
Introduction

Iron is increasingly available in the environment due 
to numerous anthropogenic activities, especially iron ore 
mining and processing, with potentially adverse impacts 
for ecosystems [1-2]. Although iron is an essential 
mineral in the growth and development of plants [3-4], 
concentrations above 500 mg kg-1 dry weight (DW) are 
toxic to most plant species [5-6]. Iron toxicity, however, 
depends generally on a species’ degree of resistance 

as well as on the physiological state of the plants and 
growth conditions [3]. An understanding of these 
factors is therefore important to any consideration of 
vegetative regeneration and ecological restoration of land 
contaminated by mining activity [7].

Spontaneous revegetation and vegetation succession  
in previously mined environments is a slow, difficult, and 
in many cases, impossible process [8, 9]. This is not only 
due to the presence of  trace metals, including iron, but also 
the physical characteristics of the substrate, low organic 
matter, and nutrient content and extreme pH [10], among 
other factors. However, the selection of species that are 
able to grow, develop, and complete their full life cycle 
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even in the presence of trace metal contamination can 
increase the revegetation rate in previously mined areas. 
Selecting resistant species is therefore indispensable to the 
conservation and recovery of these environments.

In this context, grasses are pioneer species considered 
to possess great potential in the recovery of areas degraded 
by mining activities [11]. They exhibit rapid growth 
and an ability to generate a large number of offspring 
within a short life cycle, conditions that are important 
in the reestablishment of vegetation in mined areas [12]. 
However, there is no guarantee that a specific grass species 
will prove successful in revegetating an impacted mining 
area simply because it occurs in geographic proximity to 
the site. Further research is therefore needed to determine 
which species are most promising in the recovery of 
degraded areas. Furthermore, it is important that these 
studies are related to understanding the mechanisms of 
resistance or sensitivity reasons of species to metals and 
the relationship to the aerial and/or subterranean parts of 
the plant.

The response of plants, including grasses, to iron 
toxicity varies. Some species are able to accumulate and 
tolerate high concentrations of iron in their tissues, with 
only mild visual symptoms. Other species are highly 
sensitive and exhibit severe effects, even when iron 
accumulates at only moderate levels [13-16]. 

Exclusion and chelation of iron are among the 
mechanisms employed by plants that are resistant to iron 
overload [4]. The strategies used to achieve resistance 
vary between species, as well as by intensity and timing of 
exposure. Photosynthetic variables such as gas exchange, 
chlorophyll a fluorescence, and chlorophyll contents can 
provide reliable, rapid, and quantitative information about 
changes in plant metabolism in a non-invasive and non-
destructive way, even before detection of visual symptoms 
[17]. They therefore provide valuable information in 
selecting physiological markers of stress under metal 
toxicity, especially iron. It will aid future research into 
new species resistant to excess iron, and that are therefore 
appropriate for use in the revegetation of areas affected by 
mining and other industrial sectors. 

In this study, we considered the different degrees 
of resistance to iron toxicity in a nutrient solution of 
three grass species: Paspalum densum, Hyparrhenia 
rufa, and Echinochloa crus-galli. The objectives of this 
study were to identify the degree of resistance of each 
of these species, and to evaluate their physiological and 
biochemical responses to iron toxicity, and facilitate the 
optimal selection of species for the revegetation of areas 
degraded by iron mining.

materials and methods

Plant Material and Experimental Conditions

The experiment was conducted under greenhouse 
conditions (19°53′20.23″S, 44°25′56.38″W) using the 
grasses Paspalum densum, Echinochloa crus-galli, and 

Hyparrhenia rufa. These species naturally occur near 
the mining and iron ore processing areas of the Iron 
Quadrangle in the state of Minas Gerais, Brazil, from 
which the seeds were collected. After obtaining the seeds, 
they were sown in sandy substrate. Post-emergence 
vegetative propagation was performed by separating the 
tillers of a single individual.

The resulting plants were transferred and acclima-
tized in a Hoagland hydroponic nutrient solution [18]  
at half ionic strength (pH 5.0) without aeration. The 
nutrient solutions were refreshed approximately every 
seven days, and the pH was adjusted daily using either 
HCl or NaOH.

Selection of Species Based on Degree 
of resistance to Excess Iron

In order to evaluate the degree of resistance to 
excess iron in the three species, grasses acclimatized  
in the nutrient solution were then directly exposed  
to the following ferric-ethylenediaminetetraacetic acid 
(Fe-EDTA) concentrations (FeSO4.7H2O + EDTA): 0.009 
(control), 1, 2, 4, 7, and 9 mM. The nutrient solution was 
renewed every three days and the pH adjusted daily. For all 
species, short-term physiological evaluations were made 
up to six days after exposure to the different Fe-EDTA 
concentrations in the nutrient solution. Additionally, P. 
densum and E. crus-galli were evaluated for long-term 
responses at up to 19 and 21 days, respectively, after 
exposure to 7 mM Fe-EDTA treatment, because these 
species showed greater degrees of resistance.

The experiment followed a randomized block design 
with five repetitions and six treatments for each of the three 
plant species. Analyses of gas exchange and chlorophyll 
content were undertaken during the period the species 
were exposed to Fe-EDTA. Lipid peroxidation and iron 
concentrations in plant tissues were determined at the end 
of the experiment.

Chlorophyll Index

Total chlorophyll, chlorophyll a, chlorophyll b, and the 
ratio of chlorophyll a/b, were determined using a portable 
chlorophyll meter (ClorofiLOG; Falker, Brazil).

Gas Exchange

Photosynthetic rate (A), stomatal conductance (gs), 
transpiration (E), and the ratio between internal and 
external CO2 concentration (Ci/Ca) were evaluated in fully 
expanded leaves. Measurements were taken between 07:00 
and 11:00 each day using an LCA-4 infrared gas analyzer 
(ADC BioScientific Ltd., Hoddesdon, UK) equipped with 
a photon flux density of 1,000 µmol m-2 s-1.

Iron Concentration in Leaves

In order to quantify the iron concentration in the grass 
leaves, the plant material was dried in an oven at 75ºC 
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until a constant mass was achieved. Subsequently, the 
material was ground and broken down in a solution of 
nitric perchloric acid (3:1), following the methodology 
proposed by Tedesco et al. [19]. The iron concentration 
of the extract was determined using atomic absorption 
spectrophotometry (GBC Avanta; GBC Scientific 
Equipment Ltd., Dandenong, Australia).

Lipid Peroxidation
 
The extent of lipid peroxidation in leaves was estimated 

based on malondialdehyde (MDA) concentration, a 
product of lipid peroxidation as proposed by Du and 
Bramlage [20], with modifications. In order to achieve 
this, leaf tissue weighing 160 mg was macerated in 2 mL 
of trichloroacetic acid (TCA; 0.1%). After centrifuging 
(10,000 × g for 15 minutes), 500 µL of the supernatant was 
added to a mixture of 1.5 mL thiobarbituric acid solution 
(TBA; 0.5%), and TCA solution (20%). The reaction was 
also measured without the addition of TBA, as a control. 
The samples were then homogenized and subjected to a 
water bath (95°C) for a period of 25 minutes. The reaction 
was stopped by exposing the tubes to an ice bath. Finally, 
we centrifuged the resulting homogenate at 3,000 x g for 
10 minutes, and measured the absorbances at wavelengths 
of 440, 532, and 600 nm using a spectrophotometer 
(Genesys 10S UV-1800 UV-Vis; Thermo Fisher Scientific 
Inc., Madison, USA). Differences in the absorbance at 
440, 532, and 600 nm, as well as the molar extinction 
coefficient of 157 mM-1 cm-1, were used to calculate MDA 
concentrations. 

Statistical Analysis

The data obtained during the experiments were 
subjected to analysis of variance (ANOVA), and the means 
were compared using Tukey’s test at 5% probability. All 
analyses, including regression analysis, were made using 
SAEG software, version 9.2 (Fundação Arthur Bernardes, 
UFV, Viçosa, Brazil). 

results

Iron is Absorbed Above the Phytotoxic Threshold 
in Sensitive and resistant Grasses

After six days of exposure to different Fe-EDTA 
concentrations, intense leaf bronzing on H. rufa grass was 
observed, but this was not the case for P. densum or E. crus-
galli. At the end of the exposure period to high Fe-EDTA 
concentrations, all species showed significant increases in 
leaf iron content, especially H. rufa, which had the largest 
sensitivity to this metal (Fig. 1). H. rufa plants grown 
in moderate concentration of iron (1 mM) accumulated 
approximately nine times more iron in comparison with 
control plants, reaching values above 600 mg kg-1 DW 
within a short time of exposure (six days). The maximum 
iron concentration in the leaves accumulated by H. rufa, 

P. densum, and E. crus-galli was nearly 5,800, 1,300, and 
500 mg kg-1, respectively (Fig. 1).

Oxidative Damage is a Good Indicator of the 
Sensitivity of Grasses to Excess Iron 

The highest oxidative damage indicated by MDA 
production was observed in H. rufa, with increased 
lipid peroxidation in leaves starting at an Fe-EDTA 

Fig. 1. Leaf iron concentration in the grass species Hyparrhenia 
rufa (circle), Paspalum densum (inverted triangle), and Echino-
chloa crus-galli (square) after exposure to different concentra-
tions of Fe-EDTA in a nutrient solution. The bars indicate the 
mean ± standard error of five repetitions. The symbols #, *, and 
§ indicate significant difference (Tukey’s test, 5% probability) 
compared to the control treatment for P. densum, E. crus-galli, 
and H. rufa, respectively.

Fig. 2. Malondialdehyde concentration in the leaves of the grass 
species Hyparrhenia rufa (circle), Paspalum densum (inverted 
triangle), and Echinochloa crus-galli (square), after exposure to 
different concentrations of Fe-EDTA in a nutrient. The bars in-
dicate the mean ± standard error of five repetitions. The symbols 
§ and # indicate significant difference (Tukey’s test, 5% prob-
ability) for the species H. rufa and P. densum, respectively, as 
compared to control plants.
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concentration of 4 mM (Fig. 2). Smaller MDA values 
occurred in P. densum, showing a significant increase 
at a concentration of 7 mM. There was no observed 
variation in MDA levels in E. crus-galli, regardless of 
the iron concentration used (Fig. 2), although this species 
has shown higher endogenous contents of this lipid 
peroxidation byproduct.

Gas Exchange responses reflect 
the Degree of resistance of Grass Species 

to Iron Toxicity 

Even after a short period of exposure to excess iron 
at moderate concentrations (2 mM Fe-EDTA), H. rufa 
showed a significant decrease in net photosynthetic rate. 
Stomatal conductance and transpiration were significantly 
reduced after exposure of H. rufa plants to 7 mM of Fe-
EDTA. The other species showed no significant changes in 
net photosynthesis, stomatal conductance, or transpiration 
in response to excess iron (Fig. 3). A decrease in the Ci/Ca 
ratio values was observed after exposure of E. crus-galli 
to 1 mM of Fe-EDTA when compared to 7mM Fe-EDTA 
treatment (Fig. 3).

The prolongation of plant exposure to Fe excess  
(7 mM of Fe-EDTA) for 19 days did not result in decreased 
photosynthesis for P. densum (Fig. 4a). E. crus-galli only 
showed a significant difference in photosynthetic rate 
on the 15th day of exposure (Fig. 4b). After four days of 
exposure to excess iron, there was an increase in stomatal 
conductance in P. densum leaves, whereas no significant 
change was observed in E. crus-galli, regardless of the 
time of exposure (Figs 4e-f). No significant changes were 
observed in either the transpiration rate or Ci/Ca ratio 
during the period of exposure to excess iron in the two 
resistant grasses (Figs 4c-d, g-h).

Iron-resistant Grasses may Show Changes 
in Photosynthetic Pigments

No significant changes were observed for chlorophyll a, 
chlorophyll b, total chlorophyll, or the ratio of chlorophyll 
a/b in the species H. rufa and P. densum after a week of 

Fig. 3. Changes in net photosynthetic rate (A), stomatal conduc-
tance (gs), transpiration (E), and the ratio between internal and 
external CO2 concentration (Ci/Ca) of the grass species Hypar-
rhenia rufa (circle), Paspalum densum (inverted triangle), and 
Echinochloa crus-galli (square) after a short exposure (six days) 
to different concentrations of Fe-EDTA in a nutrient solution. 
The bars represent the mean ± standard error of five repetitions, 
and means followed by the same letters for a given species do not 
differ by Tukey’s test at the 5% significance level.

Fig. 4. Long-term changes in net photosynthetic rate, A [a) and 
b)], transpiration, E [c) and d)], stomatal conductance, gs [e) and 
f)], and the ratio between internal and external concentration of 
CO2, Ci/Ca [g) and h)]  in the grass species Paspalum densum 
(inverted triangle), and Echinochloa crus-galli (square). Mea-
surements were taken after 19 and 21 days, respectively, in nutri-
ent solution under control conditions (0.009 mM of Fe-EDTA; 
open symbols), and 7 mM of Fe-EDTA (closed symbols). The 
bars indicate the mean ± standard error of five repetitions. The 
symbols # and * indicate significant differences (Tukey’s test, 
5% probability) for P. densum and E. crus-galli, respectively.
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exposure to increasing concentrations of Fe-EDTA in 
hydroponic solution (Fig. 5). In contrast, E. crus-galli 
showed a significant increase in chlorophyll a, chlorophyll 
b, and total chlorophyll content, and a decrease in the ratio 
of chlorophyll a/b when exposed to iron concentrations 
above 0.009 mM (Fig. 5).

After eight days of exposure to a phytotoxic iron 
concentration (7 mM), elevated values were observed 
in E. crus-galli for total chlorophyll, chlorophyll a, and 
chlorophyll b, and a decrease in the chlorophyll a/b ratio 
(Figs 6b, d, f, and h). For P. densum, exposure to excess 
iron also resulted in an increase in chlorophyll b content 19 
days after exposure, and a decrease in the chlorophyll a/b 
ratio (Figs. 6e and g), with no change to total chlorophyll 
or to chlorophyll a, regardless of exposure time (Figs 6a 
and c).

Discussion

Excess iron in the environment is toxic to many plant 
species. The effective vegetative recolonization of land 
exposed to trace metals by mining activity therefore 
depends on an understanding of the varying resistance of 

different plant species to metal toxicity. As demonstrated 
in this study, it is possible to determine which of three 
grasses were resistant to excess iron in a nutrient solution, 
and which therefore could be suitable for revegetation of 
contaminated sites.

In all three species reviewed in this study (P. densum, 
E. crus-galli, and H. rufa), the accumulation of iron in 
the leaves was higher than the concentrations normally 
required by the plants for normal functioning [3], reaching 
values considered phytotoxic (above 500 mg kg-1) in H. 
rufa and P. densum [5-6]. However, homeostasis was 
maintained without harmful effects in response to excess 
iron in P. densum and E. crus-galli, while H. rufa showed 
severe effects of iron toxicity as a result of oxidative 
stress induction after metal accumulation. Although this 
indicated the potential usefulness of P. densum and E. 
crus-galli for the restoration of environments affected by 
mining, it also demonstrated that the iron concentration in 

Fig. 6. Long-term changes in total chlorophyll, TChl [a) and b)], 
chlorophyll a, Chl a [c) and d)], chlorophyll b, Chl b [e) and f)], 
and the ratio of chlorophyll a/b, Chl a/b [g) and h)] for the grass 
species Paspalum densum (inverted triangle) and Echinochloa 
crus-galli (square) under control conditions (0.009 mM of Fe-
EDTA; open symbol), and 7 mM of Fe-EDTA (closed symbol) in 
nutrient solution after 19 and 21 days of exposure, respectively. 
The bars indicate the mean ± standard error of five repetitions. 
The symbols # and * indicate significant differences (Tukey’s 
test, 5% probability) for P. densum and E. crus-galli, respec-
tively.

Fig. 5. Index of chlorophyll a (Chl a), chlorophyll b (Chl b), total 
chlorophyll (TChl), and ratio of chlorophyll a/b (Chl a/b) for 
the grass species Hyparrhenia rufa (circle), Paspalum densum 
(inverted triangle), and Echinochloa crus-galli (square) briefly 
exposed to different concentrations of Fe-EDTA in a nutrient 
solution. The bars represent the mean ± standard error of five 
repetitions, and means followed by the same letters for a given 
species do not differ by Tukey’s test at the 5% significance level.



2172 Rios C.O., et al.

the tissues of the studied grasses is not a good indicator of 
tolerance or sensitivity to this metal, as has already been 
demonstrated for other species [21]. 

Iron is an essential element for the biosynthesis 
of chlorophyll [5], but exposure of plants to higher 
concentrations can cause degradation of chloroplastidial 
pigments due to oxidative stress [17, 22-23]. However, 
the maintenance of chlorophyll content after exposure to 
extreme concentrations of Fe-EDTA indicates that even 
the most sensitive species evaluated in this study (H. rufa) 
has a high nutritional requirement for this micronutrient, 
as noted for C4 grasses [5, 24]. The resistant species were 
distinguished by the capability to maintain a satisfactory 
chlorophyll content, without affecting chlorophyll 
biosynthesis or degradation (P. densum), or presenting 
metabolic adjustment with increased investment in 
chlorophyll due to excess iron (E. crus-galli).

One possible explanation for the different responses 
observed is the ability to control the adverse effects 
of reactive oxygen species (rOS). The absorption and 
excessive accumulation of iron in plants can increase the 
formation of rOS, therefore causing oxidative damage 
in plants [4, 25]. Increases in MDA, a lipid peroxidation 
byproduct, are considered an important indicator of 
oxidative stress in plants [13, 26]. The low MDA 
concentration presented by P. densum and E. crus-galli 
after exposure to different iron concentrations is therefore 
indicative of an rOS control mechanism. It is likely that 
efficient mechanisms of tolerance and iron avoidance 
in P. densum and E. crus-galli, respectively, may have 
prevented any deleterious effects caused by iron overload. 
Morphophysiological, biochemical, and molecular 
mechanisms may act together in strategies of avoidance, 
isolation, and compartmentalization of phytotoxic metals 
[27]. In contrast, although H. rufa showed a greater 
capacity to accumulate iron in its leaves, it was unable to 
tolerate the oxidative stress induced by excess iron in its 
tissues, as evidenced by the high MDA content.

Moreover, even with high iron accumulation, H. 
rufa was not able to induce resistance mechanisms. 
This resulted in oxidative damage to leaf tissues; loss of 
photosynthetic capacity has also been reported through 
both stomatal and non-stomatal limitations [17]. Changes 
in gas exchange variables have also been reported for other 
plant species when exposed to high iron concentrations in 
the environment [3, 22-23]. The species P. densum and 
E. crus-galli, grown in nutrient solution with toxic iron 
content, retained the ability to maintain photosynthesis, 
stomatal conductance, and transpiration, and showed 
no oxidative damage. This serves to demonstrate the 
resistance of these species to excess iron. It can therefore 
be concluded that the treatments and methodology used 
were effective with respect to the selection of species 
appropriate for revegetation of previously mined sites, as 
well as to the different physiological responses.

Based on these results, it was possible to attest to 
the resistance of two species of grasses to iron toxicity. 
Investigations under field conditions are being carried 
out, with the objective of applying the results obtained 

under greenhouse conditions, and to further explore the 
resistance mechanisms employed by the grasses P. densum 
and E. crus-galli.

Conclusions

The grasses P. densum and E. crus-galli showed 
significant resistance to excess iron in a nutrient solution, 
making them promising species for use in revegetating 
areas affected by iron mining. The same result was not 
observed for H. rufa, because the accumulation of large 
amounts of iron in its leaf tissues resulted in severe 
oxidative damage as well as limitations in photosynthetic 
capacity. Depending on the physiological responses and 
iron accumulation in P. densum and E. crus-galli, the 
likely mechanisms of resistance in response to iron stress 
are tolerance and avoidance, respectively.
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