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† Background Despite selenium’s toxicity in plants at higher levels, crops supply most of the essential dietary selen-
ium in humans. In plants, inorganic selenium can be assimilated into selenocysteine, which can replace cysteine in
proteins. Selenium toxicity in plants has been attributed to the formation of non-specific selenoproteins. However,
this paradigm can be challenged now that there is increasingly abundant evidence suggesting that selenium-
induced oxidative stress also contributes to toxicity in plants.
† Scope This Botanical Briefing summarizes the evidence indicating that selenium toxicity in plants is attributable to
both the accumulation of non-specific selenoproteins and selenium-induced oxidative stress. Evidence is also pre-
sented to substantiate the claim that inadvertent selenocysteine replacement probably impairs or misfolds proteins,
which supports the malformed selenoprotein hypothesis. The possible physiological ramifications of selenoproteins
and selenium-induced oxidative stress are discussed.
† Conclusions Malformed selenoproteins and oxidative stress are two distinct types of stress that drive selenium tox-
icity in plants and could impact cellular processes in plants that have yet to be thoroughly explored. Although chal-
lenging,deciphering whether the extent of selenium toxicity in plants is imparted byselenoproteins oroxidative stress
could be helpful in the development of crops with fortified levels of selenium.

Key words: Selenium toxicity, oxidative stress, selenoproteins, glutathione, diselenide bonds, iron–selenium
cluster, electron transport, proteasome, misfolded proteins.

INTRODUCTION

Selenium (Se) is a naturally occurring trace element that typical-
ly ranges from 0.01 to 2 p.p.m. in soils. Se is essential to many
organisms, including some archaea, bacteria, protozoans,
green algae and nearly all animals. In contrast, higher plants
are not thought to have a requirement for Se, although this is
still controversial (Pilon-Smits and Quinn, 2010). The chemical
similarity between Se and sulphur – an essential macronutrient
to all organisms – is well known. Therefore, vascular plants
can still accumulate Se, which occurs when selenate is non-
specifically transported into root tissue via sulphate transporters
(El Kassis et al., 2007). Once inside plant cells, Se metabolites
can compete at the active site of many enzymes involved in essen-
tial sulphur metabolism. Once selenate is transported into plastids,
it can utilize the sulphate assimilation pathway and become
reduced to organic metabolites (Pilon-Smits and Quinn, 2010).
Although a concentration of Se greater than 0.1 % of dry weight
in most crops is typically rare, some plants including Astragulus
bisulcatus and Stanleya pinnata have evolved on Se-rich soils
and can hyperaccumulate Se up to 1 % of its dry weight (Zhu
et al., 2009).

Even though crops are limited in the amount of Se that can ac-
cumulate in their tissue, a plant-based diet still provides most of
the essential dietary intake of Se in humans. Consequently, neg-
ligible Se accumulation in staple crops can result in low levels of
dietary Se in geographically disparate areas (Zhu et al., 2009).
Organisms that have a demand for Se require it for the biosyn-
thesis of the 21st amino acid selenocysteine, which in humans

is needed to make 25 specific selenoproteins. A deficiency in
dietary Se decreases the abundance of selenoproteins, which
can impair the immune system, thyroid processes and spermato-
genesis; ultimately, a lack of Se can lead to Keshin-Beck and
Keshan disease, which can be treated with Se supplementation
(Papp et al., 2007). Although the daily Se requirement in
adults is 55–70 mg, augmenting the requirement via Se supple-
mentation may be beneficial. Numerous in vitro studies have
noted the protective properties of Se compounds, particularly
against cancer as recently reviewed (Davis, 2012). Therefore,
the development of crops with fortified levels of Se is appealing,
as a source of both nutrition and Se-based therapeutics.
Differences in Se accumulation among crop varieties exist,
such as Lactuca sativa (Ramos et al., 2010), and could lead to
successful breeding programmes to boost Se levels in crops.
Additionally, genetic manipulation can also increase Se levels
in plants; this approach often targets the overexpression of
enzymes involved in sulphur metabolism (Zhu et al., 2009).

However, similar to many essential trace elements, the differ-
ence between Se deficiency and toxicity is narrow. Selenosis
(diagnosed Se toxicity) continues to remain a persistent threat
to livestock in the western USA (Davis et al., 2012) where high
levels of Se can naturally accumulate during the weathering of
Se-rich bedrock or be influenced by anthropogenic activities
(e.g. irrigation and mining). Selenosis in sheep and cattle
occurs during the ingestion of Se-hyperaccumulating plants,
such as Astragulus bisulcatus and Stanleya pinnata. Tragically,
the most infamous case of selenosis in humans occurred in the
1960s in Hubei Province, China, where at least 100 people
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succumbed after digesting plants with high levels of Se (Fordyce
et al., 2000). In short, a better understanding of Se toxicity is par-
ticularly salient if Se-rich nutraceutical foods are administered as
therapeutics to treat or prevent disease.

With the exception of rare Se-hyperaccumulating plants, Se is
toxic in plants if it accumulates to a high enough concentration
(. 0.1 % plant dry weight). The physiological effects of Se
stress in plants have been well documented and include stunted
root growth, reduced biomass, chlorosis, reduced photosynthetic
efficiency, and ultimately plant death. By contrast, the protective
benefits of Se in plants have been reported and recently reviewed
in both an ecological (El Mehdawi and Pilon-Smits, 2012) and a
physiological context (Feng et al., 2013). The aim of this review
is to discuss the two distinct types of Se stress in plants. The mis-
incorporation of selenocysteine into non-specific selenoproteins
has been recognized as a form of toxicity in plants for over 30
years. Although this paradigm is still reflected in the current lit-
erature, it is also now becoming increasingly apparent that inor-
ganic Se is a pro-oxidant, which can cause oxidative stress in
plants. Therefore, Se stress in plants is driven by two different
types of Se-induced toxicities. How plants respond to these
two distinct modes of Se stress will be addressed, along with

the challenges of deciphering if Se stress is mainly attributable
to oxidative stress or non-specific selenoproteins.

SELENIUM METABOLISM IN PLANTS

The toxicity of different Se metabolites in plants varies.
Although plant Se metabolism has been thoroughly reviewed
elsewhere (Terry et al., 2000; Pilon-Smits and Quinn, 2010), it
is nonetheless relevant to the discussion on Se toxicity, and a
schematic diagram of Se metabolism in presented in Fig. 1.
Selenate is the most oxidized form of Se in well-aerated soils,
and is the most bioavailable form of Se to plants. Selenate com-
petes with sulphate at the site of sulphate transporters localized to
plant roots; in Arabidopsis plants, most selenate uptake is
mediated by the high-affinity sulphate transporter SULTR1;2
(El Kassis et al., 2007). The assimilation of inorganic selenate
to selenocysteine occurs in plastids. The reduction of selenate
to selenite is ATP-consumptive and the rate-limiting step in the
assimilation of selenate to the organic metabolite, selenocysteine
(Sors et al., 2005), and requires the concerted action of two
enzymes. First, the enzyme ATP sulphurylase hydrolyses ATP
to form adenosine phosphoselenate, or activated selenate
(Dilworth and Bandurski, 1977). The reduction of adenosine
phosphoselenate to selenite probably occurs via adenosine
phosphosulphate reductase (APR), which is supported by the ob-
servation that knockout of the dominant APR isozyme in
Arabidopsis increased the amount of selenate and decreased
the concentration of selenite (Grant et al., 2011). The reduction
of selenite to selenide might be catalysed by sulphite reductase,
although this also has not been experimentally demonstrated.
Alternatively, reduction of selenite in plants might be mediated
by glutathione or glutaredoxins (Wallenberg et al., 2010), as it
is in human cells, which produces the intermediate metabolite
selenodiglutathione. Lastly, the enzyme cysteine synthase,
which has higher affinity for selenide than for sulphide, can
couple selenide with o-acetylserine to produce selenocysteine
(Ng and Anderson, 1978). Selenocysteine can further be metabo-
lized to methylselenocysteine and methylselenomethionine.
Both of these methylated non-proteinaceous amino acids can ul-
timately be converted into volatile Se compounds (e.g. dimethyl
selenide and dimethyl diselenide) that can rid the plant of toxic
Se (Pilon-Smits and Quinn, 2010).

THE MALFORMED SELENOPROTEIN
HYPOTHESIS

Pioneering work led by Brown and Shrift (1980) led to the dis-
covery that selenocysteine can be misincorporated into non-
specific selenoproteins in Vigna radiata. After it was later
revealed that Se-tolerant Astragulus species had nearly a
10-fold decrease in the concentration of Se in protein compared
with non-tolerant Astragulus species (Brown and Shrift, 1981),
Se toxicity in plants was explained to be driven by the formation
of non-specific selenoproteins. The malformed selenoproteins
hypothesisasserts that Se toxicityoccurswhen a tRNAcys inadvert-
ently binds to selenocysteine instead of cysteine during translation
to form non-specific and toxic selenoproteins. Astragulus bisulca-
tus’ tolerance to Se is attributable to the presence of a chloroplastic
enzyme with selenocysteine methyltransferase activity (Neuhierl
and Bock, 1996), which methylates selenocysteine and prevents
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FI G. 1. Schematic diagram of Se metabolism in plants. Selenium metabolites
are depicted in black, and proteins involved in Se transport and metabolism are
in yellow. Arrows in blue and red are considered, respectively, to promote and
to alleviate Se toxicity associated with the assimilation of selenocysteine. The
purple arrow is not considered toxic. SULTR, sulphur transporter; ATPS, ATP
sulphurylase; APR, adenosine 5-phosphosulfate reductase; SiR, sulphite reduc-
tase; CS, cysteine synthase; SMT, selenocysteine methyltransferase; CgS,
cysthathionine gamme synthase; APSe, adenosine phosphoselenate; GSH, gluta-

thione; GS-Se-SG, selenodiglutathione; OAS, o-acetylserine.
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its random incorporation into protein. Additionally, nearly 90 %
of the total Se found in the leaves of the Se-tolerant Stanleya
pinnata is in the form of methylselenocysteine (Freeman et al.,
2006). Notably, a selenocysteine methyltransferase is not believed
to exist in most non-Se-tolerant plants.

In support of the malformed selenoprotein hypothesis, evi-
dence in transgenic plants also suggests that diverting selenocys-
teine away from non-specific protein incorporation is associated
with increased Se tolerance. Overexpression of an Astragulus
bisulcatus selenocysteine methyltransferase in Arabidopsis and
Brassica juncea increased Se tolerance, which was explained
by the observed increase in methylselenocysteine and volatiliza-
tion of dimethyl-diselenide (Leduc et al., 2004). Similarly, over-
expression of cystathionine gamma-synthase, which converts
selenocysteine into Se-cystathionine, in Brassica juncea
enhanced tolerance to selenite by doubling the amount of volati-
lized Se (Van Huysen et al., 2003). Lastly, overexpression of an
Arabidopsis chloroplastic NifS-like protein with selenocysteine
lyase activity decreased the amount of non-specific selenopro-
teins and was associated with a two-fold increased Se tolerance
(Van Hoewyk et al., 2005). These data further support the view
that diverting selenocysteine away from protein misincorpora-
tion minimizes the risk of accumulating non-specific selenopro-
teins, and thereby increases Se tolerance in plants.

However, whether non-specific selenoproteins in plants are
malformed and misfolded, as usually presumed, remains to be
determined. In response to selenate treatment in Arabidopsis,
16 transcripts encoding heat shock proteins were up-regulated
(Van Hoewyk et al., 2008). Plant heat shock proteins act as cha-
perones that assist in proper protein folding during stress (Wang
et al., 2004), and perhaps their up-regulation is in response to
misfolded selenoproteins. Two studies have recently implicated
the proteasome’s involvement in the degradation of misfolded
selenoproteins in plants. In one study, a proteomic analysis
revealed that Se treatment increased the abundance of proteaso-
mal subunits in rice roots, which the authors attributed to the ne-
cessity to remove misfolded selenoproteins (Wang et al., 2012).
This speculation coincided with the observation that selenate
treatment in Stanleya pinnata increased protein ubiquitination
(Sabbagh and Van Hoewyk, 2012). In this study, inhibition of
the proteasome in Se-treated plants increased the concentration
of Se in protein, which supports the view that non-specific sele-
noproteins in plants are misfolded and selected for proteasomal
proteolysis. Despite the progress made in elucidating Se toler-
ance in plants since the discovery of non-specific selenoproteins
in plants over 30 years ago, direct evidence that plant selenopro-
teins are impaired and misfolded is lacking, although this is
assumed and likely to be the case. The next section draws primar-
ily from prokaryotic and animal organisms and aims to provide
evidence that the replacement of cysteine with selenocysteine
is probably detrimental to protein function.

EVIDENCE THAT NON-SPECIFIC
SELENOPROTEINS ARE IMPAIRED AND
POSSIBLE RAMIFICATIONS IN PLANTS

Selenomethionine and selenocysteine are both selenoamino
acids that can be misincorporated into proteins in plants.
Methionine is not as reactive as cysteine. Therefore, the non-
specific accumulation of selenomethionine in protein is not

considered as deleterious as the more reactive selenocysteine,
despite the possibility that selenomethione might inhibit
protein synthesis (Eustice et al., 1981). Generally, however, sele-
nomethione in proteins is not considered deleterious. In fact, in
cereals such as rice, more than half of the total Se can be in the
form of selenomethione (Stadlober et al., 2001). Although the
abundance of cysteine residues in proteins is relatively low in
all species, they have critical roles in protein structure and func-
tion, including catalysis, redox regulation, formation of disulfide
bridges and metal binding sites. Despite being structurally
similar, cysteine and selenocysteine have different properties.
Compared with cysteine, selenocysteine is (1) larger, (2) more
easily deprotonated given its lower pKa value and (3) typically
more reactive due to its higher nucleophilicity (Hondal et al.,
2012). Taking the physical and chemical differences between
these two amino acids into account, a cysteine to selenocysteine
substitution in plant protein is potentially detrimental. The direct
effects of a cysteine to selenocysteine substitution in protein are
briefly presented below.

Cysteines often are found in the active site of enzymes where
they play a catalytic role. A cysteine to selenocysteine substitu-
tion was studied in a human and mouse methionine sulfoxide re-
ductase, which repairs oxidized methionine residues in proteins.
A selenocysteine substitution abolished activity when supplied
with thioredoxin, the enzyme’s natural reductant, compared
with the wild-type protein containing cysteine in its active site
(Kim and Gladyshev, 2005). In plants, chloroplastic methionine
sulfoxide reductase has a well-known role in preventing oxida-
tive stress, and its activity has recently been shown to positively
correlate with seed longevity in Arabidopsis and Medicago
sativa (Châtelain et al., 2013). In light of this evidence, the
physiological ramifications of a cysteine to selenocysteine sub-
stitution in methionine sulfoxide reductase in plants could
impair stress physiology and seed viability. However, not all
selenocysteine substitutions are detrimental to enzyme activity.
One example of a beneficial replacement of cysteine to seleno-
cysteine comes from a glutathione-dependent peroxidase
found in Citrus sinensis. The citrus’ peroxidase was engineered
to contain a selenocysteine in its active site, which enhanced ac-
tivity four-fold when expressed in Escherichia coli (Hazebrouck
et al., 2000). However, the rate of activity was still much lower
than mammalian glutathione peroxidase homologues that natur-
ally contain a selenocysteine in their active site. Yet because
there are so few known selenoprotein homologues, the beneficial
substitution of selenocysteine is expected to be rare in plants.

Cysteine in proteins can also function as a metal-binding
residue capable of stabilizing cofactors such as iron–sulphur
(Fe–S) clusters, heme groups and ions (e.g. zinc or copper). A
cysteine to selenocysteine substitution at a sitewhich coordinates
metal binding would have an increased bond length due to
the larger atomic radius of Se, which might alter the strength of
the bond between the protein and the cofactor. Recently, the
impact of a cysteine to selenocysteine substitution at a heme-
binding site was studied in a bacterial cytochrome P450. In this
case, a two-fold decreased monooxygenase activity of the sele-
nocysteine variant was observed, which was associated with its
redox potential being 48 mV more negative than that of the
cysteine-containing control protein (Aldag et al., 2009).
Therefore, metal cofactors, such as iron, complexed to seleno-
cysteine binding sites may hinder electron transfer. If this were
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extended to plants, a selenocysteine at a metal binding site could
alter the function of mitochondria and chloroplast, both of which
contain iron-binding proteins to mediate electron transport.

The tertiary structure of many proteins is dependent upon the
formation of disulfide bridges formed during the oxidation of
two neighbouring cysteines. A cysteine to selenocysteine substi-
tution in non-specific selenoproteins could create eithera diselenide
bridge or a mixed selenide–sulphide bridge (or selenosulfide
bridge) with altered properties. For example, a diselenide bridge
will be longer (about 0.2 Å) compared with a disulfide bridge.
Despite the relatively subtle differences in diselenide bond
length, proteins with diselenide or selenosulfide bonds are also
likely to have much lower redox potentials (70–250 mV) than
proteins with disulfide bridges, which can affect enzyme kinetics
(Hondal et al., 2012). For example, the replacement of two
cysteines with selenocysteine in thioredoxin produced a novel
E. coli Se-thioredoxin with a diselenide bridge. In this case,
the Se-thioredoxin could not be reduced under native conditions,
which was explained by the altered redox potential of the di-
selenide bond (Müller et al., 1994).

Lastly, there is a chance that Fe–Se clusters can substitute for
an Fe–S cluster. Fe–S clusters are prosthetic groups that become
inserted into apoproteins to form functional Fe–S proteins,
which are abundant in the chloroplastic and mitochondrial elec-
tron transport chain found in plants (Balk and Pilon, 2011). The
sulphur that is used for the maturation of Fe–S clusters is derived
exclusively from cysteine via NifS-like proteins that have cyst-
eine desulfurase activity. It is noteworthy that the chloroplastic
NifS-like protein has nearly 300-fold higher affinity for seleno-
cysteine in vitro (Pilon-Smits et al., 2002). Thus, it is certainly
plausible thatNifS-likeproteinscan liberateelementalSe fromsele-
nocysteine, which can then be assembled into an Fe–Se cluster. In a
studyon spinach ferredoxin, replacement of anFe–S cluster with an
Fe–Se resulted in lower yields of reconstituted holoprotein, pos-
sibly because the Fe–Se clusters are unstable and experience diffi-
culty inserting into an apoprotein due to its increased size (Meyer
et al., 1986). In a more recent study using Klebsiella pneumoniae,
the activity and electron transport of nitrogenase containing an
Fe–Se cluster decreased roughly five-fold compared with the
control protein with an Fe–S cluster (Hallenbeck et al., 2009).
Given the role of Fe–S proteins in electron transport, it is speculated
that in planta Fe–Se proteins might hinder photosynthetic or mito-
chondrial electron transport. However, whether photosynthetic im-
pairment during Se stress is attributed to malformed selenoproteins
or Se-induced oxidative stress remains of debate; this latter mode of
Se toxicity is addressed in the next section.

INORGANIC SELENIUM INDUCES OXIDATIVE
STRESS

Se compounds have pro-oxidant properties, as reviewed else-
where (Spallholz, 1994). In plants, the toxicity of selenate and
selenite has been widely reported and is dose dependent. Most
plants are more sensitive to selenite than to selenate, although
there are exceptions, including the green algae (Geoffroy et al.,
2007). Evidence indicating that selenate and selenite induce oxi-
dative in plants is presented below.

Glutathione is a tripeptide that is central to the cellular redox
status in plants, and its importance in plant development and
physiology has been extensively reviewed (Noctor et al.,

2011). In Arabidopsis plants, selenate decreases levels of gluta-
thione in both a dose- and time-dependent manner; in fact, the
concentration of glutathione decreased nearly two-fold after
6 h in plants treated with 50 mM selenate (Hugouvieux et al.,
2009). It was therefore not surprising when tolerance to selenate
in Arabidopsis was later reported to strongly correlate with gluta-
thione concentration (Grant et al., 2011). In this same study,
manipulating glutathione content demonstrated its impact
during Se stress. Plants grown on buthionine sulfoximine, an in-
hibitor of glutathione biosynthesis, have a two-fold increased
sensitivity to selenate. In agreement with this finding, cad2-1
mutant plants with a defect in the glutathione biosynthetic
pathway have a 60 % reduction in root length compared with
wild-type plants grown on 20 mM selenate. Given glutathione’s
important roles in plant cells – including signalling and redox
homeostasis – its rapid depletion would probably challenge
plant growth. In fact, glutathione depletion is linked to perturb-
ation of auxin homeostasis and decreased root growth
(Koprivova et al., 2010). With this in mind, selenate-induced de-
pletion of glutathione could explain why root growth is so severe-
ly restricted during Se treatment. The myriad roles of glutathione
in plant processes seem to be ever-expanding, and its depletion
during selenate stress could be a stronger determinant driving
Se toxicity than previously expected.

Glutathione is a major antioxidant in plants, and its depletion
during selenate stress is expected to increase the accumulation of
reactive oxygen species (ROS) and thereby induce oxidative stress.
Several studies have supported this view in plants. Stanleya albes-
cens plants challenged with selenate had decreased glutathione,
which resulted in increased superoxide and hydrogen peroxide ac-
cumulation compared with the more tolerant Se-hyperaccumulator
Stanleya pinnata, which had elevated levels of glutathione
(Freeman et al., 2010). The link between glutathione depletion
and superoxide accumulation was also evident in an Arabidopsis
mutant with a knockout in APR2, the dominant APR isozyme
that completes sulphate reduction and probably mediates selenate
reduction as well. Despite apr2-1 plants being two-fold less
tolerant to selenate, they accumulated fewer selenoproteins than
wild-type plants, suggesting that Se toxicity and selenoprotein ac-
cumulation can be uncoupled (Grant et al., 2011). Instead, the
apr2-1 Se-sensitive phenotype was explained by elevated levels
of selenate, which decreased the content of glutathione and
increased the accumulation of superoxide. Se-induced superoxide,
similar to other types of ROS, can damage cellular components
such as membranes and proteins. For example, Triticum aestivum
seedlings treated with 100 mM selenate had a two- to three-fold in-
crease in lipid peroxidation compared with control (!abanowska
etal., 2012).Similarly, selenate treatmentalsocompromisedmem-
brane integrity in Hordeum vulgare, which was accompanied by
increased activityof ROS-scavenging enzymes, including super-
oxide dismutase, catalase and ascorbate peroxidase (Akbulut and
Cakir, 2010). Similarly, increased activity of ROS-scavenging
enzymes has also been reported in Se-treated Ulva species
(Schiavon et al., 2012). Selenate treatment is also likely to oxidize
proteins in plants, as observed in Stanleya pinnata plants.
However, a majority of the oxidized proteins were safely removed
by the proteasome, thus protecting the plants against Se toxicity
(Sabbagh and Van Hoewyk, 2012).

In addition to selenate, it is now evident that selenite treatment
also induces oxidative stress and the accumulation of ROS in
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plants. For example, in vitro experiments have confirmed that
selenite reacts with glutathione to produce superoxide
(Spallholz, 1994). In photosynthetic organisms, the accumula-
tion of selenite-induced ROS can also be partially mitigated by
an increase in the activity of ROS-scavenging enzymes, as
reported in Coffea arabica cells (Gomes-Junior et al., 2007)
and the cyanobacterium Spirula platensis (Chen et al., 2008).
Coinciding with this observed selenite response, superoxide
and hydrogen peroxide can accumulate in the leaves of
Arabidopsis plants treated with selenite. Compared with wild-
type plants, the vtc1 mutant with a defect in ascorbic acid biosyn-
thesis accumulates more superoxide and hydrogen peroxide
during selenite treatment; this suggests that the antioxidant prop-
erties of ascorbic acid help alleviate ROS accumulation in plants
challenged with selenite (Tamaoki et al., 2008). ROS can act as
signalling molecules, and it was proposed that selenite-induced
ROS mitigate a selenite-defensive response. Additionally, the
role of ROS in plant necrosis and programmed cell death is
well known (De Pinto et al., 2012). In fact, two recent studies
have linked selenite-induced ROS accumulation to cell death
in roots. In one study, hydrogen peroxide accumulation in the
primary roots of Arabidopsis was positively correlated with
both the concentration of selenite and cell mortality (Lehotai
et al., 2012). In another study, superoxide was also shown to ac-
cumulate in the root tips of Vicia faba (Mroczek-Zdyrska and
Wójcik, 2012), and resulted in increased cell mortality and lipid
peroxidation in root tips. Together, these data would suggest that
Se-induced oxidative stress could be a major factor influencing
Se toxicity in plants.

The reduction of selenite to selenocysteine may produce add-
itional inorganic Se metabolites that could also induce oxidative
stress in plants. The non-enzymatic reduction of selenite mediated
by glutathione generates selenodiglutathione, which has been
shown to be more toxic than selenite and capable of inducing mito-
chondrial superoxide(Wallenbergetal., 2010).Additionally, selen-
ide has been recently shown to induce chromosome fragmentation
inyeast (Peyroche etal., 2012).Howselenodiglutathioneandselen-
ide directly affect Se toxicity in plants remains to be determined.

FUTURE PERSPECTIVES: UNEXPLORED
TARGETS OF SELENIUM TOXICITY

As suggested above, the physiological ramifications of non-
specific selenoproteins in plants could possibly hinder electron
transport. In addition to mitochondrial respiration, photosyn-
thesis is dependent upon an electron transport chain containing
numerous Fe–S proteins and a few cysteine-rich proteins that
are at increased risk of containing selenoproteins. Therefore, it
is proposed that the accumulation of non-specific selenoproteins
in the chloroplast could also hinder photosynthesis. Perhaps the
protein in the chloroplastic electron transport chain that is the
most likely to contain a non-specific selenoprotein is the essential
and conserved protein PsaC. This small protein contains two Fe–
S clusters and is cysteine-rich; in Arabidopsis, nine out of the 81
amino acids contain cysteine, eight of which coordinate Fe–S
clusters. In PsaC, a cysteine to selenocysteine replacement
could affect the binding of the Fe–S cluster. It is also possible
that PsaC would contain an Fe–Se cluster. With this in mind,
the formation of non-specific selenoproteins and Fe–Se clusters
might decrease the rate of photosynthetic electron transport, as

observed in selenate- treated Triticum aestivum (!abanowska
et al., 2012) and Chlamydomonas reinhardtii (Geoffroy et al.,
2007). In conclusion, the abundance of Fe–S proteins coordi-
nated by cysteine residues in the photosynthetic electron trans-
port chain makes it susceptible to the replacement of sulphur
with Se in protein.

Although the detrimental effects of Se on photosynthesis are
known, the impact of Se stress on respiration is not well
studied and probably deserves investigation. About 80 % of the
glutathione pool is localized to the mitochondria (Zechmann
et al., 2008), where it participates in the import and folding of
mitochondrial proteins. Given that selenate can rapidly decrease
the pool of glutathione, it is certainly likely that Se stress can
quickly perturb mitochondrial processes in plants. In support
of this hypothesis, human cells treated with selenite accumulate
mitochondrial superoxide (Wallenberg et al., 2010); in
Arabidopsis, superoxide is known to decrease the activity of aco-
nitase (Sweetlove et al., 2002), an enzyme which participates in
the tricarboxylic acid cycle. If the major culprit of Se toxicity in
plants is oxidative stress induced by glutathione deficiency or
aconitase inhibition, then it is expected that respiration would
be adversely affected.

It is predicted that the replacement of cysteine with selenocys-
teine in non-specific selenoproteins would invoke the unfolded
protein response, which would elicit the removal of these mal-
formed proteins via the cytosolic proteasome. Both malformed
and Se-induced oxidized proteins could form protein aggregates
in the cytosol if not removed by the proteasome. If selenoproteins
are unfolded, then they could also overwhelm the endoplasmic
reticulum (ER) where secreted proteins are folded. In support
of this view, Arabidopsis plants with a knockout of bip2 (an
ER chaperone protein responsible for proper protein folding)
could not survive past germination when grown on selenocys-
teine, perhaps because proper protein folding was compromised
due to the formation of diselenide bonds in the ER (Sabbagh and
Van Hoewyk, 2012). Thus, perhaps cytotoxicity of Se in plants
also targets the ER. The story on protein misfolding induced
by diselenide bonds is compelling but far from complete.
Direct evidence pointing to an accumulation of misfolded sele-
noproteins in the ER could strengthen the case that non-specific
selenoproteins are impaired as predicted.

Conclusions

Acentral tenet inbiology is that structureandfunctionare insep-
arable, and this certainly applies to plant proteins. Subtle changes
in protein folding can greatly affect protein function, and conse-
quently the accumulation of non-specific selenoproteins is asso-
ciated with Se toxicity in plants. So do malformed selenoproteins
act in concert with oxidative stress to impart Se toxicity, or is one
mechanism the key factor governing Se toxicity? Evidence is
presented to suggest both play a role in plant Se toxicity and
perhaps target the same cellular compartments in plants
(Fig. 2). Therefore, challenges will probably remain in decipher-
ing between Se toxicity induced by oxidative stress and non-
specific selenoproteins. On the one hand, treating plants with
selenocysteine can lead to non-specific selenoproteins, and yet
free selenocysteine might be reactive and deplete NADPH (Lu
and Holmgren, 2009), although it is not known if free selenocys-
teine induces oxidative stress in plants. Treating plants with
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inorganic Se also does not provide clear answers on the dual
mechanisms of Se toxicity, because it can directly produce
ROS such as superoxide, but it can also be assimilated into sele-
nocysteine and readily misincorporated into non-specific seleno-
proteins. The accumulation of selenoproteins in mitochondria
and the chloroplast could impair and cause leaks in electron
transport, which also can result in the generation of superoxide
(Staniek et al., 2002). Therefore, treating plants with inorganic
Se could potentially lead to oxidative stress and the accumulation
of non-specific selenoproteins that are malformed. As a case in
point, Se-tolerant transgenic Arabidopsis plants overexpressing
a Brassica oleracea methyltransferase had significantly lower
amounts of hydrogen peroxide and superoxide when treated
with selenite, despite accumulating the same concentration of
total Se as the wild-type (Zhou et al., 2009). The increased Se tol-
erance in these plants was explained by the increased volatiliza-
tion of dimethyl diselenide, which presumably redirected
selenocysteine away from protein misincorporation; alternative-
ly, it seems plausible that the increased Se tolerance could be
explained by the significant decrease in ROS accumulation.

This observation begs the question as to whether the decreased
accumulation of ROS in the transgenic plants is attributable to
a diminished pool of inorganic Se or a decreased accumulation
of malformed selenoproteins in mitochondria or chloroplasts.

Some Se compounds are known to be anticarcinogenic
in vitro, which could one day prompt the development of Se-
based therapeutics or nutraceutical crops with elevated levels
of Se. Determining the driving force of plant Se toxicity is im-
portant if augmenting Se tolerance and accumulation in crops
is desirable. If it is discovered that malformed and unfolded
selenoproteins exert most of Se toxicity in crops, Se stress
could be alleviated by the creation of plants with a finely
tuned unfolded protein response, including increased chaper-
ones or proteasomal activity. Rather, if Se stress is mostly dic-
tated by oxidative stress in plants, strategies to increase the
ROS scavenging capacity in crops could be envisaged. It is
hoped that future studies will consider both malformed seleno-
proteins and oxidative stress as two distinct mechanisms
driving Se stress and aim to distinguish these different modes
of Se toxicity in plants.

Selenate reductive pathway
Selenocysteine

MALFORMED
PROTEINS

Selenate

Selenite

Oxidized
proteins

Reactive oxygen species
Glutathione depletion

Cytosol and ER

Chloroplast

Mitochondria

– Defects in protein import/folding
– Damaged electron transport chain

Decreased photosynthesiss

– Defects in protein import/folding
– Leaks in electron transport
– Aconitase inhibition

Impaired respiration

– Impaired redox regulation
of enzymes

Protein aggregation
if not repaired
or removed

Misfolded proteins
– diselenide bonds

Impaired proteins
– Fe-Se proteins
– SeCys in active or
metal binding sites

OXIDATIVE STRESS

FI G. 2. A proposed model describing how the two distinct types of Se toxicity might affect plant physiology. Inorganic Se contributes to oxidative stress, while its
reduction to selenocysteine can inadvertently replace cysteine to create malformed selenoproteins. The possible targets and ramifications of Se-inducedoxidative stress

and non-specific selenoproteins are proposed, and illustrate the challenges of deciphering if Se stress is more attributable to just one mode of toxicity.

Van Hoewyk — Selenium toxicity in plantsPage 6 of 8



ACKNOWLEDGEMENTS

D.V.H. thanks Elizabeth Pilon-Smits and Marinus Pilon for
reading a previous version of the manuscript and kindly provid-
ing helpful suggestions. Support for this research was provided
by the National Science Foundation (MCB-0950648).

LITERATURE CITED
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