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Abstract

Selenium (Se) biotransformation by microorganisms determines how inorganic selenium is
redistributed into organic selenium, selenium nanoparticles (SeNPs), methylated species,
and other intracellular or extracellular pools. Although microbial selenium metabolism has
been extensively studied, evidence supporting individual mechanisms remains uneven,
and bacterial and fungal observations are often compared without sufficient considera-
tion of energetic context, cellular architecture, or evidence strength. This review reorga-
nizes the field around an evidence-graded mechanistic framework. We distinguish direct
functional validation from convergent pathway evidence and association-level observa-
tions, compare bacterial and fungal selenium handling across uptake, redox metabolism,
sulfur assimilation, methylation, compartmentalization, and terminal localization, and
introduce cellular selenium loading as a conceptual bridge between uptake and down-
stream metabolic partitioning. We further emphasize that methylation is not equivalent
to volatilization and that terminal selenium fate is best resolved by combining chemical
speciation with spatial localization. These mechanisms are integrated into strain-specific
selenium-transformation profiles and linked to representative applications and evidence-
guided microbial engineering. This synthesis aims to shift microbial selenium research
from empirical total-selenium accumulation toward mechanism-resolved, testable, and
engineerable selenium biotransformation.

Keywords: selenium biotransformation; bacterial-fungal differences; cellular selenium
loading; metabolic partitioning; selenium nanoparticles

1. Introduction

Selenium (Se) is an essential trace element required for the synthesis of a defined group
of selenoproteins involved in redox regulation, thyroid hormone metabolism, immune
function, and other physiological processes [1,2]. Both selenium deficiency and excessive
intake can produce adverse effects, reflecting the relatively narrow physiological window of
this element [1,3]. Importantly, the biological behavior, retention, nutritional relevance, and
safety of selenium depend strongly on chemical speciation rather than on total selenium
concentration alone [3,4]. Organic selenium compounds, particulate selenium such as sele-
nium nanoparticles (5eNPs), and residual inorganic Se(IV) or Se(VI) differ substantially in
stability, reactivity, bioaccessibility, and metabolic fate. Controlled conversion of inorganic
selenium into defined selenium species has therefore become an important objective in
selenium enrichment.
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Microbial biotransformation provides a versatile route for this conversion because
selenium exposure, nutrient supply, growth conditions, and cellular physiology can be
manipulated simultaneously [5]. Selenium-enriched yeasts, lactic acid bacteria, and other
food-associated microorganisms have consequently been investigated in food fortification,
fermentation, probiotic, supplement, and feed-related systems [6-9]. Mechanistic research
has progressed from measurements of selenium accumulation and tolerance to characteri-
zation of selenium transport, respiratory and non-respiratory reduction, glutathione- and
thioredoxin-associated redox processes, sulfur metabolism, selenium-containing amino
acid formation, methylation, SeNP biogenesis, intracellular sequestration, and extracellular
redistribution [4,5,10]. Studies based on genetics, selenium-speciation analysis, targeted
perturbation, adaptive evolution, and multi-omics have further increased mechanistic
resolution. Recent work has extended this knowledge to selenium uptake and metabolic re-
programming in Saccharomyces cerevisiae [11], food-grade bacterial SeNP formation [12-14],
integrated redox and sulfur metabolism [15-17], and membrane-associated nanoparticle
export [18]. The field has therefore advanced beyond establishing whether individual
selenium-transforming reactions occur. The more important question is how these pro-
cesses interact to determine the final chemical form and cellular location of selenium. How-
ever, pathway-centered descriptions provide limited explanations for why microorganisms
exposed to similar selenium conditions generate different selenium species, localization
patterns, and retention outcomes.

Comparing selenium biotransformation among different microbial groups is essential
for answering this question. Similar selenium exposure does not necessarily produce
similar selenium outcomes because microorganisms differ in cellular architecture, energetic
organization, redox buffering, sulfur assimilation, compartmentalization, and selenium-
containing amino acid utilization [10,19,20]. Selected selenium-respiring bacteria can
couple oxyanion reduction to electron transfer and energy conservation, whereas many
food-associated bacteria appear to integrate selenium transformation mainly with redox
adaptation, tolerance, and stress-associated reduction. Fungal systems more frequently
involve glutathione-dependent redox buffering, intracellular compartmentalization, and,
in selenium-enriched yeasts, substantial retention of selenomethionine (SeMet)-containing
proteins [11,20,21]. These differences are informative but remain strain- and condition-
dependent rather than defining absolute bacterial-fungal boundaries. Cross-taxon com-
parison can therefore distinguish broadly shared transformation principles from taxon-
or strain-associated tendencies and identify the physiological features that most strongly
influence selenium partitioning. This distinction has practical consequences. For selenium-
enrichment processes, microorganisms can be selected according to the desired selenium
form and retention pattern rather than total selenium accumulation alone, and cultiva-
tion conditions can then be adjusted according to the dominant physiological constraints
of the selected strain. For mechanistic research, comparison across taxa also helps de-
termine which mechanisms may be transferable among microorganisms, which require
taxon-specific validation, and which apparent differences may partly reflect unequal ex-
perimental resolution rather than true biological divergence. Cross-taxon comparison is
therefore essential for distinguishing conserved selenium-transformation principles from
physiological strategies that determine taxon-associated selenium partitioning.

Interpretation across studies remains challenging because selenium transformation
is strongly condition-dependent and because the underlying evidence is heterogeneous.
Selenium species and dose, sulfur and phosphate availability, oxygen status, redox capacity,
growth phase, and nutrient composition can redirect selenium among assimilation, particu-
late formation, methylation, sequestration, export, and residual inorganic pools [22-24].
At the same time, some transporter, reductase, efflux, and methylation mechanisms are
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supported by targeted genetics, complementation, transport measurements, or biochemical
validation [25,26], whereas many assignments in food-relevant microorganisms are sup-
ported mainly by physiological and multi-omics associations. Analytical endpoints add
further variability because similar total selenium concentrations may represent different
combinations of intracellular organic selenium, SeNPs, surface-associated selenium, soluble
extracellular selenium, and volatile loss. Consequently, total selenium alone provides lim-
ited information on the physiological strategy by which a microorganism handles selenium.

This review therefore establishes a selenium partitioning framework in which mi-
crobial selenium biotransformation is interpreted as a continuum from selenium uptake
and cellular loading to metabolic processing and terminal selenium allocation (Figure 1).
Cellular selenium loading is used here as an integrative concept describing the metabol-
ically accessible selenium presented to intracellular transformation systems rather than
as a standardized analytical variable. Subsequent selenium partitioning is interpreted in
relation to the balance between cellular selenium exposure and the redox, sulfur-metabolic,
biosynthetic, and compartmental capacity available to process that exposure. Reduction
is distinguished from assimilatory incorporation, methylation is treated as redistribution
among selenium species rather than as synonymous with volatilization, and terminal
selenium fate is resolved through the complementary dimensions of chemical speciation
and spatial localization. Mechanistic claims are evaluated according to evidence strength,
while bacterial and fungal systems are compared across common physiological dimen-
sions. These elements are ultimately integrated into strain-specific selenium-transformation
profiles, providing a basis for more rigorous microbial comparison, rational strain selec-
tion, targeted process control, functional validation, and evidence-guided engineering of
microbial selenium biotransformation.
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Figure 1. Conceptual overview of microbial selenium uptake, transformation, and terminal partition-
ing. Note. Colored bacterial- or fungal-associated routes summarize reported examples and should
not be interpreted as universally taxon-specific pathways or conserved quantitative fluxes.

Scope and Evidence Grading

This review focuses primarily on selenium biotransformation in food-relevant bacteria
and fungi. Model, environmental, selenium-respiring, and extracellular-electron-transfer
microorganisms are included when they provide direct mechanistic evidence that is not yet
available in food-associated strains. The review covers inorganic selenium uptake, reduc-
tion, assimilation, methylation, terminal selenium fate, and the engineering implications of
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these processes. Broader clinical, nutritional, and environmental-remediation outcomes are
considered only when they are required to define the biological significance or application
boundary of a microbial selenium-transformation mechanism.

Evidence is evaluated at the level of individual mechanistic claims rather than entire
studies. Level I denotes direct functional evidence, such as targeted genetic perturbation
with complementation, substrate-specific transport measurements, or biochemical enzyme
validation. Level II denotes convergent mechanism-oriented evidence, including selenium
speciation combined with multi-omics, physiology, particle characterization, or protein-
level assays without definitive causal perturbation. Level III denotes association-level
evidence derived mainly from expression changes, pathway enrichment, or indirect phe-
notypic correlations. This evidence-gated approach is applied throughout the review to
distinguish experimentally established mechanisms from pathway-supported interpreta-
tions while retaining the hypothesis-generating value of emerging multi-omics studies.

2. Selenium Uptake and Cellular Loading

The entry of inorganic selenium into microbial cells is the first determinant of its
subsequent intracellular transformation. Microorganisms are exposed predominantly to
selenate [Se(VI), SeO42~ ] and selenite [Se(IV), SeO32~], but neither oxyanion is generally
handled through a universally conserved selenium-specific uptake system. Instead, current
evidence indicates extensive recruitment of nutrient transporters whose physiological sub-
strates are chemically related sulfur- [26,27], phosphorus- [25], or other anion-containing
compounds [24,28]. The mechanistic significance of selenium uptake therefore lies not only
in identifying individual membrane proteins but also in understanding how transporter
promiscuity, nutrient competition, taxonomic background, and physiological state deter-
mine the amount of selenium ultimately presented to intracellular metabolism (Figure 2).
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Figure 2. Comparative selenium uptake routes and cellular selenium loading in bacteria and fungi.

2.1. Uptake Routes

Selenate has a particularly close relationship with sulfate acquisition because se-
lenium and sulfur share similar oxyanion chemistry. In Escherichia coli K-12, competi-
tion and genetic evidence support overlapping transport of sulfate and selenate through
sulfur-oxyanion transport systems, while sulfate remains the principal physiological
substrate [26,27]. Sulfur limitation can modify expression of the CysB-regulated sulfur-
acquisition machinery and thereby alter the opportunity for Se(VI) to enter through these
systems [29]. Se(VI) uptake can therefore be viewed as a well-supported example of
substrate promiscuity within native nutrient transport (Figure 2).
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Se(IV) uptake is more heterogeneous. In Saccharomyces cerevisiae, genetic analysis,
substrate competition, and transport measurements support direct participation of phos-
phate transport systems [25]. Pho84p contributes substantially under phosphate-limited
conditions, while lower-affinity phosphate transport becomes more relevant as phosphate
availability increases. Competition between phosphate and selenite demonstrates that
the effective uptake of Se(IV) depends on both transporter regulation and extracellular
nutrient composition.

Other microorganisms use different membrane-associated routes. In Rahnella aquatilis
HX2, gene deletion and complementation support roles for the aquaporin AqpZ and the
Na*/H" antiporter NhaA in Se(IV) uptake or cellular selenium homeostasis [28]. Sulfite-
related, monocarboxylate-related, ATP-binding cassette (ABC), major facilitator superfam-
ily (MFS), and solute carrier (SLC) systems have also been associated with selenium accu-
mulation or selenium-stress responses in different bacterial and fungal systems [24,30-33].
These observations extend the range of candidate selenium-handling routes while indicat-
ing substantial organism dependence.

The available evidence therefore supports a useful distinction between the two major
inorganic selenium substrates. Se(VI) has a relatively consistent relationship with sul-
fur acquisition, whereas Se(IV) can access a broader set of membrane processes whose
contribution depends on the organism and culture environment. Selenium uptake is con-
sequently better understood through chemical similarity, transporter promiscuity, and
nutrient competition than through a single conserved selenium transporter.

2.2. Taxon Dependence
2.2.1. Selenium Uptake in Bacteria

Bacterial selenium uptake is dominated by recruitment of pre-existing ion and nu-
trient transport systems. Sulfate/thiosulfate transport in E. coli provides one of the
best-characterized examples for Se(VI) [26,27]. Regulation of sulfur acquisition by nu-
tritional status can further modify selenium entry, linking uptake directly to cellular sulfur
demand [29].

For Se(1V), R. aquatilis HX2 demonstrates a different transport phenotype. Genetic
perturbation and complementation support involvement of AqpZ and NhaA in selenium
uptake or homeostasis [28]. These findings indicate that membrane proteins with primary
physiological functions unrelated to selenium can make measurable contributions to cellular
Se(IV) handling.

In many food-associated bacteria, current mechanistic resolution is lower. Transcrip-
tomic and proteomic studies frequently identify ABC transporters and other membrane
proteins that respond to selenium exposure [30,32,34]. Such responses support recruitment
of membrane-associated networks and provide rational candidates for functional analysis.
Their biological effects may involve selenium influx, efflux, ion homeostasis, membrane
adaptation, or secondary stress responses, and their specific contributions are therefore
best interpreted in the context of the evidence available for each system.

Environmental selenium-respiring or extracellular-electron-transfer bacteria remain
useful mechanistic references where direct functional evidence is unavailable in food-
relevant strains. However, transporter functions identified in such organisms should be
transferred to food-associated microorganisms only when the relevant substrate, direction-
ality, and cellular phenotype are experimentally supported.

2.2.2. Selenium Uptake in Fungi

Among fungi, S. cerevisiae provides the strongest direct evidence for inorganic selenium
uptake. Phosphate-dependent Se(IV) transport has been resolved through targeted genetics,
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competition experiments, and uptake measurements [25]. Because the contribution of high-
and low-affinity phosphate transport changes with phosphate availability, nutrient status
is intrinsically coupled to Se(IV) entry.

In Aureobasidium melanogenum, Pichia kudriavzevii, and Aspergillus oryzae, ABC-, MFS-,
SLC-, sulfate-, phosphate-, and carboxylate-related transport systems have been associ-
ated with selenium accumulation or tolerance through transcriptomic, proteomic, and
physiological evidence [24,31]. These studies support broad recruitment of nutrient and
stress-associated transport networks and provide candidate components for more targeted
mechanistic investigation.

Fungal cellular organization also affects the interpretation of apparent selenium ac-
cumulation. Cell-wall binding, vacuolar sequestration, endomembrane trafficking, and
changes in efflux can increase selenium recovered with biomass without a proportional
increase in plasma-membrane influx. Fungal biomass selenium therefore integrates both
true cellular entry and subsequent retention or sequestration.

The comparison between bacteria and fungi also reveals an important evidence asym-
metry. Direct transport kinetics and targeted genetic validation are concentrated in S.
cerevisiae and a limited number of bacterial systems, whereas many food-associated mi-
croorganisms have primarily been examined by omics. Apparent taxonomic differences
should therefore be interpreted through both biological divergence and differences in
experimental resolution.

2.3. Cellular Loading

The amount of selenium presented to intracellular metabolism reflects the com-
bined effects of selenium species and concentration, transporter availability, compet-
ing sulfate or phosphate, pH, nutrient status, membrane energetics, growth phase, and
biomass [5,22,25,28]. Some variables influence selenium entry through direct substrate com-
petition, whereas others act by modifying transporter expression, membrane physiology,
nutrient demand, or cellular growth.

Process-level studies illustrate how these factors interact. Studies of Saccharomyces
yeasts have associated ion homeostasis with selenium accumulation and organification [35],
while a 2026 study of S. cerevisize showed that siderophore-assisted cultivation increased
selenium tolerance and cellular selenium accumulation while favoring SeMet within
the measured selenoamino-acid pool [11]. Such findings demonstrate that cultivation
conditions can simultaneously alter upstream selenium acquisition and downstream
selenium retention.

Transmembrane influx, net cellular accumulation, and selenium organification should
nevertheless be treated as distinct endpoints. Selenium recovered from biomass reflects
influx together with surface association, intracellular retention, and sequestration. Efflux,
extracellular conversion, volatilization, and biomass dilution can alter the same pool.
High biomass selenium does not necessarily indicate rapid membrane influx, and increased
cellular accumulation does not necessarily indicate preferential organic selenium formation.

Across currently characterized microorganisms, a recurring relationship is therefore ap-
parent. Inorganic selenium commonly exploits native nutrient-transport systems, whereas
the resulting intracellular exposure is strongly shaped by ion competition and cellular phys-
iology. In this review, cellular selenium loading refers conceptually to the metabolically
accessible selenium presented to intracellular transformation pathways. It is an integrative
physiological concept rather than a single standardized analytical measurement and should
be distinguished from total biomass-associated selenium.
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3. Intracellular Metabolism

Once selenium becomes metabolically accessible, reduction alters its oxidation state,
and assimilation directs part of the reduced selenium toward cellular biosynthesis. These
processes overlap but are not equivalent. Reduced selenium can subsequently enter organic
selenium synthesis, elemental selenium formation, methylation, intracellular sequestration,
or other stress-associated routes. Their relative contribution depends on the physiological
function of reduction and on the metabolic resources available to process selenium.

The term selenide-related reduced intermediates is used here for highly reduced sele-
nium species downstream of Se(IV), including chemical forms associated with HySe/HSe™
and thiol-bound selenium. Their intracellular identity varies with pH, thiol availability, re-
dox state, and cellular environment. They are therefore treated as a functional intermediate

pool rather than a universally conserved freely diffusible metabolite (Figure 3).
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Figure 3. Comparative overview of selenium reduction and assimilation in bacteria and fungi.

3.1. Selenium Reduction
3.1.1. Respiratory Reduction

Respiratory selenium reduction occurs in specialized microorganisms that use se-
lenium oxyanions in anaerobic electron transport. A well-characterized example is the
periplasmic selenate reductase SerABC of Thauera selenatis, which catalyzes reduction of
Se(VI) to Se(IV) during selenate respiration [19,36,37]. SerA contains the catalytic molyb-
denum center, SerB contains iron-sulfur centers involved in electron transfer, and SerC
anchors the complex to the membrane. Biochemical characterization combined with a
defined respiratory function gives this mechanism strong causal support.

Other bacterial reductases and electron-transfer components can participate in sele-
nium reduction without functioning as dedicated selenium-respiratory systems. Nitrate-
reductase-related enzymes [38,39], thioredoxin-associated proteins [40,41], and extracellu-
lar electron-transfer components can contribute under different physiological conditions.
In Shewanella oneidensis MR-1, electron shuttles such as anthraquinone-2,6-disulfonate
(AQDS) and riboflavin redirect Se(IV) reduction toward an extracellular route that de-
pends strongly on the outer-membrane cytochromes OmcA and MtrC while bypassing
the periplasmic FccA-associated route [42]. These mechanisms are therefore condition-
dependent and should not be generalized across taxa.
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This distinction is important for food microbiology. Selenium-respiring and extracellular-
electron-transfer bacteria provide mechanistic reference systems for reductase chemistry
and spatial electron transfer, while most food-associated aerobic or fermentative bacteria
are better described in terms of non-respiratory selenium transformation, redox adaptation,
and tolerance [34,40].

3.1.2. Detoxification-Associated Reduction

In many food-associated bacteria and fungi, Se(IV) reduction is integrated with redox
homeostasis and selenium tolerance. Reduced glutathione (GSH), thioredoxin-related
systems, NAD(P)H-dependent oxidoreductases, and reducing biomolecules participate in
selenium transformation [40,43]. In GSH-dependent chemistry, Se(IV) can form selenodiglu-
tathione (GSSeSG) and related thiol-associated intermediates, which can subsequently be
redistributed toward lower-valence selenium species or Se(0) [20].

These reactions consume reducing equivalents and can perturb cellular redox balance.
Selenium-associated oxidative stress can arise from reactive selenium intermediates, de-
pletion of cellular reductants, and redox cycling [20,44]. In S. cerevisiae, selenium exposure
alters glutathione homeostasis and central carbon metabolism, consistent with an increased
requirement for cellular reducing power [45]. Thiol-dependent conversion can contribute
to tolerance, while accumulation of highly reduced intermediates can also increase toxicity
under particular conditions [46].

Food-associated bacteria recruit similarly complex redox networks. In Lactiplantibacil-
lus plantarum CXG4, thioredoxin- and short-chain dehydrogenase/reductase-related pro-
teins have been associated with Se(IV) transformation [40]. Reduced functional groups in
extracellular polymeric substances can also participate in Se(IV) reduction or stabilization
of selenium-containing particles [43].

Recent studies strengthen this network-level interpretation. Integrated multi-omics
analyses of Serratia marcescens HBQT linked Se(IV) transformation with thioredoxin-
associated processes, sulfur assimilation, and NADH/NADPH regeneration [16]. In Ligilac-
tobacillus salivarius DACNB818, Se(IV) conversion and SeNP formation were accompanied by
changes in sulfur/glutathione metabolism, amino acid metabolism, transport, and energy
metabolism [13]. Non-respiratory selenium reduction is therefore frequently embedded
within broader metabolic adaptation.

3.1.3. Differences Between Bacteria and Fungi

The most informative bacterial-fungal differences concern the physiological role,
energetic context, and cellular organization of selenium reduction. Selected selenium-
respiring bacteria can couple oxyanion reduction to anaerobic electron transport and
energy conservation [47,48]. Most food-associated bacteria instead use selenium reduction
as part of redox adaptation, tolerance, or selenium transformation [34,40].

Fungal selenium reduction is commonly associated with GSH-dependent redox
buffering, sulfur metabolism, NADPH demand, and intracellular compartmentaliza-
tion [44,49,50]. Persistent selenium exposure in S. cerevisiae can disturb glutathione balance
and central carbon metabolism [45], while vacuolar and vesicle-associated processes pro-
vide additional routes for sequestration and redistribution.

Cellular architecture influences both where reduction occurs and how much metabolic
investment is required. Depending on the taxon, bacterial reduction may occur in the
cytoplasm, periplasm, cell envelope, or extracellular electron-transfer system. Fungi lack a
bacterial-type periplasm and possess extensive vacuolar and endomembrane organization,
which can reduce cytoplasmic exposure to reactive selenium and redistribute selenium
among intracellular compartments.
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These differences represent recurring taxon-associated tendencies rather than fixed
bacterial-fungal boundaries. The degree to which selenium reduction is coupled to en-
ergy conservation, redox buffering, and cellular compartmentalization provides a more
informative comparative framework than a simple taxonomic dichotomy.

3.2. Assimilatory Metabolism
3.2.1. Coupling with Sulfur and Redox Metabolism

Assimilatory selenium metabolism incorporates selenium into organic compounds and
cellular biomolecules. The relevant reactions overlap extensively with sulfur metabolism
because enzymes participating in sulfate activation, sulfur reduction, cysteine biosynthesis,
and methionine metabolism can accept selenium analogs [51,52]. Selenium assimilation is
therefore embedded within pre-existing sulfur and redox networks.

When Se(VI) is supplied, activation and reduction can proceed through sulfate-
assimilation-related reactions before selenium reaches Se(IV) and more reduced intermedi-
ates [20,51]. Direct supplementation with Se(IV), which is common in selenium-enrichment
studies, bypasses part of this upstream sequence. Selenium substrate identity therefore
changes the pathway entry point and influences interpretation of conversion efficiency.

In bacteria, thioredoxin-associated reactions, NAD(P)H-dependent processes, sulfur
metabolism, and amino acid biosynthesis can contribute to organic selenium formation [51-53].
Fungal assimilation similarly recruits ATP sulfurylase, glutathione, thioredoxin, sulfate-
reduction-related enzymes, and NADPH-dependent metabolism [20,44,54]. In Monascus
ruber M7, expression of sulfate-reduction-related genes is associated with formation of
reduced selenium products [54], supporting recruitment of sulfur-assimilation machinery
during selenium transformation.

Sulfur availability can influence selenium assimilation in multiple ways. Sulfur
metabolism supplies enzymes, reducing equivalents, and biosynthetic precursors required
for selenium incorporation, while sulfate and sulfur-containing metabolites can also com-
pete with selenium during uptake or shared metabolic reactions. The effect of sulfur
supplementation therefore depends on selenium substrate, nutrient background, exposure
level, and strain physiology.

3.2.2. Formation of SeMet and SeCys

Selenomethionine (SeMet) and selenocysteine (SeCys) are major organic selenium
products, but their biosynthetic origins and biological meanings differ.

SeMet formation recruits methionine-biosynthesis-related reactions. In selected bac-
teria, reduced selenium intermediates can enter reactions involving O-acetylhomoserine
or related sulfur-acceptor substrates and subsequently form SeMet-related products [51].
In L. plantarum CXG4, methionine sulfoxide reductase A has been associated with reduc-
tion of oxidized SeMet, suggesting a potential salvage role [40]. In yeasts, SeMet can be
incorporated nonspecifically in place of methionine during protein synthesis, producing an
important retained selenium pool in selenium-enriched biomass [21,55].

The proportion of SeMet varies substantially with strain, selenium source and dose, sul-
fur availability, growth phase, and analytical method [21,55]. Siderophore-assisted cultiva-
tion of S. cerevisiae increased selenium accumulation and yielded a measured selenoamino-
acid pool strongly enriched in SeMet [11]. Such process-level evidence demonstrates that
microbial physiology can shift both selenium accumulation and the chemical composition
of retained organic selenium.

SeCys requires a distinction between metabolic formation and genetically encoded
incorporation. Sulfur-metabolism enzymes can generate free or metabolite-associated
SeCys-related compounds by accepting selenium analogs. In contrast, insertion of genet-
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ically encoded SeCys into selenoproteins requires specialized Sec-utilization machinery,
including tRNA"Sec, selenium-donor synthesis, SeCys synthesis, SelB, and the appropri-
ate insertion sequence [51,56]. Such machinery occurs in selected bacteria but is absent
from most food-related yeasts and filamentous fungi. Early-diverging fungal lineages
provide documented exceptions [57,58]. Specific bacterial examples also indicate that
SeCys formation can recruit sulfur-metabolic enzymes outside the canonical SelA /SelD
route [59,60].

Accordingly, detection of SeCys after hydrolysis of selenium-enriched fungal biomass
should be interpreted through species-resolved selenium analysis. The measured pool
can include free metabolites, sulfur-pathway products, and protein-associated selenium
released during sample processing [55]. Distinguishing these pools is important when
mechanistic conclusions are linked to nutritional or functional properties.

3.2.3. Bacterial-Fungal Differences

Bacterial and fungal selenium assimilation differ in both biosynthetic organization
and the predominant forms of retained selenium. Selected bacteria possess canonical
Sec-utilization machinery and can generate genetically encoded selenoproteins [51,56]. The
relative proportions of SeMet-, SeCys-, and other organic selenium pools vary substantially
among bacterial species and strains [59,61]. Food-associated bacteria can also distribute
considerable selenium into Se(0)/SeNPs, particularly when reductive stress responses
become prominent [12,15,61].

Most food-related yeasts and filamentous fungi lack canonical Sec-insertion machin-
ery, whereas SeMet-rich protein retention is a recurring feature of selenium-enriched
yeasts [20,21,55]. Fungal assimilation also occurs in a cellular context characterized by
strong GSH/NADPH involvement and extensive vacuolar or endomembrane compartmen-
talization. These properties influence the balance between biosynthetic incorporation and
intracellular sequestration.

The bacterial-fungal distinction in assimilation is therefore more informative when
expressed through the relative importance of canonical Sec utilization, SeMet-rich protein
retention, redox investment, and compartmentalization. Both groups can form organic
selenium, but the dominant retained pools and the cellular processes supporting them
differ among taxa and strains.

3.2.4. Selenium Metabolic Partitioning

The final selenium profile is determined not only by selenium uptake but by the
balance between cellular selenium exposure and the metabolic capacity available to process
that selenium. The relative distribution of selenium among organic, particulate, methy-
lated, and sequestration-associated pools depends on cellular selenium exposure together
with the metabolic capacity available to process that exposure. GSH/thioredoxin buffer-
ing, NAD(P)H regeneration, sulfur assimilation, biosynthetic precursor supply, biomass
formation, oxygen status, and growth phase all contribute to this capacity [13,45,62].

When selenium exposure approaches or exceeds the redox and biosynthetic capacity
of a strain, stress-associated reduction, particle formation, sequestration, and loss pathways
can become more prominent. Under tolerated exposure with adequate reducing power and
sulfur-assimilation capacity, a greater proportion of selenium may enter organic pools. The
response to sulfur or cysteine supplementation can change with nutritional background,
indicating that individual environmental factors do not impose a universally fixed direction
of selenium allocation [45].

Current evidence therefore supports a conditional relationship between cellular sele-
nium exposure and metabolic processing capacity. Selenium partitioning reflects competi-
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tion among processes with different requirements for reducing power, sulfur metabolism,

biosynthetic precursors, and cellular compartments. Their relative contribution differs

between bacteria and fungi and among strains within each group. Quantitative, species-

resolved selenium-flux measurements are needed to convert this qualitative relationship

into predictive allocation models. Thus, selenium partitioning represents a dynamic alloca-

tion process governed by competition among assimilation, particulate formation, methyla-

tion, sequestration, and loss pathways. Their relationship to branch selection is illustrated

in Figure 4.
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4. Selenium Methylation

Microbial selenium methylation converts reduced inorganic selenium or organic sele-
nium metabolites into low-molecular-mass methylated species. Some products, including
dimethyl selenide (DMSe) and dimethyl diselenide (DMDSe), are volatile and can leave
microbial biomass or culture systems [63—-65]. Other methylated selenium species remain
nonvolatile. Selenium methylation should therefore be considered a process of selenium
redistribution among chemical pools rather than a synonym for selenium volatilization

(Figure 5).
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Figure 5. Comparative selenium methylation pathways in bacteria and fungi. Note. The arrow
direction indicates the metabolic flow, and the dashed lines imply that there may be many unknown
metabolic pathways between them.

4.1. Methylation Routes and Products
4.1.1. Methylation of Reduced Inorganic Selenium

Selenium oxyanions generally undergo reduction or metabolic conversion before
formation of methylated products. Se(VI) first enters reductive pathways, while Se(IV) can
undergo thiol- and redox-associated conversion toward more reduced intermediates. The
identity and sequence of these intermediates vary among organisms, making microbial
methylation more appropriately represented as convergent metabolic reactions than as one
universally conserved linear pathway.

Direct functional evidence for a defined methyltransferase mechanism is available
in bacteria. Expression of a bacterial thiopurine methyltransferase gene in E. coli enabled
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formation of methylated selenium products from selenite and selected selenium-containing
substrates [65,66]. These experiments provide strong evidence for bTPMT-mediated sele-
nium methylation in the studied systems and establish specific methyltransferase activity
as one bacterial route to selenium methylation.

Selenium methylation can also arise through substrate-promiscuous reactions asso-
ciated with sulfur metabolism. Studies in Pseudomonas tolaasii showed that sulfur-amino
acid availability alters selenium volatilization and the distribution of methylated selenium
products [67,68]. These observations support metabolic coupling between selenium and
sulfur pathways and show that sulfur status can redirect selenium among volatile and
nonvolatile pools.

DMSe and DMDSe should consequently be regarded as related methylated products
whose formation depends on reduced selenium availability, methyl-transfer reactions,
redox conditions, and microbial background. Their occurrence does not imply an identical
sequence of biochemical steps in all microorganisms (Figure 5).

4.1.2. Methylation of Organic Selenium Precursors

Organic selenium compounds can also supply substrates or intermediates for methy-
lated selenium formation. Bacterial methyltransferase systems can act on selected selenium-
containing organic substrates in addition to inorganic selenium [65,66]. Organic se-
lenium may enter methylation after cleavage or metabolic remodeling of selenium-
containing amino acids, generating lower-molecular-mass intermediates available for
further methyl transfer.

SeCys-related compounds can be converted through (-lyase-like or other sulfur-
metabolism-associated reactions. Their relative contribution depends on selenium substrate
and microbial background. SeMet in selenium-enriched yeasts is frequently retained within
proteins and is therefore comparatively stable, although metabolic turnover can eventually
return part of this selenium to low-molecular-mass pools.

Organic selenium methylation can therefore be viewed as secondary redistribution
of selenium that has already entered biosynthetic metabolism. Direct substrate tracing
and species-resolved analysis provide the clearest basis for determining how strongly
individual organic selenium pools contribute to methylation (Figure 5).

4.2. Taxon-Dependent Methylation
4.2.1. Selenium Methylation in Bacteria

Bacterial selenium methylation includes several comparatively well-resolved biochem-
ical examples. bTPMT establishes a direct link between a defined methyltransferase and
the formation of methylated selenium products [65,66]. This mechanism demonstrates that
specific enzyme activities can contribute to selenium methylation.

P. tolaasii illustrates a different mode in which selenium methylation is strongly in-
tegrated with sulfur metabolism [67,68]. Altering sulfur-amino acid availability changes
both selenium volatilization and the relative distribution of methylated products. This
system supports a broader role for sulfur-metabolic substrate promiscuity in bacterial
selenium methylation.

These observations indicate that bacterial methylation can arise through more than one
biochemical solution. Specific methyltransferases and broader sulfur-metabolic reactions
can both contribute, and their relative importance is organism- and condition-dependent.
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4.2.2. Selenium Methylation in Fungi

Fungi also form methylated selenium, although mechanistic resolution is more fre-
quently available at the pathway and metabolic-network levels. In Ganoderma lucidum,
selenium exposure and methylated selenium formation have been associated with changes
in thioredoxin-related proteins, glutathione reductase, methionine metabolism, and sulfur-
amino acid-related processes [50]. The combined evidence supports coordinated involve-
ment of sulfur and redox metabolism in fungal methylation and identifies candidate
processes for targeted validation.

Other fungal studies indicate substantial effects of selenium substrate, dose, growth
phase, and culture conditions on methylated selenium formation. Methylation in fungi
therefore occurs within a wider metabolic background involving sulfur assimilation, amino
acid metabolism, redox buffering, and intracellular organization.

The currently visible bacterial-fungal difference is thus partly a difference in mechanis-
tic resolution. Selected bacterial systems have been resolved to specific methyltransferase
activities, while fungal methylation is more often supported by coordinated pathways,
omics, speciation, and physiological evidence. Both groups nevertheless show substantial
species- and strain-level variation.

4.3. Regulation and Metabolic Consequences of Methylation

Selenium species and dose, sulfur and sulfur-amino acid status, methyl-donor
metabolism, redox conditions, oxygen availability, carbon metabolism, and growth phase
can alter the amount and composition of methylated selenium [50,67,68].

Sulfur metabolism is particularly influential because sulfur compounds can compete
with selenium while sulfur-metabolic enzymes can also accept selenium analogs. The
direction and magnitude of the response depend on both the specific sulfur compound
and the broader nutritional background. Changes observed following sulfur-amino acid
supplementation in P. tolaasii illustrate this condition-dependent redistribution [67,68].

Methylation can operate concurrently with other selenium transformations. In G.
lucidum, methylated selenium formation occurs within a wider Se(IV)-responsive metabolic
network that also includes reduction and particulate selenium formation [50]. Methylation
therefore competes with assimilatory retention, particle formation, and sequestration for
selenium precursors and metabolic resources.

A recurring relationship emerges from these studies. Selenium methylation is shaped
by the availability of reduced selenium intermediates together with sulfur and methyl-
donor metabolism, while physiological state determines its quantitative contribution. Im-
portantly, methylation does not necessarily result in volatilization. DMSe and DMDSe
formation transfers selenium out of retained microbial pools, whereas nonvolatile methy-
lated selenium can remain in intracellular or extracellular soluble fractions.

This distinction has direct implications for selenium mass balance. Systems with
appreciable volatile methylation cannot be fully characterized by biomass selenium and
residual inorganic selenium alone. Volatile loss, nonvolatile methylated selenium, par-
ticulate selenium, and retained organic selenium represent distinct outputs of microbial
selenium metabolism.

5. Terminal Selenium Fate

After uptake, reduction, assimilation, and methylation, the remaining nonvolatile
selenium is distributed among soluble intracellular pools, intracellular compartments,
cell-envelope-associated material, particulate selenium, retained organic selenium, and
extracellular pools. Terminal selenium fate therefore has two complementary dimensions:
chemical identity and spatial localization. Similar chemical species can have different
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physiological meanings depending on whether they occur in the cytoplasm, vacuole,
periplasm, cell envelope, cell surface, or extracellular environment.

This distinction is important because selenium recovered with harvested biomass
does not necessarily represent intracellularly retained selenium. It can include protein-
bound organic selenium, intracellular SeNPs, compartmentalized selenium conjugates,
and cell-surface-associated particles. Conversely, extracellular selenium can originate
from direct efflux, direct extracellular reduction, or intracellular transformation followed
by release.

5.1. Redistribution of Soluble Selenium
5.1.1. Direct Efflux

Direct efflux can decrease cytoplasmic exposure to soluble selenium species and
contribute to selenium tolerance. In S. cerevisiae, the plasma-membrane sulfite trans-
porter Ssul contributes to selenite efflux and resistance, providing direct genetic sup-
port for an export phenotype [69]. This mechanism illustrates how transport systems
evolved for sulfur-containing substrates can influence selenium homeostasis through
substrate promiscuity.

Reduced intracellular selenium accumulation can also result from decreased up-
take, increased intracellular conversion, sequestration, altered growth, or surface asso-
ciation. Directional transport assays and compartment-resolved measurements therefore
provide the strongest basis for distinguishing true efflux from other causes of reduced
cellular accumulation.

In bacterial systems, sulfate-, phosphate-, ABC-, and other anion-associated transport
processes can alter selenium homeostasis [26,32], but their contribution to export varies
among organisms. These systems are best viewed as candidate components of selenium
homeostasis when directional transport has not been directly resolved.

5.1.2. Intracellular Sequestration

Intracellular sequestration lowers cytoplasmic exposure to reactive selenium while
retaining selenium within the cell. In S. cerevisiae, vacuolar transport involving Ycflp
contributes to sequestration of glutathione-associated selenium species [49]. This
process reduces cytoplasmic selenium pressure without necessarily decreasing total
cellular selenium.

Efflux and intracellular sequestration can therefore produce similar improvements
in tolerance while generating fundamentally different selenium retention profiles. A
microorganism can maintain high biomass selenium while reducing cytoplasmic exposure
through compartmentalization.

Fungal vacuolar and endomembrane systems provide particularly extensive opportu-
nities for such redistribution. Vesicle trafficking, vacuolar storage, and other compartment-
associated processes have been implicated in fungal selenium tolerance and selenium parti-
cle handling [49,70,71]. Their contribution varies among species and culture conditions.

5.2. Particulate Selenium Formation
5.2.1. Extracellular Reduction and Post-Formation Export

Extracellular Se(0) can arise through mechanistically distinct routes. In Shewanella
oneidensis MR-1, addition of electron shuttles such as AQDS or riboflavin can redirect
Se(IV) reduction toward an extracellular pathway that depends strongly on the outer-
membrane cytochromes OmcA and MtrC, bypassing the periplasmic FccA-associated route
and promoting extracellular Se(0) nanoparticle formation [42]. In another Shewanella
system, secreted riboflavin likewise facilitates extracellular electron transfer to Se(IV) [72].
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Extracellular particulate selenium can therefore form directly without prior intracellular
particle assembly.

A separate route involves intracellular formation followed by release. Earlier bac-
terial and yeast studies reported selenium particles in intracellular and extracellular
fractions [70,71,73], but the initial site of particle formation was often difficult to deter-
mine. Recent work in E. coli provided substantially greater mechanistic resolution [18].
Extracellular SeNPs contained a Se(0) core associated with membrane-derived material,
while disruption of outer-envelope components, including OmpC or TolA, impaired par-
ticle export and increased intracellular particle accumulation without abolishing Se(0)
formation. Particle synthesis and particle export can therefore represent experimentally
separable steps.

Extracellular detection of SeNPs alone cannot determine their site of biosynthesis.
Mechanistic interpretation requires distinction among direct extracellular reduction, intra-
cellular formation followed by export, cell-surface deposition, and redistribution caused by
cell disruption or sample processing.

SeNP formation involves more than reduction of Se(IV) to Se(0). Particle size, aggrega-
tion state, crystallinity, localization, and biomolecular coating influence physicochemical
stability and biological interactions [71,74]. Biogenic SeNP formation should therefore be
considered a coupled process of selenium redox transformation and material assembly.

5.2.2. Biomolecular Stabilization of SeNPs

Bacterial SeNPs have been observed in the cytoplasm, periplasm, cell envelope, and
extracellular environment [73,75,76]. Recent food-relevant studies extend this evidence. Pe-
diococcus acidilactici JD-21 produced protein- and polysaccharide-associated SeNPs, accom-
panied by selenium-responsive transcriptomic remodeling [12]. Ligilactobacillus salivarius
DACNS818 produced predominantly amorphous SeNPs coated with proteins and polysac-
charides, while multi-omics analyses associated particle formation with sulfur/glutathione
metabolism, amino acid metabolism, transport, and energy metabolism [13]. Genetic and
mutagenesis-based work in Stenotrophomonas maltophilia further illustrates the value of
resolving the cellular determinants of SeNP synthesis [14].

Fungal particulate selenium frequently occurs in association with intracellular com-
partments and biomolecular interfaces. Selenium/protein nanoparticles have been ob-
served in vesicle-like structures and extracellular fractions of S. cerevisize under mi-
croaerophilic conditions [70]. Other fungi show intracellular, cell-wall-associated, or
extracellular particulate selenium [71,77,78].

Proteins, polysaccharides, lipids, and other cellular components [12,18] can modify
SeNP nucleation, aggregation, colloidal stability, and surface reactivity [43,74]. These
physicochemical properties require direct characterization. Biomolecular coating or
improved aqueous dispersion alone does not establish enhanced bioavailability or
reduced toxicity.

Particulate Se(0) frequently represents a relatively low-reactivity selenium pool under
stress, but particle formation need not constitute permanent terminal storage. Its persis-
tence, remobilization, and metabolic accessibility are species- and condition-dependent.
Reported bacterial and fungal SeNP localization and biomolecular stabilization are summa-
rized in Figure 6.
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crobial selenium nanoparticles (SeNPs). Note: Particle localization and biomolecular associa-

tion can influence physicochemical behavior, whereas bioavailability and safety require direct

experimental evaluation.

5.3. Organic Selenium Retention in Microbial Biomass

Organic selenium retention represents a terminal outcome distinct from particulate

sequestration. Once selenium enters amino acid and protein metabolism, part of it can

remain associated with cellular biomolecules after microbial growth and processing.

Selenium-enriched yeasts commonly retain substantial selenium in SeMet-containing

proteins because SeMet can substitute for methionine during protein synthesis [20,21]. The

retained fraction depends strongly on strain, selenium source and dose, sulfur nutrition,

growth phase, and analytical method. Siderophore-assisted cultivation of S. cerevisiae

increased cellular selenium accumulation and favored SeMet within the measured se-

lenoamino acid pool [11], demonstrating that microbial physiological state and cultivation

design can modify the chemical composition of retained selenium.

Organic selenium retention in bacteria is more heterogeneous. Food-associated lactic

acid bacteria can contain SeMet-, SeCys-, and other organic selenium pools whose relative

abundance varies among strains and culture conditions [40,59,61]. Genetically encoded

SeCys and nonspecific SeMet incorporation represent mechanistically distinct pools and

should be distinguished whenever species-resolved information is available.

Direct selenium speciation provides the strongest basis for defining organic selenium

retention. Estimation by subtracting measured inorganic selenium from total selenium can

also incorporate unmeasured particulate selenium, surface-associated selenium, unidenti-

fied compounds, and analytical recovery differences. Organic selenium should therefore be

resolved analytically rather than treated as a residual fraction.
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5.4. Differences in Terminal Selenium Handling Between Bacteria and Fungi

Bacteria and fungi show recurring differences in the spatial organization of terminal
selenium pools. Bacterial selenium can occur in cytoplasmic, periplasmic, cell-envelope-
associated, and extracellular compartments. This spatial diversity is particularly evi-
dent in taxa capable of periplasmic reduction, extracellular electron transfer, or particle
export [18,41,73].

Fungal terminal selenium handling generally shows more prominent intracellu-
lar compartmentalization. Vacuolar sequestration, endomembrane trafficking, and
vesicle-associated storage or release can decrease cytoplasmic selenium exposure [70,71].
Selenium-enriched yeasts additionally retain substantial selenium in SeMet-containing
proteins [11,20,21]. Protein-associated organic selenium and intracellular compartmental-
ization therefore represent recurring features of many fungal enrichment systems.

These characteristics are tendencies associated with cellular architecture and metabolic
specialization rather than mutually exclusive taxonomic outcomes. Bacteria can retain
substantial organic selenium, and fungi can form and release SeNPs. Strain background
and environmental conditions remain important modifiers.

Nevertheless, a useful comparative relationship emerges. Bacterial terminal selenium
handling more frequently involves the periplasm, cell envelope, and extracellular interface,
whereas fungal systems more often emphasize intracellular compartmentalization and
biomolecular retention. This distinction is most informative when chemical speciation and
direct spatial localization are available simultaneously (Table 1).

5.5. Chemical and Spatial Characterization of Terminal Selenium Pools

Chemical speciation and spatial localization provide complementary information on
terminal selenium fate. Chemical analysis distinguishes organic selenium, soluble inorganic
or conjugated species, and particulate Se(0), while spatial analysis determines whether
these pools reside in the cytoplasm, intracellular compartments, cell envelope, biomass
surface, or extracellular environment.

Either dimension alone can be misleading. Extracellular Se(0) can originate from direct
extracellular reduction or intracellular formation followed by export [18,41,72]. Selenium
recovered with microbial biomass can include SeMet-containing proteins, intracellular
SeNPs, vacuolar selenium conjugates, and particles associated with the cell surface. Similar
total selenium concentrations can therefore represent markedly different cellular processes
and terminal selenium pools.

A recurring limitation of current studies is that selenium accumulation or dominant
chemical species are often characterized without resolving cellular localization. Combining
species-resolved selenium analysis with cell fractionation, imaging, particle characteriza-
tion, and selenium mass balance offers greater mechanistic resolution than total selenium
or a simple organic/inorganic classification.

This chemical-spatial view provides the final mechanistic bridge to the next level of
synthesis. The important question is no longer only which pathway is active, but what
integrated selenium-transformation characteristic emerges from the combined operation
of uptake, redox metabolism, assimilation, methylation, sequestration, and export in a
given microorganism.
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Table 1. Comparative tendencies in selenium handling by bacteria and fungi. These are recurring

tendencies rather than fixed taxonomic rules.

Dimension

Bacteria

Fungi

Cellular organization

Cytoplasm, periplasm, cell envelope,
and extracellular interfaces can all
contribute to selenium handling.

Vacuoles, endomembranes, and
vesicles provide prominent
intracellular sequestration and
trafficking capacity.

Uptake

Commonly recruits sulfate-,
phosphate-, or other anion-related
transport systems; direct selenium
specificity is demonstrated only in
selected systems.

Phosphate-, sulfate-, carboxylate-,
ABC/MFS/SLC-related systems have
been implicated; strongest direct
evidence is concentrated in S. cerevisiae.

Reduction and energy coupling

Reduction can be cytoplasmic,
periplasmic, or extracellular; selected
selenium-respiring taxa couple
oxyanion reduction to anaerobic
energy conservation.

Reduction is generally non-respiratory
and more closely integrated with
GSH/NADPH-dependent redox
buffering and compartmentalization.

Redox buffering

Thioredoxin, glutathione,
NAD(P)H-dependent enzymes, and
stress networks can support tolerance
and reduction.

GSH/thioredoxin systems and
NADPH supply are often major
components of selenium stress
adaptation.

Assimilation and Sec utilization

SeMet- and SeCys-related pools vary
by species; canonical Sec-utilization
machinery occurs in selected bacteria.

SeMet-rich protein retention is
common in selenium-enriched yeasts;
most food-related fungi lack canonical
Sec-insertion machinery.

Methylation

Direct bTPMT evidence exists in
selected bacteria; sulfur-metabolic
promiscuity can also contribute.

Methylation is supported mainly by
pathway-, omics-, speciation-, and
physiology-level evidence; direct
enzyme resolution is more limited.

Efflux and sequestration

Direct transport effects, cell-envelope
processes, extracellular reduction, and
particle export can all contribute
depending on taxon.

Plasma-membrane transport, vacuolar
sequestration, and vesicle-associated
release are recurring mechanisms.

SeNP localization

Cytoplasmic, periplasmic,
envelope-associated, cell-surface, and
extracellular SeNPs are reported.

Intracellular, vacuolar/vesicular,
cell-wall-associated, and extracellular
particulate selenium are reported.

Organic selenium retention

Strain-dependent mixtures of SeMet,
SeCys-related compounds, proteins,
and other organic pools.

SeMet-containing proteins can
constitute a major retained pool in
selenium-enriched yeasts.

Evidence profile

Strong direct evidence exists for
respiratory reductases and selected
transport/export systems, but many
food-associated bacterial mechanisms
remain multi-omics-supported.

Direct evidence is strongest in S.
cerevisige; many non-Saccharomyces
mechanisms remain
pathway-associated.

Integrated tendency

Greater diversity of periplasmic,
envelope, and extracellular handling is
repeatedly observed in selected taxa.

Greater emphasis on intracellular
compartmentalization and
biomolecular retention is repeatedly
observed in many systems.
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6. Selenium Transformation Characteristics and Engineering Perspectives

Together, the mechanisms described above generate strain-specific differences in sele-
nium accumulation, organic selenium retention, particle formation, methylation, intracellu-
lar sequestration, and extracellular redistribution. Integrating these processes at the whole-
cell level provides a basis for comparing microbial selenium-transformation characteristics
and for relating them to strain selection, application matching, and microbial engineering.

6.1. Integrated Characteristics of Selenium Transformation

Microbial selenium-transformation characteristics arise from the combined contribu-
tions of selenium uptake, redox processing, sulfur and amino acid metabolism, methylation,
intracellular compartmentalization, particle formation, and export. Differences in these
processes can generate markedly different selenium outcomes even among strains exposed
to similar selenium concentrations. Stronger assimilatory and biosynthetic capacity may
favor organic selenium retention, whereas enhanced reductive processing can increase
SeNP formation or other stress-associated selenium pools.

These characteristics are better described as a selenium-transformation profile than as
fixed or mutually exclusive phenotypes. The relative contribution of each process can shift
with selenium dose, nutrient status, oxygen availability, and growth phase. Consequently,
total selenium alone provides limited information on microbial selenium physiology be-
cause similar accumulation can correspond to substantially different chemical species and
cellular locations.

At an integrated level, bacteria and fungi also show recurring tendencies. Bacterial se-
lenium handling more frequently involves diverse cytoplasmic, periplasmic, cell-envelope,
and extracellular processes, whereas fungal systems often show stronger redox buffering,
intracellular compartmentalization, and SeMet-rich retention. These differences remain
strain- and condition-dependent and should therefore be interpreted as comparative ten-
dencies rather than fixed taxonomic rules.

6.2. Application Relevance of Selenium-Transformation Characteristics

The practical value of selenium-transforming microorganisms depends on whether
their selenium-transformation characteristics match the intended application. Selenium-
enriched Saccharomyces cerevisine combines nutrient-dependent selenium uptake [11,25],
sulfur/redox metabolism, intracellular retention, and efficient SeMet incorporation [20,21],
making organic selenium retention an important characteristic of yeast-based enrichment
systems. Food-associated lactic acid bacteria can display a broader combination of Se(IV)
reduction [40,79,80], organic selenium formation [40,61,80], SeNP production [12,13,81],
redox adaptation [13,79], and particle stabilization [12,13].

In more complex fermentation systems, the final selenium composition reflects inter-
actions among strain characteristics, microbial community structure, substrate matrix, and
cultivation conditions. Mechanistic interpretation therefore requires selenium speciation
to be considered together with strain identity and cellular or extracellular localization.
Application scenarios are most useful when they demonstrate how microbial physiological
differences generate distinct selenium outputs rather than when strains are evaluated only
by total selenium enrichment.
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6.3. Evidence-Guided Engineering and Research Priorities
6.3.1. Engineering Microbial Selenium Transformation

Engineering strategies should be designed around defined selenium-transformation
outcomes rather than maximum selenium accumulation. Potential intervention points
include transport systems controlling cellular selenium loading, GSH/thioredoxin and
NAD(P)H-dependent redox networks, sulfur and methionine metabolism influencing
organic selenium formation, methylation pathways affecting selenium redistribution, and
cellular processes involved in SeNP formation, stabilization, and export. Because these
processes are interconnected, engineering effects should be evaluated using selenium
speciation and cellular localization in addition to growth or total selenium.

Target selection should follow the evidence hierarchy used throughout this review.
Mechanisms supported by Level I evidence, including targeted genetic perturbation, com-
plementation, substrate-specific transport, or biochemical validation, provide the strongest
candidates for engineering after strain-specific confirmation. Level II and Level III find-
ings remain valuable for identifying candidate intervention points but are better used to
guide focused functional validation before causal engineering is attempted. Representative
mechanistic systems and their evidence boundaries are summarized in Table 2.

Table 2. Representative genes, proteins, and molecular systems relevant to microbial selenium
transformation and their evidence boundaries.

Functional Representative Svstem Mechanistic Role and Evidence Level or Reference
Category P y Taxon Context Boundary
i‘ig:;g?gﬂlgr;rmit Direct overlap evidence
exists in E. coli; selenium
Transport CysPUWA/sulfate- Se(VI) entry through specificity should notbe  [4,23,27]
permease systems substrate overlap; eneralized to all
generality varies among &
taxa homologs.
Major
E(};rc\)tsr I;lﬁllj:fc;:?(r)lss};((){\l[f) Level I for the cited S.
Transport Pho84p /Pho87p - N cerevisiae uptake [25]
uptake in S. cerevisiae, mechanism
with phosphate '
competition.
Genetically implicated Level I for phenotype
in Se(IV) involvement; detailed
Transport AqpZ/NhaA uptake/homeostasis in  substrate kinetics remain [28]
R. aquatilis HX2. system-specific.
flll?fsi?;a-umnim]z;ilzﬁbu tes Level I for selenite
Efflux Ssul to selerliite ePf)ﬂux and efflux/tolerance in the [69]
tolerance in S. cerevisiae. cited yeast system.
Level I biochemi-
. Respiratory selenate cal/physiological
ijﬁg?gﬁry SerABC/SrdBCA reductase systems in evidence in [19,36,37,48]

specialized bacteria.

selenium-respiring
bacteria.
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Table 2. Cont.
Functional Representative Svstem Mechanistic Role and Evidence Level or Reference
Category P y Taxon Context Boundary
Electron shuttles can
redirect Se(IV) reduction
toward an OmcA/MtrC- Direct experimental
dependent extracellular ~ evidence in defined
Extracellular ~ MtrC/OmcA and route in S. oneidensis Shewanella systems;
. MR-1; secreted strongly [42,72]
reduction electron shuttles . ; 2
riboflavin can also condition-dependent and
facilitate extracellular not a universal
electron transfer in Se(IV)-reduction route.
another Shewanella
system.
Support selenium Level II as a general
Redox GSH/Trx/SDR-related reduction, redox network-level synthesis;
. buffering, and stress individual components [13,16,20,43,44]
processing systems O . . .
adaptation in multiple reach stronger evidence in
bacteria and fungi. selected systems.
Vacuolgr transport of Level I for GSSeSG
Intracellular glutathione-associated . )
) Ycflp . . transport in the cited [49]
sequestration selenium species in S.
. yeast system.
cerevisiae.
Can contribute to
. SeCys-related formation Functional evidence exists
. CysK/cysteine- . )
Organic Se through in selected systems;
. synthase-related . o [40,60]
synthesis enZVmes sulfur-metabolic contribution is
y reactions in selected strain-dependent.
bacteria.
Support SeMet
Methionine- formelitlon angl Blochem}cal / pat}}way
Oreanic Se biosynthesis protein-associated support is strong;
gan retention; SeMet quantitative flux [20,21,40]
retention enzymes/SeMet ) - I .
. . incorporation can occur  contribution varies by
incorporation o . . "
nonspecifically during strain and condition.
translation.
Catalyzes methylation
of inorganic and organic  Level I for the cited
Methylation bTPMT selenium substrates in bTPMT-mediated [65,66]
defined bacterial methylation mechanism.
systems.
Outer-envelope
components are
functionally linked to Level I for selected export
SeNP export OmpC/TolA export of components in the cited E.  [18]
membrane-enveloped coli system.
SeNPs after intracellular
formation in E. coli.
Coordinate Established stress/sulfur
oxidative-stress or regulatory functions; they
Regulation OxyR/CysB/Yapl/Met4  sulfur-metabolism should not be described [4,44,45,55]

responses that influence
selenium handling.

as universal
selenium-specific sensors.

https:/ /doi.org/10.3390 /microbiolres17090185


https://doi.org/10.3390/microbiolres17090185

Microbiol. Res. 2026, 17, 185

23 of 29

6.3.2. Key Microbiological Questions

Future work should focus on a limited number of unresolved microbiological ques-
tions, particularly the substrate specificity and directionality of selenium transport, quanti-
tative flux among organic selenium, SeNPs, methylated selenium, and extracellular pools,
and the extent to which bacterial-fungal differences in selenium handling remain consistent
across strains and cultivation conditions. Greater emphasis is also needed on transferring
mechanisms established in model or environmental microorganisms to food-relevant yeasts,
lactic acid bacteria, Bacillus, and filamentous fungi. Integrating targeted genetics, selenium
speciation, spatial localization, and quantitative flux analysis will be critical for moving the
field from descriptive selenium accumulation toward predictive and mechanism-guided
microbial selenium biotransformation. Representative recent studies illustrating improved
evidence resolution are summarized in Table 3.

Table 3. Representative recent studies illustrating advances in evidence resolution and microbial

selenium transformation.

Main Mechanistic

Evidence Level and

Year Microorganism or System Advance Boundary Reference
AgpZ and NhaA were Level I for phenotype
2023 Rahnella aquatilis HX2 genetically implicated in involvement; mechanistic  [28]
Se(IV) uptake/homeostasis. reference bacterium.
Adaptive evolution and
. gene validation identified Level I; food-associated
2023 Saccharomyces cerevisiae Ssul-mediated selenite model yeast. [69]
efflux and tolerance.
Proteomics linked
membrane, redox, and Level II;
2023 Lactobacillus casei ATCC 393  stress systems with Se(IV)  food-grade/probiotic [34]
reduction and SeNP context.
formation.
Multi-pathway redox
.. processes were associated )
2004 Aureobasidium melanogenum with Se(IV) reduction and Level I -ov.erall, fungal [24]
115 . mechanistic reference.
intra-/extracellular SeNP
biogenesis.
Integrated omics linked Level II; food-associated
transport, sulfur cast requirin
2024 Pichia kudriavzevii metabolism, redox yeastreq & [31]
. strain-level safety
responses, and selenium ) .
. Interpretation.
transformation.
Selenium was partitioned Level II; food-associated
2025 Lactiplantibacillus plantarum  into SeNPs and organic bacterium with [40]
CXG4 pools with Trx/SDR-related  species-resolved selenium
processes implicated. endpoints.
Proteomic/metabolomic
evidence linked
2025 Fermented goat-milk GST-associated responses Level II; [80]

system

with selenium uptake,
reduction, and
organification.

food-fermentation system.
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Table 3. Cont.
. . Main Mechanistic Evidence Level and
Year Microorganism or System Reference
Advance Boundary
Siderophore-assisted
Cultn{atlon increased Level TI for the
2026 Saccharomyces cerevisiae selenium uptake/tolerance rocess-to-speciation [11]
and favored SeMet within P10 5P
relationship.
the measured
selenoamino-acid pool.
Food-grade strain reduced
protet polysaceharide.  Level I ciretly
2026 Pediococcus acidilactici JD-21 ~ PTOXC T/ POY food-relevant LAB [12]
associated SeNDPs, and
. system.
showed Se-responsive
transcriptional remodeling.
Se(IV) bioconversion to
SeNDPs was linked to Level II overall;
2026 Paenibacillus polymyxa P10 metabolic adaptation and mechanistic contribution ~ [15]
enzyme-associated is claim-specific.
processes.
Multi-omics and functional
aesays %mk.ed sel.emum Level II overall with
detoxification with .
thioredoxin-related stronger evidence for
2026 Serratia marcescens HBQT . selected tested [16]
reduction, sulfur L.
s o components; mechanistic
assimilation, and reference bacterium
NADH/NADPH :
regeneration.
Biomolecule-coated SeNP
. ; L formation was associated
Ligilactobacillus salivarius . . Level II; food-related
2026 DACNS18 w1th sulfgr /glutathione, LAB. [13]
amino acid, transport, and
energy metabolism.
Outer-envelope
components were
functionally linked to Level I for selected export
2026 Escherichia coli export of components; mechanistic ~ [18]
membrane-enveloped reference bacterium.
SeNPs after intracellular
formation.
Se(IV) reduction and SeNP
g;?;itl(;?ﬁ‘ggf Level II; environmental
i . P y reference supporting
2026 Priestia aryabhattai Y1286 coordinated carbon, [17]

glutathione,
sulfur/selenium, and stress
responses.

integrated
stress-adaptation patterns.

7. Conclusions

Microbial selenium biotransformation is governed by the coordinated interaction of se-

lenium uptake, intracellular processing, metabolic partitioning, and terminal redistribution.

Inorganic selenium commonly enters cells through pre-existing nutrient-transport systems,

while the resulting cellular selenium loading determines the selenium exposure presented
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to downstream metabolism. The available evidence indicates that selenium partitioning is
shaped by the balance between this exposure and cellular redox, sulfur-metabolic, biosyn-
thetic, and compartmental capacities. This relationship provides a physiological basis for
understanding why similar selenium exposure can generate markedly different terminal se-
lenium pools among microorganisms. The major contribution of this review is the shift from
pathway-centered description toward capacity-dependent selenium partitioning analysis.

The comparative analysis of bacteria and fungi further shows that cross-taxon compar-
ison is valuable because it separates broadly shared principles of selenium transformation
from taxon- and strain-associated tendencies. Bacteria exhibit greater diversity in cytoplas-
mic, periplasmic, cell-envelope, and extracellular selenium handling, and selected taxa can
couple selenium reduction to electron transfer or energy conservation. Fungal systems
more frequently emphasize glutathione-dependent redox buffering, intracellular compart-
mentalization, and SeMet-rich retention. These differences are not absolute taxonomic rules,
but they reveal how cellular architecture, energetic organization, and metabolic resource
allocation can bias selenium toward distinct terminal outcomes. Cross-taxon comparison
therefore provides more than a descriptive contrast. It helps identify which physiological
determinants are likely to be broadly transferable, which mechanisms require taxon-specific
validation, and which apparent differences may reflect unequal mechanistic resolution
rather than true biological divergence.

These insights have direct implications for both research and application. Microorgan-
isms intended for selenium enrichment can be selected according to the desired selenium-
transformation profile, such as enhanced organic selenium retention, controlled SeNP
formation, reduced volatile loss, or defined intracellular/extracellular selenium distribu-
tion, rather than by total selenium accumulation alone. The same comparative framework
can also guide cultivation design by linking process variables to the dominant physiological
constraints of different microbial groups and can prioritize engineering targets according
to evidence strength. Future progress will therefore depend on combining selenium spe-
ciation, spatial localization, quantitative flux analysis, and direct functional validation to
move from empirical strain screening toward mechanism-guided selection and control
of microbial selenium biotransformation. This approach provides a stronger foundation
for selenium-enriched yeast, food-associated bacteria, microbial SeNP production, and
other selenium-biotransformation systems in which the identity, retention, and location of
selenium are as important as its total concentration.
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