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Abstract

A greenhouse study was carried out to evaluate the effect of seed pelletization with 
increasing selenite doses (from 0 to 60 g Se ha-1) on the yield, Se uptake and the 
antioxidant responses of three ryegrass cultivars (Aries, Nui and Quartet) cultivated 
on an Andisol during two consecutive growth periods. In addition, a second assay 
was conducted to determine the residual effect of Se in the shoots during four con-
secutive plant cuts. Results showed that selenite-pelleted seeds at rates up to 60 g 
Se ha-1 did not influence the yield of shoots and roots of the three ryegrass cultivars. 
Selenium concentration in shoots and roots steadily increased as a consequence of 
increased Se supply, and it was accumulated mainly in the roots. Plants of the dif-
ferent cultivars accumulated similar amounts of Se in their shoots, but Quartet roots 
built up greater Se concentration than those of Aries or Nui at rates of application 
above 35 g Se ha-1. Whereas Se doses above 10 g ha-1 increased the shoot Se concen-
tration in the two yields of the three ryegrass cultivars to suitable levels according 
to the minimum dietary requirement of beef and dairy cattle, the residual effect of 
Se was maintained through four cuts at Se supply of 30 and 60 g ha-1. Likewise, the 
different cultivars displayed differential patterns of lipid peroxidation in response 
to the added Se. During the growth period, reductions of the oxidative damage of 
membranes were accompanied by inhibition of SOD in Aries and Nui and by the ac-
tivation of GSH-Px antioxidant enzymes in the three ryegrass cultivars. Thus, in our 
study the benefits of Se on the plant health were closely related to an enhancement of 
the antioxidant system in the ryegrass cultivars. In summary, our results indicate that 
selenite-pelleted ryegrass seeds seem to be a promissory tool to increase both the Se 
content and the antioxidant ability of pastures. Its potential use requires, however, to 
be evaluated under field conditions in Se deficient soils.
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1. Introduction

Since 1973, selenium (Se) has been of increased sci-
entific interest for animal and human health, because 
it is an essential component of several proteins such as 
the antioxidant enzyme glutathione peroxidase (GSH-
Px) as well as other Se-containing enzymes, including 
iodothyronine deiodinases, thioredoxin reductase and 
selenoprotein W (Pallud et al., 1997; Birringer et al., 
2002).

Selenium deficiency is overall distributed in soils 
around the world, including areas of Australia, China, 
Finland, New Zealand, North America and Sweeden 
(Gissel-Nielsen et al., 1984; Gupta and Gupta, 2000; 
Hartikainen, 2005), leading to clinical and subclinical 
signs in cattle grazing or fed with crops cultivated on 
these soils. 

In the last decades, different approaches have 
been utilized to prevent Se deficiencies in ruminant 
nutrition. Thus, Se supplementation (selenite or sel-
enate salts, elemental Se, or organic-Se) by either oral 
administration, additives in the diet, intra ruminal bul-
lets or parenteral injection has been a common prac-
tice to improve the Se intake for livestock (Heming-
way, 2003; Surai, 2006). Agronomic biofortification, 
through the application of Se-fertilizers, has also been 
successfully employed to raise the Se content of for-
ages to sufficiency levels in different countries like 
Australia, Finland, and New Zealand (Whelan and 
Barrow, 1994; Oldfield, 1998; Hartikainen, 2005). 

In Chile, over 60% of the beef and dairy produc-
tion is developed on pastures of the South region, 
which is Se-deficient (Soil and Plant Laboratory da-
tabase, La Frontera University). Nevertheless, in the 
Chilean market there are not either Se-fertilizers or 
Se-supplemented multinutrient fertilizers, and the 
metabolic disorders associated to low Se intake in 
grazing cattle (Wittwer et al., 2002) support the need 
to develop strategies for Se application in deficient 

pasture areas. In this sense, Mora et al. (2008) uti-
lized the technology of seed pelletization with selenite 
to increase the Se content of white clover. However, 
this legume species seems to be very susceptible to 
Se toxicity. This fact could diminish the white clover 
contribution to grass-legume pastures and therefore 
the nutritional value of forage in the long-term. 

On the other hand, although the current molecu-
lar knowledge does not support the Se essentiality for 
vascular plants (Terry et al., 2000), numerous studies 
have shown that at low concentration Se can exert a 
beneficial functions in plants, such as the improve-
ment of growth (Hartikainen et al., 1997), the delay 
of the senescence (Xue et al., 2001) and the enhance-
ment of the antioxidative system under UV irradiation 
(Hartikainen and Xue, 1999), high temperature (Dja-
naguiraman et al., 2010), seed desiccation (Pukacka 
et al., 2011), Cd (Pedrero et al., 2008; Filek et al., 
2008) and Al stress conditions (Cartes et al., 2010). 

Ryegrass is one of the most important forage spe-
cies in terms of its contribution to the botanical com-
position of permanent pastures in Southern Chile, and 
we previously showed an increase of Se accumulation 
as well as non negative effect on the plant yield when 
Se was supplied at low concentration as selenite or 
selenate forms (Cartes et al., 2005). Moreover, this 
study also demonstrated that the effects of Se on rye-
grass shoots were closely related not only with the Se 
dose but also with the Se source, being selenite more 
efficient than selenate to induce the activity of the an-
tioxidant enzyme GSH-Px. These facts suggest that 
the use of selenite-pelleted ryegrass seeds could be 
evaluated as a strategic tool to raise the Se content of 
pastures cultivated on Se-deficient soils. In addition, 
plants differ considerably in their ability to accumu-
late and tolerate Se (Rani et al., 2005; Zhang et al., 
2007), and differential Se uptake has been also ob-
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served among different ryegrass cultivars growing on 
a Se-deficient Andisol (Cartes, 2005), which denotes 
that the dynamics of Se accumulation and its antioxi-
dant role require to be evaluated at the cultivar level. 

The aim of this study was to evaluate the effect of 
seed pelletization with selenite on the yield, Se uptake 
and the antioxidant responses of different ryegrass 
cultivars grown on an Andisol under greenhouse con-
ditions.

2. Materials and methods

2.1. Greehnouse assays

Ryegrass (Lolium perenne L.) plants of three culti-
vars (Aries, Nui and Quartet) were cultivated in a first 
greenhouse experiment. The assay was conducted on 
an Andisol (Freire Series of Southern Chile) never 
amended with Se-fertilizers. The soil chemical com-
position is shown in Table 1.

Table 1. Chemical properties of an Andisol of 
Southern Chile.
Parameter Concentration*
Organic matter (%) 18 ± 1
P (mg kg-1) 20 ± 1
S (mg kg-1) 12 ± 1
pH (H2O) 5.38 ± 0.01
Ca (cmol+ kg-1) 14.13 ± 0.05
Mg (cmol+ kg-1) 1.75 ± 0.02
K (cmol+ kg-1) 0.90 ± 0.02

Na (cmol+ kg-1) 0.09 ± 0.02

Al (cmol+ kg-1) 0.02 ± 0.01

Exchangeable cations  
(cmol+ kg-1) 16.87 ± 0.07

Al saturation (%) 0.12 ± 0.01

* Data are means of three replicates ± SD. 

The soil chemical analysis was performed accord-
ing with the methodology described by Sadzawka et 
al. (2004). Briefly, soil pH was assayed by potenti-
ometry in a 1:2.5 (w/v) soil/ distilled water suspen-
sion. Organic matter was determined by wet digestion 
with a modified Walkley-Black method. Phosphorus 
was extracted by the Olsen bicarbonate method and 
analyzed as described by Murphy and Riley (1962). 
Sulfur was extracted with Ca(H2PO4)2 (Blakemore et 
al., 1987) and analyzed by turbidimetry (Tabatabai 
et al., 1982). Exchangeable Ca, Mg, Na and K were 
extracted with 1 M CH3COONH4 at pH 7.0 and ana-
lyzed by Flame Atomic Absorption Spectrophotom-
etry (FAAS). Exchangeable Al was extracted with 1 
M KCl and analyzed by FAAS.

For the experiment, one hundred and fifty seeds 
of each ryegrass cultivar were sown in each pot con-
taining 2.2 kg soil previously fertilized with 200 mg 
P kg-1 soil (as Triple superphosphate) and 100 mg S 
kg-1 soil (as potassium magnesium sulfate (K2SO4x-
2MgSO4 salt), Sulpomag). Before sowing, the seeds 
were pelleted with a mixture of 1% adhesive solu-
tion (Arabic gum), sodium selenite (Na2SeO3 x 5H2O, 
MERCK reagent) and dolomite was used as coating 
material. Selenium was supplied to the seeds at rates 
equivalent to field applications of 0, 5, 10, 15, 20, 25, 
30, 35, 40, 45, 50, 55 and 60 g ha-1. Selenium doses 
were estimated according to the ryegrass seeding rate 
(25 kg ha-1) commonly used in permanent pastures of 
Southern Chile. Three pots were used as replicates for 
each Se treatment. After germination, the assay was 
thinned to 80 seedlings per pot, and 50 mg N kg-1 soil 
(as Urea) were applied. During the growth period, the 
plants were watered daily with distilled water. Two 
cuts of shoot biomass were harvested at 30 cm plant 
height, and at the end of the assay the roots were also 
collected. At harvest, plant yield and Se concentra-
tion were determined, and for each cut fresh shoots 
samples were taken to perform biochemical analyses.
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In addition, a second greenhouse experiment was 
carried out to determine the residual effect of the Se 
in the shoots of Aries and Quartet ryegrass cultivars 
in the long-term. For each cultivar, seeds were pel-
leted with selenite at three Se addition levels (0, 30 
and 60 g ha-1), and three pots were used as replicates 
per each treatment. The assay was conducted on the 
Andisol previously characterized (Table 1), under the 
same growth conditions described above. Shoots were 
harvested during four consecutive cuts at 30 cm plant 
height, and subsequently shoot Se concentration was 
analyzed (see below). 

2.2. Plant selenium analysis

The fresh weight (FW) of shoots and roots were re-
corded, and subsamples were dried at 65ºC for 48 h to 
determine dry weight (DW) and Se concentration. For 
Se analysis, the samples (shoots or roots) were digest-
ed in an acid mixture (16 mL 65% HNO3, 2 mL 70% 
HClO4 and 2 mL 95% H2SO4) until 2-3 mL of the solu-
tion were left (Kumpulainen et al., 1983). On the next 
day, 10 mL of 12% HCl were added to each sample, 
and the mixture was boiled at 120ºC for 20 min to re-
duce Se (+VI) to Se (+IV). After cooling and filtration, 
every solution was made up to 15 mL with 12% HCl. 
Selenium concentration in each sample was measured 
by Atomic Absorption Spectrophotometry-Hydride 
Generation coupled (AAS-HG) by using sodium boro-
hydride (NaBH4) solution as the reducing agent. Two 
reference samples, obtained from the Department of 
Applied Chemistry and Microbiology of Helsinki Uni-
versity, were included in each analytical determination.

2.3. Plant biochemical analyses

Lipid peroxidation measurements
In the fresh shoot material, lipid peroxidation was as-
sayed by measuring the thiobarbituric acid reactive 

substances (TBARS) according with the procedure 
modified by Du and Bramlage (1992). In this method, 
the absorbance of samples is measured at 532, 600 
and 440 nm in order to correct the interferences pro-
duced by TBARS-sugar complexes.

Enzyme assays
Subsamples of fresh shoots were frozen in liquid 
nitrogen and stored at -70ºC to determine the activi-
ties of the antioxidant enzymes superoxide dismutase 
(SOD; EC. 1.15.1.1) and glutathione peroxidase 
(GSH-Px; EC. 1.11.1.9).

SOD activity was estimated by following the in-
hibition of the photochemical reduction of nitroblue 
tetrazolium (NBT). One SOD unit was defined as the 
amount of enzyme corresponding to 50% inhibition 
of the NBT reduction (Donahue et al., 1997). The re-
action mixture contained 400 µL of potassium phos-
phate buffer 0.1 M pH 7.0, 10 µL of EDTA 10 mM, 
50 µL of metionine 260 mM , 80 µL of NBT 4.2 mM, 
170 µL of riboflavine 130 µM and 300 µL of super-
natant. The absorbance of the samples was measured 
at 560 nm, once the reaction tubes were illuminated 
for 15 minutes. Non illuminated and illuminated re-
actions without supernatant were used as controls. 

GSH-Px activity was assayed by the modi-
fied method of Flohé and Gunzler (1984) by using 
H2O2 as substrate. The enzyme was extracted by 
the protocol described by Hartikainen et al. (2000) 
modified by the addition of 1 mM EDTA and 1% 
poly(vinylpolypyrrolidone) as protease inhibitors. 
The absorbance of each sample was measured at 412 
nm within 5 min, and the enzyme activity was calcu-
lated as a decrease in GSH in the reaction time with 
respect to a non enzyme reaction.

SOD and GSH-Px activities were calculated on a 
protein basis. The protein concentration in the enzyme 
extracts was determined spectrophotometrically by 
the Bradford (1976) method. 
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2.4. Statistical analysis

Data were analyzed using analysis of variance (ANO-
VA), and differences between means were separated 
with the LSD test at 0.05 significance level of prob-
ability. In addition, Pearson correlation was used to 
test the relationship among shoot Se concentration 
and plant biochemical responses. 

3. Results and discussion

Even though several studies have proven that Se fertil-
izers efficiently increase the Se uptake in staple food 
crops, to our knowledge the use of selenite pelleted 
ryegrass seeds for agronomic biofortification pur-
poses has not been evaluated yet. Furthermore, only 
few reports have examined the genotypic variation of 
crop species in terms of Se accumulation (Zhang et al. 

2006; Zhao et al., 2009) and biochemical responses 
(Ramos et al., 2011) in plants subjected to Se supply. 

In our experiment, selenite pelleted seeds at rates 
from 0 to 60 g ha-1 progressively increased the amount 
of Se taken up by ryegrass Aries, Nui and Quartet 
(Figure 1a,b,c), and about 33 to 60% of the Se up-
taken by plants was translocated from roots to shoots 
depending on both the ryegrass cultivar and the rate 
of Se application. Previous studies have also shown a 
low translocation of Se in plants treated with selenite 
(e.g. Hopper and Parker, 1999; Mora et al., 2008; 
Cartes et al., 2010) due to its ready assimilation into 
selenomethionine (and its oxide hydrate), Se-methyl-
selenocysteine and/or several other unidentified Se 
species in the roots (Kahakachchi et al., 2004; Li et 
al., 2008). Nevertheless, the molecular and physiolog-
ical mechanisms responsible of this behaviour require 
further research. 

Figure 1. Selenium concentration in Aries, Nui and Quartet ryegrass cultivars subjected to selenite seed treatment 
at Se doses between 0 and 60 g ha-1. (a) Shoots (first cut), (b) shoots (second cut) and (c) roots. Data are means of 
three replicates ± SD. Statistical differences between treatments were tested at p ≤ 0.05 (LSD test).
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In addition, Figure 1(a,b) shows that shoot Se concen-
tration was similar among the three ryegrass cultivars 
at the first or second cuts, except in Quartet at 60 g 
Se ha-1 added that increased its Se accumulation by 
about 20% with respect to Aries or Nui at the two cuts. 
Quartet roots also accumulated more Se than Aries or 
Nui, especially at Se doses above 35 g ha-1 (Figure 
1c). In terms of plant yield, significant differences in 
shoot dry weight (DW) were only observed between 
cultivars (for each cut) and between cuts (for each cul-
tivar) (Table 2, p ≤ 0.05). Thus, shoot DW was slight-
ly higher in Quartet and Aries at the first and second 
cuts, respectively, and the yield was raised by about 

38% (Aries), 26% (Nui) and 16% (Quartet) at the sec-
ond cut with respect to the first one. Likewise, Aries 
roots produced at least 29% more DW than Nui or 
Quartet roots. All together these results demonstrate 
that ryegrass cultivars accumulated differentially Se 
in their tissues, since non dilution effect as a conse-
quence of increased dry matter production occurred 
in Aries or Nui when compared with Quartet. Further-
more, as expected we did not find any effect of Se 
supply on plant yield. Indeed, no differences in shoot 
DW of ryegrass Aries were found in a preliminary 
study at low selenite doses added directly to the seeds 
(Cartes, 2005). 

Table 2. Dry weight (DW) of shoots (first and second cut) and roots of Aries, Nui and Quartet ryegrass cultivars 
subjected to selenite seed treatment at Se doses between 0 and 60 g ha-1.

Ryegrass cultivar
Shoot DW (g pot-1)*

First cut Second cut Root DW (g pot-1)*

Aries 4.18 ± 0.22 5.75 ± 0.20 1.90 ± 0.10

Nui 4.17 ± 0.21 5.24 ± 0.25 1.30 ± 0.08

Quartet 4.49 ± 0.14 5.21 ± 0.22 1.34 ± 0.11

LSD0.05** 0.32 0.49 0.56

* Data are means of three replicates ± SD. 
** Statistical differences for shoots (first or second cut) or roots were tested at p ≤ 0.05 (LSD test).

Even though shoot Se concentration decreased in 
the three ryegrass cultivars by about 27% at the 
second cut (Figure 1b), it is remarkable that at sel-
enite addition levels above 10 g Se ha-1 plants ac-
cumulated in their shoots over 100 µg Se kg-1 DW, 
which is the minimum nutritional requirement for 
beef and dairy cattle (NRC, 2000). Moreover, our 
results about the residual effect of Se in the long-

term indicated that shoot Se concentration could 
remain at proper levels in ryegrass by at least four 
cuts at 30 or 60 g Se ha-1 supplied under green-
house conditions (Figure 2). This fact denotes the 
need to investigate the efficacy of selenite-pelleted 
ryegrass seeds under field conditions, in order to 
increase the Se concentration in pastures devel-
oped on Se-deficient soils. 
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Figure 2. Selenium concentration during four consecutive cuts in the shoots of ryegrass cultivars subjected 
to selenite seed treatment at rates of application of 0, 30 and 60 g Se ha-1. (a) Aries and (b) Quartet. Data 
are means of three replicates ± SD. Statistical differences between treatments were tested at p ≤ 0.05 (LSD 
test).
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ity to tolerate Se (Smith and Watkinson, 1984; Wu 
and Huang, 1992; Rani et al. 2005; Mora et al., 
2008). Nevertheless, reports showing the impact of 
Se in plants at the cultivar level are scarce. From 
the point of view of oxidative damage and antioxi-
dant enzyme activities, plants reacted dissimilarly 
to the seed treatment depending on both the rye-
grass cultivar and the event of plant cut (Figure 3a-
f). It is well known that during oxidative stress the 
overload of reactive oxygen species (ROS) can lead 

to the oxidative injury of biological membranes. 
Although the basal level of lipid peroxidation in 
the shoots of Aries or Nui remained unaltered at 
the first and second plant cuts, the TBARS amount 
of Quartet was the highest at the first cut (Figure 
3a,b). Evidently, the seed pelletization procedure 
exerted initially some detrimental influence on 
lipid peroxidation in Quartet. However, it is notice-
able the recovery from oxidative damage of Quartet 
plants at the second cut, reaching TBARS levels at 
least 35% lower than those of Aries or Nui at 0 Se 
supply (Figure 3a,b). 

0

200

400

600

800

1000

First Second Third Fourth

Shoot cut

Sh
oo

t S
e 

co
nc

en
tra

tio
n 

(�
g 

kg
-1
 D

W
)

0 g Se ha 30 g Se ha 60 g Se ha-1 -1 -1

0

200

400

600

800

1000

First Second Third Fourth

Shoot cut
Sh

oo
t S

e 
co

nc
en

tra
tio

n 
(�

g 
kg

-1
 D

W
)

0 g Se ha 30 g Se ha 60 g Se ha

(a) (b)LSD0.05 = 76 LSD0.05 = 65

-1 -1 -1
(m(m



Journal of Soil Science and Plant Nutrition, 2011, 11 (4), 1-14

8       Cartes et al.

0

2

4

6

8

10

0 10 20 30 40 50 60 70

Se treatment (g ha-1)

TB
AR

S 
(n

m
ol

 M
D

A 
g-1

 F
W

)

Aries Nui Quartet

0

6

12

18

24

30

0 10 20 30 40 50 60 70

Se treatment (g ha-1)

SO
D

 a
ct

iv
ity

 (U
 m

g-1
 p

ro
te

in
)

Aries Nui Quartet

0

2

4

6

8

10

0 10 20 30 40 50 60 70

Se treatment (g ha-1)

TB
AR

S 
(n

m
ol

 M
D

A 
g-1

 F
W

)

Aries Nui Quartet

0

6

12

18

24

30

0 10 20 30 40 50 60 70

Se treatment (g ha-1)

SO
D

 a
ct

iv
ity

 (U
 m

g-1
 p

ro
te

in
)

Aries Nui Quartet

100

300

500

700

900

0 10 20 30 40 50 60 70

Se treatment (g ha-1)

G
SH

-P
x 

ac
tiv

ity
 (n

m
ol

 m
g-1

 p
ro

te
in

 m
in-1

)

Aries Nui Quartet

100

300

500

700

900

0 10 20 30 40 50 60 70

Se treatment (g ha-1)

G
SH

-P
x 

ac
tiv

ity
 (n

m
ol

 m
g-1

 p
ro

te
in

 m
in-1

)

Aries Nui Quartet

LSD0.05 = 0.73

(a)

LSD0.05 = 3.01

(c)

LSD0.05 = 47.44

(e)

LSD0.05 = 0.55

(b)

LSD0.05 = 3.16

(d)

LSD0.05 = 115.83

(f)

Figure 3. Lipid peroxidation, SOD activity and GSH-Px activity in the shoots of Aries, Nui and Quartet ryegrass 
cultivars subjected to selenite seed treatment at Se doses between 0 and 60 g ha-1. (a), (c) and (e) correspond to 
biochemical measurements at the first cut. (b), (d), (f) correspond to biochemical measurements at the second cut. 
Data are means of three replicates ± SD. Statistical differences between treatments were tested at p ≤ 0.05 (LSD 
test).
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At the first cut, Aries and Nui exhibited a decrease 
of TBARS over 35 g Se ha-1 added as compared with 
plants grown without Se (Figure 3a). The maximum 
reduction of the peroxidative damage in both cul-
tivars occurred at a rate of Se addition of 50 g ha-1, 
which gave a shoot Se concentration of about 600 µg 
Se kg-1 DW. However, above this Se dose a notice-
able increase of shoot TBARS was observed. These 
results indicate that Se-induced oxidative stress oc-
curred at the higher Se doses, especially in Nui that 
showed an increase of 49% in the lipid peroxidation 
level at 60 g Se ha-1 with respect to Se non-treated 
plants. Conversely, the amount of TBARS of Quar-
tet shoots was not significantly altered by increasing 
Se supply. For the second cut, Se addition lowered 
TBARS accumulation in the shoots of Aries at rates of 
application below 50 g ha-1. As compared with no Se 
addition, lipid peroxidation of ryegrass Nui was pro-
gressively decreased at increasing Se supply, reaching 
46% TBARS decrease at a shoot Se concentration of 
about 430 µg Se kg-1 DW (Figure 3b). The amount 
of TBARS did not vary significantly in the shoots of 
Quartet up to 55 g Se ha-1 applied. However, at the 
highest Se supply (which corresponded to a shoot Se 
concentration of about 600 µg Se kg-1 DW) we ob-
served a reduction of 31% in the oxidative damage of 
membranes with respect to 0 g Se ha-1 seed treatment. 

Ryegrass cultivars displayed differential activity pat-
terns of SOD and GSH-Px antioxidant enzymes at the 
first or second cuts as a consequence of increasing 
selenite additions (Figure 3c-f). Fluctuations in the 
activity of these enzymes were also found between 
cuts for a same ryegrass cultivar. SOD enzyme acts 
in the first defense line against oxidative stress by 
reducing superoxide radicals, produced during the 
electron transport in different cell compartments, into 
H2O2 and oxygen (Alscher et al. 2002). During the 
first growth period, SOD activity in the shoots of Ar-
ies and Nui steadily diminished at Se supply up to 50 
g ha-1, but the enzyme was activated at the highest Se 
supply (Figure 3c). For both ryegrass cultivars, Se 
concentration in the shoots up to about 600 µg kg-1 
DW inhibited SOD as demonstrated by the negative 
correlation between SOD and Se concentration (Table 
3). Comparatively, an apparent inhibition of SOD was 
observed in Quartet at the first cut as a consequence 
of increasing Se addition levels, and a reduction of 
its activity of about 58% was noted at the greatest Se 
dose (Figure 3c). For the second cut, the effects of Se 
on SOD were less evident than for the first one. Thus, 
whereas non significant effect of Se on SOD activity 
was detected in Quartet (Figure 3d; Table 3), a slight 
decrease in its activity was found in Aries or Nui at Se 
addition levels below 60 g ha-1. 
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Table 3. Pearson correlations between shoot Se concentration and antioxidant enzymes activities (SOD or GSH-
Px) in ryegrass cultivars subjected to selenite seed treatment at rates between 0 and 60 g Se ha-1.

 Aries  Nui  Quartet

Enzyme  Shoot Se concentration

 First cut

SOD  -0.441**  -0.351*  -0.785**

GSH-Px  0.612**  0.697**  0.688**

 Second cut

SOD  -0.465**  -0.296  -0.315

GSH-Px  0.772**  0.610**  0.576**

 Asterisks indicate significance as follows: * p ≤ 0.05, ** p ≤ 0.01.

Even if the existence of essential Se-dependent pro-
teins has not been demonstrated yet in vascular plants 
(Terry et al., 2000; Ellis and Salt, 2003), in agreement 
with previous reports (e.g. Hartikainen et al., 2000; 
Xue et al., 2001; Djanaguiraman et al., 2005), our re-
sults also revealed increased GSH-Px activity at the 
two cuts in the three ryegrass cultivars as response to 
applied Se (Figure 3e,f). Moreover, significant corre-
lations between shoot Se concentration and GSH-Px 
activity were found at the first or the second cuts of 
the three ryegrass cultivars evaluated here (Table 3) 
supporting our earlier findings related to the benefits 
of selenite on the plant antioxidant system (Cartes et 
al., 2005). Nevertheless, GSH-Px activity of ryegrass 
cultivars responded differently between cuts (Figure 
3e,f). Thus, GSH-Px was significantly activated in Ar-
ies at all Se supplies at the second cut with respect 
to the first one, and a similar trend was observed in 
ryegrass Quartet. However, the enzyme activity in 

the shoots of Nui was depressed in the second growth 
period irrespective of the Se addition level. Even 
though the physiological mechanisms responsible for 
such reduction of GSH-Px activity can not be clari-
fied from the results of our study, it can be speculated 
that in Nui this enzyme might not have an essential 
role to detoxify H2O2 during the plant development. 
Nevertheless, the steadily reduction of lipid peroxida-
tion in the shoots of Nui at the second cut (Figure 3b) 
suggests the benefits of selenite could be associated 
to activation of other complementary mechanisms to 
counteract oxidative stress such as the induction guai-
acol peroxidase (POD) activity (Cartes et al., 2010) or 
the synthesis of antioxidant compounds (Ríos et al., 
2009). 

Interestingly, the shoot Se concentrations that 
could be considered as a threshold for Se toxicity 
in this experiment resulted considerably lower than 
those from our previous greenhouse studies with 
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ryegrass plants grown on soil (Cartes et al., 2005) or 
hydroponics (Cartes et al., 2010). A possible explana-
tion for this result could be a direct incidence of seed 
treatment with Se on the first stages of seedling devel-
opment. It has been reported that cultivated plants are 
more susceptible to Se toxicity at early growth stages 
(Rosenfeld and Beath, 1964). Moreover, we have pre-
viously observed significant reductions in seedlings 
growth of different ryegrass cultivars in short-term 
plate experiments even at Se addition levels lower 
than 10 g Se ha-1 (data not shown). Nevertheless, if 
any harmful initial impact was presented at the high-
est Se addition level, it was rapidly overcame during 
the time course of the experiment as demonstrated 
by both the maintenance of plant yield at all the Se 
supply levels (Table 2) and the activation of the anti-
oxidant enzymes at the first and second cuts (Figure 
3c-f). 

Although several studies have demonstrated the 
growth-promoting effect of low Se doses in ryegrass 
(Hartikainen et al., 2000), lettuce (Xue et al., 2001) and 
soybean (Djanaguiraman et al., 2005), in our study the 
benefits of selenite were associated rather to its antioxi-
dant function as demonstrated by reduced lipid peroxi-
dation (Figure 3a,b) and by the activation of GSH-Px 
enzyme (Figure 3e,f). Moreover, our results indicate 
that diminished lipid peroxidation was accompanied by 
a noticeable reduction of SOD activity in Aries and Nui 
(Figure 3c,d) supporting the hypothesis that at low con-
centration Se could diminish the need of SOD enzyme 
by contributing to improve the spontaneous dismuta-
tion of superoxide anions in some ryegrass cultivars 
(Hartikainen et al., 2000; Cartes et al., 2010). 

4. Conclusions

Our results provide evidence that seed pelletization 
with selenite at rates from 5 to 60 g Se ha-1 progres-
sively increased the Se uptake by Nui, Aries and 

Quartet ryegrass cultivars without any negative im-
pact on the plant yield during two consecutive shoot 
cuts. Likewise, it is remarkable that Se doses of 30 
and 60 g ha-1 raised the shoot Se concentration dur-
ing four successive cuts over 100 µg kg-1 DW, which 
is the minimum nutritional requirement of beef and 
dairy cattle. In addition, dissimilar oxidative damage 
in cell membranes occurred among the ryegrass culti-
vars at increasing Se supply, and the beneficial role of 
Se was narrowly associated to an enhancement of the 
plant antioxidant system. Consequently, selenite-pel-
leted seeds appear to be a promissory tool to improve 
both the Se content and the antioxidant ability of rye-
grass plants. However, its use requires to be evaluated 
under field conditions in Se-deficient areas.
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