. Fluorescence intensity was
measured under a selenium lamp, and selenium concentration was calculated using a standard curve. Total
selenium content was determined according to Equation (1):

_(p=po) XV

Storat = 2 (M

where:
Storq—total selenium content (ug-g! or pg-mL™")
p—measured selenium concentration in the digested solution (ug-L™")
po—selenium concentration in the blank (ug-L™")
V—total volume of the digested solution (mL)
m—sample mass or volume (g or mL).
Each measurement was performed in technical duplicate; the coefficient of variation (CV) between
duplicates was <10%. Biological replicates (n = 3) are reported as mean + SD.

2.5.3. Inorganic Selenium Measurement

Inorganic selenium was extracted by water bath heating and ultrasonic treatment, followed by
centrifugation and filtration to remove particulates. Hexane extraction was used to concentrate the inorganic
selenium to a final volume of 10 mL. Selenium species were stabilized with hydrochloric acid and
potassium ferricyanide. The content of inorganic selenium was calculated using Equation (2):

_(C—=CxV
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where:
Sinorganic—the inorganic selenium content (ug'g™' or pg'mL™")
C—measured concentration of selenium in the digest (ug-mL™")
C,—concentration in the blank digest (ug-mL ")
V—total volume of the digest (mL)
m—sample mass or volume (g or mL).
Measurements were performed in duplicate, and differences between replicates were kept below 10%.
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2.5.4. Organic Selenium Calculation and Speciation

Organic selenium was calculated by subtracting inorganic selenium from total selenium. Additionally,
HPLC coupled with ICP-MS was applied to separate and quantify specific selenium-containing amino acids,
such as selenomethionine (SeMet) and selenocysteine (SeCys), providing detailed profiling of bioavailable
organic selenium in the sample. Organic selenium content was obtained by subtracting inorganic selenium
from total selenium, as calculated by the following Equation (3):

Sorganic = Stotal - Sinorganic (3)

where:

Sorganic—organic selenium content (ug-g™' or pg'mL™")
Stotar—total selenium content (ug'g ' or ug'mL ™)
Sinorganic—the inorganic selenium content (pg-g™" or pg'mL™).

2.5.5. Selenium Conversion Efficiency

The efficiency of conversion of inorganic selenium into organic forms was evaluated using the
following Equation (4):

S .
Nse = —IE % 100% (4)

total

where:
Nse—selenium conversion efficiency (%)
Sorganic—organic selenium content (ug-g™' or pg-mL™")
Stotar—total selenium content (ug-g ' or pg-mL™1).

This measurement reflects how effectively the strain converts inorganic selenium into bioavailable
organic forms, which is a key criterion for assessing the nutritional quality and functional potential of
selenium-enriching probiotic strains.

2.6. Growth Conditions and Physiological Analysis

To better understand how the selenium-tolerant strain adapts physiologically and to determine the
conditions most favorable for selenium enrichment, we carried out a series of controlled cultivation
experiments. We examined how sodium selenite concentration, initial pH, and carbon-source composition
influenced both cell growth and selenium uptake. These factors were chosen because they are well known
to affect microbial metabolism and stress responses strongly.

For the selenium tolerance tests, the strain was grown in MRS broth containing increasing levels of
sodium selenite (500, 1000, 1500, 2000, 2500, 3000, and 3500 ug-mL"! Na2SeOs). Cultures were incubated
at 37 °C with shaking at 180 rpm, and ODecoo values were monitored at regular intervals to generate growth
curves under varying selenium stress. This setup enabled pinpointing the selenium concentrations at which
growth inhibition became evident, while the cells maintained metabolic activity sufficient for potential
selenium transformation.

To examine pH adaptability, the initial pH of the MRS medium was adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0,
9.0, and 10.0 before sterilization. Each culture was monitored for both growth and pH fluctuation during
fermentation. The pH profile provided insight into the strain’s acid—base tolerance and its metabolic regulation
in response to external pH stress, both of which are crucial to industrial-scale selenium conversion.

In addition, the influence of carbon source was explored by replacing glucose in the basal MRS medium
with an equivalent carbon concentration (20 g L™!) of arabinose, fructose, mannose, or galactose. These
monosaccharides differ in structure and metabolic entry points, allowing assessment of how carbon
metabolism pathways affect selenium assimilation and energy flow.
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Samples were harvested at the stationary phase to determine biomass dry weight, residual sugar content,
medium pH, and total selenium concentration. All experiments were performed in triplicate. The combined
data not only revealed the physiological limits of the strain under selenium stress but also provided a
theoretical foundation for subsequent analysis of selenium conversion efficiency and transcriptomic profiling.

2.7. Transcriptomic Analysis

To investigate selenium-induced transcriptional responses, strain 03W was grown in MRS medium
with 0 pg-mL™" (control) or 1000 pg-mL ™! Na2SeOs (treatment). Cells were harvested at late exponential
phase (control at 4 h; selenite-treated at 12 h), with three biological replicates each. Samples were collected
by centrifugation at 4 °C, snap-frozen, and stored at —80 °C for subsequent RNA extraction. Briefly, total
RNA was extracted using the TRIzol™ Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA), RNA quality was assessed using a NanoDrop One spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and an Agilent 5400 TapeStation system (Agilent Technologies, Santa Clara, CA,
USA). Ribosomal RNA was then removed using the Ribo-Zero rRNA Removal Kit (Epicentre, Madison,
WI, USA). Strand-specific libraries were constructed using the NEBNext® Ultra II Directional RNA
Library Prep Kit (New England Biolabs, Ipswich, MA, USA) before being sent to Novogene Co., Ltd.
(Tianjin, China) for sequencing.

Raw reads were filtered with fastp to remove adapter sequences, poly-N, and low-quality bases. Clean
reads were aligned to the reference genome using Bowtie2, and novel genes, operons, transcription start
sites (TSS), and transcription termination sites (TTS) were predicted with Rockhopper. Gene-level read
counts were summarized with feature counts to obtain a raw count matrix. Differential expression was
assessed with DESeq2 on the raw counts (size-factor normalization and Wald test), and p values were
adjusted using the Benjamini-Hochberg method (DEG threshold: [log2FC| > 1 and Padj < 0.05). For
visualization (e.g., heatmaps and expression profiles), expression values were converted to FPKM (and,
where indicated, TPM). Three biological replicates were included for each condition. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG; Release 102.0, https://www.kegg.jp/, accessed
by 29 January 2026) together with Cluster Profiler (v4.8.1) were employed to perform enrichment analyses,
contextualizing the changes related to selenium transport, antioxidant activity, and amino acid metabolism.

2.8. RT-gPCR

To validate the reliability of the RNA-seq data, reverse transcription quantitative PCR (RT-qPCR) was
performed on independent biological samples. The bacterial cells were cultivated under the same conditions
as those used for the transcriptomic analysis, including both control and sodium selenite-treated groups,
and harvested during the corresponding late-exponential growth phases. Total RNA was extracted using
the Omega E.Z.N.A® Bacterial RNA Kit, and the RNA was treated with DNase I to remove contaminating
genomic DNA. RNA quality was assessed using a NanoDrop spectrophotometer, and only samples with
A260/A280 ratios between 1.8 and 2.1 were used for further analysis. First-strand cDNA synthesis was
carried out using the FastKing-RT SuperMix reverse transcription kit, with 1 pg of total RNA as input. The
cDNA was used as the template for RT-qPCR.

RT-qPCR reactions were performed using the Hieff® gPCR SYBR Green Master Mix (Low Rox Plus)
on a real-time PCR system. The reaction mixture included SYBR Green dye, gene-specific primers, and
the cDNA template. The amplification program included an initial denaturation step at 95 °C for 5 min,
followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 55 °C for 20 s, and extension at 72 °C
for 20 s. A melt-curve analysis was performed after amplification to confirm the specificity of the products.
The relative gene expression levels were calculated using the 2722t method, with rpoB as the internal
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reference gene for normalization. All RT-qPCR assays were conducted with three biological replicates, and
each biological replicate was analyzed in triplicate technical replicates.

2.9. Statistical Analysis

All experiments were conducted in triplicate, and data are presented as mean =+ standard deviation (SD).
Statistical significance was evaluated by one-way ANOVA followed by Tukey’s test using GraphPad Prism
(version 10.4.1; GraphPad Software, USA). The capitalized letters (e.g., A, B, and C) indicate the
significance of differences (p < 0.05). Figures were prepared using GraphPad Prism or R version 4.3.0 (R
Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Isolation and Identification of Selenium-Enriching Lactic Acid Bacteria

A total of 16 isolates were obtained from selenium-rich environmental samples. Among these, 3 strains
exhibited notable tolerance to sodium selenite at concentrations exceeding 150 ug-mL~!. The isolate
designated 03W exhibited the highest growth rate and distinct reddish pigmentation when cultured in 200
pg-mL~!' Na2SeOs, which was consistent with intracellular reduction of selenite to elemental selenium, and
morphological observations under optical microscopy showed that the cells were short, ovoid, Gram-
positive cocci occurring in pairs or short chains, which are typical morphological features of Pediococcus
species (Figure 1). Phylogenetic analysis of the 16S rRNA gene (1472 bp) revealed 99.79% similarity to
Pediococcus acidilactici DSM20284 (GenBank accession no. AJ305320.1), thus identifying strain 03W as
P. acidilactici.

(b

Pediococcus acidilactici DSM 20284
@ Strain 03W

Pediococcus pentosaceus DSM 20336
Pediococcus stilesii FAIR-E 180
Pediococcus argentinicus CRL 776
Pediococcus claussenii P06
Pediococcus parvulus NBRC 100673
Pediococcus inopinatus DSM 20285
Pediococcus damnosus DSM 20331
Pediococcus siamensis MCH3-2
Pediococcus cellicola Z-8
Pediococcus ethanolidurans Z-9
Tetragenococcus halophilus SS3-2

Tree scale ——i
0.02

Figure 1. Morphological and phylogenetic characterization of Pediococcus acidilactici 03W. (a) Colony morphology on MRS
and selenium-supplemented MRS agar, showing reddish pigmentation under selenium stress. (b) Optical micrographs of Gram-
positive, non-motile cocci with ovoid to spherical morphology observed under oil immersion (magnification 1:1000; scale bar =
10 pm). (¢) Neighbor-joining phylogenetic tree based on 16S rRNA sequences with 1000 bootstrap replicates. Tetragenococcus
halophilus was used as the outgroup.

The capacity of this strain to survive and proliferate under selenium stress suggests intrinsic genetic
and physiological mechanisms for selenium detoxification and incorporation, consistent with previous
reports that Lactococcus species possess efficient redox and metal-ion homeostasis systems.
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3.2. Selenium Tolerance and Accumulation Efficiency

The growth and selenium assimilation capabilities of P. acidilactici 03W were comprehensively
evaluated under varying sodium selenite concentrations, pH levels, and carbon sources (Figure 2). The
results collectively demonstrate the strain’s remarkable tolerance to selenium stress and its efficient
conversion of inorganic selenium into bioavailable organic forms [22].
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Figure 2. Biochemical patterns of Pediococcus acidilactici 03W under different cultivation conditions. (a) Growth curves of P.
acidilactici 03W cultured in the absence and presence of 1000 pg mL™' Na,SeOs. (b) Growth curves under different sodium
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selenite concentrations. (¢) Fermentation with different concentrations of Na,SeOs after 24 h. (d) Growth performance (ODsoo)
at different initial pH values after 24 h incubation with 1000 ug mL™! Na;SeO;. (e) Contents of organic selenium in the
fermentation broth of P. acidilactici 03W when cultured at different initial pH values after 24 h. (f) Photographs of the cultures
after 24 h incubation at different initial pH values with 1000 ug mL ™! Na;SeOs. (g) Growth of P. acidilactici 03W with different
carbon sources (i.e., glucose, fructose, mannose, galactose, and arabinose). (h) Comparison of inorganic and organic selenium
contents after 24 h cultivation in different carbon sources with 1000 pg mL ™! Na,SeOs. (i) Comparison of the fermentation broth
of P. acidilactici 03W in different carbon sources with 1000 ug mL ™! Na;SeO;. Data are expressed as mean + SD (n = 3). The
capitalized letters (e.g., A, B, and C) indicate the significance of differences (p < 0.05).

3.2.1. Tolerance of P. acidilactici 03W to Selenite

Across 0-3500 pg-mL™! Na2SeOs3, strain 03W shows a clear dose-response in both time-course ODsoo
profiles and the 24-h culture appearance (Figure 2b). At 0-1000 ug-mL™! (500, 1000), cells exit lag rapidly,
enter exponential growth by 6-8 h, and reach high stationary-phase densities by 16—24 h. The 1000 pg-mL"™"
curve displays the steepest exponential slope and the highest late-phase ODsoo, marking it as the overall
optimum within the tested range. The 500 pg-mL™" group closely tracks the control early on yet attains a
slightly higher plateau later, indicating that low selenite can be accommodated without a growth penalty.

At intermediate doses (1500-2000 pg-mL™"), the growth profiles shift to the right, consistent with a
prolonged lag phase and slower early accumulation. Despite this delay, cultures recover and continue to
increase after 12—16 h; by 2024 h, they maintain high final ODsoo, with 1500 pg-mL™! ranking second
only to 1000 ug-mL™" and 2000 ug-mL™", slightly lower but still robust. This pattern indicates strong
tolerance in the low-to-moderate range, with biomass formation remaining substantial even when the onset
of rapid growth is delayed.

At higher doses (>2500 pg-mL™"), inhibition becomes evident and dose-dependent. The 2500 pg-mL™!
curve rises only modestly and plateaus well below the control, whereas the 3000 pg-mL™! curve shows
minimal increase above baseline through 24 h, indicating that proliferation is strongly curtailed at the upper
end of the gradient. Together, these data define a practical operating window in which 500-1500 pg-mL"™"
supports vigorous growth (optimum near 1000 pg-mL™"), a tolerance threshold around 2000 pg-mL™!, and
a clear inhibitory regime >2500 ug-mL™' [23].

The 24-h photographs (Figure 2c) visually reinforce the curve-based trends. Cultures at 5002000
ug-mL~! exhibit intense brick-red coloration and high turbidity relative to the pale control, consistent with
vigorous growth under moderate selenite. The 2500 pg-mL™" culture appears noticeably lighter (reduced
turbidity and diminished redness), aligning with the depressed ODsoo plateau. At 3000 pg-mL ™!, the culture
is pale and only slightly turbid, matching the near-flat growth curve. The monotonic shift in color/turbidity
across the series provides a qualitative cross-check for the quantitative OD patterns: strong growth and
pronounced pigmentation at 500—1500 pg-mL™", partial recovery at 2000 pg-mL ™!, and marked suppression
at >2500 pg-mL".

Together, P. acidilactici 03W grows best at 1000 pg-mL™!, remains highly tolerant up to 2000 pg-mL ™",
and experiences progressive, dose-dependent inhibition at 2500-3500 pg-mL'. The concordance between
time-course ODs0o and endpoint culture appearance strengthens this interpretation.

3.2.2. Effects of pH on Growth and Selenium Uptake

Across the initial pH range tested, P. acidilactici 03W showed a clear pH-dependent response (Figure
2d—f). Growth was optimal at pH 6.0, where the 24-h ODeoo was the highest and significantly greater than
at all other pH conditions. Cultures at pH 5.0—7.0 sustained high biomass, with pH 5.0 and 7.0 slightly below
the pH-6 peak but still markedly higher than off-optimum groups. At pH 8.0, ODeoo declined to an intermediate
level, and extreme pH values (3.0-4.0 and 9.0-10.0) yielded near-baseline readings, indicating strong inhibition.
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The 24-h photographs (Figure 2f) mirror these trends: cultures at pH 5—7 appear intensely brick-red and highly
turbid, pH 8 is lighter yet visibly turbid, while pH 3—4 and pH 9-10 are pale and clear [24].

Selenium uptake exhibited the same peaked profile (Figure 2e). Organic Se content maximized at pH
6.0 (18002000 pg-g ') and remained high at pH 5.0-7.0; it dropped sharply at pH 8.0 and fell to trace
levels at pH > 9.0 (<60 pg-g!), with similarly low values at pH 3.0-4.0. Multiple-comparison tests
confirmed that pH 6.0 was significantly higher than the off-optimum conditions. Taken together, these data
define a mildly acidic window (pH 5-7; the optimum 6.0) that simultaneously supports robust growth and
efficient selenite bioconversion, consistent with the ecological preference of lactic acid bacteria for slightly
acidic environments.

3.2.3. Effects of Carbon Source on Selenium Biotransformation

Carbon source strongly modulated both growth and selenium bioconversion in P. acidilactici 03W
(Figure 2g—i). Among the five monosaccharides, glucose supported the greatest biomass and the highest
total cellular Se, with fructose ranking second for Se accumulation. In contrast, mannose, galactose, and
arabinose yielded slower growth and significantly lower cellular Se than glucose/fructose. Speciation
analysis further showed that glucose produced the largest organic-Se fractions (1850 pg-g' on average),
whereas mannose and galactose retained a larger inorganic component, and arabinose gave the poorest
organic conversion. Together, these data identify glucose (=fructose) as the most favorable carbon source
for both biomass formation and Se biotransformation, while mannose/galactose are sub-optimal and
arabinose is the least favorable—consistent with the idea that readily catabolized hexoses supply more
reducing equivalents and thereby support faster growth coupled to higher Se conversion efficiency.

Generally, P. acidilactici 03W achieved its highest selenium-enriching growth at 1000 pg-mL™!
NaxSeOs, pH 6.0, with glucose serving as the carbon source. These conditions revealed the strain’s
metabolic flexibility and strong redox regulatory capacity. Such traits not only support its suitability for
large-scale selenium biotransformation but also underscore its promise as a probiotic candidate for
producing selenium-fortified functional foods and nutritional supplements.

3.3. Differential Gene Expression under Selenium Stress

Transcriptomic sequencing was conducted on P. acidilactici 03W cultured under control and selenium
stress (1000 pg-mL™! Na2SeO3) conditions. RNA-seq was performed on cells harvested at late-exponential
phase, corresponding to 4 h for the control and 12 h for the selenite-treated cultures, with three biological
replicates per group. High RNA integrity numbers (RIN > 9.5) and sequencing quality (Q30 > 97%)
confirmed the reliability of the data. Mapping efficiency to the P. acidilactici reference genome ranged
from 96.7% to 97.9%, supporting downstream expression analysis. Principal component analysis (PCA)
and Pearson correlation demonstrated high consistency across the three biological replicates for both
control and selenium-treated groups (Figure 3).
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Figure 3. Quality control and expression characteristics of RNA-seq data. (a) Mapping rate of each sample, including unique
and total mapping rates, shows consistently high alignment efficiency across all samples. (b) Sample-to-sample expression
correlation heatmap presenting Pearson correlation coefficients; color intensity indicates the degree of correlation, demonstrating
high within-group reproducibility. (¢) Principal component analysis (PCA) plot illustrating global transcriptomic variation
between the Control and Treatment groups. Samples within each group cluster tightly, whereas the two groups are clearly
separated, indicating distinct expression profiles. (d) Violin plots showing the overall distribution of gene expression levels
(log2(FPKM+1)) across samples; colors represent different experimental groups, indicating comparable expression distributions
among samples.

A total of 761 differentially expressed genes (DEGs) were identified (|log2FC| > 1, Padj < 0.05),
including 423 upregulated and 338 downregulated genes (Figure 4). Transcriptomic shifts revealed distinct
molecular adaptation to selenium exposure, particularly in redox regulation, selenium assimilation, and
transport control.



Synth. Biol. Eng. 2026, 4(1), 10002. doi:10.70322/sbe.2026.10002 12 of 23
(a) () ¢
350 4 Downregulated Upregulated =
(n=338) (n=423) e,
300 - S 5 W o W %o o o0 =
. . =
. °® o
g2 Q
P 250_ ° g.
=
5 ® RS03625 (P ? Q
T 200- . e —— o
< Q P88 28388T8YTRY
~ L S &8 8RN H © & = 2 o § &
© 150+ § ¢5:3323%
> <] ¥ ¥ ¥ X
- R s R |
< . el - - H
100 22222 283
AR &8 dm a5 3F 3R [Am - aw
O-—L—L 1+ v vy
50- 3 &0
=
0_ @ OO e = g’
T g 4 Seleno-
- amino Thiol
=8 6 8 g Selenite acid redox Transport
[=] 6 S-Setransfer reduction  formation relay & regulation
(b) - r = = e“‘}
=7 = T T T
5 H ((:‘e‘\
02" oot
[ﬁ O L ‘“*‘(\33 050
L] “e\‘°\1 0.00
o~
T [] 0
“;L 00“0\/ 0.50
NEEEEEEE! | B 0 oo
XDV VDDDVVVNL DVVIINNVIIDNNVIDDDNNRL VP VLXFT NVDVIIDDDDD 2 NN DIIG AN
R RN R R R R R R R R RN E RN R R R R R R R R R N R
S2S8S83S838S S80S "SS eSS eSRSS80 8580 > 3888888880737 888%88
NQAg\l-lﬂU!Q“ @ o 0N O NOONOG © © S WO o b | NS ASaA Ao N S OO - O
o oSN no Soocw SwLaoown ©»n o o o LU T G ounoocno o S o ©n o

Figure 4. Overview of differential expression and functional representation of key genes involved in selenium metabolism. (a)
Volcano plot illustrating the overall distribution of DEGs. Significantly up- and down-regulated genes are shown in red and blue,
respectively; non-significant genes are shown in grey. Key genes are highlighted with black circles. The y-axis —logio(Padj) is
capped at 305, and values exceeding this threshold are displayed as grey floating dots with slight vertical jitter. (b) Heatmap
showing the expression patterns of the top 30 most significantly up- and down-regulated genes (a total of 60 genes) across
samples. Color gradients from blue to red indicate low to high expression levels. (¢) Lollipop plot showing the significance (y-
axis, —logio(Padj)) of fourteen key genes associated with selenium metabolism. Genes positioned in the upper part of the plot
represent up-regulation, while those in the lower part represent down-regulation. The five colors denote distinct functional
categories of these genes in selenium metabolism, including selenoprotein synthesis, antioxidant defense, redox regulation,
selenium transport and utilization, and metabolic adaptation.

3.3.1. Upregulated Genes

A large number of genes associated with redox processes and selenium metabolism were strongly
induced. Multiple FMN/FAD-dependent oxidoreductases (e.g., HNOI5 RS09075, HNO15 RS05170,
HNO0I5 RS07050, HNO15 RS07215) exhibited robust upregulation, indicating an enhanced NAD(P)H-
linked electron transfer system for selenite (SeOs?") reduction. Thioredoxin-related redox proteins,
including trxA, trxB, and thiol peroxidase (#px), were also significantly upregulated, consistent with
intensified thiol-disulfide cycling to sustain reducing power.

Several rhodanese-like sulfurtransferases (HN015 RS03615, HNOI5 RS03620, HNO15 RS03625,
HNOI15 RS04060) and cysteine desulfurases (HN0OI5 RS06795, HNO15 RS06190, HNOI5 RS02370) were
markedly induced. These enzymes are known to mediate sulfur-selenium transfer, suggesting that they convert
reduced selenium intermediates (e.g., H2Se) into organic selenium species via sulfur-based pathways.

Selective upregulation was also observed in genes involved in aminoacyl-tRNA biosynthesis and
methionine/cysteine metabolism, reflecting enhanced routing of selenium into translational and sulfur
amino acid synthesis processes. These responses suggest the activation of machinery for the incorporation
of selenium into biomolecules.
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3.3.2. Downregulated Genes

Genes responsible for fundamental biosynthetic processes and other energy-demanding functions were
broadly repressed. Several ribosomal protein genes (rplL, rpsD, rplP) and DNA replication regulators
(dnaA, recF) exhibited marked decreases in expression, suggesting a general reduction in protein synthesis
and cell proliferation under selenium stress. Likewise, genes linked to ATP generation (atpA, atpB) and
key glycolytic enzymes (eno, pfkA) were downregulated, reflecting a metabolic shift away from growth-
oriented pathways.

Notably, the pstABC operon, responsible for phosphate transport and potentially mediating selenite
uptake, was repressed. Likewise, TauE/SafE-family transporters were downregulated, suggesting restricted
transmembrane flux of inorganic anions. Suppression of iron-sulfur cluster assembly genes (e.g., sufU) and
selected cysteine desulfurases during the late exponential phase may reflect a protective reduction of Fe—S
cofactor assembly under redox challenge.

3.3.3. Overall Transcriptomic Patterns

Taken together, the effects of pH, substrate type, and selenite concentration depict an integrated
adaptive strategy of P. acidilactici 03W under selenium stress: activation of selenium-specific reduction
and assimilation pathways, and suppression of core biosynthetic and proliferative programs. Upregulation
of redox-active enzymes, sulfurtransferases, and tRNA synthetase machinery supports the conversion of
inorganic selenium into stabilized organic forms, while transporter suppression and metabolic downshifts
help maintain intracellular redox balance.

3.4. Potential Metabolism Involved in Selenoamino Acid Biosynthesis

To clarify the biological significance of DEGs, GO and KEGG pathway annotations were used to
categorize gene functions based on observed transcriptional changes. GO terms were broadly classified into
three categories: biological process (BP), molecular function (MF), and cellular component (CC) (Figure
5a). In BP, the key terms included ion transmembrane transport, cell redox homeostasis, and tRNA
aminoacylation, consistent with selenium-induced stress responses and redox reprogramming. Stress
response and DNA repair processes also appeared among the enriched terms.

For MF, enrichment was seen in oxidoreductase activity, ATPase-coupled transport, aminoacyl-tRNA
ligase activity, and sulfur compound binding. These results align with the induction of electron transfer
enzymes and sulfur/selenium metabolic enzymes. Transport-related functions, including ABC transporter
and ion channel activity, were also represented.

Within the CC category, cytoplasmic and membrane-associated components were the most prominent,
consistent with the intracellular nature of selenium-responsive systems, including redox-related enzymes
and various transmembrane transport proteins.

KEGG pathway annotation highlighted prominent changes in central redox and selenium-related
metabolism (Figure 5b). Upregulated DEGs were associated with sulfur metabolism, selenocompound
metabolism, aminoacyl-tRNA biosynthesis, and cysteine/methionine pathways, consistent with active
selenium reduction and organic incorporation.

Significant enrichment was also detected in ABC transporter pathways and those involved in phosphate
metabolism. In contrast, genes associated with glycolysis, pyruvate utilization, and oxidative
phosphorylation were largely downregulated, indicating a decline in energy flux and a metabolic shift
toward maintaining redox balance. Pathways related to DNA repair, folate metabolism, and cofactor
production showed moderate changes, suggesting their participation in broader cellular stress responses.

GO and KEGG analyses reinforce that selenium exposure prompts a coordinated transcriptional
response in P. acidilactici 03W. The main features include enhanced selenium reduction and assimilation
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via redox enzyme induction, sulfur-transfer activity, and amino acid biosynthesis, alongside dampened
growth-related pathways. These results support the mechanistic framework of selenium detoxification
through transport restriction, enzymatic reduction, and conversion into organic-bound forms.
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Figure 5. Functional enrichment analysis of differentially expressed genes (DEGs) in Pediococcus acidilactici 03W under
selenium stress. (a) GO enrichment analysis. The top significantly enriched GO terms are grouped into three major categories:
biological process (BP), cellular component (CC), and molecular function (MF). Bubble size indicates the number of DEGs
associated with each GO term, and color intensity corresponds to —logjo Padj. Enriched GO terms were mainly related to
metabolic processes, membrane components, and catalytic/redox activities, reflecting adaptive responses to oxidative stress
induced by selenium. (b) KEGG pathway enrichment analysis. Bubble plot showing the top enriched metabolic and regulatory
pathways in P. acidilactici under sodium selenite stress. The size of each bubble represents the number of DEGs involved in the
pathway, while the color gradient reflects the level of statistical significance (—logio Padj). Pathways related to redox regulation,
carbon metabolism (e.g., pentose phosphate and pyruvate metabolism), and membrane adaptation (e.g., ABC transporters,
peptidoglycan, and teichoic acid biosynthesis) were prominently enriched, indicating a global reprogramming of metabolic and
transport systems in response to selenium exposure.

3.5. RT-qPCR Validation of RNA-Seq Patterns

To validate the reliability of the RNA-seq analysis, we selected six representative genes related to
selenium stress response and selenium transformation for RT-qPCR validation. These genes cover the key
processes of redox homeostasis maintenance, sulfur metabolism support, membrane transport regulation,
and reductive system activation. The selected genes were #xB, tpx, cysS, nrdH, pstS, and pstA. To facilitate
comparison with RNA-seq results, RT-qPCR results were presented as —AACt (i.e., log2(2724Y), allowing
intuitive assessment of upregulation and downregulation around a baseline of 0.

As shown in Figure 6, the results indicate that RT-qPCR and RNA-seq maintained consistency in the
tendency of expression changes, confirming the overall reliability of the RNA-seq differential expression
conclusions. Specifically, #7xB showed significant upregulation in RNA-seq (log2FC of 3.123), and RT-
gqPCR also confirmed stable upregulation with values of 2.193, 2.253, and 1.805 in three biological
replicates, suggesting a significant enhancement in the cell’s redox homeostasis under selenium stress.
Similarly, nrdH displayed consistent upregulation, indicating that responses related to the reductive system
are activated under selenium treatment. In contrast, px and cysS showed moderate upregulation: tpx had a
log2FC of 0.942 in RNA-seq, while RT-qPCR values were 0.592, 0.605, and 0.455; and cysS showed a
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log2FC 0f 0.495 in RNA-seq, with RT-qPCR values of 0.645, 0.764, and 0.455, indicating mild to moderate
enhancement of oxidative stress and sulfur metabolism. In terms of membrane transport inhibition, the
expression of pstS and pst4 was downregulated, indicating suppression of related transport systems, which
may help reduce the potential influx load and alleviate subsequent stress.

In summary, the RT-qPCR validation results are consistent with the RNA-seq differential expression
patterns, confirming that the response to selenium stress in P. acidilactici 03W is achieved through the
coordinated action of multiple modules, including flux control at the membrane, maintenance of redox
homeostasis, and enhanced reductive power supply. These results will provide experimental support for the
construction of a selenium enrichment mechanism model.
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Figure 6. RT-qPCR validation of RNA-seq patterns. Comparison of expression levels of six key genes involved in selenium
stress response and selenium transformation (7xB, tpx, cysS, nrdH, pstS, and pstA) under selenium treatment. The y-axis shows
relative expression levels calculated using the —AACt method. Positive values indicate upregulation, while negative values
indicate downregulation.

4. Discussion

The physiological optimization experiments, together with transcriptomic evidence, reveal that P.
acidilactici 03W possesses remarkable adaptive plasticity to selenium stress. Its growth patterns, selenium
bioconversion efficiency, and metabolic flexibility indicate a finely tuned redox regulatory network that
enables the bacterium to tolerate, and even benefit from, high levels of sodium selenite. Below, we discuss
how P. acidilactici 03W modulates its physiology and metabolism—from growth dynamics to molecular
pathways—to cope with selenium and convert inorganic selenite into organic, bioactive forms.

4.1. Adaptive Growth and Selenium Tolerance

P. acidilactici 03W exhibited a biphasic growth response across increasing selenite concentrations. At
low to moderate selenium levels (<1000 pg-mL™"), the strain showed only a brief lag phase followed by
rapid exponential growth and higher final biomass than controls. This suggests that under mild selenium
stress, the bacterium quickly invokes antioxidant defenses and detoxification mechanisms to restore redox
homeostasis. Indeed, transcriptomic data showed enrichment of genes involved in oxidation—reduction
processes (GO:0055114) and upregulation of thioredoxin and glutathione-associated enzymes, which can
provide reducing equivalents (NADPH/NADH) to convert toxic selenite into less harmful elemental or
organoselenium forms [25]. The thioredoxin system (TrxA/TrxB with NADPH) is known to directly reduce
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selenite and facilitate its assimilation into selenoproteins [25], supporting our observation that P.
acidilactici 03W effectively mitigates oxidative stress at moderate selenite doses. By contrast, at higher
concentrations (>1500 pg-mL™!), growth was markedly suppressed and the lag phase extended, indicating
that excessive selenium overwhelms the cellular redox buffering capacity [26]. High selenite can rapidly
deplete intracellular thiol pools (e.g., glutathione) by forming selenotrisulfide adducts, and the resultant
reactive oxygen species (ROS) can damage iron—sulfur enzymes [27]. In our study, the transcriptome of
cultures at 1000 ug-mL™" selenite showed significant downregulation of the cysteine desulfurase iscS
(which supplies sulfur for Fe-S cluster assembly), consistent with reports that selenite-generated
superoxide impairs Fe—S clusters in enzymes [28]. This dose-dependent duality underscores that selenium
acts as both a micronutrient and a stressor: below a threshold, P. acidilactici induces protective mechanisms
to detoxify selenite; above that threshold, oxidative damage and metabolic disruption impede growth.

4.2. Carbon Source-Dependent Selenium Biotransformation

The choice of carbon source significantly influences the ability of P. acidilactici 03W to biotransform
inorganic selenium into organic selenium species. While hexose sugars (glucose and fructose) are
traditionally thought to drive glycolysis and the pentose phosphate pathway (PPP), providing NAD(P)H to
facilitate the reduction of selenite into organic selenium, the transcriptomic data from this study indicate a
different metabolic strategy under selenium stress.

In this study, we observed that key genes in glycolysis and the PPP, such as pfkA (phosphofructokinase),
gapA (glyceraldehyde-3-phosphate dehydrogenase), zwf (glucose-6-phosphate dehydrogenase), and gnd (6-
phosphogluconate dehydrogenase), were downregulated under selenium exposure. This suggests that the
metabolic flux diverged from the typical pattern through these pathways. Specifically, this downregulation
indicates that P. acidilactici 03W does not primarily rely on NAD(P)H generated by these pathways for
selenite reduction, which contrasts with the expected selenium biotransformation process.

Despite the downregulation of glycolysis and PPP, P. acidilactici 03W compensates for the reduced
redox balance and selenium reduction needs by enhancing other metabolic pathways. Notably, the genes
related to redox balance and sulfur-selenium transfer, including #7xA4 and #rxB, tpx, and sulfur transferases
(such as rhodanese and cysteine desulfurase), were upregulated. These findings suggest that P. acidilactici
03W utilizes sulfur-based redox systems to maintain intracellular reducing equivalents, which are crucial
for reducing selenite to elemental selenium or organic selenium (such as selenocysteine and
selenomethionine). By activating these redox systems, the cells are able to effectively convert selenium
intermediates into stable organic selenium forms, especially when traditional carbon metabolic pathways
are suppressed.

When hexose sugars like glucose and fructose are used as carbon sources, P. acidilactici 03W still
exhibits efficient selenium conversion, despite the downregulation of glycolysis and the PPP. The key factor
may be that these hexose sugars indirectly contribute to redox balance. Even with the downregulation of
traditional metabolic pathways, glucose and fructose can be utilized through alternative carbon source
pathways, such as fatty acid oxidation and amino acid metabolism, which support NAD(P)H regeneration
for selenium reduction.

Interestingly, pentose sugars such as arabinose are poor at supporting selenium assimilation. This is
because pentose metabolism produces less NADPH unless it extensively engages the PPP, and NADPH is
crucial to the reduction of selenite and its conversion into organic forms. The lower efficiency of pentose
sugars is reflected in the growth and selenium accumulation data, highlighting the key role of NADPH in
these reactions.
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4.3. Influence of pH on Selenium Uptake and Cell Viability

Environmental pH had a profound impact on both the growth of P. acidilactici 03W and its selenium
uptake capacity. We observed that mildly acidic conditions (initial pH 5—-6) enabled optimal bacterial
growth and maximal selenium accumulation in the biomass. In this range, the strain grew rapidly and
converted selenite to red elemental Se with high efficiency. By comparison, at alkaline pH (=9), the cells
grew poorly and incorporated over 30x less selenium (e.g., <60 pg-g ' at pH 9). These results clearly show
that P. acidilactici 03W performs selenium biotransformation most effectively in a mildly acidic milieu,
whereas it is severely limited in alkaline environments. Notably, lactic acid bacteria in general are adapted
to acidic niches: for example, P. acidilactici DSM 20284 was reported to achieve 90% selenite removal at
an initial medium pH of 4.5-5.0, while its growth was inhibited at pH values below 4.0 [15]. The superior
performance of strain 03W at pH 5-6 is therefore consistent with the notion that fermented-food organisms
thrive in slightly acidic conditions typical of their natural habitats.

From a mechanistic perspective, a slightly acidic pH likely improves both transport and enzymatic
reduction of selenite [29]. At lower external pH, the proton motive force across the cell membrane is
enhanced, which can drive the uptake of selenite via proton-coupled transporters. In addition, many redox
enzymes involved in selenite reduction (such as flavoprotein reductases or thioredoxin-dependent enzymes)
have optimal activity in the acidic-to-neutral pH range, where essential thiol groups remain protonated and
reactive. Our transcriptomic analysis further suggests that a homeostatic “valve” mechanism is at work.
Under selenium exposure, we found that high-affinity inorganic anion transporters—notably the phosphate
uptake system PstA/PstB/PstC—were actually downregulated in strain 03W at pH 6. This counterintuitive
repression may serve as negative feedback to prevent excessive selenite influx once the intracellular
selenium pool builds up. In other words, when conditions are ideal for rapid Se reduction (as at pH 5-6),
the cell can afford to limit active import of selenite to avoid toxicity. Even with Pst4ABC transporters toned
down, residual selenite still enters the cell through lower-affinity routes (e.g., promiscuous MFS-type anion
carriers or simple diffusion) and is immediately reduced and assimilated. This balance ensures that net Se
uptake remains high at pH 5—-6 without overwhelming the cell’s detoxification capacity.

In alkaline conditions, by contrast, multiple factors conspire to diminish selenite uptake and reduction.
A higher external pH collapses the proton gradient on which many import systems rely, making it
energetically unfavorable to import selenite anions into the cell. At the same time, key thiol-dependent
enzymes likely suffer from deprotonation of cysteine residues in their active sites, drastically reducing their
catalytic activity. As a result, any selenite that does enter is reduced much more slowly. There is also the
possibility that, at high pH, some selenite may convert to forms that are less readily transported or
biologically accessible (e.g., ionized species or precipitates). The net outcome is a severe drop in selenium
assimilation (to only tens of pg-g ') accompanied by heightened oxidative stress and lower cell viability at
pH > 9.0. This stark difference underscores how pH stress compounds selenium stress: when external
conditions are far from the organism’s preferred acidity, its defenses against selenite toxicity falter.

Overall, our findings reinforce that lactic acid bacteria convert selenium most efficiently in mildly
acidic environments typical of fermented foods. P. acidilactici 03W is no exception—it requires a narrow
pH window around 5-6 to coordinate membrane transport with intracellular reduction optimally. Outside
this window, either the selenite import is throttled or the reduction capacity is overwhelmed, leading to
suboptimal selenium uptake. By maintaining the culture pH near the optimum (6.0), one can achieve
maximal selenium bioaccumulation in this strain. These insights into pH effects, together with the earlier
results on substrate and selenite concentration, portray a coherent adaptive response by P. acidilactici 03W.
Under favorable conditions (moderate selenite levels, suitable carbon source, and pH 6), the bacterium
maximizes Se uptake and rapidly converts selenite to organic or elemental forms. Outside these conditions,
it either induces stress mitigation responses or suffers toxicity, limiting selenium incorporation. This
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understanding sets the stage for exploring the underlying molecular mechanisms, as we next examine
transcriptomic insights into the strain’s selenium response.

4.4. Transcriptomic Insights into the Selenium Response

Global RNA-seq profiling indicates that selenium exposure elicits a coordinated reprogramming
centered on four modules that together explain the conversion of inorganic selenium into organic/low-
toxicity forms: (i) transport and flux control, (ii)) an NAD(P)H-driven reductive hub, (iii) sulfur—selenium
transfer and organic anchoring, and (iv) an amino acid/tRNA layer that provides the receiving scaffold.
This architecture recurs across time points and gene families, suggesting a systems-level adaptation rather
than isolated gene effects.

Transport and flux control. The phosphate-type transporter operon pstA/pstB/pstC and TauE/SafE-
family exporters are transcriptionally repressed under selenium stress. This pattern supports a flux-
throttling (“valve”) model in which high-capacity inorganic anion channels are dialed down to avoid
uncontrolled selenite influx and futile efflux cycling when intracellular selenium begins to accumulate [30].
Despite repression of these major ports, net uptake still proceeds through residual, non-specific anion routes
(e.g., broad-specificity carriers of the MFS class and basal membrane permeability), ensuring a low-but-
processable input that matches downstream reductive capacity.

Reductive hub. A large set of FMN/FAD-dependent oxidoreductases (e.g., HNOI5 RS09075,
HNO015 RS05170, HNO15 RS07050, HN0O15 RS07215) is strongly induced, together with the thioredoxin
system (trxB, trxA) and thiol peroxidase (zpx). These components form an NAD(P)H-linked electron relay
that reduces Se(IV) to elemental selenium (Se”) and hydrogen selenide (H2Se) while maintaining a reduced
intracellular thiol pool [25,31]. Functionally, this hub both detoxifies (via Se® deposition) and generates the
reactive donor (H2Se) required for organic incorporation [32].

Sulfur-selenium transfer and organic anchoring. Multiple rhodanese-like sulfurtransferases (e.g.,
HNOI5 RS03615/RS03620/RS03625/RS04060) and cysteine desulfurases (e.g., HN015 RS06795/RS06190/
RS02370) are upregulated. These enzymes catalyze sulfur<sselenium exchange through
persulfide/perselenide intermediates [33], channeling H2Se onto amino acid or protein acceptors to form
selenocysteine/selenomethionine pools and protein-bound selenium [34,35].

Amino acid/tRNA layer. Selective increases in aminoacyl-tRNA biosynthesis and cysteine/methionine
metabolism provide the molecular scaffolds and translational context that stabilize organic selenium within
macromolecules. Notably, the dataset does not support the presence of the canonical UGA-dependent
selenoprotein machinery (selD/selA/selB), consistent with a non-canonical, generalist assimilation route
dominated by reduction and sulfur—selenium transfer chemistry [3,36,37].

Collectively, the transcriptome supports a low-influx/high-conversion strategy: entry is constrained by
transporter repression, while intracellular reduction and transfer pathways are amplified to convert
whatever selenite enters into Se” and organic, protein-associated forms. However, further dose-response
and time-course designs (including late-log-phase or stationary-phase additions of selenite) would provide
complementary insights into acute responses.

4.5. Mechanism of Selenium Uptake and Transformation in P. acidilactici 03W

Drawing on these transcriptomic signatures, we propose a three-stage mechanism for selenium
assimilation in P. acidilactici 03W (Figure 7).
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Figure 7. Scheme of the potential mechanism for selenium assimilation in P. acidilactici 03W. The model summarizes a “low-
influx / high-conversion” strategy comprising controlled anion entry, NAD(P)H-driven reduction, sulfur—selenium transfer, and
incorporation into organic selenium pools and proteins. (1) Flux-gated entry. Selenite (SeO3%") enters the cell mainly via anion
transport routes; transcriptomic signals suggest downregulation of high-affinity phosphate uptake components (PstA/B/C |) and
reduced activity of MFS-type transporters, consistent with throttling net influx to match cellular reductive capacity. (2) Reductive
initiation. Intracellular reducing equivalents (e.g., NADPH) and thiol-based redox systems (e.g., thioredoxin/peroxidase axis;
Tpx 1) initiate reduction of selenite and maintain redox homeostasis under selenium stress. (3) Deep reduction. FMN/FAD-
dependent oxidoreductases (induced) further reduce Se(IV) toward elemental selenium (Se’) and/or hydrogen selenide
(H»Se/HSe"), providing reactive selenium donors for downstream assimilation. (4) S/Se exchange. Rhodanese-like
sulfurtransferases and related enzymes mediate sulfur—selenium exchange, generating perselenide/persulfide-type intermediates
that channel selenium into organic pathways. (5) Organic anchoring. Cysteine desulfurases (upregulated) and Cys/Met
metabolism provide acceptor scaffolds, enabling formation of selenium-containing amino acids (SeCys/SeMet) and protein-
bound selenium species. (6) Protein incorporation. Aminoacyl-tRNA synthetase/translation-linked processes support
incorporation of selenium into proteins (selenoprotein/protein-bound Se), stabilizing selenium in low-toxicity organic forms. (7)
Limited efflux and extracellular deposition. Export systems (e.g., TauE/SafE-type; TauE/SafE |) are constrained, favoring
intracellular retention/assimilation; meanwhile, a fraction of Se® may be deposited extracellularly as red particles. Solid arrows
indicate proposed primary selenium transformation/assimilation flow; dashed arrows indicate limited or secondary flux (e.g.,
restricted efflux in step 7). Red 1/blue | denote genes/proteins up- or down-regulated under Na.SeOs exposure (omics-based
comparison). The “?” marks a putative intermediate/step not experimentally confirmed (e.g., the exact identity/chemistry of
protein-bound selenium species and/or the transfer route). Cartoons are schematic representations of putative proteins/complexes
and are not to scale.

Stage [—Flux throttling at the membrane (Transport “valve”). Major inorganic anion conduits
(PstA/PstB/PstC) and TauE/SafE exporters are downregulated, establishing a controlled, low-throughput
influx of selenite. Uptake is thereby limited to residual, promiscuous anion pathways (e.g., MFS-type
carriers and basal permeability) [38]. This “valve” prevents overload and keeps intracellular selenium
within a manageable processing window.

Stage II—NAD(P)H-driven reduction to Se’ and H2Se (Reductive hub). Induced FMN/FAD
oxidoreductases (HN0O15 RS09075/RS05170/RS07050/RS07215) act in concert with TrxA/TrxB and Tpx to
channel electrons from NAD(P)H to Se(IV). The pathway yields Se° (detoxification end-product) and HaSe,
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the proximate selenium donor for biosynthetic incorporation. The same network sustains thiol redox
homeostasis, enabling iterative reduction without excessive oxidative damage [39,40].

Stage III—Sulfur—selenium transfer and organic anchoring. Rhodanese-like sulfurtransferases
(HNO15 RS03615/RS03620/RS03625/RS04060) and cysteine desulfurases (HNO15 RS06795/RS06190/
RS02370) convert H2Se into Se-bearing amino acids and protein-bound selenium via perselenide
intermediates, while aminoacyl-tRNA/Cys—Met metabolism provides the receiving scaffolds that stabilize
the organic selenium fraction. In parallel, a fraction of selenium is mineralized as Se® (SeNPs), further
lowering toxicity; with TauE/SafE repressed, intracellular retention favors assimilation over rapid efflux.

5. Conclusions and Future Prospects

In summary, P. acidilactici 03W demonstrates strong selenium-transforming capability, converting
more than 80% of supplied selenite into organic selenium species under optimized conditions. Through
metabolic reconfiguration and stress-response modulation, the strain can tolerate selenium levels that are
normally toxic while simultaneously generating valuable seleno-amino acids and elemental Se
nanoparticles [39]. Its robustness is supported by the coordinated activation of NADPH-dependent
antioxidant defenses, energy-yielding pathways, and genes involved in sulfur and selenium metabolism.
These findings deepen our understanding of microbial selenium assimilation and underscore the
biotechnological potential of P. acidilactici 03W in functional food development, particularly for producing
selenium-enriched probiotics or fermented products intended as dietary supplements. Unlike other general
lactic acid bacteria, which often exhibit limited selenium enrichment and transformation capacities, P.
acidilactici 03W shows exceptional tolerance to higher concentrations of selenite and efficiently converts
inorganic selenium to organic forms such as selenocysteine and selenomethionine. This unique ability of
P. acidilactici 03W stems from its finely tuned metabolic regulation, particularly in selenium assimilation
and antioxidant responses, distinguishing it from other reported selenium-enriching LAB.

Looking ahead, several avenues merit exploration. Our transcriptomic analysis implicated the
glutathione and thioredoxin systems in selenite reduction; however, direct assays of enzyme activity (e.g.,
glutathione peroxidase or reductase activities) were not conducted in this study. Future work combining
proteomics and enzyme kinetics will be important to confirm the roles of specific seleno-enzymes and to
identify any novel selenoproteins expressed by P. acidilactici 03W. Also, knocking out or overexpressing
the most up/down-regulated genes responsible for selenium transformation (e.g., trxB, tpx, cysS, nrdH, pstS,
and pstA) will largely help explain the mechanisms of selenium enriching by integrating with checking the
seleno-metabolites concentrations or other Se-related events. Another interesting aspect is the fate of the
elemental Se nanoparticles: microscopic observations and extracellular polymer characterization could
determine whether the Se” produced is bound to cell surfaces, sequestered by exopolysaccharides, or
actively exported. Such information could inform how to harvest or enhance Se nanoparticle production.
Moreover, accurate measurement of SeMet and SeCys2 concentrations will provide additional insights into
the biosynthesis of these bioactive molecules before developing P. acidilactici 03W as a potential selenium-
enriching LAB. Additionally, while P. acidilactici 03W performs impressively in vitro; its performance in
vivo (e.g., in the gut environment) remains to be tested. Evaluating the strain’s stability, safety, and
selenium-enrichment capacity in animal models or human trials would be a crucial step toward practical
use. If it can retain its ability to biotransform selenium in the gastrointestinal tract, it might improve
selenium bioavailability or antioxidant status in the host. Overall, our findings lay a strong foundation for
leveraging P. acidilactici 03W in the development of next-generation, selenium-fortified probiotic foods
[41]. By bridging the gap between microbial physiology and nutrition, such innovations could lead to safer,
more effective dietary selenium supplementation in the future.
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