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ABSTRACT
Objective: Selenium (Se) is not necessary for plants but alleviates the harmful effects of abiotic stresses. Indeed, high Se levels
cause toxicity by inducing oxidative stress and disrupting several metabolic processes. However, the underlying mechanisms
remain poorly understood.
Materials and Methods: The effects of Se toxicity on the morphological and physiological attributes of hydroponically grown
maize (Zea mays L.) seedlings were illustrated. Five-day-old seedlings were subjected to 0 (control), 50, and 100 μM Se. After ten
days, the treated seedlings were harvested to analyze growth, cell viability, photosynthetic pigments, lipid peroxidation, reactive
oxygen species (ROS) accumulation, and enzymatic antioxidants.
Results: The results indicated that excess Se resulted in phytotoxicity, as demonstrated by reduced seedling growth, root activity,
and chlorophyll accumulation but higher malondialdehyde content. Se also increased oxidative stress, as illustrated by the
accumulation of ROS, lipid peroxidation, and loss of membrane integrity. The antioxidative system was induced to detoxify ROS
through the superoxide dismutase, guaiacol peroxidase, and catalase enzymes. Excess Se increased catalase activity, while the
opposite happened in superoxide dismutase and guaiacol peroxidase activities.
Conclusion: These results may improve the understanding of Se phytotoxicity in plants.
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INTRODUCTION

Selenium (Se) is a non-metallic element in the soil, occurring
in various inorganic forms. Se is essential for human and ani-
mal health due to its important role in stress defense systems.1
Se, which can covalently bond with C, participates in the struc-
tural formation of various organic Se-containing compounds,
including selenoamino acids and selenoproteins. Selenopro-
teins are required for maintaining the physiology in a wide
variety of prokaryotes, archaea, and eukaryotes; but are absent
in fungi or green plants.2,3 However, Se stimulates the antioxi-
dant mechanism at low concentrations and protects plants from
oxidative stress but acts as a heavy metal and an oxidant at
high concentrations.4 Therefore, the beneficial role of Se at
low concentrations has been extensively studied.5

While selenate, selenite, and organic Se compounds such as
selenocysteine and selenomethionine can be quickly absorbed
from the soil, the roots cannot take up colloidal elemental
Se or selenides.6 Se is chemically similar to S and shares a
similar pathway of uptake and translocation in plants.7,8 Sele-

nate is taken up by sulfate transporters of the root cell plasma
membrane.9 However, excessive Se accumulation can affect
amino acid concentrations and alter the levels of nitrogenous
compounds and various secondary metabolites10,11, which can
cause phytotoxicity by directly affecting the metabolism.12 Se-
induced toxicity is mediated by increased ROS accumulation
and oxidative stress9 and negatively affects the accumulation of
essential nutrients by disrupting the mineral balance in plants.5
Se toxicity in rice seedlings causes chlorosis, reduced accu-
mulation of photosynthetic pigments, growth inhibition, lipid
peroxidation, and enhanced activity of antioxidant enzymes.4,13

The phytotoxic mechanisms of Se in maize plants have been
studied only to a limited extent. Therefore, this research was
carried out to obtain information about plant responses to Se-
induced toxic effects by investigating seedling growth, root ac-
tivity, photosynthetic pigments, lipid peroxidation, ROS accu-
mulation, and antioxidant systems in different tissues of maize
plants.
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MATERIALS AND METHODS

Plant Material and Se Treatment

The seeds of the maize (Zea mays L.) cultivar “Capuzi” were
surface sterilized using 1% NaOCl and washed five times with
sterile distilled water. They were then placed in culture contain-
ers with two layers of wetted filter papers and germinated for 48
h in the dark and at 25◦C. Homogeneous maize seedlings were
transferred to 1 L hydroponic culture pots containing modi-
fied Hoagland nutrient solution. They were grown in a growth
chamber under a 12 h:12 h photoperiod, 250 μmol m−2 s−1 light
intensity, 25◦C ± 1◦C, and 60% relative humidity for three days.
They were then transferred to a nutrient solution containing 0,
50, and 100 μM of sodium selenite (Na2SeO3) and cultivated for
another ten days. The pH of the nutrient solution was adjusted
to 6.0 and was renewed every two days.

Determination of Growth Parameters

After exposure for ten days, ∼8–10 seedlings were randomly
selected from each group treated with a particular concentration
of Se and harvested. The shoots and roots of the seedlings were
separated, and their fresh weights were determined. The dry
weights were determined after 48 h of drying at 80◦C.

Determination of Root Activity by TTC Reduction

Root activity was analyzed by determining the activity of de-
hydrogenases in root tips using the TTC (2,3,5-triphenyl tetra-
zolium chloride) reduction test.14 The root tips, ∼1 cm long,
were exposed to the TTC solution containing 0.8% TTC and
1% Tween-80 in 0.05 M potassium phosphate buffer (pH 7.4)
for 2 h. The microscopic images were the taken with a digital
camera.

Determination of Total Chlorophyll Content

Total chlorophyll content was determined using the Wellburn
method.15 The second leaves were collected, and ∼100 mg
were extracted with 10 mL methanol. The supernatants were
obtained, OD653 and OD666 measured, and the chlorophyll
content was estimated using the formulae:

Chlorophyll a = 15.65A666 - 7.34A653
Chlorophyll b = 27.05A653 - 11.21A666

Determination of Lipid Peroxidation Levels

The level of lipid peroxidation was determined by measuring
the malondialdehyde (MDA) content.16 Leaf tissues, 0.5 g, were
homogenized with 0.1% trichloroacetic acid (TCA) and cen-
trifuged at 11,500 × g for 15 min. The supernatant was mixed

with 20% TCA containing 0.5% thiobarbituric acid and incu-
bated at 95◦C for 30 min. The OD532 and OD600 were observed,
and the MDA content was calculated using the extinction coef-
ficient (155 mM−1 cm−1).

Histochemical Detection of Oxidative Damage

Hydrogen peroxide (H2O2) accumulation was determined his-
tochemically using 3,3’-diaminobenzidine (DAB) solution.17

Superoxide radicals (O•−
2 ) were determined after leaf and root

tissues were incubated with 0.1% nitro blue tetrazolium (NBT)
solution for 2 h in the dark.18 Lipid peroxidation in the leaf and
root tissues was determined using Schiff’s reagent.19 Mem-
brane integrity at root tips was detected by treating the roots
with 0.25% Evans blue solution for 1 h.19 Leaf and root tissues
were photographed using a digital camera.

Extraction and Assay of Antioxidant Enzymes

Fresh leaf and root tissues, 500 mg each, were homogenized
separately with 50 mM phosphate buffer (pH 7.0). The ho-
mogenates were centrifuged at 14,000 rpm for 20 min. The
supernatants were collected and stored for enzyme activity as-
says, and the total protein level was determined by the Bradford
method.20 Superoxide dismutase (SOD) activity was measured
following the method of Beauchamp and Fridovich;21 catalase
(CAT) activity according to the method of Aebi;22 and Gua-
iacol peroxidase (GPOX) activity by the method of Mika and
Lüthje.23

Statistical Analysis

All experiments were carried out twice in triplicates. Statistical
analyses were performed by analysis of variance using the SPSS
22.0 software (IBM, NY, USA). Duncan’s multiple range test
(DMRT) was used to compare the means.

RESULTS

Effect of Se on Seedling Growth

The fresh and dry weights of shoot and root tissues decreased
significantly due to increased Se concentration (P < 0.05; Table
1). Under 50 and 100 μM Se, the shoot fresh and dry weights
were reduced by 29.8% and 64.8%, and by 17.6% and 47.2%,
respectively, compared to the control. The root fresh and dry
weights decreased by 30.5% and 49.6%, and by 11.8% and
31.7%, respectively. In addition, visual symptoms of toxicity
were observed in maize seedlings exposed to Se (Figure 1).

Effect of Se on Root Activity

The root activity in maize seedlings under Se determined by
the TTC method revealed an intense red color in the root tips
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Table 1. The effects of different Se concentrations on shoot and root fresh (FW)
and dry weight (DW) of maize seedlings.

Figure 1. Visual symptoms of Se toxicity in maize seedlings.

of the control seedlings, indicating a high cellular viability
or oxidizing ability. Nonetheless, relatively low dehydrogenase
activity was also evident in the root tips of Se-treated seedlings
(Figure 2).

Figure 2. Root activity visualized by the TTC reduction assay in maize
seedlings exposed to Se.

Effect of Se on Chlorophyll Content

The total chlorophyll content of leaf tissues reduced markedly
by 30.4% and 60.8%, with an increase in Se concentration at
50 and 100 μM, respectively (P < 0.05; Figure 3).

Figure 3. Effect of different Se concentrations on total chlorophyll content
in leaf tissues of maize seedlings. Different letters (a – c) indicate significant
differences among the means according to DMRT analysis (P<0.05).

Effect of Se on Lipid Peroxidation and ROS Accumulation

A significant increase in the MDA content indicated oxidative
stress in plants exposed to Se (P<0.05; Figure 4). The MDA
contents elevated by 1.37- and 1.47-fold under 50 and 100 μM
Se, respectively. DAB staining detected a higher accumulation
of H2O2 in the Se-treated seedlings compared to the control
(Figures 5 and 6). Se-induced accumulation of O2

•− was con-
firmed by histochemical staining with NBT. Lipid peroxidation
was determined histochemically in leaves but not in roots. Ad-
ditionally, the roots of maize seedlings treated with Se were
stained extensively by Evans blue, indicating a loss of mem-
brane integrity (Figure 6).

Effect of Se on Antioxidant Enzymes

The effects of excess Se on the activities of antioxidant enzymes
and protein contents of the leaf and root tissues are depicted
in Figure 7. Compared to the control, 50 and 100 μM Se sup-
pressed SOD activity in the root tissues by 40.3% and 31.1%,
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Figure 4. Effect of different Se concentrations on MDA content in leaf and
root tissues of maize seedlings. Different letters (a – c) indicate significant
differences among the means in each tissue according to the DMRT analysis
(P<0.05).

Figure 5. Histochemical analysis of hydrogen peroxide, superoxide radical,
and lipid peroxidation accumulation in maize leaves.

respectively; and GPOX activity by 52.9% and 28.2%, respec-
tively. On the other hand, SOD and GPOX activities in the leaf
tissues were not significantly affected by Se. Se at 50 and 100
μM enhanced CAT activity in the leaves by 54.9% and 47.4%,
respectively, compared to the control plants. However, the root
CAT activity was remarkably elevated only at 50 μM Se. Se at
50 and 100 μM reduced the protein content of leaf tissues by
13.7% and 20.6%, but an increase of 21.7% and 34.5% in root
tissues, respectively.

DISCUSSION

Although Se is known to have positive effects at low concentra-
tions, it shows toxicity symptoms in plants at high concentra-
tions. One of these symptoms is the reduction in biomass. In this
work, an increasing concentration of Se significantly reduced
the growth attributes of maize seedlings. Se-induced inhibi-
tion of growth was also detected in rice seedlings.4 Excessive
growth inhibition was associated with reduced stomatal density,
disrupted stomatal arrangement, and diminished cell viability
in Arabidopsis thaliana.24 In a short-term experiment, sele-
nate treatment promoted the Se contents in the rice seedlings
grown with 0.1 mM sulfate. This suggested that under the S-
limited conditions, plants can absorb selenate more efficiently,
inducing toxicity and growth impairment. Excess Se reduced S
concentrations in the roots of rice seedlings, indicating a com-
petition between Se and sulfate uptake.25 Reduced growth in
maize seedlings may be related to impaired sulfate availability
and damage induced by excessive Se to vital processes such as
protein and chlorophyll biosynthesis.12

The reduction of colorless TTC to a water-insoluble red for-
mazan depends on the efficient activity of respiratory dehydro-
genases and indicates mitochondrial activity and viability in
metabolically active cells.26 The intensity of the red color is
proportional to the metabolic activity of the cells, making it a
reliable indicator of cell viability. In the present study, suppres-
sion in TTC reduction was determined in root cells to indicate
cell viability in plants exposed to Se. A reduction in root activ-
ity was also reported under metal-induced stress.27,28 However,
low Se concentration (2.5 μM) elevated the TTC reduction ca-
pacity in Phaseolus aureus roots.27

Excess Se negatively affects many physiological and bio-
chemical processes in plants. Among these, chlorosis is one
of the most harmful effects due to decreased chlorophyll
biosynthesis. A dramatic reduction in chlorophyll contents
was observed in Se-treated maize seedlings. In the case
of cowpea plants, foliar application of high Se concentra-
tions inhibited photosynthesis and decreased the chlorophyll
content, generating leaf chlorosis-related symptoms.29 Ele-
vated Se accumulation in leaf tissues can destroy chlorophyll
molecules and increase oxidative stress.30,31 Se reduces chloro-
phyll content in spinach plants by suppressing the activity of
𝛿-aminolevulinate (ALA) dehydratase, which is required for
chlorophyll biosynthesis.32 Similarly, Se reduced ALA con-
tent in etiolated maize.33 However, the Se-induced reduction
in chlorophyll concentration may have resulted in lower photo-
synthetic yields and thus inhibited seedling growth.13

Possible mechanisms involved in Se-mediated oxidative
stress have been described to explain its harmful effects.5 Se-
induced inhibition in the antioxidant defense system causes the
overproduction of ROS.34 A significant increase in MDA con-
tent indicates oxidative stress in plants exposed to Se toxicity
due to the overproduction of ROS.4 Increased oxidative stress
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Figure 6. Histochemical analysis of hydrogen peroxide, superoxide radical, lipid peroxidation, and membrane integrity in maize roots.

Figure 7. Effects of different Se concentrations on the activities of antioxidant enzymes and protein contents in leaf and root tissues of maize seedlings. Different
letters (a – c) indicate significant differences among the means in each tissue according to the DMRT analysis (P<0.05).

and high MDA content in maize leaves due to Se application in-
dicated membrane disruption. Similarly, foliar Se application at
high concentrations of 150 g ha−1 induced a drastic increase in
H2O2 concentration and lipid peroxidation in cowpea leaves.29

On the contrary, foliar application of Se ranging from 20 to
80 ppm in coffee plants decreased lipid peroxidation and H2O2
levels, highlighting the antioxidant capacity of Se in combat-
ing ROS.35 Conversely, Se-induced oxidative damage was also
demonstrated by the histochemical localization of O2

•− , H2O2,
and lipid peroxidation. In addition, lipid peroxidation severely
affected membrane integrity in root cells, as observed through
the high uptake of Evans blue reagent by roots. In vitro studies
have revealed that Se reacts with glutathione, causing excessive
O2

•− and, subsequently, H2O2 accumulation.36 Se elevated ox-
idative stress in rice seedlings, and H2O2 accumulation was the

leading cause of Se-related toxicity.4 Se-induced toxicity dis-
rupted chloroplast and mitochondrial structure and function,
leading to the overproduction of ROS.5

Plant cells possess a dedicated defense strategy, such as en-
zymatic antioxidants to detoxify ROS.37 In the present study,
antioxidant enzymes were differentially regulated to scavenge
ROS produced under excess Se. For instance, Se decreased SOD
and GPOX activities in root tissues, while it did not cause any
significant effects in leaf tissues. Se-induced reduction of SOD
activity was also observed in wheat and lettuce plants.38,39 Nu-
merous studies have revealed that excess Se diminished GPOX
activity.40−42 On the other hand, the activity of CAT, another
H2O2 detoxifying enzyme, increased with Se supplementation,
as observed in rice seedlings.4 However, a reduction was ob-
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served in certain plant species.39,42 Foliar Se application at
>100 ppm exceeded the toleration limits of the leaves of coffee
plants exercising a pro-oxidant function, as observed by the in-
creased ROS production and decreased activities of SOD, CAT,
and APX.35 However, rice seedlings exposed to Se presented
higher CAT and APX activities and higher GSH contents, which
probably counteracted the deleterious effects of ROS.25 Differ-
ential regulation of antioxidant enzymes depending on the level
of Se exposure suggests that varied mechanisms may play a role
in overcoming Se toxicity.

CONCLUSION

Se exposure inhibited the growth of maize seedlings due to re-
duced photosynthetic pigment content and increased oxidative
stress markers. Plants exposed to Se displayed high levels of
O2

•− , H2O2, lipid peroxidation, and loss of membrane integrity.
Maize seedlings regulated the antioxidant system to detoxify the
Se-induced ROS accumulation, modulated by SOD, GPOX, and
CAT. Further research on the impacts of Se on the transcrip-
tome and proteome in plants can provide a better understanding
of the effects of Se in maize.
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