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Abstract

Selenium (Se) is a vital micronutrient for human beings, and the global population facing Se deficiency is estimated to
be around one billion individuals. To tackle this issue, the enrichment of staple crops with Se has emerged as a potential
solution. However, it is important to note that Se can also be detrimental in excessive amounts, and contamination of the
environment due to Se from agricultural and industrial sources has resulted in catastrophic ecological disasters over the
past half-century. Consequently, the utilization of Se-enriched plants for both human supplementation and phytoremedia-
tion purposes has become an invaluable approach towards pollution control. An in-depth comprehension of how plants
absorb and metabolize Se is pivotal in the realms of biofortification and phytoremediation. This comprehensive review
concisely outlines the origins, mechanisms of absorption, conversion, and metabolism of Se in plants, while also eluci-
dating the various factors that influence its uptake and accumulation. These influential factors encompass soil moisture,
organic matter, pH levels, soil texture, microorganisms, and unique plant species characteristics. Furthermore, a thorough
analysis of the potential mechanisms that underlie such influences is conducted. It is evident that both biofortification and
phytoremediation possess substantial promise in confronting the challenges pertaining to Se, thereby fostering advance-
ments in environmental sustainability. Building upon the current progress in research, this review provides suggestions
for future directions aimed at establishing a theoretical framework for Se supplementation in human nutrition and the
mitigation of Se-induced pollution.
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Introduction contributor to the well-being of plants, serving as an essen-

tial nutrient for both humans and animals and intricately

Selenium (Se) is a non-metallic element, classified as a
group 16 element (chalcogen), and was originally discov-
ered by the renowned Swedish chemist Berzelius in the
early 18th century. While historically recognized as a toxin
substance (Brown and Arthur 2001; Lu and Holmgren 2009;
Reich and Hondal 2016), Se has since emerged as a crucial
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linked to their overall health. At the core of Se’s biologi-
cal significance lies selenocysteine (SeCys), which is con-
sidered the “21st amino acid”. Within the vast expanse of
the human genome, there exist 25 genes encoding a diverse
range of selenoproteins (Gladyshev et al. 2016; Labunskyy
et al. 2014; Santesmasses et al. 2020). In the context of
human health, Se confers numerous beneficial attributes,
encompassing robust antioxidant action, fortification of the
immune system, and a diminished susceptibility to afflic-
tions such as cancer, cardiomyopathy, and muscular disor-
ders (Hatfield et al. 2014; Ying and Zhang 2019; Zhao et al.
2020). Nonetheless, caution must be exercised, as exceed-
ing the threshold of Se intake may prove detrimental to these
organisms. The demarcation between deficiency and toxic-
ity in the context of Se is a narrow precipice indeed, particu-
larly in the realm of human physiology (Wang et al. 2022).
This fine line of demarcation, outlining the essentiality
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versus the precarious precipice of toxicity, varies across
organisms, species, and hinges upon the specific levels and
chemical speciation of Se in question (Hawrylak-Nowak et
al. 2015). Though Se claims the status of an indispensable
trace element for humans and animals, its prevalence within
human physiology is not always optimal. Global distribu-
tion of Se resources remains far from uniform, and while
an excessive Se content can provoke environmental oxida-
tive stress and toxicity (Dai et al. 2019; Espinosa-Ortiz et al.
2017), deficiencies in Se continue to present a substantial
global environmental challenge, imperiling the well-being
of approximately one billion individuals worldwide, with
an estimated 700 million residing in China. Regional dis-
eases attributed to Se deficiency, such as Kashin-Beck dis-
ease and Keshan disease, have been documented in Europe,
the United States, and China (Lima et al. 2018; Chen et al.
2020).

Se plays a crucial role in a wide range of vital biologi-
cal metabolic processes within the human body. Insufficient
Se levels, known as Se deficiency, can have significant det-
rimental effects on the immune system’s function and can
contribute to various health conditions, including heart dis-
ease, cancer, Kaschin-Beck disease, Keshan disease, cre-
tinism, and cardio-cerebrovascular diseases (Vinceti et al.
2018). Unfortunately, the human body lacks the inherent
capability to synthesize Se on its own, necessitating exter-
nal supplementation to fulfill its requirements. The primary
and most significant source of Se intake is through dietary
means. The National Institutes of Health in the United
States recommend a daily Se intake of 55 pg for humans
(Schiavon et al. 2017), whereas the China Nutrition Society
put forth a proposed dietary Se intake of 50 pg for adults
in the year 2000. In terms of the source of this indispens-
able element, are primarily responsible for Se uptake in the
human body, with organic Se from plants emerging as the
current epitome of safety and efficiency (Finley et al. 2001).
The distribution of Se resources within China exhibits strik-
ing disparities. While regions like Ziyang in Shaanxi and
Enshi in Hubei boast abundant Se reserves, a noticeable belt
of Se deficiency extends from the northeast to the southwest
(Wang et al. 2001). Approximately 66% of agricultural soil
in China suffers from Se deficiency, posing health risks to
residents in these areas due to inadequate Se intake (Zhang
et al. 2014). Soil plays a critical role as the primary source
of Se, with plants absorbing, transforming, and accumulat-
ing Se from the soil. Through the food chain, plants act as
carriers, facilitating the transfer of Se to higher trophic lev-
els, including humans. Therefore, plants play a vital role in
bridging the gap between Se-deficient animals and humans
through consumption. The significance of plants in the
transport and allocation of Se resources is evident.
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Research has demonstrated that the Se content and its
various forms within plants play a crucial role in determin-
ing the uptake of Se by humans and animals through their
dietary intake (Ekumah et al. 2021). Consequently, in order
to enhance the efficacy of plants as carriers of Se, this study
undertakes a comprehensive and systematic review of recent
investigations concerning the intricate relationship between
Se-soil (the primary source of Se) and plants (the conduits
for Se transmission). The objective is to lay a solid founda-
tion for the cultivation of Se-enriched plants and to address
the prevalent Se deficiency affecting billions of individuals
in China and worldwide.

Sources of Se enrichment in plants

Soil and water are the primary reservoirs for Se accumu-
lation in plants, with soil being the predominant source of
Se uptake. The Se concentration in soil is the key factor to
determine Se content in plants, and there is usually a posi-
tive correlation between them. The spatial distribution of Se
in soil manifests intricate patterns, characterized by regional
variation and spatial heterogeneity (White et al. 2004). On a
global scale, geological terrain emerges as one of the most
influential factors impacting soil Se content, the Se element
in soil mainly originates from geological activities such as
volcanism and magmatism in the Earth’s crust. Regions
with active geological structures, such as the Himalayas, the
Andes, and the Alps, experience substantial release of Se
due to dynamic rock formations, resulting in elevated Se
levels in the soil. High-selenium areas on Earth are primar-
ily distributed in a plate-like pattern, while low-selenium
areas are primarily found in the mid-to-high latitude regions
above 30° and exhibit a strip-like distribution. In China, a
strip-like selenium-deficient zone stretches from the north-
east to the southwest, with the selenium-rich areas concen-
trated primarily in the northwest and a few regions in the
southwest.

In addition, climate and environmental conditions have
a significant impact on soil Se content. Soil in arid regions
usually contains higher Se levels than soil in humid areas.
Moreover, soil Se concentrations in certain areas display dis-
cernible spatial trends, revealing a decrease from mountain-
ous to lowland regions or from southeastern to northwestern
areas (Sors et al. 2005a; Zhong et al. 2021). Additionally,
soil Se content is influenced by various factors, such as soil
pH, organic matter content, redox potential, and soil type
(Wang et al. 2022). The pH value of the soil significantly
influences the Se levels. Higher soil Se concentrations are
typically found in soils with a pH range of 6.5 to 7.5, which
enhances plant absorption. Conversely, excessively high
or low soil pH values result in reduced Se content. Under
conditions of low pH, high levels of iron and aluminum in
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the soil contribute to the formation of Se compounds that
are less available for plant absorption, leading to decreased
Se levels in the plants. Generally, an optimal soil pH of
6.5-7.5, supplemented by ample organic matter and appro-
priate redox potential, promotes effective Se assimilation
by plants. Moreover, different soil types exhibit substantial
variations in Se content, with sandy soils generally present-
ing lower Se concentrations compared to clay-rich soils.
The relative order of Se content among various zonal soils is
as follows: red soil > yellow soil >black soil >dark brown
soil (Gupta and Gupta 2017; Wu et al. 2015).

Water is also an important source for plants to accumulate
Se. When the water source contains an optimal concentra-
tion of Se, it can be conveyed to the soil through irrigation
and other means, consequently augmenting the Se content
within plants. However, different plants have varying abili-
ties to absorb and tolerate Se (Fleming 1962). Studying the
uptake and tolerance abilities of different plants towards Se
is crucial in determining the optimal concentration of Se
solution for biofortification of plants with exogenous Se,
as excessive Se can be toxic to them. Thus, achieving an
appropriate balance in Se content is imperative. The intri-
cate distribution pattern of Se in soil stems from a multitude
of interconnected factors. A comprehensive comprehen-
sion of this distribution pattern holds significant importance
when endeavoring to devise approaches and methodologies
for enhancing Se enrichment in plants.

Mechanism of Se enrichment in plants
Se absorption and transport in plants

Se is indeed a vital trace element necessary for plant growth
and development, even though it is often limited in soil.
Therefore, plants have developed specific mechanisms to
absorb and transport Se in order to support their normal
physiological processes. The absorption and transportation
of Se within plants involve complex processes that occur
in multiple stages, including uptake, transport, and distri-
bution (Fig. 1). The chemical form of Se in soil is influ-
enced by the natural Se cycle, and its presence within the
soil is a crucial determinant of Se’s bioavailability. Selenate
(Se®™), selenite (Se*), elemental Se (Se”), selenide (Se*),
and organic Se compounds represent the primary forms of
Se existing in soil. Among them, selenate (Se®™), selenite
(Se*"), and organic Se compounds are among the primary
forms of Se that exist in soil. Of these forms, selenate, sel-
enite, and organic Se compounds, including selenomethio-
nine (SeMet) and selenocysteine (SeCys), are the primary
ones that plants can absorb and utilize for their growth and
development (Wu et al. 2015). Selenate and selenite stand

out as the predominant inorganic forms of Se in soil, pri-
marily stemming from Se deposition, biological metabo-
lism, and the oxidation of Se minerals. Presently, extensive
research has been conducted on the absorption and utiliza-
tion of selenate and selenite by plants in soil. Notably, it has
been observed that selenite displays a propensity for adsorp-
tion by soil clay minerals and organic matter, thereby dimin-
ishing its effectiveness. In contrast, selenate demonstrates
remarkable mobility within the soil and is readily taken up
by plants, highlighting its superior bioavailability.

Selenate permeates plant tissues through the roots,
remaining unchanged during its journey. Upon reaching
the leaves, selenate undergoes reduction to selenite, sub-
sequently transforming into organic Se compounds for
absorption and utilization. Se shares intriguing similarities
with sulfur (S), both belonging to the same elemental group,
thereby exhibiting akin chemical structures and properties.
Seminal findings by Wu et al. (2003) revealed the influence
of S on selenate transport, wherein Se metabolism intricately
intertwines with S metabolism. The transportation of sel-
enate employs sulfate transport proteins while higher plants
assimilate Se®" in a manner analogous to sulfate ions, tra-
versing a path akin to the journey of sulfate ions. Once taken
up by plant roots, selenite readily undergoes metamorphosis,
transmuting into diverse forms such as SeMet, their oxides,
and methylselenocysteine (MeSeCys), amongst others (Li
et al. 2008). Nevertheless, the transport of both selenate and
selenite within plants is limited, with only a small fraction
of these substances being able to translocate throughout
the plant, while the majority accumulates in the roots. In
parallel with selenate, selenite does not possess a specific
transport pathway. However, recent evidence suggests that
selenite absorption may not solely rely on simple passive
diffusion but instead involves active transport mechanisms.
Studies indicate a potential association between selenite
absorption and phosphate transport proteins. Interestingly,
Hopper et al. (1999) made a remarkable discovery regarding
the relationship between phosphate concentration and sel-
enite absorption. They found that an increase in phosphate
concentration hinders the absorption of selenite, while a
decrease in phosphate concentration facilitates its uptake.
This observed trend is similar to the effect of sulfate on
selenate absorption. It is important to note that the migra-
tion proportion of selenate exceeds that of selenite. This has
been supported by the findings of Asher et al. (1977), who
used the °Se tracer atom method and chromatography to
demonstrate that selenate is the primary form of Se trans-
ferred within the plant.

Compared to metals like lead, cadmium, nickel, and
chromium, Se tends to accumulate more in the above-
ground parts of plants rather than the roots (Cabannes et
al. 2011). However, the extent of Se transfer from roots
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Fig. 1 Absorption and transport of different Se forms in soil by plant roots

to above-ground parts largely depend on the plant species
and the type and form of Se present in the soil or growing
medium (Cartes et al. 2005). In comparison to Se(IV), less
selenite accumulates in the above-ground parts, with most
Se transferred as Se(VI). Research has demonstrated that
over half of the applied selenate to plant roots is transferred
to above-ground tissues, while selenite remains primarily
concentrated in the root tissues. Hawrylak-Nowak et al.
(2015) reported that the total Se concentration in the above-
ground part of cucumber supplemented with exogenous
selenate was nearly double that of cucumber supplemented
with exogenous selenite. In a study focusing on rice (Oryza
sativa), researchers employed synchrotron-based X-ray
fluorescence microtomography to investigate the transport
mechanisms of organic and inorganic forms of Se. The
results revealed that organic Se forms such as SeMet and
MeSeCys were exclusively transported through the phloem
pathway, while inorganic Se forms (Se(IV) and Se(VI) were
transported through both the phloem and xylem pathways
(Carey et al. 2012). Selenate can be transported from roots to
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above-ground parts via the xylem and subsequently reaches
the reproductive organs through the endodermis (Winkel
et al. 2015; Zhu et al. 2009). Selenate ions are efficiently
taken up by the xylem and transported through the xylem
sap (Saha et al. 2017). Se(VI) is directly transferred as an
ion through the xylem, whereas Se(IV) undergoes a conver-
sion process into an organic form before being transported
to the xylem for translocation. The primary form of Se in
plants is in the form of ions, which can be bound by vari-
ous protein and non-enzymatic molecules. The transporta-
tion of Se within plants is facilitated by a series of protein
and transport carriers, including Se transporters (SeT), Se
amino acid transporters (SAT), and selenoproteins. SeTs are
a group of membrane proteins that exhibit high conservation
and selectively bind Se, enabling its transportation across
cell membranes. In plants, SeTs are typically classified as
belonging to the ATP-binding cassette (ABC) superfamily
or the ion transport (IRT) superfamily (Byrne et al. 2010).
SAT, another membrane protein involved in Se transport,
plays a crucial role in facilitating the uptake of specific Se
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amino acids into cells, such as selenoprotein amino acids
like MeSeCys, MeSeCys, which is required for the syn-
thesis of selenoproteins (Chao et al. 2022). Selenoproteins
(proteins that bind Se), widely distributed in plant tissues,
are pivotal in Se uptake, transport, and metabolism. They
function by absorbing Se from the soil through plant roots
and distributing it throughout the plant, including leaves and
fruits, through a dynamic balance process. Moreover, sele-
noproteins can store Se within plants and release it when
needed, as elucidated by Trippe et al. (2021). Therefore,
selenoproteins are crucial for both the absorption and uti-
lization of Se in plants. It should be noted that plants can
absorb Se not only in the form of water-soluble compounds
but also other forms present in the soil, such as selenide and
organic Se compounds, although the absorption efficiency
of these forms is relatively low. Overall, the absorption and
transport of Se in plants are complex processes influenced
by various factors, including the biological availability and
form of Se, soil conditions, and the presence of specific pro-
teins and transporters.

Metabolism of Se in plants

The assimilation process of Se in plants encompasses a
series of enzymatic reactions and metabolic pathways. Inor-
ganic Se, such as Se(IV), necessitate conversion into organic
forms before becoming accessible for plant utilization, pri-
marily occurring within the chloroplasts (Fig. 2). The initial
stage of Se metabolism involves the sequential enzymatic
reduction of Se(VI) to Se(IV). This reduction is facilitated
by two enzymes, namely ATP sulfurylase (APS) and APS
reductase (APR) (Gupta and Gupta 2017). APS catalyzes
the combination of ATP with Se(VI) to yield adenosine
phosphoselenate (APSe), subsequently reduced to Se(IV)
by APR (White 2018). The subsequent assimilation process
is mediated by sulfite reductase (SiR), which catalyzes the
reduction of Se(IV) to selenide. Selenide can also be gener-
ated from the non-enzymatic reaction of the reducing agent
glutathione (GSH) with Se(IV), where glutathione plays a
pivotal role in the reduction process. Subsequently, selenide
reacts with O-acetylserine (OAS) under the catalysis of cys-
teine synthase (CSase), leading to the formation of SeCys
(Van Hoewyk et al. 2008). Subsequently, the metabolism
of SeCys can proceed in different directions. Firstly, under
the catalysis of selenocysteine lyase (SL), SeCys can be
cleaved to produce elemental Se. Secondly, a portion of Se
undergoes methylation by the enzyme selenocysteine meth-
yltransferase (SMT), resulting in the formation of MSe-
Cys and eventually volatile dimethyl diselenide (DMDSe),
which is released outside the plant (Philip 2018). These
metabolic steps are typically observed in Se-accumulating

plants (El-Ramady et al. 2016). Thirdly, through a three-step
conversion, SeCys is transformed into selenomethionine
(SeMet). Selenocysteine y-synthase (CyS) generates sele-
nocystathionine, which is then converted by cystathionine
B-lyase (CBL) to produce selenohomocysteine (SeHCys).
Finally, methionine synthase (MTR) catalyzes the formation
of SeMet (Wang et al. 2018). The first two reactions occur
in chloroplasts, while the final step takes place in the cyto-
plasm (Sors et al. 2005b). Additionally, in Se-accumulating
plants, SeMet can be transformed into methylselenomethio-
nine (SeMSeMet) by methionine methyltransferase (MMT),
followed by the further generation of volatile dimethyl sel-
enides (DMSe), which is a volatile and non-toxic Se com-
pound that can be volatilized in the atmosphere (Gupta and
Gupta 2017). This phenomenon of efflux serves as a self-
protective mechanism in plants (Philip 2018).

Factors influencing the accumulation of Se
in plants

The growth milieu of plants exhibits a multifaceted and
assorted nature, wherein the accrual of Se in plants is sub-
ject to the intricate interplay of numerous determinants. The
primary source of Se accumulation in plants primarily ema-
nates from the Se in plants. Through the agency of plant
root tissues, Se is assimilated from the soil, subsequently
undergoing a sequence of conversions and transfers before
ultimately amassing within distinct plant tissues. Ergo, the
factors that exert influence on Se accumulation in plants can
predominantly be categorized into two domains: internal
factors, pertaining to the plants themselves, and external
factors, encompassing the environmental constituents of the
soil (Fig. 3). The subsequent elucidation will expound upon
these factors with meticulous detail.

Physiological and biochemical properties of soil
affect Se accumulation

Soil, as a crucial reservoir of Se, plays a critical role in facil-
itating the entry of Se into the food chain via plants (Wang et
al. 2022). To date, the focus of numerous studies has primar-
ily revolved around the total Se content in soil, rather than
the bioavailable Se content, which represents the forms of
Se that plants can absorb and utilize. The effectiveness of Se
in soil is primarily determined by its various chemical forms
in the soil. Se can be categorized into six distinct forms
based on its chemical speciation: Se(0), Se(VI), Se(IV), sel-
enide, organic Se, and volatile Se (Ferndndez-Martinez and
Charlet 2009). Se(0) is present in soil in minimal quantities
and is formed through the reduction of Se(VI) and Se(IV)
by microorganisms. Se(0) is characterized by its insolubility
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Fig.2 Se metabolism in plants. The red arrow indicates that the substance crosses different places

in water, which makes it inaccessible for direct uptake and
utilization by plants. However, under specific conditions,
it can undergo transformations into plant-usable forms of
Se, including Se(VI) and Se(IV). The presence of Se(VI)
is more prominent in alkaline soil, where it exhibits high
water solubility and shows low susceptibility to oxidation.
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Consequently, the proportion of total soil Se in this form
tends to be relatively small. Conversely, Se(IV) prevails as
the primary form of Se in acidic or neutral soil. It possesses
solubility in water and represents the highest concentration
among the various forms of Se in soil. Notably, Se(IV) serves
as the primary form that plants can absorb and utilize to
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support their growth (Winkel et al. 2012). Except for alkali
metal selenides, most Se compounds have limited solubility
in water, rendering them inaccessible to plants. However,
organic Se compounds play a crucial role in the availabil-
ity of Se in soil. They are primarily bound to humic acids,
such as fulvic acid and humic acid. Some organic Se can
undergo mineralization processes, converting into selenates
or selenites, which are more easily absorbed and utilized
by plants (Zhang et al., 2022). Research on the absorption
efficiency of different inorganic Se forms by plants indicates
that Se®" demonstrates the highest efficacy, while the utili-
zation rate of organically bound Se is comparatively lower
(Keskinen et al. 2013). Consequently, the uptake of Se by
plants is intricately linked to its various forms in the soil,
and the relative proportions of these forms are influenced
by the physical and chemical properties of the soil itself
(Sharma et al. 2015).

The uptake of Se by plants is influenced by several soil
factors, including Se content, texture, pH, redox potential,
moisture content, and salinity. Wang et al. (2022) observed
significant variations in soil organic carbon levels among
different vegetation types. Increased organic carbon content
in agricultural, forest, and grassland soils can partially cap-
ture and retain Se in the soil, leading to a reduction in the
loss of Se (Jones et al. 2017). The accumulation of Se in
plants generally increases with higher available Se levels in
the soil, provided that the soil Se concentration falls within
an appropriate range. Soil pH affects Se speciation, as higher
pH levels lead to reduced Se adsorption in the soil. This
reduction is attributed to the decrease in positive charges on
clay minerals and oxide edges, enhancing the mobility of
inorganic Se in the environment and, consequently, increas-
ing Se bioavailability (Eich-Greatorex et al. 2007). Accord-
ing to the study conducted by Haygarth et al. (1995), it was
observed that grass leaves could absorb approximately 50%
of the available Se at a soil pH of 6.0. However, at a slightly
higher pH of 7.0, the absorption rate increased to over 50%.
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This suggests that soil pH plays a crucial role in the uptake
of Se by plants. Additionally, the influence of soil texture on
Se availability is mainly associated with the rapid adsorp-
tion of Se(VI) and Se(IV) by clay minerals and iron oxides.
This phenomenon reduces the bioavailability of Se in the
soil. Notably, Se(IV) chemical forms exhibit a tendency to
form irreversible adsorption complexes with clay minerals,
soil organic matter, and iron compounds. This characteristic
has implications for the utilization efficiency of Se within
the soil system, affecting its overall availability to plants.
Se uptake refers to the absorption and accumulation of Se
by plants from the soil. According to Johnsson (1991), sandy
soils tend to have the highest Se uptake, while it decreases
as the clay content in the soil increases. This can be attrib-
uted to the differences in soil properties and the ability of
different soil types to retain and release Se, especially in
relation to the rapid uptake of SeO;>~ facilitated by clay
minerals and iron oxides. In the presence of SeO,>~ within
the soil, it tends to become immobilized on the surface of
soil colloids, thereby diminishing its efficacy and availabil-
ity for plant absorption. Organic matter in the soil plays a
crucial role in the quantity of organic Se present. Generally,
there is a positive correlation between soil organic matter
and organic Se content. Organic matter plays a significant
role in the availability of Se in the soil, but its impact is
contingent upon the extent of organic matter decomposi-
tion. Insufficient decomposition of organic matter can have
a detrimental effect on the bioavailability of soil Se, as it
may impede the accessibility of Se to plants. This relation-
ship between soil organic matter and Se content has been
established in various studies, including that of Yamada et
al. (2009) in Japan. Therefore, to enhance the bioavailability
of Se in soils, it is crucial to ensure adequate organic mat-
ter decomposition. They found a clear positive correlation
between these two variables in Se-enriched soils. This cor-
relation further supports the notion that soil organic matter
is closely related to the quantity of organic Se present in the
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soil. The redox conditions of soil, which are significantly
influenced by changes in soil moisture content, also play
a critical role in determining Se speciation in soil. Specifi-
cally, the availability of oxygen and the presence of oxi-
dizing or reducing agents in the soil environment affect the
various chemical forms that Se can exist in soil. As such, it
is important to consider the impact of soil moisture content
on redox conditions when studying Se speciation in soil. In
environments with limited oxygen availability, known as
reducing conditions, Se tends to exist primarily in the form
of less soluble compounds such as iron selenides (e.g., iron
selenide). These conditions promote the formation of chem-
ical species that are tightly bound to the soil matrix, making
it more challenging for plant roots to absorb Se effectively.
As aresult, plants face difficulties in taking up Se from these
compounds. Conversely, under oxidizing conditions, the
predominant forms of available Se in the soil are selenate
and selenite. Compared to the Se compounds found under
reducing conditions, selenate and selenite exhibit higher
solubility and bioavailability. This means that they are more
easily dissolved in soil solution and are more accessible to
plant roots for uptake. Consequently, the presence of sele-
nate or selenite allows plants to efficiently absorb and utilize
Se. Altering the oxidation-reduction conditions of the soil
can significantly impact the availability and usability of Se.
Improving drainage, increasing oxygen supply, or applying
oxidizing agents can promote the conversion of reducing
conditions to oxidizing conditions. This shift can enhance
the solubility and bioavailability of Se, thereby increasing
the uptake and accumulation of Se by plants (Dwire et al.
2006). Soil drought and plant transpiration also influence the
soil’s ability to retain Se (Jones et al. 2017). During periods
of drought, the concentration of solutes in the soil solution
increases, potentially affecting the mobility and availability
of Se. Additionally, plant transpiration, which involves the
movement of water through the plant, can alter the soil’s
water content and influence the distribution and behavior
of Se in the rhizosphere. Taken together, the absorption and
accumulation of Se by plants are influenced by various fac-
tors, including soil redox conditions, the presence of specific
Se compounds, soil moisture content, and plant physiologi-
cal processes. Understanding these complex interactions is
crucial for optimizing plant Se uptake and ensuring efficient
utilization of Se in agricultural and environmental contexts.

Microorganisms in soil affect Se accumulation

Soil microorganisms are integral to the process of Se enrich-
ment in plants. Through symbiotic relationships with plant
roots or metabolic conversion processes, they can enhance
the bioavailability of Se in the soil and promote its uptake
and accumulation in plants. Microorganisms facilitate Se
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transformation through a range of processes such as oxi-
dation-reduction and demethylation (Dungan et al. 2003).
Among these microorganisms, arbuscular mycorrhizal
fungi (AMF) are particularly noteworthy due to their wide-
spread distribution and prevalence in soils. AMF can form
symbiotic relationships with a large proportion of terrestrial
plant species, including many major crop species worldwide
(Kobae et al. 2018). Microorganisms, such as AMF, play
a crucial role in mediating communication between plant
roots and the soil (Natasha Shahid et al. 2018). The ben-
eficial effects of AMF symbiosis on host plants for acquir-
ing both macro and micronutrients have gained significant
attention in the agricultural industry, with AMF being con-
sidered as a promising biofertilizer (Pellegrino and Bedini
2014; Dehghanian et al. 2018; Ryan and Graham 2018). The
primary function of AMF is to enhance plant growth and
promote the uptake of essential mineral nutrients, particu-
larly phosphates (P) and zinc (Zn). It is worth noting that
up to 24% of Zn found in plant stems can be transported
through the mycorrhizal pathway (Watts-Williams et al.
2015). Furthermore, certain strains of AMF have demon-
strated tolerance to heavy metals such as arsenic, lead, and
Se in contaminated soils (Giasson et al. 2006). Other studies
have shown that AMF can influence the structure of bacte-
rial communities in the rhizosphere soil (Nuccio et al. 2013)
and alter the bioavailability of metals in the soil, thereby
affecting plant uptake of metals such as Zn, Se, and iron
(Koshila Ravi et al. 2019). In rice, the combined application
of AMF (Funneliformis mosseae and Glomus versiforme)
with Se fertilizer was more effective in increasing the
organic Se content in rice grains compared to the sole appli-
cation of inorganic Se. This was mainly because AMF could
change the bacterial community structure by increasing the
relative abundance of thick-walled bacteria, AMF and asso-
ciated rhizobacteria could stimulate Se transformation into
more bioavailable forms in the soil, as well as facilitated Se
absorption and transportation to various plant tissues (Chen
et al. 2020). Other studies have also indicated that bacteria
such as Bacillus and Paenibacillus species can stimulate Se
conversion and uptake in crops (Acuiia et al. 2013). AMF
have been shown to enhance the absorption area of the roots
by increasing external fungal hyphae, as well as improve
the uptake of various elements by promoting the expres-
sion of element transport proteins in the epidermis and root
hairs (Smith and Read 2010). In numerous studies involv-
ing garlic (Larsen et al. 2006), wheat (Wu et al. 2022), and
green asparagus spears (Conversa et al. 2019), inoculation
with AMF has been observed to expedite the uptake of Se
by host plants. Although the effects of AMF inoculation
on Se accumulation in plants have been quantified in sev-
eral studies, the final results vary depending on the exog-
enous Se levels in the soil and the specific plant species
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used (Goicoechea et al. 2015). In addition to AMF, other
microorganisms such as Actinobacteria, Firmicutes, and
Acidobacteria have also been implicated in Se metabolism
(Nancharaiah and Lens 2015; Natasha Shahid et al. 2018;
Patel et al. 2018). Pseudomonas moraviensis, a Se-tolerant
endophytic bacterium isolated from Se hyperaccumulating
plant Stanleya pinnata, can rapidly reduce Se(IV) to Se(0),
demonstrating its strong Se metabolism capability (Staicu et
al. 2015). Additionally, a variety of Se-tolerant endophytes
were isolated from S. pinnata and Astragalus bisulcatus
plants growing in Se-enriched areas, which could transform
high concentrations of Se(IV) and Se(VI) into Se(0), while
rhizosphere fungi from non-Se-enriched plants in the same
area could not grow in Se-enriched medium (Sura-de et al.
2015). Microorganisms play a crucial role in mediating the
transformation of various forms of selenium with different
valence states and the subsequent formation of organic-Se
compounds. This microbial activity significantly influences
the absorption and accumulation of selenium by plants.
Understanding the intricate interactions between microor-
ganisms and selenium can provide valuable insights into
optimizing selenium bioavailability and uptake in plant sys-
tems. These findings underscore the importance of consider-
ing the microbial component when studying the dynamics
of selenium in soil-plant systems.

Interaction between elements affect Se
accumulation

In addition to its role in Se bioavailability through adsorption
and fixation processes, soil composition also exerts influence
on Se uptake by plants and its binding sites through competi-
tive interactions with specific ions. Notably, Phosphorus (P)
and S are two ions that significantly impact the bioavailability
of Se in the soil. Because S and Se belong to the same group
in the periodic table, they have similar chemical properties and
can compete for the adsorption sites in the soil. This competi-
tive relationship underscores the intricate interplay between
these elements and highlights the importance of considering
their interactions when studying Se dynamics in soil systems.
Elevated levels of S in the soil can potentially diminish the effi-
cacy of Se and subsequently reduce Se uptake by plants. Fur-
thermore, S plays a crucial role in various metabolic processes
and enzyme systems within plant organisms, including the
biosynthesis of essential amino acids like cysteine and methio-
nine, vitamin production, and Se metabolism. Insufficient sup-
ply of S can adversely affect the utilization and metabolism
of Se by plants, leading to a decrease in Se uptake capacity.
Moreover, S can form compounds with Se, such as Se-S (sel-
enosulfate), which can impede the absorption and transport
of Se. The formation of Se-S can limit the availability of Se
in plant tissues and hinder its distribution and transportation

within plants (Boldrin et al. 2016). To ensure optimal uptake
of Se by plants, it is crucial to consider the S content and sup-
ply in the soil. Elevated levels of S in the soil can potentially
impede the effectiveness of Se, while inadequate S supply can
impact the utilization of Se by plants. Thus, maintaining a bal-
anced relationship between S and Se in the soil is essential for
the absorption and utilization of Se by plants. In hydroponic
studies involving barley and rice, researchers have observed a
synergistic interaction between Se-S and low concentrations of
SO42_ (sulfate). As the concentration of Se®* increases, there is
a corresponding increase in the aboveground plant tissue con-
tent of S. However, when exposed to high concentrations of
SO,*", the synergistic effect between Se and S becomes negli-
gible (Mikkelsen et al. 1990), suggesting that the presence and
concentration of sulfate in the growth medium can modulate
the relationship between Se and S. Under low-concentration S
conditions, as the application of S increases, the accumulation
of Se in aboveground parts of the plant also increases, indi-
cating a synergistic effect. However, under high-concentration
S conditions, the accumulation of Se decreases with increas-
ing S application, indicating an antagonistic effect (Milchunas
et al. 1983). By adding Se/S to agar medium, the content of
Se and S elements in Se-non-accumulator plant Arabidopsis
thaliana was studied. It was found that increasing the lower
concentration of S (02 mM) in agar medium resulted in
increased shoot fresh weight, shoot S concentration, and shoot
Se concentration. However, when the concentration exceeded
approximately 2 mM, there was a decreasing trend in shoot
Se concentration (White et al. 2004). Different plant species
exhibit varying abilities to compete for Se and S. The Se hyper-
accumulator Stanleya pinnata and non-hyperaccumulators
Stanleya elata and Brassica juncea were treated with a range of
selenate concentrations in the presence of two sulfate concen-
trations (E1 Mehdawi et al. 2018). The results showed that at
low sulfate concentrations (0.5 mM), S. pinnata and B. juncea
had similar Se concentrations in their roots, while S. elata had
concentrations two-fold lower than the other two plant species.
When subjected to high sulfate concentration (5 mM), the root
Se accumulation of all three plant species decreased, but the
inhibitory effect was more pronounced in B. juncea and S. elata
(El Mehdawi et al. 2018). These findings suggest that adjust-
ing the levels of sulfur and phosphorus in the soil can facilitate
Se uptake by plants, but the effect may depend on the specific
plant species and growth conditions.

In the presence of SeO,’~ within the soil, it tends to
become immobilized on the surface of soil colloids, thereby
diminishing its efficacy and availability for plant absorp-
tion. However, when PO,’~ (phosphate) is simultane-
ously present in the soil, the effectiveness of SeO32_ can
be enhanced. This is primarily because the coexistence of
PO,’~ and SeO;*~ gives rise to a competition for adsorption
sites on the soil colloid surface. Since cations on the soil
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colloid surface exhibit a predilection for adsorbing PO,>~,
they have a tendency to reduce the number of sites acces-
sible for SeO,*~ adsorption. This competitive interaction
serves to liberate and augment the mobility of SeO,>~ in the
soil, ultimately heightening the efficiency by which plants
absorb SeO;?~ (Liu et al. 2004). Therefore, it can be inferred
that PO,*~ indirectly affects the bioavailability of SeO;*~ in
clayey soils.

Different plants have different the ability of Se
accumulation

The absorption and accumulation of Se in plants vary depend-
ing on the plant species. Plants are generally classified into
three categories based on their Se content: Se-hyperaccumula-
tors, Se-accumulators, and Se-non-accumulators. Se-hyperac-
cumulator plants thrive in Se-rich soil and possess the unique
ability to accumulate exceptionally high levels of Se in their
tissues, often exceeding several thousand milligrams per kilo-
gram (mg-kg~!). However, Se-non-accumulator plants have
relatively low Se content in their tissues, typically lower than
30 mg-kg™!. This category includes most edible plants, some
weeds, and Gramineae plants. Fleming (1962) conducted
a study on the Se absorption capacity of different crops and
observed variations in the ability of various plants, such as
cabbage, rapeseed, radish, onion, pea, lettuce, and some Gra-
mineae plants to absorb Se. Lettuce and specific Gramineae
plants exhibited relatively weaker Se absorption capacity com-
pared to others. Se-hyperaccumulator plants can accumulate
substantial amounts of Se due to their robust Se metabolism. In
the case of Se-hyperaccumulators like S. pinnata, A. bisulcatus,
Asparagus racemosus, and Cardamine hupingshanensis, they
can effectively convert SeCys into other non-protein amino
acids with lower toxicity. This enables a significant accumu-
lation of Se within the plant (Rao et al. 2021; Freeman et al.
2006; Yuan et al. 2013). Such specific metabolic pathways
are primarily found in Se-hyperaccumulator plants. Through
these pathways, SeCys can be competitively converted into
MeSeCys, which cannot bind with proteins. Consequently,
this conversion helps to avoid the toxic effects of Se on plants
(Neuhierl et al. 1996; Hoewyk 2013).

The Se absorption capacity of various plant components
also exhibits variability. Wan et al. (1988) conducted a study
on Se metabolism in agricultural crops in California, exam-
ining Se absorption and utilization in different segments of
three crops: barley, beet, and tomato. It was observed that the
Se content in barley stems surpassed that of the grains, while
beet leaves demonstrated a greater propensity for Se absorption
compared to the roots. Furthermore, the Se content in tomato
leaves and stems exceeded that found in the fruits. Likewise, an
analysis of the Se content in various segments of 17 vegetable
varieties, encompassing both edible and non-edible portions,
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revealed that non-edible parts possessed higher Se concen-
trations than their edible counterparts (Hamilton et al. 1963).
These investigations substantiate the notion that different plant
components possess distinctive capabilities in Se absorption,
with non-edible parts generally exhibiting heightened absorp-
tion capacities compared to the edible parts.

Conclusion and future perspectives

This review systematically summarized the factors influencing
Se enrichment in plants, laying the foundation for cultivating
Se-enriched plants and addressing the Se deficiency issue faced
by approximately one billion people worldwide. Firstly, the
importance and roles of Se were introduced, including its ben-
efits to human health as well as the potential toxicity associated
with excessive Se intake. The mechanism of Se accumulation
in plants, the source of Se enrichment in plants, and the metab-
olism of Se in plants were summarized, with emphasis on the
absorption and transportation of Se by plants and the metabolic
process of Se in plants. Furthermore, the factors influencing Se
accumulation in plants were elaborated, including internal fac-
tors, that is the genetic background and species characteristics
of plants; the external factors, that is the soil physiological and
biochemical properties, microbial environment, etc. focus on
how different factors affect plant Se enrichment.

Despite the progress made in understanding the influenc-
ing factors of Se enrichment in plants, several research gaps
remain to be addressed: (1) there is a need to gain a deeper
understanding of the absorption and transport mechanisms of
Se by plants under different soil types and environmental con-
ditions, in order to optimize soil management and fertilization
strategies and enhance plant Se accumulation. (2) the effects of
soil microorganisms on Se enrichment through their interac-
tions with plants need to be further explored, with the goal of
developing targeted microbial products to promote Se absorp-
tion and accumulation in plants. (3) a better understanding of
the competition and synergistic effects between Se and other
elements is essential to elucidate the mechanisms of Se enrich-
ment in plants and devise more effective regulatory measures.
(4) further exploration of the differences in Se accumulation
abilities among different plants can be achieved by studying
their genetic backgrounds and species characteristics, leading
to the identification and utilization of more plants with high
Se accumulation capacities. This approach will facilitate the
development of Se-enriched crops and plant varieties, provid-
ing additional sources of Se nutrition for human consumption.
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