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Abstract In excess, iron can induce the production and
accumulation of reactive oxygen species (ROS), causing
oxidative stress. The objective of this work was to evaluate
the impact of toxic concentrations of iron (Fe) on the
antioxidative metabolism of young Eugenia uniflora plants.
Forty-five-day-old plants grown in Hoagland nutrient
solution, pH 5.0, were treated with three Fe concentrations,
in the form of FeEDTA, during three periods of time. At
the end of the treatment, the plants were harvested and
relative growth rate, iron content, lipid peroxidation and
enzymes and metabolites of the antioxidative metabolism
were determined. Iron-treated plants showed higher iron
contents, reduced relative growth rates and iron toxicity
symptoms in both leaves and roots. There was an increase
in lipid peroxidation with increasing Fe, only in the leaves.
The enzymatic activities of superoxide dismutase (SOD)
and glutathione reductase (GR) increased with increasing
Fe concentration and treatment exposure time. The activi-
ties of catalase (CAT), peroxidase (POX) and ascorbate
peroxidase (APX) also increased with increasing Fe con-
centration but decreased with increasing treatment expo-
sure time. Glutathione peroxidase activity (GPX) decreased
with increasing Fe concentration and exposure time. The
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ascorbate (AA) and reduced glutathione (GSH) contents
and the AA/DHA and GSH/GSSG ratios, in general,
increased with increasing Fe concentration and treatment
exposure time. The results indicate that under toxic levels
of Fe, young E. uniflora plants suffer increased oxidative
stress, which is ameliorated through changes in the activ-
ities of antioxidative enzymes and in the contents of the
antioxidants AA and GSH.
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Introduction

Iron is an essential micronutrient for plants that is involved
in several fundamental processes, such as photosynthesis,
respiration, nitrogen fixation and DNA and hormone syn-
thesis (Briat and Lobréaux 1997; Becana et al. 1998;
Schmidt 2003). Iron is also a major constituent of impor-
tant proteins (ferredoxin and cytochromes) and antioxida-
tive enzymes (catalase, peroxidase and superoxide
dismutase). However, when absorbed in excess, this metal
can displace the cell redox balance toward a pro-oxidant
state, causing alterations in the morphologic, biochemical
and physiological characteristics of the plants, generating
oxidative stress (Briat and Lebrun 1999; Hell and Stephan
2003). The reactive oxygen species (ROS) produced might
cause lipid peroxidation, protein oxidation, damage to
nucleic acids, destruction of chloroplast pigments and/or
other cell damages, leading to a programmed cell death
(Moller et al. 2007).

To tolerate oxidative stress, plant cells have evolved an
elaborate system of enzymatic and non-enzymatic antiox-
idants, which scavenge accumulated ROS (Becana et al.
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1998; Briat and Lebrun 1999). The enzymatic system
comprises enzymes, such as superoxide dismutase (SOD),
catalase (CAT), peroxidase (POX), ascorbate peroxidase
(APX), glutathione peroxidase (GPX) and glutathione
reductase (GR), that act alone or in concert to eliminate
accumulated ROS (Becana et al. 1998; Fang et al. 2001).
The non-enzymatic defense system consists of low
molecular weight metabolites, such as ascorbate (AA),
glutathione (GSH), carotenoids, a-tocopherol, ubiquinol,
uric acid and lipoic acid that act directly to eliminate free
radicals from cell metabolism (Becana et al. 1998; Noctor
and Foyer 1998; Mittler 2002) or serve as electron donors
to enzymes of the ascorbate/glutathione cycle (Noctor and
Foyer 1998).

Although most soils are rich in iron, the expression
“iron toxicity” is typically associated with plant culti-
vation in flooded soils with high ferrous iron levels,
particularly in lowland-rice production (Mehraban et al.
2008) or tea plantations in India (Hemalatha and Ven-
katesan 2011). Preliminary studies show that the native
species Eugenia uniflora in a Restinga habitat near
Guarapari, ES, Brazil, is affected by particulate and
gaseous emissions from a nearby iron ore processing
industry (Neves et al. 2009). The application of iron ore
dust as iron solid particulate matter and simulated acid
rain (pH 3.1) on E. uniflora plants results in high iron
content in the leaves and the appearance of typical
symptoms of iron toxicity. These plants also exhibit
impaired photosynthesis and symptoms of oxidative
stress (Neves et al. 2009).

Iron toxicity also potentially impacts vegetation in the
“Iron Quadrangle” in Minas Gerais, Brazil, which is one of
the most important iron mining regions in the world.
Mining, iron ore processing and beneficiation factories in
this region are producing and discharging iron residues
and/or emitting iron particulate matter, contaminating
water, soil and air. The plants growing in this region are
certainly exposed to excess iron, which could change their
metabolism, growth and development, affecting their
occurrence in the vegetation, or even leading to their dis-
appearance (Kuki et al. 2008).

E. uniflora is a shrub or small tree species native from
Guyana, Surinam and French Guiana to southern Brazil,
and to northern, eastern and central Uruguay. Recent
studies have shown the combined effects of flooding and
light intensity (Mielke et al. 2010; Mielke and Schaffer
2011) and exposure to simulated acid rain and iron ore dust
deposition on these plants. However, there are few reports
concerning the physiology of this species under iron tox-
icity conditions.

Therefore, the aim of this work is to evaluate the impact
of toxic levels of iron on the oxidative metabolism in
young E. uniflora plants.
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Materials and methods

Seeds of Eugenia uniflora L. (Myrtaceae) were collected in
Vigosa county, Minas Gerais, Brazil, from a single plant
grown in soil that was not contaminated with iron. The
seeds were selected for uniformity in size and form, surface
sterilized with 3 % (v/v) sodium hypochlorite for 15 min,
treated with a fungicide solution (0.2 % w/v Benlate) and
germinated in paper towels submerged in a 0.5 mM CaCl,
solution under continuous aeration and a controlled tem-
perature of 25 £ 1 °C.

Forty-five-day-old E. uniflora seedlings were selected
for uniformity in size and form and transferred to poly-
ethylene pots containing 1.6 L of Hoagland’s nutrient
solution, pH 5.0, at half ionic strength (Hoagland and Ar-
non 1938). After an adaptation period of 7 days, under the
controlled conditions of the growth room (room tempera-
ture: 25 % 1 °C, irradiance: 230 pmol m 2 s~ and pho-
toperiod: 16 h), the plants were subjected to treatments
with a factorial combination of three concentrations of
0.045 (control), 1.0 and 2.0 mM Fe in the form of FeED-
TA. The plants were evaluated at 15, 30 and 45 days after
the application of the treatments. The nutrient solution was
continually aerated, and the pH was adjusted to 5.0 with
HCIl or NaOH daily. The nutrient solution was renewed
every 7 days.

Plants taken at the begin of the experiment and har-
vested at the end of each treatment period were washed in
running water and rinsed in deionized water, dried at 80 °C
and the dry weight were determined for the relative growth
rate (RGR) estimation. Samples from the roots and leaves
were collected, frozen in liquid nitrogen and stored in an
ultra-freezer at —80 °C until further analysis.

Determination of iron content

Oven-dried (80 °C) plant materials, which were finely
ground in a stainless steel electric grinder, were digested in
a nitric-perchloric acid mixture (2:1) and iron content in
the extracts were determined by atomic absorption spec-
trophotometry (Shimadzu, model AA6701FG).

Determination of lipid peroxidation

The lipid peroxidation in the roots and leaves was esti-
mated as the concentration of malondialdehyde (MDA)
after a reaction with thiobarbituric acid (TBA) according to
Cakmak and Horst (1991). The tissue was macerated in
liquid nitrogen, homogenized in 0.1 % (w/v) trichloroace-
tic acid (TCA) and centrifuged at 12,000g for 15 min at
4 °C. Aliquots of the supernatant were added to 1.5 mL of
0.5 % (w/v) thiobarbituric acid (TBA) in 20 % TCA and
incubated in a shaking water bath at 95 °C. The reaction
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was terminated after 30 min, and the tubes were centri-
fuged at 10,000g for 10 min. The absorbance of the
supernatant was measured at 532 nm. The non-specific
absorption at 600 nm was subtracted. The amount of MDA
was calculated using a molar extinction coefficient of
155 mM ' cm™" and expressed as umol (MDA) g~ dry
weight (Heath and Packer 1968).

Determination of the activities of antioxidative
enzymes

To assess enzymatic activities, leaf and root fresh weight
samples were ground in liquid nitrogen and homogenized
in the corresponding buffer: (a) Superoxide dismutase
(SOD, EC 1.15.1.1), peroxidase (POX, EC 1.11.1.7) and
catalase (CAT, EC 1.11.1.6): 0.1 M potassium phosphate
buffer (pH 6.8), 0.1 mM ethylenediamine tetraacetic acid
(EDTA), 1 mM phenylmethanesulfonyl fluoride (PMSF)
and 1 % (w/v) polyvinylpolypyrrolidone (PVPP) (Peixoto
et al. 1999); (b) ascorbate peroxidase (APX, EC 1.11.1.11):
50 mM potassium phosphate buffer (pH 7.0), 1 mM
EDTA, 1 mM ascorbic acid, 1 mM PMSF, 2 mM dithio-
threitol (DTT) and 1 % (w/v) PVPP (Peixoto et al. 1999);
(c) glutathione peroxidase (GPX, EC 1.11.1.9): 0.1 M
Tris—HCI buffer, pH 7.5, 1 mM EDTA and 10 mM MgCl,
(Nagalakshmi and Prasad 2001); (d) glutathione reductase
(GR, EC 1.6.4.2): 0.1 M potassium phosphate buffer (pH
7.0), 1 mM EDTA, 0.02 % (w/v) Triton X-100, 2 mM
DTT, 1 mM PMSF and 1 % (w/v) PVPP (Carlberg and
Mannervik 1985). In all cases, after filtration through four
layers of cheesecloth, the homogenates were centrifuged at
12,000g for 15 min at 4 °C, and the supernatant was used
as the source of crude enzyme.

The enzymatic activities were determined by adding
0.1 mL of the crude enzyme extract to the corresponding
reaction mixture: (a) POX: 2.9 mL of 0.1 M potassium
phosphate buffer (pH 6.8) containing 20 mM pyrogallol
and 20 mM H,0,; (b) CAT: 2.9 mL of 50 mM potassium
phosphate buffer (pH 7.0) containing 12.5 mM H,0;;
(c) APX: 2.9 mL of 50 mM potassium phosphate buffer
(pH 6.0) containing 0.8 mM ascorbic acid and 1 mM H,0,
(Cakmak and Horst 1991); (d) GPX: 0.9 mL of 50 mM
potassium phosphate buffer (pH 7.0) containing 1 mM
EDTA, 0.1 M NaCl, 1 mM GSH, 0.2 mM NADPH,
0.25 mM H,O, and one unit of glutathione reductase
(Nagalakshmi and Prasad 2001); (e) GR: 0.9 mL of 50 mM
Tris—HCI buffer (pH 7.5) containing 1 mM oxidized glu-
tathione (GSSG) and 0.1 mM NADPH (Carlberg and
Mannervik 1985). In all cases, the mixtures were incubated
at 30 °C, and the absorbances were measured during the
first minute of the reaction. The enzymatic activities were
estimated using the corresponding molar extinction coef-
ficients: POX (420 nm; & 247 mM~'cm™'); CAT

(240 nm, & 36M 'cm™'); APX (290 nm, e
2.8 mM~! cmfl); GPX (340 nm, €: 9.6 mM ™! cmfl; and
GR (340 nm, & 6.22 mM~! ecm™).

The activity of SOD was determined by adding the root
or leaf crude enzymatic extract to a reaction mixture of
50 mM potassium phosphate buffer (pH 7.8) containing
13 mM methionine, 0.1 mM EDTA, 75 uM nitroblue tet-
razolium (NBT) and 2 pM riboflavin. The reaction was
performed in a chamber with a 15-W fluorescent lamp at
25 °C. After 5 min of illumination, the blue formazan was
measured at 560 nm (Giannopolitis and Ries 1977). All
rates were corrected for non-enzymatic activity. One unit
of SOD activity was defined as the amount of enzyme
required to cause 50 % inhibition in the rate of NBT
reduction.

Protein concentrations in the enzyme extracts were
determined using Bradford method (Bradford 1976), and
BSA was used as a standard.

Determination of antioxidative metabolite contents

To determine the ascorbate (AA) and dehydroascorbate
(DHA) contents, leaf and root samples were ground in
liquid nitrogen, homogenized in 2 mL of 6 % TCA (w/v),
filtered and centrifuged at 15,000g for 5 min at 4 °C
(Kampfenkel et al. 1995). The total ascorbate content
(AA + DHA) was determined in aliquots of extracts
treated with 0.5 mM DTT and 0.02 M sodium phosphate
buffer, pH 7.4, at 42 °C for 15 min. Subsequently, 0.025 %
N-ethylmaleimide, 2.5 % TCA, 8.4 % H3POy, 0.8 % 2,2'-
dipyridyl, and 0.3 % FeCl; were added, and the extracts
were incubated again at 42 °C for 40 min. After termi-
nating the reaction on ice, the absorbance was measured at
525 nm. The AA content was determined as described
above, omitting DTT and N-ethylmaleimide. The DHA
content was calculated as the difference between the total
ascorbate content (AA + DHA) and the reduced form
content (AA).

To determine reduced (GSH) and oxidized (GSSG)
glutathione contents, leaf and root samples were ground in
liquid nitrogen and homogenized in 2 mL of 0.1 M HCI
containing 1 mM EDTA. After filtration through four
layers of cheesecloth, the homogenates were centrifuged at
12,000g, for 10 min at 4 °C. A 150 pL. sample was used
for the determination of total glutathione (GSH + GSSG)
content. A volume of 7.5 pL of 2-vinilpiridina (2-VP) was
added to an additional 150 pL sample, and the sample was
derivatized at 30 °C for 1 h to determine the GSSG con-
tent. One hundred microliter aliquots of both samples were
treated with 200 pL of 125 mM sodium phosphate
buffer, pH 7.5, containing 6.3 mM EDTA, 500 pL of
0.3 mM NADPH, 100 pL of 0.1 M HCI containing 1 mM
EDTA and 100 pL. of 6 mM DTNB (Griffith 1980).
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After incubation at 30 °C for 5 min, 10 pL of glutathione
reductase (50 U mLfl) was added to the mixture and the
increase in absorbance at 412 nm was measured during the
first minute of the reaction. The GSH content was calcu-
lated as the difference between the total glutathione content
and the GSSG content. A standard curve was prepared with
authentic standards of GSH and GSSG.

Statistical analysis

The treatments were arranged in a randomized factorial
block design with three replicates. The results were sub-
jected to analysis of variance, and the means were com-
pared using the Duncan test at 5 % probability.

Results

The relative growth rate (RGR) of the leaves and roots
decreased with time and with increasing FEEDTA con-
centration (Fig. 1a, b). Forty-five days after treatment with
2.0 mM FeEDTA there was a reduction in RGR of about
28 % in both leaves and roots relative to control plants.
Iron toxicity symptoms, characterized mainly by leaf
chlorosis and/or bronzing and root darkening, were clearly
visible after 45 days of iron treatment with 1.0 mM and
especially with 2.0 mM FeEDTA (Fig. 2).

Iron content in the roots was greater than in the leaves
and increased with increasing FEEDTA concentration in
the nutrient media and exposure time in both plant parts
(Fig. 3a, b). The iron content at 45 days after treatment
with 2.0 mM FeEDTA was 229.5 and 1,316.7 mg kg ™' dw
in the leaf and root, respectively.

The lipid peroxidation in the leaves was greater than that
in the roots and increased with increasing FeEDTA

A (J0.045mM [ 1.0mM M 2.0 mM FeEDTA
LEAF
1207 aA %
-% - bA aB
- 90 1 bB
s cB aC
% 60 - °C
5
e~ 301
15 30 45

Time of treatment, days

Fig. 1 Relative growth rate (RGR) of leaf (a) and root (b) of Eugenia
uniflora after exposure to FeEEDTA treatment for different periods of
time. Means followed by the same capital letter among days after
FeEDTA treatment for each FEEDTA concentration and by the same
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concentrations in the nutrient media and exposure time
(Fig. 4a, b). The highest leaf lipid peroxidation activity was
observed at 45 days after treatment with 2.0 mM FeEDTA.
At this condition, there was an increase of >50 % in the
MDA production relative to that observed in the control
plants.

In the roots, the lipid peroxidation intensity increased
with increasing treatment exposure time, but it was reduced
at higher Fe concentrations (Fig. 4b). In the 2.0 mM
FeEDTA-treated plants, for example, we observed reduc-
tions in root lipid peroxidation of 8 and 32 % after 30 and
45 days of treatment, respectively, compared with their
respective controls. At 1.0 mM FeEDTA, the lipid perox-
idation intensity decreased only after 45 days of treatment.

In the leaves of young E. uniflora plants, no change in
SOD activity was observed with increasing Fe concentra-
tion and exposure time to treatment, except at 2.0 mM
FeEDTA after 45 days of treatment (Fig. 5a). At this iron
concentration, a 30 % increase in SOD activity was
observed compared to its respective control. The CAT
activity was increased with increased exposure of the
plants to high iron concentrations from the 15th to the 45th
day of treatment, but no additional effect was observed
doubling iron concentration (Fig. 5b). The highest CAT
activity was observed at 30 days after iron treatment. The
POX activity also increased with iron treatment, and an
additional effect was observed after increasing the FeED-
TA concentration from 1.0 to 2.0 mM (Fig. 5c). The
highest POX activity was observed in plants exposed to
2.0 mM FeEDTA for 15 days. At this concentration, POX
activity was approximately 112 % higher than in the con-
trol plants. The activity of APX increased with increasing
iron concentration, but significant changes were not
observed with increased exposure to iron treatment
(Fig. 5d). The activity of this enzyme at the highest iron

B 000.045mM E1.0mM M 2.0 mM FeEDTA
ROOT

1201
2y
901 aa
o bA B
0 () - bA aB pA A o
- bB 5
O
304

0

15 30 45

Time of treatment, days

small letter among FeEEDTA concentrations for each exposure time do
not differ (P <5) using Duncan’s test. Bars represent standard
deviations
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+ 2.0 mM FeEDTA

Control

Fig. 2 Iron toxicity symptoms in Euglena uniflora after 45 days of
FeEDTA treatment
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Fig. 3 Iron content in the leaf (a) and root (b) of Eugenia uniflora
after exposure to FeEDTA treatment for different periods of time.
Means followed by the same capital letter among days after FeEEDTA
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Fig. 4 Effect of FeEDTA on lipid peroxidation in the leaf (a) and
root (b) of Eugenia uniflora after exposure to iron treatment for
different periods of time. Means followed by the same capital letter
among days after FeEEDTA treatment for each FeEEDTA concentration

concentration was higher than in control plants and/or
plants treated with 1.0 mM FeEDTA. The greatest enzy-
matic activity was observed after 30 days of treatment with
2.0 mM FeEDTA. In contrast with the other enzymes, the
GPX activity decreased with increasing iron concentration,
but it was not affected by increased exposure to iron
(Fig. Se). Forty-five days after treatment with 2.0 mM
FeEDTA, we observed a 4.3-fold reduction in GPX activity
relative to the control plants. The GR activity increased
only with 2.0 mM FeEDTA treatment (Fig. 5f), and the
highest GR activity was observed on the 30th day after
treatment with 2.0 mM FeEDTA, showing an approxi-
mately 40 % higher activity than in control plants.

The SOD activity in the roots increased after treatment
with a high iron concentration (Fig. 6a). A significant
increase in the SOD activity was detected after the 15th day
of treatment and increased with increasing exposure and
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treatment for each FEEDTA concentration and by the same small
letter among FEEDTA concentrations for each exposure time do not
differ (P < 5) using Duncan’s test. Bars represent standard deviations
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exposure time do not differ (P <5) using Duncan’s test. Bars
represent standard deviations
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Fig. 5 Effect of FEEDTA on the activities of superoxide dismutase
(SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase
(APX), glutathione peroxidase (GPX) and glutathione reductase (GR)
in the leaves of Eugenia uniflora after exposure to iron treatment for
different periods of time. Means followed by the same capital letter

iron concentration in the nutrient solution. At 45 days after
treatment, the SOD activity was 80 and 93 % higher in
plants treated with 1.0 and 2.0 mM FeEDTA, respectively,
compared with their respective control plants. No addi-
tional effect was observed with an iron concentration from
1.0 to 2.0 mM, except after the 30th day of treatment. The
CAT activity increased only in plants treated with 2.0 mM
FeEDTA (Fig. 6b). At 15 and 30 days after plant treat-
ment, the CAT activity at this iron concentration was
approximately 51 and 60 % higher, respectively, than in
their controls. No significant change in enzyme activity
was observed with increased exposure to iron treatment;
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for each exposure time do not differ (P < 5) using Duncan’s test.
Bars represent standard deviations

however, a slight reduction in activity was observed after
45 days at the highest iron concentration. The POX activity
at 2.0 mM FeEDTA did not increase with increasing
exposure time, but was almost the same during time course.
In the control or 1.0 mM FeEDTA-treated plants, however,
there was a decrease in enzyme activity with increasing
exposure time (Fig. 6¢). At 45 days after treatment, the
POX activity in plants treated with 2.0 mM FeEDTA was
approximately 115 % higher than in the control plants. The
APX activity increased with increasing iron concentration
and exposure time (Fig. 6d). At 45 days after iron treat-
ment, the APX activity at 2.0 mM FeEDTA was
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approximately 1.5 and 2.2-fold higher than at 1.0 mM
FeEDTA and in control plants, respectively. The GPX
activity was reduced with treatment at 2.0 mM FeEDTA
for the duration of the exposure time tested (Fig. 6e). At
1.0 mM FeEDTA, a significant reduction was observed
after 15 days of treatment compared with the control. The
GR activity increased with increasing iron concentration
and treatment time (Fig. 6f). At 45 days after treatment,
the GR activity at 1.0 and 2.0 mM FeEDTA was approx-
imately 116 and 143 % higher than that in the control
plants, respectively. It is worth to note that the activities of
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Fig. 6 Effect of FEEDTA on the activities of superoxide dismutase
(SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase
(APX), glutathione peroxidase (GPX) and glutathione reductase (GR)
in the roots of Eugenia uniflora after exposure to iron treatment for
different periods of time. Means followed by the same capital letter

SOD, POX, APX, and GR in the root were usually higher
than in the leaves (Figs. 5, 6).

The ascorbate content in the leaves was approximately
2-fold higher than in the roots (Fig. 7a, b). The ascorbate
contents in the leaves of treated plants at 1.0 mM FeEDTA
were higher than at 2.0 mM FeEDTA and in the control
plants until 30 days (Fig. 7a). On the 45th day, we observed
an increase in the AA content in 2.0 mM FeEDTA-treated
plants. Under this condition, the AA content was 68 %
higher than in control or 1.0 mM FeEDTA-treated plants.
The AA content increased significantly in the roots in
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2.0 mM FeEDTA-treated plants after 15 days of treatment
(Fig. 7b). After 30 days, there was a reduction in the AA
content relative to control plants, but the differences among
the treatments disappeared after 45 days. In general, the
DHA content in the leaves was higher after 30 days of
treatment, but it decreased with extended periods of treat-
ment (Fig. 7c). Iron treatment increased the DHA content at
the 15th day of exposure. Longer exposure times resulted in
a reduction in DHA content, particularly with 2.0 mM
FeEDTA. In the roots, the DHA content decreased with
increasing iron concentration and time of application of the
treatment (Fig. 7d). The reduction in DHA content with
2.0 mM FeEDTA after 45 days was approximately 240 %
as compared with that in control plants. The AA/DHA ratio
in the leaves did not change until 30 days after treatment
with iron or with the exposure time (Fig. 7e). However,
after 45 days of treatment, the AA/DHA ratio increased in
the 2.0 mM FeEDTA-treated plants to 10.8, i.e., 2.9-fold
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Fig. 7 Effect of FeEDTA on the contents of ascorbate (AA) and
dehydroascorbate (DHA) and the AA/DHA ratio in the leaves (a, c,
e) and roots (b, d, f) of Eugenia uniflora after exposure to iron
treatment for different periods of time. Means followed by the same
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higher than in control plants. In the roots, the AA/DHA ratio
increased with iron treatment (Fig. 7f). After 45 days, the
AA/DHA ratio in 2.0 mM FeEDTA-treated plants was 5.2,
i.e., 3.6-fold higher than in control.

The GSH contents increased in plants exposed to high
levels of iron in both the leaves and the roots (Fig. 8a, b). In
the leaves, both 1.0 and 2.0 mM FeEDTA treatments resul-
ted in an increase in the GSH content relative to the control
(Fig. 8a). The exposure time did not significantly affect the
GSH content; however, a slight reduction in the GSH content
was observed in plants treated with 1.0 mM FeEDTA after
45 days. In the roots, the GSH content was also enhanced
with increasing iron concentration (Fig. 8b). The GSH
content in the control plants continuously decreased with
increasing exposure time. At 45 days after treatment, the
GSH content in the control plants was 97 % less than that in
plants treated with 2.0 mM FeEDTA. The GSSG content in
the leaves and roots of plants treated with 1.0 mM FeEDTA
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Fig. 8 FeEDTA effect on the contents of reduced glutathione (GSH)
and oxidized glutathione (GSSG) and the GSH/GSSG ratio in the
leaves (a, ¢, e) and roots (b, d, f) of Eugenia uniflora after exposure to
iron treatment for different periods of time. Means followed by the

was consistently higher than in plants treated with 2.0 mM
FeEDTA or in control plants at all evaluation times (Fig. 8c,
d). Treatment with 2.0 mM FeEDTA consistently resulted in
a reduction of GSSG content relative to treatment with
1.0 mM FeEDTA and control plants. The GSH/GSSG ratio
in both plant parts was higher at 2.0 mM FeEDTA, inde-
pendent of the time of plant exposure to iron treatment
(Fig. 8e, f). At45 days after treatment, the GSH/GSSG ratio
in plants exposed to 2.0 mM FeEDTA was approximately
103 and 137 % of the value, respectively, in the leaves and
roots of the respective control plants.

Discussion
Iron is an essential micronutrient for plants, involved in

several fundamental metabolic processes. However, in
excess, this element can displace the cell redox balance
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toward a pro-oxidant state, increasing the production and
accumulation of reactive oxygen species (ROS) (Briat and
Lebrun 1999; Hell and Stephan 2003), thereby establishing
oxidative stress (Moller et al. 2007).

In this study, plants were exposed to 1.0 and 2.0 mM
FeEDTA, iron concentrations of 22- and 44-fold the usual
iron concentration observed in nutrient solution
(0.045 mM). The plants exposed to these high iron con-
centrations showed reduced relative growth rate and typical
foliar and root iron toxicity symptoms, especially at
2.0 mM FeEDTA. Nevertheless, the iron content in the
leaves was maintained well below the established critical
iron toxicity of 300 mg kg~' dw (Marschner 1995). The
iron concentration in the roots (1,316.7 mg kg~' dw) was
much higher than that in the leaves (229.5 mg kg~' dw) in
plants treated with 2.0 mM after 45 days. Apparently, E.
uniflora is more sensitive to iron than the average plants
used in previous studies (Marschner 1995).
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Lipid peroxidation is an important metal toxicity indi-
cator that is based on the production of malondialdehyde
(Azevedo Neto et al. 2006). In this study, the level of lipid
peroxidation increased with increasing iron concentration
and exposure time to iron treatment, only in the leaves
(Fig. 4). This was indicative of the production and accu-
mulation of reactive oxygen species (ROS) induced by
toxic concentrations of iron in this part of the plant.
Enhanced lipid peroxidation under iron toxicity has been
reported for different species (Sinha et al. 1997; Souza-
Santos et al. 2001; Sinhd and Saxena 2006; Kuki et al.
2008; Kumar et al. 2008; Stein et al. 2008; Xing et al.
2010) and has been associated with oxidative stress caused
by this metal toxicity. The intensity of the oxidative
damage, however, differs among species and/or genotypes,
and the plant response depends on the duration and inten-
sity of the applied stress (Sgherri et al. 2000). In the roots,
however, lipid peroxidation was smaller than in the leaves
and decreased with increasing iron concentration (Fig. 4).
This reduction in lipid peroxidation may be the result of the
higher activities of the antioxidative enzymes induced by
higher iron content in this part of the plant (Fig. 6) or an
effect of the EDTA left behind after iron uptake as sug-
gested by Gonzalez-Cuevas et al. (2011).

So, iron in excess may cause oxidative damage to the
plants either directly or indirectly through the formation of
ROS. To scavenge most of the produced ROS plants of
Euglena uniflora L., similar to other species, exhibited a
well-organized antioxidative defense system comprising
antioxidative enzymes (e.g., SOD, POX, GR, GPX, CAT)
and low molecular weight antioxidants such as AA and
GSH (Reddy et al. 2005; Singh et al. 2006). The ability to
activate these defense mechanisms is considered to be a
key component in the process of plant tolerance, which
involves the elimination of oxidative disturbances caused
by biotic and abiotic stresses (Giannakoula et al. 2010).

Superoxide dismutase (SOD), a first line defense
enzyme that catalyzes superoxide anion dismutation
(Scandalios 1993) and considered as one of the most
important enzymes in the cell defense against the oxidative
stress (Foyer and Noctor 2000; Alscher et al. 2002; Apel
and Hirt 2004) was enhanced by iron excess. Its activity
increased with increasing iron concentration and exposure
time, especially in the roots of E. uniflora (Fig. 6a). This
higher SOD activity in the roots seems to be the result of
increased iron content, which subsequently increases oxi-
dative stress and the production of superoxide radicals.
Increasing SOD activity under iron toxicity has also been
observed in other plant species, such as Nicotiana
plumbaginifolia (Kampfenkel et al. 1995), corn (Kumar
et al. 2008), Clusia hilariana (Pereira et al. 2009), Hydrilla
verticillata (Sinha et al. 1997), and rice (Stein et al. 2008).
However, Neves et al. (2009) observed a decrease in the
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activity of this enzyme in the leaves of E. uniflora exposed
to iron dust deposition and/or acid rain and to treatment
with 5.0 mM FeEDTA, but in this case the iron concen-
tration was much higher than in the present experiment.

Hydrogen peroxide (H,O,) a by-product of the super-
oxide anion dismutation, however, is also toxic to plants
and, therefore, requires other antioxidative enzymes to be
eliminated. One of the most important enzymes involved in
the elimination of hydrogen peroxide (H,O,) in plants is
catalase (CAT). The activity of this enzyme increased with
increasing iron concentration, especially in the leaves,
indicating an increase in the production of H,O, (Ghanati
et al. 2005). The increase in CAT activity due to iron stress
has been observed in other plant species (Kuki et al. 2008;
Kumar et al. 2008; Stein et al. 2008; Xing et al. 2010). In a
previous study, a decreased CAT activity was observed in
E. uniflora after treatment with 5.0 mM FeEDTA for
2 months (Neves et al. 2009). Reductions in the activities
of the enzymes SOD and CAT, as observed by Neves et al.
(2009), are indicative of a much stronger oxidative stress,
affecting enzyme biosynthesis and/or the assembly of
enzyme subunits (Singh et al. 2006). Peroxidase (POX) and
ascorbate peroxidase (APX) activities increased in both the
leaves and, particularly, the roots of the plants with
increasing iron concentration. In general, increased activity
of these antioxidative enzymes is expected, implicating a
role for these enzymes in the detoxification of ROS accu-
mulated due to an oxidative stress. An increase in the
activities of these enzymes in response to toxic levels of
iron was observed in Solanum tuberosum (Chatterjee et al.
2006), Schinus terebinthifolius (Kuki et al. 2008), corn
(Kumar et al. 2008), rice (Stein et al. 2008) and Elodea
nuttallii (Plach) H. St. John (Xing et al. 2010). Due to its
high activity in both the leaves and roots, the enzyme POX
seems to have an important role in plant defense against
oxidative stress in Eugenia uniflora.

Glutathione peroxidase (GPX) also detoxifies H,O, to
H,O but using GSH as reducing agent. The regeneration of
GSH is made possible by the reduction of GSSG catalyzed
by glutathione reductase (GR), a key-enzyme of the
ascorbate/glutathione cycle essential to maintain cell
homeostasis during oxidative stress (Noctor and Foyer
1998). In this study, GPX activity decreased in both plant
parts with increasing iron concentration and exposure time.
This reduction may be result of a direct attack by toxic
reactive oxygen species as suggested by Wang et al. (2004)
or a reduced supply of GSH. This last hypothesis seems to
be improbable since the GR activity (Figs. 5, 6) and the
GSH content (Fig. 8) were enhanced under increasing iron
concentration. Interestingly, in the leaves, we observed
lower GR activity and higher GSH content (Figs. 5f, 8a),
while in the roots, we observed the opposite effect
(Figs. 6f, 8b), indicating a higher consumption of GSH in
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the roots, probably to provide substrate for phytochelatin
biosynthesis, a Cys-rich polypeptide involved in plant
metal detoxification (Nagalakshmi and Prasad 2001) or
other consuming —SH process.

To overcome oxidative stress, besides enzymatic mech-
anisms, plant can use low molecular weight antioxidants
such as ascorbate (AA) and glutathione (GSH) (Noctor and
Foyer 1998). Ascorbate (AA) is a major antioxidant
metabolite involved in the detoxification of ROS during
oxidative stress in plants (Noctor and Foyer 1998). Ascor-
bate can directly eliminate hydrogen peroxide or can be
used as a reduced substrate by the enzyme APX. Cells,
therefore, require the effective biosynthesis and/or regen-
eration of AA to prevent oxidative damage caused by
excess metals (Sinha and Saxena 2006). Apparently, the AA
contents might vary depending on the degree of the stress
and the capacity of the system to produce and/or regenerate
AA. Here, the AA content varied from a slight decrease to a
high increase in the leaves after plant treatment with
2.0 mM FeEDTA for 45 days. An increase in the AA
content in plants treated with iron was observed in Bacopa
monnieri (Sinha and Saxena 2006) and in Spartia densiflora
(Dominguez et al. 2009). We also observed an increase in
APX at both 1.0 and 2.0 mM FeEDTA for the duration of
the experimental period. This enzyme consumes AA to
eliminate the H,O, and produces monodehydroascorbate
(MDHA) (Noctor and Foyer 1998); therefore, an increase in
MDHA would be expected. Unfortunately, this metabolite
was not determined in this work, but its non-enzymatic sub-
product dehydroascorbate (DHA) was reduced, especially
in the roots, with increasing iron concentration. Thus,
enzymes such as dehydroascorbate reductase (DHAR) and
monodehydroascorbate reductase (MDHAR) were probably
activated to regenerate part of the AA consumed in H,O,
detoxification (Drazkiewicz et al. 2003; Aravind and Prasad
2005). At 45 days after the application of 2.0 mM FeED-
TA, the AA/DHA ratio increased approximately 3-fold
relative to the control. The AA/DHA ratio is considered to
be an important redox state indicator in plant cells, func-
tioning as a buffer system to supply antioxidant metabolites
during oxidative stress (Potters et al. 2002). The increase in
the AA/DHA ratio was due to an increase in AA and a
reduction in DHA contents (Fig. 7). The total AA + DHA
also increased with iron treatment and could potentially
increase ascorbic acid synthesis.

GSH is another important antioxidant metabolite that
exists interchangeably with the oxidized form, GSSG
(Noctor and Foyer 1998). It can chemically react with some
ROS, especially with hydrogen peroxide, or can be used as an
electron donor for the enzyme GPX. GSH can also partici-
pate in AA regeneration in the AA-GSH cycle (Eshdat et al.
1997; Noctor and Foyer 1998). In this study, the GSH content
in iron-treated plants was higher than in controls, especially

in the leaf, indicating an adaptive response of the plants to the
oxidative stress caused by high iron concentration. Increas-
ing the time of exposure to iron treatment gradually reduced
the GSH content, especially at 1.0 mM FeEDTA in the roots.
Some authors suggest that this might be due to GSH utili-
zation in the biosynthesis of phytochelatins or in the AA
(Mendoza-Cdzatl and Moreno-Sanchez 2006).

Usually, the oxidized GSSG form represents a small
fraction of the total glutathione (<10 %) (Meister 1988). In
our study, GSSG represented 25-30 % of the total glutathi-
one. The GSSG content increased in plants treated with
1.0 mM but was reduced at higher iron concentrations,
probably due its consumption by GR as observed in Figs. 5f,
6f. The GSH/GSSG ratio increased with increasing iron
treatment, especially at the highest FEEDTA concentration,
in the leaves and roots. This GSH/GSSG ratio is considered
to be an important redox sensor in different signaling pro-
cesses ROS produced through oxidative stress (Mittler
2002). The increase in the GSH/GSSG ratio represents a
positive balance between GSH-producing enzymes, such as
GR (Apel and Hirt 2004), y-GCS and GSH-S (Ishikawa et al.
2006), and consumer enzymes, such as GPX, suggesting an
important role for this system in the defense against oxida-
tive stress caused by iron toxicity in Eugenia uniflora.

In conclusion, our results demonstrate that young Eugenia
uniflora plants under high iron concentrations suffer strong
oxidative stress with increase in lipid peroxidation. Under
the experimental conditions applied in this study, Eugenia
uniflora plants exhibited a complex defense mechanism
composed of antioxidative enzymes and low molecular
weight antioxidants that were capable of ameliorating the
impact of the reactive oxygen species produced.
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