Selenium invoked antioxidant defense system in Azolla caroliniana plant
Sistema de defensa antioxidante inducido por selenio en Azolla caroliniana
Hassan AMA & EM Mostafa
Abstract. Plants of Azolla caroliniana were treated with different selenium concentrations (0, 1, 2, 5, 7, 10 ppm) for seven days.
Selenium (Se) content in Azolla plants increased significantly with
increasing Se concentrations in the culture media up to 5 ppm. This
indicated that Azolla plants were a good accumulator for Se. Selenium accumulation determined changes in Azolla biomass, doubling
time and relative growth rates. Treatment of Azolla plants with low
concentrations of Se (1 ppm) resulted in a significant increase in biomass. This was accompanied by a reduction in hydrogen peroxide and
malondialdehyde (MDA) contents; the decrease percentages were
78% and 60%, respectively at 1 ppm Se in comparison with the control. At higher Se concentrations (>5 ppm), there was a significant
increase in H2O2 and MDA contents, these increases were 3.2- and
2.8-fold at 10 ppm Se in comparison to controls, respectively. Compared to that in controls, total ascorbate as well as total glutathione
contents, were significantly increased. The activity of the GR enzyme
was significantly increased in Azolla plants with addition of different
concentrations of Se. The increase was 2.2- and 3.4-fold at 2 and
7 ppm Se, respectively. The addition of high concentrations of Se
(>5 ppm) to the growth media resulted in a significant increase in
the GSH-PX and APX activities in Azolla plants. Thus, addition of
Se affects Azolla plants, and these effects change from beneficial to
toxic, as reflected in the metabolism and growth of the plants.
Keywords: Selenium; Azolla caroliniana; Ascorbate; Glutathione;
Antioxidant enzymes; Glutathione peroxidase.

Resumen. Plantas de Azolla caroliniana fueron tratadas con diferentes concentraciones de selenio (0, 1, 2, 5, 7, 10 ppm) por siete días.
El contenido de selenio (Se) en las plantas de Azolla se incrementó
significativamente al incrementarse las concentraciones de Se en el
medio de cultivo hasta 5 ppm. Esto indicó que las plantas de Azolla pudieron acumular bien el Se. La acumulación de Se determinó
cambios en la biomasa, la duración del experimento por generación
y las tasas relativas de crecimiento de Azolla. El tratamiento de las
plantas de Azolla con bajas concentraciones de Se (1ppm) resultaron
en un incremento significativo en la biomasa. Esto fue acompañado por una reducción en los contenidos de H2O2 y malondialdehido
(MDA); los porcentajes de reducción fueron 78% y 60%, respectivamente, a 1 ppm de Se en comparación con el control. A mayores
concentraciones de Se (> 5 ppm), hubo un incremento significativo
en los contenidos de H2O2 y MDA. Estos incrementos fueron de 3.2
y 2.8 veces a 10 ppm Se en comparación a los controles, respectivamente. Comparado a los controles, los contenidos de ascórbico y glutatión totales se incrementaron significativamente. La actividad de la
enzima GR se incrementó significativamente en las plantas de Azolla
con el agregado de diferentes concentraciones de Se. El incremento
fue de 2.2 y 3.4 veces a 2 y 7 ppm Se, respectivamente. El agregado de
altas concentraciones de Se (> 5 ppm) al medio de crecimiento determinó un incremento significativo en las actividades de la GSH-PH y
APX en las plantas de Azolla. De esta forma, el agregado de Se afecta
a las plantas de Azolla, y estos efectos cambian de benéficos a tóxicos,
como se reflejan en el metabolismo y crecimiento de las plantas.
Palabras clave: Selenio; Azolla caroliniana; Ascórbico; Glutatión;
Enzimas Antioxidantes; Glutatión peroxidasa.
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INTRODUCTION

tikainen et al., 2000). The addition of Se to stressed plants
can influence the activities or levels of antioxidants, and thus
regulate the ROS levels. In plants, glutathione peroxidase is a
powerful scavenger of H2O2 and lipid peroxide. Glutathione
GSH-PX is believed to be a key enzyme which can be widely
and robustly activated by Se in various plants exposed to diverse environmental stresses (Feng et al., 2013). Hartikainen
et al. (2000) reported a dramatic increase in the activity of
GSH-PX and inhibited lipid peroxidation in both young and
old ryegrass seedlings treated with different levels of Se. In
contrast, the activity of superoxide dismutase (SOD) diminished in response to Se addition (Xue & Hartikainen, 2000).
Azolla is an aquatic fern native to Asia and Africa. There is
a symbiotic relationship between Azolla and the nitrogen fixer,
cyanobacteria algae Anabaena azollae. This algae invades certain cavities on the dorsal lobes of the leaves, with true roots
on the ventral surface. It is used as a biofertilizer to crops because of its ability to fix N2 at high rates and low cost.
The main objective of this study was to investigate the accumulation of Se in Azolla caroliniana and its effects on growth
and antioxidant system (enzymatic and non-enzymatic).

Selenium (Se) is an essential mineral for growth, reproduction, and disease prevention in all animals and humans.
It has not been classified as an essential element for plants,
although its role has been considered to be beneficial in plants
capable of accumulating large amounts of this element (Terry
et al., 2000). There are evidences that Se can exert beneficial
effects on plants at low concentrations (Hartikainen et al.,
2000; Simojoki et al., 2003) but be toxic at high concentrations (Marschner, 1995). It was revealed that Se, applied at
low concentrations, enhanced growth and antioxidative capacity of both mono- and dicotyledonous plants. The growthpromoting response to Se was demonstrated in lettuce and
ryegrass (Hartikainen et al., 1997) and soybean (Djanaguiraman et al., 2005).
Uptake and accumulation of Se by plants is determined
by its chemical form (selenate and selenite) and concentration; soil factors such as pH, salinity and CaCO3 content; the
identity and concentration of competing ions, and the ability
of plants to absorb and metabolize selenium (Pendias, 2001).
Actively growing tissues usually contain the largest amounts
of Se (Kahakachchi et al., 2004). Plants usually accumulate
more Se in shoot than root tissues (Zayed et al., 1998).
In higher plants, metabolism of Se is closely related to that of
sulphur due to their chemical similarity. Brown & Shrift (1982)
reported that the non-specific incorporation of the selenoamino
acids (selenomethionine and selenocysteine) into proteins is
thought to be the major cause of Se toxicity in non-accumulator
plants supplied with a high Se dose. Selenomethionine (SeMet)
can be converted to volatile dimethylselenide (DMSe), offering
a release valve for excess Se from the plant (Lewis et al., 1974).
Meanwhile, selenocysteine (SeCys) can be converted in plants to
elemental Se and alanine (Pilon et al., 2003).
High concentrations of Se were shown to provoke oxidative stress such as increased lipid peroxidation in plants (Har-

MATERIALS AND METHODS
Plant material and growth condition. Azolla caroliniana
Wild (known as water velvet) was provided by Prof. Weam
El-Aggan in 1982 from the Catholic University of Louvain,
Belgium. It was identified by Prof. Peters G.A., Kettering
laboratory Yellow Springs, Ohio 45387. Plants were acclimated in the greenhouse of the Faculty of Science, Alexandria, in 2500 cm3 polyethylene vessels which were filled
with a nitrogen free, modified Hoagland solution (2/5 concentration, pH 5.1). In this solution, KNO3 and Ca(NO3)2
were replaced by KCl and CaCl2, respectively. The molecular
composition of the normal Hoagland-Arnon (1950) solution is illustrated in Table 1.

Table 1. Molecular composition of the Hoagland-Arnon solution (1950).
Tabla 1. Composición molecular de la solución Hoagland-Arnon (1950).
Products

KNO3
Ca(NO3)2.4H2O
MgSO4.7H2O
KH2PO4

MnSO4.H2O
ZnSO4.7H2O
CuSO4.5H2O
MoO3.H2O
H3BO3

Fe(EDTA)Na

Mol. Wt.

Concentration (mg/L)

Molarity (mM/L)

Normality (meq/L)

169.02
287.55
249.68
161.96
61.84

1.538
0.220
0.079
0.017
2.860

9.1x10-3
7.6x10-4
3.1x10-4
1.0x10-4
4.6x10-2

1.82x10-2
1.52x10-3
6.2x10-4
-

101.11
236.16
246.49
136.09

367.05

505.5
1180.8
493.0
136.1

30

5
5
2
1

8.2x10-2

5
10
4
1

0.245 Fe++
0.082 Na+
0.654 EDTA
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About 5 g (fresh mass) of Azolla were inoculated in each
vessel from the stock material to make a new subculture. The
plants were released from epiphytic microorganisms by thorough washing with distilled water. Cultures were grown in
a growth chamber under a 16-h photoperiod at 1200 µmol/
m2/s irradiance (cool white fluorescent tubes) and temperatures (light/dark) of 28-30/20-25 °C (Stock culture). Plants
were surface sterilized with 0.2% Clorox before use (El-Aggan, 1982), and then thoroughly washed with distilled water.
Selenium treatment and growth estimation. 5 g of Azolla
plants were transferred to 250 cm3 vessels containing 2/5 modified Hoagland solution, and different concentrations of selenium as sodium selenite (0, 1, 2, 5, 7 and 10 ppm) for 7 days.
The number of generations and doubling time [doubling
time (DT) = duration of the experiment per one generation]
were determined from the fresh mass and duration of experiment employing the expression given by Peters et al. (1979):
n (final mass) = nº × 2G, where G = number of generations,
nº = initial mass of Azolla plants (mass of inoculum). Relative
growth rate (RGR) was calculated by using the formula of
Subudhi & Watanabe (1981): RGR [kg/kg/d] = 0.693/DT.
Determination of selenium in plant material. Five grams
of finely powder dry Azolla plants were placed in a 250 mL
beaker, and 10 cm3 of 1:1 (v/v) mixture of concentrated sulphuric acid and nitric acid were added (Krishnaiah et al., 2003).
This solution was heated, until the mixture was clear. This
solution was filtered and concentrated to 5 cm3, cooled and
diluted up to 50 cm3 with deionized water. Then the standard
procedure was applied to 1 cm3 of this solution. One cm3 plant
extract was transferred into 25 mL calibrated flasks, to which
5 mL of concentrated HCl and 2.0 cm3 of 2, 4-dinitrophenyl
hydrazine hydrochloride (2,4-DNPH)–N (1- naphthyl) ethylenediamine dihydrochloride (NEDA) reagent mixture were
added. The mixture was allowed to stand for 10 min with occasional shaking for completion of the reaction. The contents
were diluted with water, and the absorbance was measured at
520 nm against the corresponding reagent blank. The calibration graph was constructed.
Estimation of hydrogen peroxide (H2O2). Hydrogen
peroxide content was determined according to Velikova
et al. (2000). Plant tissues (50 mg) were homogenized in
an ice bath with 5 cm3 of 0.1% (w/v) trichoroacetic acid
(TCA). The homogenate was centrifuged at 12000 rpm for
15 min. The supernatant was used in the assay for H2O2.
The reaction mixture contained 0.5 cm3 plant extract, 0.5
cm3 of 10 mM potassium phosphate buffer (pH 7) and 0.1
mL 1 M KI. The content of H2O2 was calculated by comparison with a standard calibration curve using different
concentration of H2O2, and the results were expressed as
μmol H2O2 g/f.m.
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Estimation of lipid peroxidation. Lipid peroxidation was
measured as the amount of malondialdehyde (MDA) produced by the thiobarbituric acid (TBA) reaction, as described
by Zhange et al. (2007). About 1.5 cm3 extract was homogenized in 2.5 cm3 of 5% TBA dissolved in 5% trichloroacetic
acid (TCA). The mixture was heated at 95 °C for 15 min, and
then quickly cooled on ice. After centrifugation at 5000 rpm for
10 min, the absorbance of the supernatant was measured at 532
nm. Correction of non-specific turbidity was made by subtracting the absorbance value measured at 600 nm. The concentration of MDA was calculated in term of µmol MDA g/f.m.
Estimation of ascorbate and glutathione level. A homogenate was prepared with 0.5 g of plant sample with 5ml of 5%
TCA, which was then centrifugated at 10000 rpm for 10 min.
The supernatant was used for the estimation of GSH and ascorbate. Reduced glutathione was determined using 5,5-dithiobis
(2-nitrobenzoic acid) (DTNB, Sigma) as a reagent (Moron et
al.,1979). Total glutathione was done by the method of Griffith
(1980). The estimation of ascorbate was done by the method of
Oser (1979) using sodium molybdate reagent.
Preparation of enzyme extract and assay of enzyme activity.
Leaf tissues (0.5 g) were ground to a fine powder in liquid N2,
and then homogenized in 2 cm3 of 50 mM potassium phosphate
buffer (pH 7.0), 1.0 mM EDTA, 1.0 mM d-isoascorbic acid, 2%
(w/v) polyvinylpyrrolidone (PVP) and 0.05% (w/v) Triton X-100
using a chilled pestle and mortar following Gossett et al. (1994).
The homogenate was centrifuged at 10000 rpm for 10 min at 4
˚
C, and the supernatant was collected and used for the enzyme
assay. Protein concentrations in the enzyme and plant extracts
were determined by the method of Bradford (1976) using defatted BSA (Sigma, fraction V) as a standard.
Ascorbate peroxidase (APX, EC 1.11.1.11) was assayed as
described by Nakano and Asada (1981). The reaction mixture
contained 50 mM potassium phosphate (pH 7.0), 0.2 mM
EDTA, 0.5 mM ascorbic acid and 0.25 mM H2O2. The reaction was started at 25 °C by the addition of H2O2 after adding
the enzyme extract. The decrease in absorbance at 290 nm for
1 min was recorded, and the amount of ascorbate oxidized
was calculated from the extinction coefficient 2.8 mM-1 cm-1.
Glutathione peroxidase (GSH-PX, EC 1.11.1.9). The
activity was modified from Flohe and Gunzler (1984). For
the enzyme reaction, 0.2 cm3 of the supernatant was mixed
with 0.4 cm3 GSH (Sigma product), and 2.2 cm3 of 0.32 M
NaHPO4 and 0.32 cm3 of 1.0 mM 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB, Sigma) were added for color development.
The absorbance was measured with a spectrophotometer at
412 nm after 5 min. The enzyme activity was calculated as a
decrease in GSH with reaction time as compared to that in
the non-enzyme reaction.
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Glutathione reductase (GR, EC 1.6.4.2) activity was
determined at 25 °C by measuring the rate of NADPH
oxidation as the decrease in absorbance at 340 nm (£ =
6.2 mM-1cm-1) following Halliwell and Foyer (1978). The
reaction mixture (1 cm3) consisted of 100 mM Tris-HCl
(pH 7.8), 21 mM EDTA, 0.005 mM NADPH, 0.5 mM
oxidized gtutathione (GSSG), and the enzyme. NADPH
was added to start the reaction. For APX, GPX, and GR,
the enzyme activity was expressed in terms of μmol/mg
protein/min.
Statistical analysis. It was done using the Statistical Package for Social Sciences (SPSS/version 20) software. Data were
analyzed using ANOVA. Whenever F tests were significant,
mean comparisons were made using the Duncan test. The
level of significance was 0.05.

Results
Azolla plants cultivated at various selenium concentrations
(0, 1, 2, 5, 7, 10 ppm) showed different growth pattern. There
was a significant increase in biomass of Azolla plants grown at
1 ppm Se. Thereafter, there was a steady decrease in biomass
with increasing Se concentrations (≥5 ppm). At 1 ppm Se, the
increase in Azolla biomass was about 30%, while at 7 ppm the
decrease was about 68% compared to the control (Table 2).
The doubling time (DT) and relative growth rate (RGR) were
changed markedly with different concentrations of Se. The lowest DT appeared at 1 ppm Se (highest RGR), and the highest
DT at 10 ppm Se (lowest RGR) on Azolla plants (Table 2).
Azolla plants accumulated Se efficiently during cultivation
at different concentrations (Fig.1). Selenium content in Azolla
increased significantly with increasing Se concentration in the
culture media up to 5 ppm Se.

Table 2. Growth characterized by biomass, doubling time (DT), relative growth rate (RGR) and protein content of Azolla plants treated
with different concentrations of Se (0, 1, 2, 5, 7, 10 ppm) for 7 days. Values are mean ± SD (n=3).
Tabla 2. Biomasa, duración del experimento durante una generación (DT), tasa relativa de crecimiento (RGR) y contenidos de proteínas de
plantas de Azolla tratadas con diferentes concentraciones de Se (0, 1, 2, 5, 7, 10 ppm) por 7 días. Los valores son el promedio ± 1 SD de n=3.

Treatments [ppm]

Biomass [g/culture]

DT [d]

RGR [kg/kg/d]

Protein content [mg/g d.m.]

1

13.38 b ± 1.09

5.2 a ± 0.42

0.13 a ± 0.026

50.56 b ± 4.10

2

5

7

10
P

10.34 a ± 0.84

6.8 a ± 0.55

10.75 a ± 0.87

6.5 a ± 0.53

5.00 c ± 0.41

14.0 b ± 1.14

3.30 c ± 0.27

21.2 c ± 1.72

1.11 d ± 0.09

63.1 d ± 5.12

0.001*

0.0001*

Table 3. Changes in H2O2 content and lipid peroxidation (MDA)
[µmol/g f.m.] in Azolla plants treated with different concentrations of
Se (0, 1, 2, 5, 7, 10 ppm) for 7 days. Values are mean ± SD (n=3).
Tabla 3. Cambios en el contenido de H2O2, y peroxidación de lípidos
(MDA) [µmol/g f.m.] en plantas de Azolla tratadas con diferentes concentraciones de Se (0, 1, 2, 5, 7, 10 ppm) por 7 días. Los valores son
el promedio ± 1 SD de n=3.

Treatments

Hydrogen Peroxide

MDA

1

0.08 b ± 0.01

1.35 b ± 0.16

Control
2
5
7

10
p

0.36 a ± 0.04
0.23 a ± 0.03
0.32 a ± 0.04
0.81 c ± 0.10

1.16 d ± 0.14
0.001*

3.40 a ± 0.41

1.46 b ± 0.18

0.1 a ± 0.019

30.27 a ± 2.46

0.11 a ± 0.021

30.94 a ± 2.51

0.05 b ± 0.009

20.71 c ± 1.68

0.03 b ± 0.006

10.80 d ± 0.88

0.01 b ± 0.002

6.32 d ± 0.51

0.001*

0.0001*

1200

Plant Se content (mg/Kg d.m.)

Control

1000

b

800

b

c

b

b

7

10

600
400
200
0

a

0

1

2

5

Se treatments (ppm)

3.79 a ± 0.46
5.55 c ± 0.67

9.56 d ± 1.15
0.001*

Values followed by the same letter are not significantly different
from control at P≥0.05.

Fig. 1. Variation in total selenium content in Azolla plants treated
with different concentrations of Se (0, 1, 2, 5, 7, 10 ppm) for 7
days. Values are mean ± SD (n=3).
Fig. 1. Variación en el contenido total de Se en plantas de Azolla tratadas con diferentes concentraciones de Se (0, 1, 2, 5, 7, 10 ppm) por
7 días. Los valores son el promedio ± 1 SD de n=3.
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Table 4. Change in ascorbate, reduced glutathione, oxidized glutathione contents [nmol/g f.m.] and GSH/TG ratio in Azolla plants treated
with different concentrations of Se (0, 1, 2, 5, 7, 10 ppm) for 7 days. Values are mean ± SD (n=3).
Tabla 4. Cambios en los contenidos de ácido ascórbico, glutatión reducido, glutatión oxidado [nmol/g f.m.] y relación GSH/TG en plantas de
Azolla tratadas con diferentes concentraciones de Se (0, 1, 2, 5, 7, 10 ppm) por 7 días. Los valores son el promedio ± 1 SD de n=3.

Treatments

Control

1

2

5

7

10

P

Ascorbate

3.39 a ± 0.41

4.22 a ± 0.51

6.59 b ± 0.79

6.49 b ± 0.78

7.11 b ± 0.85

5.67ab ± 0.68

0.013*

TG

10.65 a ± 0.94

17.72 b ± 1.56

19.15 b ± 1.69

19.67 b ± 1.74

18.97 b ± 1.68

19.29 b ± 1.70

0.001*

GSSG

0.95 a ± 0.15

4.68 b ± 0.74

8.74c ± 1.38

9.20 c ± 1.45

9.79 c ± 1.55

15.84 d ± 1.59

0.001*

Values followed by the same letter are not significantly different from control at P≥0.05.
Table 5. Changes in GSH-PX, APX and GR specific activity (μmol/
mg protein/min) in Azolla plants treated with different concentrations of Se (0, 1, 2, 5, 7, 10 ppm) for 7 days. Values are mean ±
SD (n=3).
Tabla 5. Variación en la actividad específica de GSH-PX, APX y GR
(μmol/mg proteína/min) en plantas de Azolla tratadas con diferentes
concentraciones de Se (0, 1, 2, 5, 7, 10 ppm) por 7 días. Los valores
son el promedio ± 1 SD de n=3.

Treatments

GSH-PX

APX

GR

1

9.42 b ± 1.13

8.27 a ± 0.73

3.04 a ± 0.33

Control
2
5
7

10
P

7.66 a ± 0.92

9.93 b ± 1.19

11.39 c ± 1.37
13.26 c ± 1.59
12.92 c ± 1.55
0.0156*

8.68 a ± 0.77
7.66 a ± 0.68

13.32 b ±1.18

15.27 b ± 1.35
24.84 c ± 2.19
0.001*

2.07 a ± 0.22
4.64 b ± 0.50
5.90 b ± 0.63
7.02 c ± 0.75
8.43 c ± 0.90
0.012*

Values followed by the same letter are not significantly different
from control at P≥0.05.

In the present study, Se enhanced the total protein content in Azolla plants at the lowest concentration; the increase
percent was about 67% at 1 ppm. However, higher concentrations of Se inhibited total protein contents (Table 2). This
reflects the either stimulation or inhibition of Azolla biomass,
DT and RGR at the different Se concentrations.
Addition of Se to the Azolla-growth medium resulted in a
significant reduction in the generation of ROS. This determined
a decrease in the H2O2 content at lower Se concentrations (≤2
ppm); the percentage of decrease was 78% at 1 ppm Se in comparison with the control. This was also accompanied by a decrease
in malondialdehyde (MDA) content that is the decomposition
product of lipid peroxidation. The percentage of MDA reduction
was 60% at 1 ppm Se in comparison to the control. At higher Se
concentrations (>5 ppm), there was a significant increase in H2O2
and MDA contents, the increases were of 3.2- and 2.8-fold at
10 ppm Se, respectively, in comparison to the control (Table 3).
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GSH

9.70 a ± 1.04

13.04 b ± 1.40

10.41 a ± 1.12

10.47 a ± 1.12

9.18 a ± 0.98

3.45c ± 0.99

0.021*

GSH/TG

0.91 a ± 0.14

0.74 b ± 0.12

0.54 c ± 0.09

0.53 c ± 0.08

0.48 c ± 0.08

0.18 d ± 0.07

0.018*

In this study, the addition of Se to the Azolla growth medium can influence the activities or levels of antioxidants, and
thus regulate the ROS levels. Total ascorbate and total glutathione as well as GSH contents were significantly increased in
comparison to the control. The increase in total ascorbate and
glutathione was 67% and 81%, respectively, at 10 ppm (Table 4).
These increases in total glutathione and GSH contents were accompanied with a significant decrease in the glutathione redox
potential (GSH /TG) at different Se concentrations in Azolla
plants. This indicated an increase in the GR activity. The activity
of the GR enzyme was significantly increased in Azolla plants
with addition of different concentrations of Se (Table 5). The
increase was 2.2- and 3.4-fold at 2 and 7 ppm Se, respectively.
There was a significant increase in GSH-PX and APX activities in Azolla plants by the addition of Se to the growth
media at higher concentrations (≥5 ppm). The increase percentages were 73% and 76%, respectively, at 7 ppm compared
to the control (Table 5). At lower Se concentrations, the
change in APX activity was insignificant.

discussion
In this investigation Se exerted a dual effect on growth of
Azolla plants. At low concentrations, it stimulated the growth
of plants, whereas at high dosages, it acted as a pro-oxidant
and caused damage to the plant. Similarly, there is evidence
that trace amount of Se can enhance the growth of some plant
species (Chen et al., 2005; Djanaguiraman et al., 2005; Kumar
et al., 2012). At high concentrations, Se acts as pro-oxidant
and leads to drastic reduction in biomass (Hartikainen et al.,
2000; Chen et al., 2008).
Selenium content in Azolla increased significantly with
increasing Se concentrations in the culture media up to 5
ppm, indicating that Azolla was a good accumulator for Se.
Selenium accumulation reflected by changes in Azolla biomass. The increase in biomass was obtained in plants exposed
to low Se concentrations (≤2 ppm). At higher concentrations

Selenium in Azolla caroliniana plant

of Se (≥7 ppm) in the culture media, Se accumulation decreased and this coincided with a reduction in Azolla biomass. The reduction in Se contents in Azolla plant at higher
concentrations may be related to inhibition of Se uptake.
This might be the result of a reduction in Se assimilation
which required a H-donor increasing the competition between Se and N2 on the hydrogen donor. It might also be related to volatilization of Se from the Azolla surface area. Ornes et al. (1991) reported that Azolla caroliniana absorbed Se
quickly, and attained maximum tissue concentrations (1000
µg/g) after exposure to selenate at 5 ppm in comparison to
other floating aquatic plants. Pilon-smits et al. (1999) recorded that Hippuris vulgaris L. and Azolla caroliniana willd
were responsible for the two highest rates of both selenate
and selenite volatilization.
Se enhanced the total protein content in Azolla plants at
the lowest concentration. While higher concentrations of Se
inhibited it, and this reflected the stimulation or inhibition
of Azolla biomass, DT and RGR at the different Se concentrations. It was reported that Se accumulation enhanced the
production of biomass, photosynthetic pigments and protein
concentrations (Li et al., 2003; Chen et al., 2005, 2006 a,
b). The higher Se concentrations (≥5 ppm) resulted in significant decreases in protein content of Azolla plants, which
might be due to the toxic effects of Se stress (Chen et al.,
2008).
It has been reported that the increase in Se concentration
led to higher Se accumulation, and induced lipid peroxidation
coupled with potassium leakage and decreases in biomass and
photosynthetic pigments (Chen et al., 2008). The reduction of
Azolla biomass and protein contents might be related to the
generation of reactive oxygen species (ROS), and therefore
to the destruction of plasma membranes and proteins. Severi
(2001) found that both Na selenite and Na selenate generally
decreased the growth and multiplication rate of Lemna minor
at high concentrations; however, low concentrations actually
increased the multiplication rate. It has been shown that Se
can reduce lipid peroxidation at lower doses (Cartes et al.,
2005; Djanaguiraman et al., 2005), while act as a pro-oxidant
at higher dosages causing damage to plants.
In this study, the optimal dosages of Se (concentrations ≤2
ppm) reduced the levels of H2O2 and MDA either directly or
indirectly via the regulation of antioxidants, especially of H2O2quenchers (GSH-PX). The higher Se dosages increased production of ROS, which may be partially related to an imbalance in the levels of antioxidants. Feng et al. (2013) proposed
that the increased ROS production at high Se levels may be
related to an imbalance in the levels of GSH, thiols (-SH), ferredoxins (Fd.red) and/or NADPH, which can play vital roles in
the assimilation of Se. Hartikainen et al. (2000) reported that
low concentrations of Se inhibited lipid peroxidation in Lolium
perenne, and this decrease coincided with an enhancement of
growth. At high concentrations, Se acts as a pro-oxidant and
leads to drastic reductions in yield. This dual effect of Se co-
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incided with a promotion and inhibition of growth of Azolla
plants indicating that Se may have particular biological functions through alteration of antioxidant defense systems.
Selenium can mimic sulphur, forming Se analogues of S
compounds, replacing S in amino acids (methionine and cysteine) which leads to an incorrect folding of proteins and consequently to non-functional proteins and enzymes (Germ &
Stibilj, 2007). This can help explain the toxicity of Se at higher
concentrations in Azolla plants.
The significant increases in total ascorbate and total glutathione as well as GSH contents in Se-treated Azolla might
be due to the high activity of GR which allowed the reducing agent (GSH) to eliminate ROS via GSH-PX or APX.
Reduced GSH plays an important role in the antioxidant defence system of Azolla. This is because it not only participates
in the regeneration of ascorbate via dehydroascorbate reductase but also can react with singlet oxygen and OH- radicals
protecting protein thiol groups (Asada, 1994).
Mittler (2002) reported that a high reducing power of
ASA and GSH is essential to quench excess ROS in plants.
Thus, high levels of GR, monodehydro-ascorbate reductase (MDAR), dehydroascorbate reductase (DHAR) and
NADPH are required. The enhancement of ascorbate and
glutathione levels by Se in Azolla plants at different concentrations compared to controls reflects the enhancement of
GSH contents to synthesize organic Se. This conclusion is
supported by the results of Hasanuzzaman & Fujita (2011)
who found that Se increased levels of ASA and significantly
enhanced APX, DHAR, MDAR, GR and GSH-PX activities in rapeseed seedlings.
In this study, the significant decrease in glutathione redox potential (GSH/TG) with different Se concentrations in
Azolla plants accompanied with a significant increase in TG
and GSH indicated an increase in the GR activity. The reduction at the redox state of the glutathione pool was recorded by
Molina et al. (2002) in heat-stressed plants.
The enhancement of GR activity allowed the reducing
agent (GSH) to eliminate ROS via APX and GSH-PX. Increases in the activation/levels of APX, GSH, CAT, GR were
also observed in the Se accumulator Pteris vittala after addition of excess Se (Feng & Wei, 2012).
GSH-PX is a powerful scavenger of H2O2 and lipid peroxide, with help of GSH; it is believed to be a key enzyme that
can be widely and robustly activated by Se in various plants
(Feng et al., 2013). The inhibition of H2O2 and lipid peroxidation coincides with the enhancement of growth in Azolla
plants at low Se concentrations (≤2 ppm), which might be
related to the increased activity of GSH-PX. At higher Se
concentrations (>5 ppm) both GSH-PX and APX activities
were significantly increased as well as H2O2 and lipid peroxidation compared to the control. These results indicate that the
increase in the activities of antioxidant enzymes (GSH-PX
and APX) was not sufficient to protect Azolla plants from Seinduced toxic damage. Similar results were obtained by Chen
FYTON ISSN 0031 9457 (2016) 85: 262-269
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et al. (2008). Takeda et al. (1997) reported that in absence of
Se, the external H2O2 in Chlamydomonas cells is quenched by
the APX and CAT enzymes. However, in the presence of Se,
H2O2 is primarily scavenged by GSH-PX instead of APX and
CAT. Also, Hartikainen et al. (2000) reported a dramatic increase in the activity of GSH-PX in both younger and older
ryegrass seedlings treated with different levels of Se. Mitochondrial GSH-PX increased three-fold when fenugreek
(Trigonella Foenum-graecum L.) plants were supplemented
with Se (Sreekala et al.,1999). The positive relationship between Se concentration and GSH-PX activity suggests the
presence of Se-dependent GSH-PX in plants (Hartikainen et
al., 2000), and the increase in the activity of the GSH-PX enzyme in response to Se suggests a unique role for this enzyme
in counteracting oxidative stress in plants.
In conclusion, the effects of Se on Azolla plants changed
from beneficial to toxic, as reflected in the metabolism and
growth of the plant. Although Se is harmful (toxic) for Azolla
plants at high concentrations (≥5 ppm) leading to reductions
in biomass, it can exert beneficial effects at 1 ppm by promoting plant growth.

REFERENCES
Asada, K. (1994). Production and action of active oxygen species in
photosynthetic tissues. In: C.H. Foyer & P.M. Mullineaux (eds),
pp. 77-100. Causes of Photooxidative Stress and Amelioration of
Defense Systems in Plants. CRC Press, Boca Raton, Ann Arbor,
London, Tokyo.
Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding. Analytical Biochemistry 72: 248-254.
Brown, T.A. & A. Shrift (1982). Selenium-toxicity and tolerance in
higher plants. Biological Reviews of the Cambridge Philosophical
Society 57: 59-84.
Cartes, P., L. Gianfreda & M.L. Mora (2005). Uptake of selenium
and its antioxidant activity in ryegrass when applied as selenate
and selenite forms. Plant and Soil 276: 359-367.
Chen, T.F., X.F. Chui, F. Yang, W.J. Zheng & Y. Bai (2005). Stepwise
addition of selenium for the production of high selenium-enriched
Spirulina platensis and the effects on the photosynthetic pigments
and proteins. Food and Fermentation Industries 31: 48-51.
Chen, T.F., Y.S. Wong & W.J. Zheng (2006a). Purification and characterization of selenium-containing phycocyanin from seleniumenriched Spirulina platensis. Phytochemistry 67: 2424-2430.
Chen, T.F., W.J. Zheng, Y.S. Wong & F. Yang (2008). Seleniuminduced changes in activities of antioxidant enzymes and content
of photosynthetic pigments in Spirulina platensis. Journal of Integrative Plant Biology 50: 40-8.
Chen, T.F., W.J. Zheng, F.Yang, Y. Bai & Y.S. Wong (2006b). Mixotrophic culture of high selenium-enriched Spirulina platensis on
acetate and the enhanced production of photosynthetic pigments.
Enzyme Microbial Technology 39: 103–107.
Djanaguiraman, M., D.D. Devi, A.K Shanker, J.A. Sheeba & U.
Bangarusamy (2005). Selenium – an antioxidative protectant in
soybean during senescence. Plant and Soil 272: 77-86.
FYTON ISSN 0031 9457 (2016) 85: 262-269

Hassan AMA & EM Mostafa, FYTON 85 (2016)

El-Aggan, W. H. (1982). A Comparative Study of the Growth and
Nitrogenase Activity of five Azolla Species as Affected by Various
Environmental Factors. - Ph.D. Thesis, Université Catholique De
Louvain, Louvain.
Feng, R.W. & C.Y Wei (2012). Antioxidative mechanisms on selenium accumulation in Pteris vittata L., a potential selenium phytoremediation plant. Plant, Soil and Environment 58: 105-110.
Feng, R., W. Chaoyang & T. Shuxin (2013). The roles of selenium
in protecting plants against abiotic stresses. Environmental and
Experimental Botany 87: 58- 68.
Flohe L. & W.A. Gunzler (1984). Assays of Glutathione Peroxidase.
Methods in Enzymology. Academic Press, New York.
Germ, M. & V. Stibilj (2007). Selenium and Plants. Acta agriculurae
Slovenica 89: 65-71.
Gossett, D.R., E.P. Millhollon & M.C. Lucas (1994). Antioxidant
response to NaCl stress in salt tolerant and salt sensitive cultivars
of cotton. Crop Science 34: 706-714.
Griffith, O.W. (1980). Determination of glutathione and glutathione disulphide using glutathione reductase and 2-vinyl pyridone.
Anal. Biochem. 106: 207-212.
Halliwell, B. & C.H. Foyer (1978). Properties and physical function
of a glutathione reductase purified from spinach leaves by affinity
chromatography. Planta 139: 9-17.
Hartikainen, H., T. Xue & V. Piironen (2000). Selenium as an antioxidant and pro-oxidant in ryegrass. Plant Soil 225: 193-200.
Hartikainen, H., P. Ekholm, V. Piironen, T. Xue, T. Koivu & M. YliHalla (1997). Quality of the ryegrass and lettuce yields as affected
by selenium fertilization. Agricultural and Food Science in Finland
6: 381-387.
Hasanuzzaman, M. & M. Fujita (2011). Selenium pretreatment upregulates the antioxidant defense and methylglyoxal detoxification system and confers enhanced tolerance to drought stress in
rapeseed seedlings. Biological Trace Element Research 143: 17581776.
Hoagland, D.R. & D.I. Arnon (1950). The water-culture for growing
plants without soil. Circular California. Agricultural Expermintal
Station 347 (Review).
Kahakachchi, C, H.T. Boakye, P.C. Uden & J.F. Tyson (2004). Chromatographic speciation of anionic and neutral selenium compounds in Se-accumulating Brassica juncea (Indian mustard) and
in selenized yeast. Journal of Chromatography A 1054: 303-312.
Krishnaiah, K., l. Suresh Kumar, K. Suvardhan & P. Chiranjeevi
(2003). Simple spectrophotometric determination of traces of
selenium in environmental samples. Department of Geography,
University of Madras and Faculty of Environmental Studies,
York University. Pp. 217-225.
Kumar, M., A.J. Bijo, R.S Baghel, C.R.K. Reddy & B. Jha (2012). Selenium and Spermine alleviates cadmium induced toxicity in the
red seaweed Gracilaria dura by regulating antioxidant system and
DNA methylation. Plant Physiology and Biochemistry 51: 129-138.
Lewis, B.G., C.M. Johnson & T.C. Broyer (1974). Volatile selenium
in higher plants. The production of dimethyl selenide in cabbage
leaves by enzymatic cleavage of Se-methyl selenomethionine selenium salt. Plant and Soil 40: 107-118.
Li, Z.Y., S.Y Guo & L. Li (2003). Bioeffects of selenite on the
growth of Spirulina platensis and its biotransformation. Bioresource Technology 89: 171-176.
Marschner, H. (1995). Mineral Nutrition of HigherPlants. 2nd ed.
Academic Press, London.

Selenium in Azolla caroliniana plant

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance.
Trends in Plant Science 7: 405-410.
Molina, A., P. Bueno, M. Marin, M. Rodriguez-Osales, A. Belever,
K Venema & J. Donaire (2002). Involvement of endogenous salicylic acid content, lipoxygenase and antioxidant enzyme activities
in the response of tomato cell suspension culture to NaCl. New
Phytologist 156: 409-415.
Moron, M.J., J.W. Depierre & B. Mannlrvik (1979). Levels of GSH,
GR and GST activities in rat lungs and liver. Biochem. Biophys.
Acta 582: 67-78.
Nakano, Y. & K. Asada (1981). Hydrogen peroxide is scavenged by
ascorbate- specific peroxidase in spinach chloroplasts. Plant Cell
Physiology 22: 867-880.
Ornes, W.H., K.S. Sajwan, M.G Dosskey & D.C. Adriano (1991).
Bioaccumulation of selenium by floating aquatic plants. Water,
Air and Soil Pollution 57-58: 53-57.
Oser, B.L. (1979). Hawks Physiological Chemistry. PP. 702-705. Mc
Graw Hill N.Y.USA.
Pendias, K.A. (2001). Trace Elements in Soils and Plants. 3rd ed.
CRC Press, Boca Raton. 313 p.
Peters, G. A., B.C Mayne, T.B. Ray & R.E. Toia (1979). Physiology
and Biochemistry of the Azolla-Anabaena symbiosis. In: Nitrogen
and Rice. Pp. 325-344. International Research Institute, Los Baños.
Pilon, M., J.D. Owen, G.F. Garifullina, T. Kurihara, H. Mihara, N.
Esaki & E.A.H. Pilon-Smits (2003). Enhanced selenium tolerance and accumulation in transgenic Arabidopsis expressing a
mouse selenocysteine lyase. Plant Physiology 131: 1250-1257.
Pilon-Smits, E.A.H., M.P. de Souza, G. Hong, A. Amini, R.C. Bravo, S.T. Payabyab, & N. Terry (1999). Selenium volatilization and
accumulation by twenty aquatic plant species. Journal of Environmental Quality 28: 1011-1018.
Severi, A. (2001).Toxicity of selenium to Lemna minor in relation to
sulfate concentration. Physiologia Plantarum 113: 523-532.
Simojoki A., T. Xue, K. Lukkari, A. Pennanen & H. Hartikainen
(2003). Allocation of added selenium in lettuce and its impact on
roots. Agriculture and Food Science Finland 12: 155-164.
Sreekala, T.R. Santosh & K. Lalitha (1999). Oxidative stress during
selenium deficiency in seedling of Trigonella foenum-graecum and
mitigation by mimosine.1. Hydroperoxide metabolism. Biological
Trace Element Research 70: 193-207.
Subudhi, B.P.R. & I. Watanabe (1981). Differential phosphorus requirements of Azolla species and strains in phosphorus limited
continuous culture. Soil Science Plant Nutrition 27: 237-247.
Takeda, T., T. Ishikawa & S. Shigeoka (1997). Metabolism of hydrogen peroxide by the scavenging system in Chlamydomonas reinhardtii. Physiologia Plantarum 99: 49-55.
Terry, N., A.M. Zayed, M.P Souza & A.S. Tarun (2000). Selenium
in higher plants. Annual Review of Plant Physiology and Plant Molecular Biology 51: 401-432.
Velikova,V., I. Yordanov & A. Edreva (2000). Oxidative stress and
some antioxidant system in acid rain treated bean plants:protective
role of exogenous polyamines. Plant Science 151: 59-66.
Xue, T. & H. Hartikainen (2000). Association of antioxidative enzymes with the synergistic effect of selenium and UV radiation
in enhancing plant growth. Agriculture and Food Science Finland
9: 177-186.
Zayed, A, C.M. Lytle & N. Terry (1999). Accumulation and volatilization of different chemical species of Se by plants. Planta 206:
284-292.

269

Zayed, A., S. Gowthaman & N. Terry (1998). Phytoaccumulation of
trace elements by wetland plants: I. Duckweed. Journal of Environmental Quality 27: 715-721.
Zhang, L, A.R. Ackley & E.A.H. Pilon-Smits (2007). Variation in
selenium tolerance and accumulation among 19 Arabidopsis thaliana accessions. Journal of Plant Physiology 164: 327-336.

FYTON ISSN 0031 9457 (2016) 85: 262-269

