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Abstract

Selenium (Se) is an essential micronutrient for animal and human nutrition, but whether it is essential to
plants remains controversial. However, there are increasing experimental evidences that indicate a pro-
tective role of Se against the oxidative stress in higher plants through Se-dependent glutathione perox-
idase (GSH-Px) activity. The effects of the Se chemical forms, selenite and selenate, the rate of their
application on shoot Se concentration and their influence on the antioxidative system of ryegrass (Lolium
perenne cv. Aries), through the measurement of GSH-Px activity and lipid peroxidation, were evaluated
in an Andisol of Southern Chile. Moreover, a soil–plant relationship for Se was determined and a simple
method to extract available Se from acid soils is proposed. In a 55-day experiment ryegrass seeds were
sown in pots and soil was treated with sodium selenite or sodium selenate (0–10 mg Se kg)1). The results
showed that the Se concentration in shoots increased with the application of both selenite and selenate.
However, the highest shoot Se concentrations were obtained in selenate-treated plants. For both sources
of Se, there was a significant positive correlation between the shoot Se concentration and the GSH-Px
activity; and the Se-dependence of this enzymatic activity was related especially with the chemical form of
applied Se rather than the Se concentration in plant tissues. Furthermore, the lipid peroxidation, as
measured by Thiobarbituric Acid Reactive Substances (TBARS), decreased at low levels of shoot Se
concentration, reaching the lowest level at approximately 20 mg Se kg)1 in plants and then increased
steadily above this level. In addition, the acid extraction method used to evaluate available Se in soil
showed a positive good correlation between soil Se and shoot Se concentrations irrespective of chemical
form of Se applied.

Introduction

Some areas of North America, New Zealand, Aus-
tralia, China, Finland and Sweden are Se-deficient
(Gissel-Nielsen et al., 1984; Gupta and Gupta,
2000; Johnsson, 1992; Yläranta, 1985), which
means that feed crops do not contain sufficient Se

to meet animal requirements (Gupta and
Watkinson, 1985). In Southern Chile, preliminary
studies indicated that the range of Se content in
forage was between 0.01 to 0.08 mg kg)1 and 83%
of the samples had a Se concentration below the
minimum dietary requirements for grazing cattle
(Wittwer et al., 2002). According to a preliminary
screening carried out by the Soil Service Labora-
tory of La Frontera University (Chile) in soils of
the South of Chile amounts of Se range between
21 and 180 lg kg)1 soil.
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The content of Se in plants is not
correlated with low to moderate soil-Se content
(Gissel-Nielsen et al., 1984) because several fac-
tors such as chemical Se forms, pH, the content
of clay, Fe oxides and organic matter as well as
competitive anions may influence the Se avail-
ability in soils (Gissel-Nielsen, 2002; Neal, 1990).
Nevertheless, the Se content of plants grown on
naturally acidic Se-deficient soils can be increased
by adding Se to the soil in the form of either sel-
enite or selenate (Yläranta 1983a, b, c). More-
over, Whelan and Barrow (1994) demonstrated
that slow releasing Se fertilizers are adequate to
long-term pasture areas where crop growth is re-
stricted to cool wet winter months and there is
very little soil moisture for plant growth during
the summer, and Whelan et al. (1994a, b) found
significant increases in live weight and wool pro-
duction when Se fertilizers were applied to pas-
tures grazed by sheep.

Se is an essential element for human and ani-
mal metabolism. It is a component of the enzyme
glutathione peroxidase (GSH-Px; Ec 1.11.1.9), a
selenoenzyme (Flohé et al., 1973; Rotruck et al.,
1973), with an antioxidant activity capable of
reducing peroxides. However, the role of Se as
essential nutrient to plants remains controversial.
Nevertheless, studies achieved in Finland on let-
tuce and ryegrass demonstrated that although Se
is toxic at high concentrations, it can exert bene-
ficial effects on plants at low concentrations.
Thus, there are increasing evidences indicating a
protective role of Se against the oxidative stress
in higher plants through both the decrease
of lipid peroxidation and the enhancement of
GSH-Px activity (Hartikainen and Xue, 1999;
Hartikainen et al., 2000; Pennanen et al., 2002;
Xue and Hartikainen, 2000; Xue et al., 2001) and
in the green algae Chlamidomonas reinhardtii
(Takeda et al., 1993; Yokota et al., 1988).
Studies on potato have suggested that Se is an
antioxidant or it activates protective mechanisms,
which can alleviate oxidative stress in the chlo-
roplasts (Seppänen et al., 2003). Recently,
Nowak et al. (2004) found large impacts of the
applied Se on the activity of oxidoreductase
enzymes in wheat plants. In particular, the lowest
Se concentration (0.05 mmol kg)1 soil) posi-
tively affected the antioxidant defence in wheat
plants, but higher concentrations provoked stress
responses. Furthermore, Hatfield et al. (1992)

have characterized a Se-cysteyl-tRNA from Beta
vulgaris that contains the UGA anticodon as evi-
dence of the incorporation of Se into Se-proteins,
and Fu et al. (2002) probed that a UGA opal
codon encodes selenocysteine in Chlamidomonas
reinhardtii glutathione peroxidase. Other studies
also confirm the occurrence of both selenocyste-
ine-containing proteins and selenocysteine
protein insertion machinery in Chlamidomonas
reinhardtii (Novoselov et al., 2002; Rao et al.,
2003), and Takeda et al. (2003) isolated a cDNA
clone encoding a glutathione peroxidase-like
protein from the halotolerant Chlamidomonas sp.
W80.

The role of Se as an antioxidant in ryegrass
suggests that Se addition to the soil may improve
the forage quality, by diminishing senescence and
improving persistence of the Se-deficient pas-
tures. Therefore, it is necessary to envisage right
strategies for the management of Se as fertilizer
and to develop adequate methodologies for the
analysis of Se in both plants and soils, able to
give reliable indications on the real content of Se
in the forage. The aim of this study was to evalu-
ate in an Andisol of the South of Chile the
effects of both Se chemical forms at increasing
rates of application on Se concentration in the
shoots of Lolium perenne and their influence on
the plant antioxidative system, through the
measurement of GSH-Px activity and lipid
peroxidation. To our knowledge the effect of dif-
ferent chemical forms of Se applied on both
GSH-Px activity and lipid peroxidation have not
been studied earlier. A soil–plant relationship for
Se was determined and a simple method to
extract available Se from acid soils is proposed,
as well.

Material and methods

Greenhouse experiment

A greenhouse experiment was carried out with an
Andisol (Vilcún Series of Southern Chile) never
amended with Se fertilizers. The chemical proper-
ties of the soil are summarized in Table 1.

Soil pH was measured by potentiometry in a
1:2.5 (w/v) soil/distilled water suspension. Sul-
phur was extracted with Ca(H2PO4) (Blackemore
et al., 1987) and analyzed by turbidimetry
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(Tabatabai, 1982). Phosphorus was extracted by
the Olsen bicarbonate method and analyzed by
the Murphy and Riley method (1962). Organic
matter was estimated by wet digestion with a
modified Walkley-Black procedure. Exchangeable
cations (Ca, Mg, Na and K) were extracted with
1 M CH3COONH4 at pH 7.0 and analyzed by
Flame Atomic Absorption Spectrophotometry
(FAAS). Exchangeable aluminum was extracted
with 1 M KCl and analyzed by FAAS. Total Se
was determined by the methodology proposed by
EPA (1996) and analyzed by using an Atomic
Absorption Spectrophotometer-Graphite Furnace
coupled (AAS-GF).

For the pot experiment, 1.5 kg soil samples
were weighted and each soil sample was fertilized
with 200 mg P kg)1 soil (as Triple superphos-
phate) and 50 mg S kg)1 soil (as Sulpomag).
Sixty seeds per pot of Lolium perenne cv. Aries
were sown and the soils were treated with
solutions of sodium selenite (as Na2SeO3Æ5H2O,
MERCK reagent) and sodium selenate (as
Na2SeO4, SIGMA reagent) at rates of: 0, 0.1,
0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0 and
10.0 mg Se kg)1 soil. After germination, plants
were thinned to 40 seedlings per pot and
50 mg N kg)1 soil (as Urea) was applied. During
the growth period (55 days) the plants were wa-
tered daily with distilled water and one cut was
harvested for chemical and biochemical analyses.

Plant analyses

The fresh weight (FW) of the shoot yields
was registered and subsamples were dried at

65 �C for 48 h to determine both the dry weight
(DW) and the Se concentration. The shoot sam-
ples were digested in an acid mixture (16 mL
65% HNO3, 2 mL 70% HClO4 and 2 mL 95%
H2SO4). Se was separated by an ammonium pyr-
rolidine dithiocarbamate-methyl isobutyl ketone
(APDC-MIBK) extraction system and the Se
concentration was analyzed by using an AAS-GF
at wavelength 196.1 nm and D2 background
correction (Kumpulainen et al., 1983). Two refer-
ences samples, obtained from the Department of
Applied Chemistry and Microbiology of Helsinki
University-Finland, were included in each analyt-
ical run.

The fresh material was stored at )70 �C in
order to evaluate the antioxidant effect of Se by
means of glutathione peroxidase (GSH-Px, EC
1.11.1.9) activity. GSH-Px activity was measured
according to a modified method of Flohé and
Gunzler (1984) by using H2O2 as the substrate.
The enzyme was extracted according to the
protocol detailed by Hartikainen et al. (2000)
modified by the inclusion of 1 mM EDTA and
1% poly(vinylpolypyrrolidone) as protease
inhibitors. The enzyme activity was calculated
as a decrease in GSH in the reaction time in
comparison to a non enzymatic reaction and it
was expressed on protein basis. The protein
concentration in the enzyme extract was deter-
mined spectrophotometrically by the method of
Bradford (1976).

In the fresh material, the thiobarbituric acid
reactive substances (TBARS) were measured
according to the method of Heath and Packer
(1968) modified by Du and Bramlage (1992). In
this modified procedure, the absorbance of the
sample is measured at 532, 600 and 440 nm in
order to correct for interference generated by
TBARS-sugar complexes.

Analysis available Se of soil

At the end of the pot experiment, soil Se samples
from each treatment were extracted by acid
water (pH 4.5). The acid water (pH 4.5) was pre-
pared for daily use by adding suitable drops of
hydrochloric acid (HCl, p.a. Merck reagent). For
the extraction, 5 g air dried-sieved soil was
weighted into plastic bottle and 20 mL of deion-
ised water pH 4.5 were added. The suspension

Table 1. Chemical properties of an Andisol of Vilcún Series

Parameter Soil content

P (mg kg)1) 7.0

S (mg kg)1) 2.0

Total Se (mg kg)1) 0.68

pH (H2O) 5.75

Organic matter (%) 16

K (cmol(+) kg)1) 0.79

Na (cmol(+) kg)1) 0.04

Ca (cmol(+) kg)1) 8.23

Mg (cmol(+) kg)1) 1.84

Al (cmol(+) kg)1) 0.20

Al saturation (%) 1.80
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was shaken at 180 rpm for 30 min and filtered
with filter paper Whatman N� 42. Then, aliquots
of the filtered solution were taken for Se determi-
nation by AAS-GF at wavelength 196.1 nm and
D2 background correction.

Data analysis

Comparisons between averaged values from dif-
ferent treatments were made by means of the
standard deviation of each determination and the
Pearson correlation (p < 0.01) was used to test
the relationship between two response variables.

Results

Dry matter yield and Se shoot concentration

Figure 1 (a and b) shows that shoot Se concen-
tration in the control (0.07 ± 0.02 mg kg)1 DW)
was significantly increased with the application
of both selenite and selenate. The dissimilar
response to the application of selenite and
selenate became evident with all the Se dosages
applied to the soil. Thus, at the lowest rate of Se
application (0.1 mg kg)1 soil) Se shoot concen-
tration was increased up to 0.28 ± 0.04 and
5.72 ± 0.2 mg kg)1 DW, in selenite- and sele-
nate-treated plants, respectively, while at the
highest rate of application (10 mg Se kg)1 soil)
shoot Se concentration was about 4.17 ± 0.5
and 247 ± 13 mg Se kg)1 DW with the addi-

tion of selenite and selenate to the soil, respec-
tively.

Dry matter yield was not affected by Se addi-
tion as selenite. However, when the plants were
treated with selenate, the growth of the plants
was decreased, especially when shoot Se concen-
tration was above 150 mg kg)1 DW, which was
equivalent to the application of 4.0, 6.0, 8.0 and
10.0 mg Se kg)1 soil. Furthermore, a significant
negative correlation (r = )0.838; p < 0.01)
between Se in shoots and DW in selenite and sel-
enate-treated plants was found as shown, on
semi-log scale, in Figure 2. The decreases in DW
were accompanied by selenosis symptoms, which
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Figure 1. Se concentration in shoots of Lolium perenne cv. Aries at rates of application between 0 and 10 mg Se kg)1 soil with (a)
Sodium selenite and (b) Sodium selenate.
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Figure 2. Pearson correlation between dry weight DW (g)
and shoot Se concentration (mg kg)1 DW) in selenite and sel-
enate-treated plants. Shoot Se concentration is plotted on a
log scale in order to extend the x-axis to differentiate the re-
sponses to sodium selenite and sodium selenate.

362



were characterized by a general chlorosis of
the leaves and necrosis at tips of the oldest
leaves, particularly with the highest quantity of
Se added to the soil. Thus, when 10 mg Se kg)1

soil were applied as selenate, DW was decreased
by 48.7% as compared with the plants grown
without Se.

GSH-Px activity and lipid peroxidation in plants

The application to the soil of both selenite and
selenate increased GSH-Px activity in plants.
However, the Se-dependent enzymatic activity
became evident when shoot Se concentration and
GSH-Px activity were intercorrelated for each Se
source (Figure 3 a and b). Interestingly, both Se
sources raised the GSH-Px activity, but when
shoot Se concentrations and the enzymatic activ-
ity for both Se sources were plotted in a common
graph, no correlation was found (data not
shown). Thus, both selenite and selenate raised
the GSH-Px activity in plants, but these increases
were not related to the magnitude of increase of
the total Se concentration in shoots when both
Se sources were compared.

The addition of Se as selenite decreased
the lipid peroxidation, monitored by TBARS,
above 6 mg Se kg)1 soil, equivalent to a shoot Se
concentration of 1.94 ± 0.06 mg Se kg)1 DW.
When selenate was applied, it was observed a
significant decrease in TBARS at rates of applica-
tion between 0 and 0.5 mg Se kg)1 soil and,
above this range lipid peroxidation steadily
increased. Independently on the used Se source,

the threshold for the decrease in TBARS corre-
sponded to a shoot Se concentration of about
20 mg kg)1 DW (Figure 4).

Plant available Se in soil

Plant-available Se extracted by acid water (pH 4.5)
at the end of the pot experiment showed the fertil-
ization induced increase in soil Se to be dependent
on the source applied (Figure 5a and b). As
expected, selenate remained at least 100-fold more
bioavailable than selenite at all the rates of Se
added to the soil. On other hand, it is remarkable
that a positive good correlation between available
Se in soil and shoot Se concentration was found
(Figure 6) when Se was applied as either selenite or
selenate (r = 0.945; p < 0.01).

Discussion

Shoot Se concentration and antioxidant effect
of Se in ryegrass

The role of Se as an antioxidant in plants has
been previously reported in terms of increasing
rates of Se application. However, the effect of
different chemical forms of Se applied on both
GSH-Px activity and lipid peroxidation have not
been studied earlier. Moreover, a direct compari-
son of the effect of selenite and selenate on the
antioxidant activity in higher plants, which define
the threshold for Se toxicity in ryegrass have
never been reported.
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Figure 3. Pearson correlation between shoot Se concentration (mg kg)1 DW) and GSH-Px activity (nmol mg protein)1 min)1) in
plants treated with (a) Sodium selenite and (b) Sodium selenate.
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The dissimilar response in shoot Se concen-
tration to the application of selenite and selenate
(Figure 1) is as expected. As demonstrated in
sorption experiments in the same type of soil,
selenite behaves like phosphate (Barrow et al.,
2005) and therefore it is more stronger sorbed
than selenate to the soil surfaces, thus becoming
less bioavailable than selenate at equal rates of
soil application. Furthermore, although selenite
and selenate are uptaken quickly by plants roots,
a much lower translocation occurs in selenite-
treated plants than in selenate-treated plants
(Arvy, 1993; Banuelos and Meek, 1989; de Souza

et al., 1998; Hopper and Parker, 1999; Yläranta,
1990; Zayed et al., 1998).

The antioxidative effect of Se has been often
related to an improved Se-dependent GSH-Px
activity and a decreased lipid peroxidation in Se-
treated plants, like ryegrass (Hartikainen et al.,
1997, 2000), lettuce (Pennanen et al., 2002; Xue
et al., 2001) and soybean (Djanaguiraman et al.,
2005). The results shown in Figure 3a and b con-
firm that a raise in GSH-PX activity in response
to the Se application occurred. It is noteworthy
that, when both Se sources were compared,
GSH-Px activity responded dissimilarly to the
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shoot Se concentration. However, this is the first
report that compares the effect of two inorganic
sources of Se on the GSH-Px activity. From the
results it can be inferred that the Se-dependence
of the GSH-Px activity must be related with the
applied chemical forms of Se rather than with
the Se concentration in plant tissues because they
have different pathways of Se assimilation in
higher plants (Terry et al., 2000). It can be
expected that most of the applied Se as selenate
remains as inorganic-Se in shoots, whereas most
of the added selenite is incorporated as organic-
Se, i.e., in Se-aminoacids and Se-proteins (de
Souza et al., 1998; Zayed et al., 1998). As
extensively reviewed by Stadtman (1980, 1991),
GSH-Px enzymes are present in mammals and
birds, and tentatively identified in a marine
diatom, as soluble tetrameric proteins containing
Se-cysteine residues, in plasma as a glycosylated
form, and in membranes as a monomeric species
that specifically reduces lipid peroxides. Although
there are no concluding indications of the pres-
ence of a Se-dependent GSH-Px in higher plants,
some molecular evidence of the machinery to
synthesize Se-cysteine in the plant kingdom has
been provided (Fu et al., 2002; Novoselov et al.,
2002; Rao et al., 2003; Takeda et al., 2003).
Moreover, Hatfield et al. (1992) identified UGA
decoding Se-cysteyl-tRNA in sugar beet and,
recently, in a study about the antioxidative
properties of Se during photooxidative stress in
potato, Seppänen et al. (2003) demonstrated the
Se altered transcript accumulation of GSH-Px.

The level of lipid peroxidation was dependent
on the shoot Se concentration rather than the
chemical Se form supplied to plants (Figure 4).
Thus, these results support the dual effect of Se
on the antioxidative system in ryegrass, previ-
ously reported by Hartikainen et al. (2000): at
low concentrations Se acted as an antioxidant,
by reducing the accumulation of TBARS (Fig-
ure 4), whereas at shoot Se concentration above
20 mg kg)1 DW it acted as a pro-oxidant by
increasing lipid peroxidation (Figure 4) and
reducing the yields (Figure 2).

Soil Se determination and soil–plant Se
relationship

As Andisols are acid soils with variable charge
and high organic matter content, and in soil Se
availability is governed by several physico-chem-
ical factors (Gissel-Nielsen, 2002; Neal, 1990)
the Se readily available to plants should be
evaluated by a method able to simulate the
acidity of rhizospheric soil. Data of Figure 5a
and b show that the application of Se to soil
(as selenite or selenate) raised steadily the con-
centration of available Se in soil and a good
correlation was obtained between soil Se and
shoot Se concentration (Figure 6). As respect to
other digestion-extraction methods previously re-
ported (Bujdoš et al., 2000; Fujii et al., 1988;
Martens and Suárez, 1997; Tokunaga et al.,
1991; Wang and Sippola, 1990), the extraction
method here proposed appears a promising
alternative for Se determination by AAS-GF
because it is simple, less time-consuming, eco-
nomically advantageous, and able to correlate
soil Se with shoot Se concentration.

Acknowledgements

This work was supported by the FONDECYT
project 1020934 and by the Grant projects
Fundación Andes C-13755-28 and MECESUP
FRO 0309. The authors especially thank
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