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ABSTRACT: Iron plays a pivotal role in the redox reactions of photosynthesis and metabolic pro-
cesses such as chlorophyll synthesis. Iron availability in waterlogged soils can reach toxic levels
and promote oxidative stress. Fe toxicity is the most concerning of stresses for rice in many
lowland environments around the world and may cause severe impairments in rice photosynthe-
sis. This study aimed to investigate the extension of oxidative stress after excess Fe exposure
and its effects on the photosynthesis of rice cultivars with differential sensitivity. Three Brazilian
rice cultivars (EPAGRI 107, BRSMG SELETA and BR IRGA 409) were grown in Hoagland nutrient
solution (pH 4.0) with two Fe-EDTA doses corresponding to excess Fe (7 mM) and control (0.009
mM) treatments. After just three days of excess Fe exposure, there was a significant increase in
iron concentration in the shoots. The BR IRGA 409 cultivar exhibited higher Fe accumulation in
its shoots, and the EPAGRI 107 cultivar recorded the lowest values, which were below the criti-
cal toxicity level, as a resistance strategy. Impairment in light energy partitioning and oxidative
damage became evident before changes in stomatal resistance, chlorophyll content, maximal
PSII quantum yield or visual symptoms for the most sensitive cultivar (BR IRGA 409). The photo-
synthesis limitations, in addition to the impairment of excess energy dissipation in rice from iron
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Introduction

Iron (Fe) is a micronutrient that plays important
physiological roles in plants as a component of enzyme
cofactors that catalyze redox reactions in fundamental
metabolic processes. In oxygenic photosynthesis, Fe is
a cofactor in both photosystems (PSII and PSI) and in
the cytochrome (Cyt) b/f complex. Moreover, it is re-
quired for chlorophyll biosynthesis and to promote the
structural integrity of photosynthetic reaction centers
and light-harvesting complex (LHC) subunits (Guerinot
and Yi, 1994; Msilini et al., 2011; Yadavalli et al., 2012).
However, the same redox properties that make Fe suit-
able to the electron transfer chain in photosynthesis is
also responsible for its toxic effects when it is present in
excess because of reactive oxygen species (ROS) overpro-
duction (Kobayashi and Nishizawa, 2012).

In addition to its abundance in the earth’s crust, iron
in aerobic soils is found mostly in the form of insoluble
Fe®+ oxides or hydroxides, which decrease Fe bioavailabil-
ity to plants (Stein et al., 2014). However, iron toxicity may
occur in waterlogged soils as a consequence of the high
amounts of reducible Fe, low pH, and low cation-exchange
capacity (Becker and Asch, 2005). In fact, Fe toxicity is the
most widespread nutritional disorder that affects wetland
rice production (Dobermann and Fairhurst, 2000).

Fe toxicity symptoms in rice are frequently linked
to a "bronzing” appearance in leaves, that is brown spots
starting from the leaf tip that develop into purple, red-
dish-brown spreading towards the leaf base. The roots
become dark brown in color and develop poorly, and ex-
hibit a scanty and coarse aspect (Becker and Asch, 2005;

toxicity, are the results of oxidative damage.
Keywords: TBARS, iron toxicity, light energy dissipation, oxidative stress, photosynthesis

Silveira et al., 2009). Iron toxicity also reduces growth
and yield (Dorlodot et al., 2005), causes nutritional dis-
orders (Pereira et al., 2014) and severe impairment in
rice photosynthesis (Pereira et al., 2013).

Rice photosynthesis is sensitive to Fe excess through
an initial increase in stomatal resistance, lowering the
CO, mesophyll concentration and through non-stomatal
limitation due to biochemical and photochemical impair-
ment after severe stress (Pereira et al., 2013). We propose
that light energy partitioning impairment and oxidative
damage, which is more severe in cultivars with high sen-
sitivity, may take place before the non-stomatal limitation
because of the Fe overload in the roots. This study aimed
to investigate the oxidative damage triggered by Fe toxic-
ity and its effects on the photosynthetic variables in rice
cultivars with differential sensitivity.

Materials and Methods

Plant materials and experimental conditions

The seeds of three rice (Oryza sativa L.) cultivars
(EPAGRI 107, BRSMG SELETA and BR IRGA 409) were
surface sterilized with 10 % sodium hypochlorite for 10
min and then thoroughly washed in deionized water. The
seeds were germinated on moistened paper for a 12-h
photoperiod (200-250 pmol m~2 s~!), at a temperature of
28 °C and a relative humidity of 100 % for 72 h in a ger-
mination chamber. The seedlings were then transferred
to greenhouse conditions and grown hydroponically in
non-aerated Hoagland nutrition solution at half-strength
(Hoagland and Arnon, 1938) with macronutrients (mM)
in the following composition: NO, (7); NH, (0.5); K (3);
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Ca (2); Mg (1); P (0.5); S (1); and micronutrients (pM):
Fe (9); B (23); Mn (4.5); Zn (0.4); Cu (0.15); Mo (0.05).
The nutrient solution was renewed weekly and the pH
adjusted to 4.0 daily. Fe?* treatments were applied when
the seedlings reached V6 growth stage (Counce et al.,
2000). Fe was supplied in the form of Fe-EDTA (equimo-
lar FeSO,.7H,O plus EDTA) at concentrations of 0.009
(control) and 7 mM.

The lowland rice cultivars were obtained from dis-
tinct breeding institutions in Brazil. The BR IRGA 409 cul-
tivar is widely cultivated in the state of Rio Grande do Sul
since its release to farmers in 1979, being previously char-
acterized as susceptible to Fe toxicity (Stein et al., 2014).
The EPAGRI 107 cultivar was released in 1994 in the state
of Santa Catarina. This cultivar is considered resistant
to Fe toxicity but is not highly cultivated nowadays. The
BRSMG SELETA cultivar is considered suitable for culti-
vation in the state of Minas Gerais (Soares et al., 2005).

Morphological variables and iron concentration in
tissues

Changes in growth and shoot iron concentrations
were measured after 3, 5, 7 and 9 days of excess Fe expo-
sure. The length and dry weight of shoots and roots were
measured. The plant material was dried at 75 °C until
it reached constant weight, and then the root and shoot
dry weights were determined.

The iron concentration in the shoots was deter-
mined by atomic absorption spectrophotometry after
wet-digestion with a nitric-perchloric acid solution (3:1)
at 200 °C (Tedesco et al., 1997).

Chlorophyll index

Leaf relative greenness was measured with the
non-destructive chlorophyll meter CloroiLOG. Four
readings were averaged to represent the mean chloro-
phyll index value of each replicate. All non-invasive
sampling was performed on a part of the leaf that was
equivalent to one-third the length of the entire leaf from
the tip. The index for total chlorophyll, chlorophyll a
and chlorophyll b and the chlorophyll a/b ratio were
evaluated at 3, 5, 7 and 9 days after the plant was ex-
posed to excess Fe.

Gas exchange measurements

Gas exchange measurements were taken from at-
tached fully expanded leaves by using a portable photo-
synthesis system (LCA-4) to determine the net CO, as-
similation rate (A, pmol m~? s~!), stomatal conductance
(g, mol m~*s~') and transpiration rate (E, mmol m~?s~").
The measurements were taken in a narrow-leaf chamber
(11.35 cm?) by using an integrated light source with sat-
urating irradiance (1000 pmol photon m-2 s-!) (Pereira
et al., 2013) at a temperature from 26 to 30 °C and an
atmospheric CO, concentration ranging from 380 to 410
pmol mol-!. The leaf temperature (Tleaf) was measured
with a thermocouple that was placed inside the cuvette.
The leaves were placed in the cuvette to stabilize for
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at least two minutes before the first recording. Three
recordings were then made at approximately 1-min in-
tervals to ensure the stability of the readings. The ratio
of the intercellular to ambient CO, concentrations (Ci/
Ca) was also calculated.

Chlorophyll fluorescence measurements

To test the hypothesis that sensitivity to Fe toxic-
ity is linked to impaired light energy utilization, the BR
IRGA 409 cultivar (the most sensitive) was used for leaf
chlorophyll fluorescence image analysis at 1, 3, 5 and 7
days after excess Fe exposure in another series of experi-
ments. Pixel value images of the fluorescence variables
were displayed with the help of a color code ranging
from black (0.000) to pink (1.000). After dark adaptation
(30 min), the minimal fluorescence (F) was measured
under a weak modulating light (0.5 pmol m~=2 s-!), and
maximal fluorescence (F ) was induced by a saturating
pulse of light (2400 pmol m~% s~!). The maximal PSII
quantum yield was determined as F /F_ (Kitajima and
Butler, 1975) where F_ is the difference between F_ and
F,. After measuring F  and F_, the leaf was exposed to
increasing light intensities varying from 5 to 965 pmol
m~? s~! in nine steps lasting 40 s each. At the end of
each light intensity, a saturation pulse was applied to
produce F_and F ' measurements from which automatic
images of the fluorescence variables were generated by
ImagingWin software. The minimal fluorescence in a
light-acclimated state (F') was calculated by using the
Oxborough and Baker (1997) approximation as follows:
F' = F/ (F -F/F_+F/F_'). The non-photochemical
quenching of fluorescence (NPQ) was used to estimate
the rate constant for thermal energy dissipation as NPO
= (F_ - F_')/F_'(Bilger and Bjorkman, 1990).

In addition to the F /F_ and NPQ, the excitation
energy partitioning was assessed. The quantum yield of
photochemical energy conversion in PSII was calculated
as ¢, = (F ' — F)/F ' (Genty et al., 1989). The quantum
yield of non-regulated energy that was dissipated in PSII
(¢o) and the quantum yield of regulated energy dissipa-
tion in PSII (¢,,,) was calculated according to Hendrick-
son et al., (2004) as follows: ¢, = F/F _and ¢,, = (F/
F ') - (FJ/F ).

Assay of lipid peroxidation

The extent of lipid peroxidation in rice leaves was
measured by the concentration of thiobarbituric acid-re-
acting substances (TBARS), as final products of lipid per-
oxidation. We used the Du and Bramlage (1992) method,
which accounts for interferences conferred by carbohy-
drates. Fresh leaf material (160 mg) was homogenized
in 2 mL of 0.1 % (w/v) trichloroacetic acid (TCA). The
homogenate was centrifuged at 10,000 x g for 15 min,
and 1.5 mL of 0.65 % (w/v) TBA solution was added
to 500 pL of the supernatant and incubated in a water
bath at 95 °C for 25 min. The reaction was stopped by
placing the samples in test tubes in an ice bath. These
samples were centrifuged at 3,000 x g for 10 min, and
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the absorption of the supernatant was read at 440, 532
and 600 nm. The amount of TBARS was calculated from
an extinction coefficient of 155 mM~! cm~".

Statistical analyses

The experiment followed a randomized block facto-
rial (3 x 2) design with three cultivars and two Fe-EDTA
concentrations (except for chlorophyll a fluorescence im-
aging, which was used for only one cultivar), with four
replicates per treatment. The data were grouped into sub-
divided parcels, with each parcel representing the time of
sampling (1, 3, 5, 7 and 9 days). All data were subjected to
an analysis of variance (two-way ANOVA) and the means
were compared by Tukey's test at 5 % probability with
SAEG 9.1-UFV software (Fundacdo Arthur Bernardes,
UFV, Vicosa, 2007). Prior to the ANOVA, all data sets were
checked for their homogeneity of variance (Cochran's Q
and Bartlett's tests) and normality (Lilliefors test).

Results

After three days of exposure to excess Fe, all the
cultivars showed increases (p < 0.001) in shoot iron
concentration (Figure 1). After five days of exposure
to excess Fe, the differences between cultivars became
visible. The BR IRGA 409 cultivar showed subsequent
increases in iron uptake, reaching values above 600 mg
kg~ after just five days. At day seven, the BR IRGA
409 cultivar had accumulated almost 1000 mg, kg='_
and the EPAGRI 107 cultivar exhibited the lowest values,
which were below the critical toxicity level (500 mg,
kg=', ) (Stein et al., 2014). At the end of the experiment,
the differences in shoot Fe concentration among the
most sensitive (BR IRGA 409) and the other cultivars be-
came greater leading to an interaction between Fe treat-
ments and cultivars (p < 0.001).

Despite the short exposure time, excess Fe affected
all the morphological variables for all the cultivars (p <
0.05). Excessive Fe in the root medium caused a reduc-
tion in total shoot and root dry weights and the shoot and
root lengths, regardless of exposure time (Table 1). These
changes in shoot, root and total dry weights were consis-
tent for all cultivars. However, the reduction in shoot and
root lengths caused by excess Fe occurred differently be-
tween cultivars because these variables were not affected

in the EPAGRI 107 cultivar. Independently of Fe treat-
ments, the EPAGRI 107 cultivar had the lowest shoot dry
weights and the lowest shoot and root lengths (p < 0.01).

In general, Fe excess affects the net photosynthetic
rate (A) in all rice cultivars. In the BR IRGA 409 cul-
tivar the excess Fe treatment caused a lowered A just
after three days of exposure (Figure 2). The EPAGRI 107
cultivar only showed reductions in the A (p < 0.05) up
to seven days of Fe-excess exposure" as found in the ac-
cepted version (to avoid misinterpretation). The BRSMG
SELETA and BR IRGA 409 cultivars were the most sensi-
tive and showed the lowest A values up to five days of
exposure, while the EPAGRI 107 cultivar kept constant
A even in higher doses of Fe-EDTA (Figure 2). Those
changes in A were not accompanied by lower values in
the stomatal conductance (g) and transpiration rate (E),
which did not change because of excess Fe, though they
showed differences only between cultivars. By contrast,
an increased C/C, ratio was observed in all cultivars af-
ter the excess Fe treatment, which was similar to the
changes in net photosynthesis (Figure 2).

C=p<0001
1500 1 Fg = p < 0.001
C x Fe = p < 0.001
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Figure 1 — The iron concentration of the shoots from three rice
cultivars over the time of exposure to 7 mM Fe-EDTA (closed
symbols) or control (open symbols) treatments in a nutrient
solution. The data are presented as the means + standard errors
of four replicates. Significant differences between cultivars (C), Fe-
EDTA treatments (Fe) and their interaction (C x Fe) are given in
the panels. Asterisks indicate significant differences (p < 0.05)
between Fe-EDTA treatments in a given time.

Table 1 — Plant total dry weight (TDW), dry weights of the shoot (SDW) and root (RDW), and the lengths of the shoot (SL) and root (RL) of three
rice cultivars exposed to 7 mM Fe-EDTA or the control (0.009 mM Fe-EDTA) in a nutrient solution.

Cultivar Treatment TDW (g) SDW (g) RDW (g) SL (cm) RL (cm)
EPAGRI 107 Control 20.64 + 0.7% 17.15 £ 0.6 3.50 £ 0.1% 26.36 = 0.6% 34.34 + 0.9%
Fe-EDTA 16.71 £ 0.8% 13.68 £ 0.7% 3.03+0.1% 24.66 + 0.48 36.07 + 1.0%
RGA 409 Control 23.14 £ 1.0% 19.52 + 0.9% 3.62 £0.3% 39.69 £ 1.3% 44.34 + 1 .4%
Fe-EDTA 19.69 = 0.9% 16.52 + 0.8 3.16 £ 0.2% 3348 £ 1.0 39.73 £ 0.9%*
Control 2319+ 1.3 19.54 £ 1.1% 3.65 £ 0.2% 27.58 + 0.38 35.81 +1.0%
BRSMG SELETA Fe-EDTA 21.52 +1.1%» 18.11 = 1.0% 3.41 £ 0.2/ 25.53 + 0.4% 31.89 + 0.7%

The data are the means and standard errors. Capital letters compare cultivars and small letters compare iron treatments. The data are presented as the means of
all days of exposure to the treatments due to non-significant interaction between time and Fe.
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The chlorophyll index of cultivars EPAGRI 107
and BRSMG SELETA did not change (p > 0.05) under ex-
cess Fe (Figure 3). On the other hand, after seven days of
excess Fe exposure, there was a reduction in total chlo-
rophyll, and chlorophyll a and b levels in the BR IRGA
409 cultivar (Figure 3).

An increased TBARS concentration was observed
in all cultivars, even after three days of excess Fe ex-
posure. The BR IRGA 409 cultivar exhibited a higher
TBARS level compared to other two cultivars (Figure 4),
leading to an interaction between Fe treatments and cul-
tivars (p < 0.001). This finding was consistent with the

changes found for chlorophyll a fluorescence in the BR
IRGA 409 cultivar (Figure 5 and 6). At the end of the
exposure time, a reduction was observed (p < 0.05) in
the F /F_and an increase in the F values (Figure 5). The
iron toxicity effects were more severe at the leaf extremi-
ties, as assessed by F /F_ imaging (Figure 5).

The fate of the absorbed light energy was evalu-
ated by using a light curve for chlorophyll a fluores-
cence throughout the time of exposure of the BR IRGA
409 cultivar to excess Fe (Figure 6). Fe excess leads to
rises in ¢, (p < 0.01) and decreases in ¢, (p < 0.05)
values. This response was consistent over the course
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Figure 2 — The net photosynthetic rate (A), stomatal conductance (g), transpiration (E) and Ci/Ca ratio of three rice cultivars over the time of
exposure to 7 mM Fe-EDTA (closed symbols) or control (open symbols) treatments in a nutrient solution. The data are presented as the means
+ standard errors of four replicates. Significant differences between cultivars (C), Fe-EDTA treatments (Fe) and their interaction (C x Fe) are
given in the panels. Asterisks indicate significant differences (p < 0.05) between Fe-EDTA treatments in a given time. n.s.: not significant.
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of the evaluations and became evident with interac-
tion (p < 0.05) between Fe treatments and high irradi-
ances at the seventh day (Figure 6). The ¢, changed
only from the seventh day on of evaluation (p < 0.01),
when it was decreased by excess iron treatment. The
Fe excess also reduced NPQ values even after the first
day of plant exposure (p < 0.05). Interaction between
Fe treatments and photosynthetic photon flux density
(p < 0.01) was observed at the seventh day, primar-
ily under irradiances above 500 umol photons m-2 s-!
(Figure 7).

Discussion

The oxidative damage induced by excess iron was
evident after only three days of Fe-EDTA (7 mM) treat-
ment in all the rice cultivars, as assessed by the TBARS
values. Membrane lipids are especially prone to attack
by free radicals and, although it is not being the primary
cytotoxic target, it is considered a reliable indicator of oxi-
dative stress in plants (Halliwell, 1987). A wide range of
different extreme environmental conditions can induce
excessive ROS generation, with emphasis on exposures to
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Figure 3 — The index of chlorophyll a, chlorophyll b, ratio chlorophyll a/b and total chlorophyll of three rice cultivars over the time of exposure to
7 mM Fe-EDTA (closed symbols) or control (open symbols) treatments in a nutrient solution. The data are presented as the means + standard
errors of four replicates. Significant differences between cultivars (C), Fe-EDTA treatments (Fe) and their interaction (C x Fe) are given in the
panels. Asterisks indicate significant differences (p < 0.05) between Fe-EDTA treatments in a given time. n.s.: not significant.
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Figure 4 — The thiobarbituric acid-reacting substances (TBARS) concentration of three rice cultivars over the time of exposure to 7 mM Fe-EDTA
(closed symbols) or control (open symbols) treatments in a nutrient solution. The data are presented as the means + standard errors of four
replicates. Significant differences between cultivars (C), Fe-EDTA treatments (Fe) and their interaction (C x Fe) are given in the panels. Asterisks
indicate significant differences (p < 0.05) between Fe-EDTA treatments in a given time. n.s.: not significant.
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Figure 5 — Changes in minimal fluorescence (F,; A) and spatial variation in F, (B), maximal PSIl quantum yield (F /F_; C) and spatial variation in F /
F, (D) of the sensitive rice cultivar BR IRGA 409 under control conditions with control (open symbols) or with 7 mM Fe-EDTA (closed symbols)
in a nutrient solution. Spatial variation is presented across a transection of the leaf blade at the seventh day of treatment. The imaging data
were taken from a representative replicate. The false color code depicted at the bottom of the images ranges from 0.000 (black) to 1.000
(pink). The data for A and C are presented as the means + standard errors of four replicates. Asterisks indicate significant differences (p <
0.05) between Fe-EDTA treatments in a given time.

high concentrations of transition metals such as Fe, that radicals are the major damaging species produced under
promote the most reactive compounds such as singlet iron excess by the Fenton reaction (Halliwell, 1987).

oxygen ('O,), superoxide anion radicals (O, ~ ), hydrogen For the most sensitive cultivar, BR IRGA 409, the
peroxide (H,0,) and hydroxyl radicals (HO'). Hydroxyl oxidative damage might have been inflicted earlier since
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Figure 6 — The light response curve of the quantum yield for photochemical energy conversion in PSII (¢, ), and the quantum yield of regulated
(¢NPQ) and non-regulated (¢,,,) energy dissipation in PSII of the sensitive rice cultivar BR IRGA 409 under control conditions (open symbols) or
under 7 mM Fe-EDTA (closed symbols) in a nutrient solution. The fluorescence images of ¢, at different photosynthetic photon flux density
(PPFD) values are also presented. The imaging data were taken from a representative replicate. The false color code depicted ranges from
0.000 (black) to 1.000 (pink). The data are presented as the means + standard errors of four replicates. Asterisks indicate significant

differences (p < 0.05) between Fe-EDTA treatments in a given time.
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Figure 7 — The light response curve of non-photochemical quenching (NPQ) in the sensitive BR IRGA 409 rice cultivar under control conditions
(open symbols) and under 7 mM Fe-EDTA (closed symbols) in a nutrient solution. Fluorescence images of NPQ are also presented as different
photosynthetic photon flux density (PPFD) values. The imaging data were taken from a representative replicate. The false color code depicts
ranges from 0.000 (black) to 1.000 (pink). The data are presented as the means = standard errors of four replicates. Significant differences
between Fe-EDTA treatments (Fe), PPFD and their interaction (Fe x PPFD) are given in the panels. Asterisks indicate significant differences (p
< 0.05) between Fe-EDTA treatments in a given time. n.s.: not significant.

important changes in the chlorophyll a fluorescence maintaining its shoot iron concentration below the criti-
were detected after only one day of excess Fe exposure cal toxicity level (500 mg, kg~'y,) (Stein et al., 2014). In
(see below). This finding is consistent with the high fact, the iron uptake rate of the BR IRGA 409 cultivar
shoot iron concentration observed in this cultivar (BR continued to increase throughout the experimental peri-
IRGA 409), and the most tolerant cultivar (EPAGRI 107) od, reaching values of 143 mg,_kg~', d~!, and the other
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cultivars (EPAGRI 107 and BRSMG SELETA) reduced
their uptake rates to below 60 mg, kg=', d-"

Using mechanisms to maintain iron homeostasis,
plants tightly control Fe uptake, utilization, and storage
in response to environmental availability (Kobayashi and
Nishizawa, 2012). The results reported here indicate that
the resistance to excess iron toxicity that was exhibited
by the EPAGRI 107 cultivar may involve a mechanism of
avoidance, which prevents high levels of iron in shoots. It
may be achieved by the regulation of Fe uptake, as seen
by Silveira et al., (2009). In fact, the oxidation of Fe** to
Fe** at the root surface, resulting in a typical orange pre-
cipitate known as iron plaque, was reported previously
for the EPAGRI 107 cultivar (Pereira et al., 2014). Howev-
er, even resistant cultivars, closely related to the EPAGRI
107 cultivar, may present different tolerance strategies to
cope with iron overload (Stein et al., 2014). As recently
reported, while the EPAGRI 108 cultivar accumulates
higher levels of iron in its roots thus lowering transloca-
tion to shoots, its counterpart, EPAGRI 109 showed higher
iron concentration in leaf tissues coupled with an effec-
tive antioxidant response (Stein et al., 2014).

The strategies to prevent excessive Fe accumula-
tion in the shoots may not attest resistance to oxidative
damage, once the BRSMG SELETA cultivar had shown
higher sensitivity even with a concentration of Fe similar
to EPAGRI 107. Tissue Fe concentrations did not com-
pletely indicate the plants' physiological resistance sta-
tus (Miiller et al., 2015). Visual symptoms in rice may
appear with leaf Fe concentration as low as 108 mg,
kg',, to 250 mg, kg, (Genon et al., 1994; Ramirez et
al., 2002). Oryza glaberrima, however, accumulates more
than 2200 mg, kg',,, in leaves without exhibiting any
Fe-toxicity symptoms (Majerus et al., 2007). Also culti-
vars with different sensitivity to iron excess can show
similar shoot Fe content, above the toxicity level (Sah-
rawat et al., 1996).

The action of the antioxidant-system defense also
takes place under excess Fe exposure to maintain Fe
homeostasis at the cellular level. Low molecular mass
antioxidants (ascorbic acid, glutathione) and ROS-inter-
acting enzymes such as superoxide dismutase (SOD),
glutathione reductase (GR), ascorbate peroxidase (APX)
dehydroascorbate reductase (DHAR) may act as tissue
tolerance mechanisms to eliminate or reduce the damag-
ing effects caused by Fe overload (Stein et al., 2014; Wu
etal., 1998). In excess Fe-resistant plants, the antioxidant
system may be sufficient to prevent biological damage as
mediated by ROS, which keeps the deleterious effects to
a minimum (Miller et al., 2015; Stein et al., 2014).

Among all the evaluated gas exchange variables,
the first changes in response to excess Fe were observed
in the net photosynthetic rate, prior to stomatal closure
as reported in other works (Dufey et al., 2009; Pereira
et al., 2013). The earlier reduction in net photosynthe-
sis, as observed at three days of excess Fe exposure in
the sensitive BR IRGA 409 cultivar, is attributed to non-
stomatal limitations that increased Ci/Ca values and was
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triggered by energy partitioning impairment and oxida-
tive damage, that precede stomatal closure and loss of
chlorophyll. Besides the impairment of photosynthetic
efficiency, the oxidative damage due to Fe-excess may
result in increased photorespiration and expression of
related genes (Miller et al., 2015; Pereira et al., 2013).

The cell membrane is the primary site of attack by
metal-generated ROS, and the chloroplast is especially
prone to oxidative stress because of light-driven photo-
synthetic processes under high O, concentrations (Hal-
liwell, 1987; Wu et al., 1998). Thus, iron excess in leaf
tissues may contribute to increased damage triggered by
ROS once the superoxide anion radical (O, ), which can
be generated by the photosynthetic electron transport
chain, also participates in the formation of the highly-
reactive hydroxyl radical (HO") through the Fenton reac-
tion and the Haber-Weiss cycle, which require free Fe?*
(Halliwell, 1987; Wu et al., 1998).

The oxidative damage observed after only three
days of iron overload did not affect the photosynthetic
pigments at this time or during the whole experimental
period in the less sensitive cultivars. Although chloro-
phyll molecules may be degraded by ROS (Neves et al.,
2009), these pigments were not the first target of iron-
induced oxidative stress. On the other hand, iron is re-
quired for chlorophyll biosynthesis (Msilini et al., 2011),
and the chlorophyll index may increase in plants that
are exposed to an iron overload (Pereira et al., 2013).
The reduced pigment index after seven days of Fe over-
load for the sensitive BR IRGA 409 cultivar is related to
degradation that is mediated by oxidative stress (Gallego
et al., 1996) and not by a limitation in the chlorophyll
synthesis. The changes in the F, and F /F_ values for
the BR IRGA 409 cultivar occurred only after a reduc-
tion in chlorophyll at the end of the experimental pe-
riod. These changes indicate impairment in the energy
transfer from antenna pigments to the reaction center
and an increased susceptibility to photoinhibition with
reduced PSII effectiveness in the primary photochemi-
cal reactions. However, the changes in other chlorophyll
fluorescence variables become evident earlier than the
chlorophyll degradation and may be attributed primarily
to oxidative damage. Thylakoid membranes are enriched
in polyunsaturated fatty acids that are particularly sus-
ceptible to ROS. The loss of connectivity among active
PSII units from excess iron have been previously report-
ed (Pereira et al., 2013), and the membrane lipid dis-
ruption as assessed by TBARS values leads to important
effects on chlorophyll fluorescence variables. Among
them, the increase in ¢, value (p < 0.05) just after the
first day of Fe-excess exposure indicates the plant's in-
ability to dissipate excess energy by photochemistry or
protective regulatory mechanisms. Once related to non-
regulated and constitutive non-radiative decay processes
(Kramer et al., 2004), the rise in ¢ is also indicative of
the extended lifetimes of chlorophyll excitation and may
thus contribute to the generation of triplet state chloro-
phylls and more reactive oxygen species and radicals,



Pinto et al.

225

Oxidative damage due to iron excess in rice

maximizing the oxidative damage in excess iron-exposed
plants, mainly at higher irradiances. The damage to pho-
tochemical components became severe after seven days
of exposure to iron excess leading to further impairment
in energy conversion to photochemistry (F /F_ and ¢,)
and in regulated non-photochemical dissipation (¢,

The inability to quench energy safely by protec-
tive regulatory mechanisms or by photochemistry was
also demonstrated by the reduced NPQ values after one
day of Fe-excess exposure. NPQ is an important mecha-
nism in plants that protects PSII reaction centers from
damage through the dissipation of excess light energy as
heat. The major component of NPQ is the energy or pH-
dependent component (g,). This component is triggered
by a decrease in pH within the thylakoid lumen, induc-
ing the interconversion of specific xanthophyll pigments
(Mtller et al., 2015; Miller et al., 2001). The oxidative
damage, as indicated by the TBARS concentration in the
sensitive cultivar, may disrupt the membrane integrity
of the thylakoid and hinders the formation of a trans-
membrane electrochemical potential gradient in the
chloroplasts through lipid peroxidation, preventing NPQO
buildup. The susceptibility of NPQO to high Fe concentra-
tions in leaves has been reported previously (Neves et
al., 2009; Pereira et al., 2013).

The use of resistant rice cultivars and adequate
water and nutrient management constitute the most cost-
effective way to control yield losses caused by iron toxic-
ity (Becker and Asch, 2005; Silveira et al., 2009). How-
ever, the improved development of resistant varieties will
require knowledge about its photosynthetic responses
under Fe excess conditions, and it will unravel the toxic
effects on photosynthesis in the sensitive ones. Photosyn-
thetic parameters can be useful for the future selection of
rice genotypes and varieties with higher productivity in
environments in which biomass production is the major
limiting factor for yield (Hubbart et al., 2007).

In conclusion, the different responses to excess
iron in tolerant and sensitive rice cultivars are related to
oxidative damage buildup and plasticity in light energy
utilization. The higher sensitivity to excess iron in some
rice cultivars is caused by the severe impairment of pho-
tosynthesis by non-stomatal limitation as triggered by
oxidative damage and its consequent inability to quench
excess energy by regulated dissipation. The effects of ex-
cess iron on chlorophyll a fluorescence variables (such
as ¢, and NPQ) were detected after one day of Fe treat-
ment, much earlier than the onset of visual symptoms.
Therefore, it is suggested that these non-photochemi-
cal chlorophyll a fluorescence parameters can be used
worldwide for future studies on rice variety selection in
lowland environments exposed to Fe toxicity.
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